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Abstract

A search for the decay of the Z
0
into doubly-charged Higgs bosons (H

��
) decaying to same-sign lepton

pairs is presented using data collected with the OPAL detector at LEP, with an integrated luminosity

of 6:8 pb�1. Four-track �nal states from prompt decays, and events with at least one highly ionizing

track from long-lived H
��

were sought. H
��

are excluded in the mass range from zero to 45.6 GeV/c2

and for a coupling constant range that extends down to zero.

(Submitted to Physics Letters B)
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1 Introduction

The existence of a doubly-charged Higgs boson (H
��

) is a novel feature of some models that extend

the Standard Model to allow small neutrino mass [1, 2, 3], or that explore di�erent possibilities for

the Higgs sector [4].

Since the H
��

does not couple to quarks, there are three modes by which the H
��

can decay: by

Yukawa couplings to like-sign lepton pairs (H
��! `�1 `

�

2 , where `1;2 = e; �; �), by the weak decay mode

(H
��! H

�
W

�
), or by the Higgs decay mode (H

��! H
�
H
�
and H

�
H
�
H
0
). For pair-produced H

��

that could be observed at LEP, the large value of the mass of singly-charged Higgs bosons imposed

by existing limits [5] leads to a suppression of both the weak and Higgs decay modes due to limited

phase space and the presence of one or more virtual bosons in the decay products. The importance

of the Higgs decay mode is likely to be further reduced because of the expected small values of the

coupling constants involved [4, 6]. In this publication it will be assumed that the H
��

decays solely

via Yukawa couplings to like-sign lepton pairs.

The leptonic decay mode of the H
��

gives rise to �nal states containing four charged leptons. The

large coupling of the H
��

to the Z
0
and the distinctive four-lepton �nal state make LEP a promising

place to search for the doubly-charged Higgs boson. If the H
��

decays dominantly to same-sign lepton

pairs with a coupling constant less than 10
�7
, the H

��
will have a lifetime that is long enough for it

to decay well away from the interaction point.

Neglecting radiative corrections, the expression for the Z
0
partial width for decays into H

��
pairs

(following [6]) is:

�(Z
0 ! H

++
H
��

) =
GFM

3
Z

6�
p
2

(IL3 �Q sin
2 �W )

2
(1� 4M2

H

M2
Z

)
3

2 ; (1)

where MZ is the mass of the Z
0
boson, sin

2 �W is the electroweak mixing parameter, GF is the Fermi

coupling constant andMH, Q, I
L
3 are the mass, charge and third component of weak isospin respectively

of the H
��

. The value of IL3 is model dependent, and can take any of the three possible values

1, 0 or �1. This width would correspond to a sizeable fraction of the total Z
0
width, comparable to

�(Z
0 ! �+��) for low mass H

��
.

The H
��

partial width to decay to two charged leptons `; `0 depends on the coupling constant

g``0 . The analysis described in this paper gives di�erent exclusion regions for di�erent values of the

coupling constant matrix with elements g``0 for two reasons. The �rst is that the H
��

lifetime depends

on g``0 , and the search is sensitive to the lifetime. Secondly, since the event topology sought has low

multiplicity, the search is less sensitive to H
��

decays that include taus due to the value of BR(� !
one charged track). Results are presented for the case H

�� ! �� , which has the smallest exclusion

region. Other cases, for which other elements of the coupling constant matrix are non-zero yield larger

exclusion regions. The region for one such case, H
�� ! ee or ��, is also presented.

The partial width for H
��

to decay to leptons of the same family is given by [7] :

�(H
�� ! `�`�) =

X
`=e;�;�

g``
2MH

8�

�
1� 2m2

`

M2
H

� �
1� 4m2

`

M2
H

�1
2

: (2)

where g`` are the unknown Yukawa coupling constants, and m` is the mass of the leptons.

Previous limits on the doubly-charged Higgs boson [7], [8] have been given usually in terms of the

coupling strengths of the Higgs boson to lepton pairs (g``) and of the H
��

mass. The most stringent
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limits (at the 90% con�dence level) result from a search in e
+
e
�
collisions [9] that excludes a Higgs

boson with IL3 = 1 with a mass in the range 6.6 < MH < 36.5 GeV/c2 and g`` > 3 � 10
�7
. The

corresponding limit for Higgs bosons with IL3 = 0 excludes the mass range 7:3 < MH < 34:3 GeV/c2

for the same g`` interval.

For values of g`` smaller than approximately 10
�7
, the e�ciency to detect H

��! `�1 `
�

2 decreases

due to the long decay length of the H
��

. At very small g`` ( � 10
�8 � 10

�9
), the doubly-charged

Higgs boson could often traverse the OPAL tracking chambers without decaying. Z
0 ! H

++
H
��

events could then have a back-to-back topology in the tracking chamber, or else a �nal state with

one track { corresponding to a doubly-charged Higgs boson { recoiling against a H
��

that may decay

to two leptons somewhere within the tracking chambers. The highly ionizing doubly-charged H
��

track would have a distinctively large energy loss per unit length (dE=dx). In using equation (2) to

calculate decay lengths for long-lived H
��

the coupling constant matrix was taken to have elements

gee = g�� = g�� and g``0 = 0; ` 6= `0. This choice is arbitrary, and is used to de�ne g`` for the long

lifetime analysis.

The data used in this analysis were recorded at LEP during 1990 using the OPAL detector. The

integrated luminosity for this period was 6.8 pb
�1
. The data were collected in an energy scan at and

around the Z
0
mass. This sample includes roughly 145 000 events identi�ed as hadronic decays of

the Z
0
. Numbers of produced H

��
were predicted, as a function of mass and jIL3 j , by incorporating

equation (1) into the formalism for the calculation of pair-production of scalar particles [10], which

includes corrections for initial state radiation. The number of H
��

pair events expected for this energy

scan is given in Table 1 as a function of mass. Searches were made for the above event topologies

in the data. E�ciencies for these searches for signal events were calculated, and limits determined

using the numbers of observed and calculated events. The di�erence between the Standard Model

prediction and measurements of �Z0 was also used to establish mass limits for the H
��

.

2 The OPAL detector

The OPAL detector [11] is a multipurpose apparatus having an acceptance of nearly 4� steradians.

The central detector consists of a system of tracking chambers inside a 0.435 T solenoidal magnetic

�eld. The central detector system is surrounded by a time-of-
ight counter array (TOF), 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 low-angle forward detectors. The parts

of the detector relevant to this search are now brie
y described.

The central tracking detector consists of a precision vertex chamber, a large volume \jet" chamber,

and chambers for tracking in the r-� plane (the coordinate system is de�ned with z-axis increasing

along the electron beam axis, � and � being the polar and azimuthal angles). The main tracking

is done with the jet chamber, a drift chamber of approximately four meters length and two meters

radius, with 24 sectors in � and 159 axial layers of sense wires in each sector. Tracks with j cos�j < 0:97

have a minimum of 20 possible hits in the jet chamber. For each hit, three-dimensional coordinates

are determined from the wire position, the drift time and from a charge division measurement. The

integrated charge is measured for each hit at both ends of each wire. Their sum is used to calculate

the energy loss (dE=dx) of the particle in the chamber gas. For a well measured track traversing the

full radial extent of the jet chamber giving 159 charge samples, the resolution, �dE=dx=(dE=dx), is

3.8% for a typical minimum ionizing track in a hadronic event.

The electromagnetic calorimeter consists of a cylindrical array of 9440 lead glass blocks 24.6 radi-
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ation lengths deep covering the range j cos �j < 0:82 (the barrel region), and 2264 lead glass blocks 20

radiation lengths deep in the endcaps covering the region 0:82 < j cos�j < 0:98 (the endcap region).

Each block subtends a solid angle of approximately 40� 40 mrad
2
and projects towards a point near

the interaction point in the barrel region, and points along the beam direction in the endcap region.

The electromagnetic calorimeter covers 98% of the solid angle.

The TOF apparatus consists of 160 scintillator bars each 4.5cm thick and 6.84m long, at a mean

radius of 2.36 m, covering j cos � j < 0.82 and 2� in azimuth. The 
ight time resolution is 0.5 ns, and

the resolution of the z measurement (from the time di�erence) is 7.5 cm.

The luminosity of the colliding beams is determined by detecting small angle Bhabha scattering

events with the forward detectors. These are lead-scintillator calorimeters with associated tracking

chambers at either end of the central detector with an acceptance of 40 < � < 150 mrad in polar angle

and 2� in azimuth.

3 Global Event Selection and Quality Cuts

For the event selection, the tracking chambers, the forward detectors and electromagnetic calorimeters

were required to be fully operational. Electromagnetic clusters consisted of groups of contiguous lead

glass blocks, where each block registered an energy deposition of more than 20 MeV. A cluster was

required to have a minimum energy of 170 MeV in the barrel and 250 MeV in the endcap region.

Endcap clusters were required to contain a minimum of two adjacent blocks. In the barrel, a single

block was su�cient to form a cluster.

Tracks were classi�ed as `good', and used in the analysis, provided they satis�ed the following

conditions:

� jd0j < 2:5 cm, where jd0j is the distance of closest approach to the z-axis in the plane perpen-

dicular to the axis.

� jz0j < 50 cm, where jz0j is the distance to the nominal interaction point along the beam axis at

the above point of closest approach.

� Nhit > 20, corresponding to j cos �j < 0:97, where Nhit is the number of hits in the jet chamber

used to reconstruct the charged track. It was further required that the track contain more than

50% of the possible hits for a track at the given polar angle.

� pt > 100 MeV/c, where pt is the transverse momentum of the track with respect to the beam

direction.

Events with low charge multiplicity were selected. They were required to contain at least one of

the following:

� At least one track with pt � 1 GeV/c, jd0j � 1 cm and a total number of hits in the central

tracking chambers greater than or equal to 30 out of a maximum possible of 183.

� Two electromagnetic clusters each with transverse energy greater than 6 GeV.
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� Back-to-back electromagnetic clusters with an angle �� between their momentum directions in

the plane perpendicular to the beam, in the range 155
� � �� � 205

�
. One of the clusters must

have an energy exceeding 2 GeV.

Further, it was required that there be less than 17 tracks and electromagnetic clusters in total.

4 Search for Four-Lepton Final States

Of the possible four-lepton �nal states, the four-� �nal state has the lowest detection e�ciency. The

e�ciencies for the detection of decays to electrons and muons are the same within errors.

In order to minimize potential background from hadronic events, and to exploit a simple low

multiplicity topology for all �nal states, the following conditions were imposed:

� Only four-track �nal states were considered. As BR(� ! 1 charged track) = 85.8% [12], the

maximum possible e�ciency for a four-� �nal state is 54.2%.

� The total charged track momentum �j~pj was required to be greater than 20 GeV/c.

To reduce the background from two-photon interactions, it was demanded that:

� EFD < 2 GeV, where EFD is the energy deposited in the forward detectors.

To reduce the background from beam-gas and beam-wall interactions, which contain a large number

of tracks not coming from the interaction point, it was required that:

� Ngood=Nall > 0.20, where Ngood is the number of tracks in the event that satisfy the conditions

of the previous section, and Nall is the total number of reconstructed charged tracks.

� pt > 1 GeV/c and j cos�j < 0:9 for all tracks in the event.

� The sum of the charges of the tracks in the event be equal to zero.

� The total electromagnetic energy, excluding energy inside cones of half-angle 15
�
centered on

each track, be less than 3 GeV.

Of the 94 517 events de�ned by the low multiplicity event selection criteria of the previous section, 946

passed the cuts described above. The dominant background was expected to be from Z
0 ! �+��. To

check this expectation, the distribution of the minimum three-track invariant mass is shown in Fig. 1.

The corresponding distribution expected for �+�� events, simulated using the KORALZ Monte Carlo

program [13] and subjected to the same cuts, is shown for comparison. Radiative Z
0
decays to

leptons, with subsequent 
 conversions, and four-lepton �nal states `+`�l+l� { where ` and l can be

electrons, muons or taus { were modelled according to references [13, 14, 15]. The contribution of these

processes to the long tail of the three-track invariant mass distribution is also shown in Fig 1. The

reasonable agreement between the distribution of the minimum three-track invariant mass obtained

from the Monte Carlo simulation of the background, and that obtained from the data indicates that

the background at this stage of the analysis was due predominantly to �+�� events.

The following requirement was used to reduce the �+�� background:
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� The thrust axis, which was calculated using charged tracks, de�ned two hemispheres. Two tracks

were demanded in each hemisphere.

Two events satis�ed all requirements. One of these is consistent with being a hadronic decay of

the Z
0
, while the other is consistent with being a radiative dilepton event. This is to be compared

with the expected background due to:

� Hadronic events: Approximately 171000 Monte Carlo hadronic events (consisting of 105 850

events generated with JETSET [16], 20 492 events generated with Herwig [17] (version 43) and

18 747 events generated with Herwig (version 46)) run with the full detector simulation [18] were

subjected to the analysis cuts listed above. Three events survived. Consequently, a background

of 2:5� 1:4 events is expected from this source.

� Z
0 ! �+��: The analysis cuts were applied to 20 000 Monte Carlo events of this type, generated

using the KORALZ program with full detector simulation. Five events survived the cuts, giving

rise to an estimated background of 1:5� 0:7 events from this source.

� Radiative leptonic decays of the Z
0
and four-fermion processes: Background from these sources

was estimated using the following Monte Carlo programs: KORALZ for Z
0 ! �+��
, BABAMC

[14] for Z
0 ! e+e�
 and the Daverveldt program [15] for standard four-fermion processes. The

background expected from these sources was 1:0� 1:0 event.

The above contributions combine to give an overall expected background of 5:0�1:9 events, consistent
with the two observed events.

The acceptance for the process Z
0 ! H

++
H
�� ! `+1 `

+
2 `

�

3 `
�

4 (` = e; �; �) for the analysis cuts

described was estimated using an event generator in which initial state radiation was taken into

account [19]. The simulation of the detector response was modelled by smearing the generated track

parameters to achieve agreement with the data.

A summary of the numbers of data events passing the analysis cuts, along with the e�ect of the

same cuts on a sample of H
++

H
�� ! �+�+���� (MH = 40 GeV/c2), is given in Table 2. Limits on

H
��

production are discussed in section 8.

5 Search for Long-Lived H
��

For a small coupling of H
��

to leptons (g``
<� 10

�7
), the lifetime of the H

��
is long enough for a

substantial fraction of them to traverse the tracking chamber without decaying. A distinct signature

of a long-lived H
��

in the OPAL detector is a track with an ionization loss, dE=dx, signi�cantly larger

than that expected for a singly-charged track.

To look for long-lived H
��

candidates that traverse the detector, the presence of an isolated track

with an ionization loss consistent with that of a doubly-charged particle was required. In particular,

the following demands were made on the events selected by the criteria of section 3:

� pt > 1 GeV/c and j cos�j < 0:7 for each track.

� The charged track multiplicity of the event was between one and nine inclusive.
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� �j~pj > 20 GeV/c.

� EFD < 2 GeV.

A total of 12 867 events passed these selection criteria.

The dE=dx value was examined for the tracks of these events if they satis�ed the following condi-

tions:

� The track was separated from other tracks by at least 15
�
.

� �dE=dx=(dE=dx) <10%, where �dE=dx is the expected error on the mean dE=dx measurement of

the track.

Figure 2 shows the dE=dx distribution for the 22 953 tracks passing these cuts. This distribution has

a mean of 9.6 keV/cm and an average �dE=dx of 0.43 keV/cm. The open histogram in Fig. 2 shows

the dE=dx distribution for tracks in simulated decays Z
0 ! e

+
e
�
, �+��, �+�� and hadrons. Both

the width and the tails of the distribution for the data are well described by the Monte Carlo. Four

data events are seen to have large values of dE=dx, corresponding to approximately twice the dE=dx

of a minimum ionizing particle. The origin of such high dE=dx values is the unresolved overlap of two

tracks of low dE=dx. The four events were scanned, and in each case the track with high dE=dx was

found to be accompanied by activity in the tracking detector indicative of the presence of a nearby

track. All four events are consistent with being of the type e
+
e
�! e

+
e
�
, with the 
 converting to

an e
+
e
�
pair.

The shaded histogram shows the expected dE=dx distribution for a minimum ionizing H
��

(MH

= 11 GeV/c2), which would deposit 31�3 keV/cm. This is well below the dE=dx value for which

the detector saturates, which occurs at 20 times the dE=dx value for a minimum ionizing particle, or

approximately 140 keV/cm.

The �nal requirement of the long-lived H
��

selection was the presence of a track with dE=dx

greater than 22 keV/cm. No events satis�ed this requirement.

6 Trigger E�ciency

In determining the e�ciency for the detector to trigger on the process Z
0 ! H

++
H
��

, the e�ects of the

possible lifetimes, branching ratios to di�erent charged leptons, and masses of the Higgs boson were

considered, and the proportion of events satisfying the conditions for the OPAL detector to trigger

was found. The cases of short-lived and long-lived H
��

were considered separately.

� Short-lived H
��

: A Monte Carlo program was used to generate events with four-lepton �nal

states (`+1 `
+
2 `

�

3 `
�

4 where ` = e; �; �) for H��
with various masses and lifetimes. The conditions

for the OPAL detector to trigger on these events with good e�ciency were: 2 collinear TOF-�

sectors hit, �2 barrel tracks, 2 collinear tracks, or �1 track and a �-correlated TOF sector hit.

Overall e�ciencies were found to vary between 96% and 100%. The value of 96% was used for

the purpose of establishing limits.
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� Long-lived H
��

: The e�ciency to trigger on the two-track back-to-back topology of two H
��

that exit the tracking chamber without decaying was greater than 94%. The e�ciency for

the single-track trigger (with correlated TOF counter hit) was 90%. The single-track trigger

provided sensitivity to H
��

with shorter decay lengths than the collinear track trigger if the

particle was energetic enough to traverse the coil and strike a TOF counter. H
��

with mass less

than 42 GeV/c2 would be su�ciently energetic to do so. A trigger e�ciency of 90% was used in

establishing the long-lived H
��

limits.

7 Systematic Uncertainties

The following items contribute to the systematic uncertainty on the number of expected H
��

events.

� Luminosity: a value of 0.8% was estimated for the error on the luminosity measurement [20].

� H
��

cross section: the error on sin
2�W = 0:2325� 0:0008 [12] corresponds to an error on the

H
��

cross section of �0:35%.
� Branching ratio: the error on BR(� ! one charged track) = 0:8582� 0:0025 [12] corresponds to

an error of �0:3%.
� Quality of the Monte Carlo simulation: the e�ciencies to detect the H

��
were measured using a

Monte Carlo program which smeared the track parameters. The e�ciencies obtained from this

program agreed to within 3% with those obtained from a slower, well-tested Monte Carlo which

performed full detector simulation and reconstruction [18]. A 3% systematic error was assigned

due to the quality of the Monte Carlo simulation.

� Statistical error on the e�ciency determination: the error on the H
��

detection e�ciencies were

2%, due to the limited size of the Monte Carlo event samples.

� The charged track multiplicity cut was the most important factor in determining limits. To test

the sensitivity of the e�ciency to the track quality, the required minimum number of hits on a

track was varied by �10%. The error due to the jd0j and the jz0j cuts were examined. These

sources were found to contribute negligibly to the error on the H
��

detection e�ciency.

A total systematic error of 4% was obtained by adding the above errors in quadrature.

8 Limits as a Function of Higgs Mass and g``

In the search for short-lived H
��

, the minimum number of expected events required to exclude the

H
��

at the 95% con�dence level was calculated following the recommendation of the Particle Data

Group [21]. With the expected number of background events taken as 3.1 (the number of expected

background events reduced by one standard deviation) and with two observed events, this calculation

yields a value of 4.4, which was used across the H
��

mass range. Monte Carlo calculations were

performed to determine the number of expected events as a function of MH and g``. The number of

expected events was reduced by 4% to take into account the systematic error on this number. The

exclusion zone was taken to be the region in theMH-g`` plane for which the number of expected events

was greater than 4.4.
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The exclusion region for the process Z
0 ! H

++
H
�� ! `+1 `

+
2 `

�

3 `
�

4 (` = e; �; �) for short-lived H
��

is

labeled as `A' in Fig. 3. It extends from the H
��! `�1 `

�

2 threshold to an upper limit of 45.6 GeV/c2,

primarily determined by the falling cross section for Z
0 ! H

++
H
��

. The boundary of the excluded

region at small g`` in the four-lepton, short H
��

lifetime search is determined by the e�ciency of the

four-track cut since, as g`` decreases, the H
��

lifetime increases, and the fraction of events passing

this cut falls. The exclusion zone is shown for both IL3 = �1 and IL3 = 0.

The search for long-lived H
��

includes the �nal states where one, or both, of the H
��

escape the

jet chamber without decaying. In this case, the mass range extends from twice the electron mass to an

upper limit of 45.6 GeV/c
2
. The upper g`` boundary of the excluded region is determined by the H

��

lifetime: as g`` increases, the H
��

lifetime decreases, and with it the likelihood that one of the H
��

fully traverses the tracking chamber without decaying. The excluded region in the (MH,g``) plane for

this channel is labeled as `B' in Fig. 3.

The exclusion regions for the short and long-lived H
��

are insensitive to changes in the size of the

data sample. For high mass, the edge of the regions is at the kinematic limit. As the acceptances

for four tracks (in the short-lived H
��

analysis), and for a H
��

to traverse the entire detector (in

the long-lived H
��

analysis) fall rapidly to zero at values of g`` near the horizontal boundaries, these

depend little on the number of H
��

events expected. Doubling the data sample produces little change

to the exclusion regions.

The existence of the decay mode Z
0 ! H

++
H
��

would increase the total width of the Z
0
relative

to the Standard Model prediction. Therefore, the value of �
Meas
Z0 - �

SM
Z0 where �

Meas
Z0 is the measured

width of the Z
0
[22], and �

SM
Z0 is the Standard Model prediction of the Z

0
width [23], gives a lower

bound on the H
��

mass. The prediction is a function of the unknown parameters �s, Mt and MH0

(the strong coupling constant, the top mass and the mass of the Standard Model Higgs boson). These

were varied in the ranges 0:11 � �s � 0:13, 89:0 �Mt � 200 GeV/c2 and 50:0 �MH0 � 1000 GeV/c2,

and the values that minimized �
SM
Z0 were used to obtain a conservative limit. The di�erence between

the measurement and the prediction is less than 40 MeV/c2 at the 95% con�dence level. The bound

on the H
��

width is obtained by setting the partial width for Z
0 ! H

++
H
��

to 40 MeV/c2 which

yields a lower bound of 25.5 GeV/c2 for IL3 = 0, and 30.4 GeV/c2 for IL3 = �1.

A small area for MH greater than the lower bounds derived from �Z0 is not excluded by either the

short-lived or the long-lived search. This area corresponds to H
��

lifetimes too short for the H
��

to

leave a sizeable track, but su�ciently long for the tracks of the decay products to fail the jd0j cut.

9 Conclusion

Using data taken during 1990 with the OPAL detector at LEP, a search has been made for a doubly-

charged Higgs boson that decays dominantly via Yukawa couplings to two like-sign charged leptons,

with short or long lifetime. Events with four charged leptons (corresponding to a large lepton coupling

constant), and events where at least one of the doubly-charged Higgs bosons traverses the tracking

chamber (corresponding to a small lepton coupling constant), have been sought. Two were found,

consistent with the expected backgrounds. The two approaches, together with the measured width of

the Z
0
, were used to exclude the existence of the H

��
with mass less than 45.6 GeV/c

2
, and for values

of g`` that extend down to zero.
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H
��

mass (GeV/c2)

0.001 0.22 0.70 2.0 10 20 30 40 44 45 46

IL3 = �1 8444 8444 8442 8420 7840 6121 3592 920 149 39 2.6

IL3 = 0 6128 6128 6126 6077 5690 4442 2607 668 108 28 1.9

Table 1: The number of H
��

pairs expected as a function of the H
��

mass and IL3 for an integrated

luminosity of 6.8 pb
�1
.

Cut Data events H
��

MC

Fail Pass Fail Pass

Low mult. preselection | 94517 2141 4859

Charge Multiplicity = 4 90849 3668 4179 2575Ptracks j~pj >20 GeV/c 66453 2239 1107 2123

Forward Energy < 2 GeV 21597 2187 197 2114

Good track fraction > 0.2 25311 2163 0 2114

Total charge = 0 37822 1837 1890 2085

pt > 1 GeV/c (all tracks) 19394 1097 2971 1499

j cos �j < 0.9 (all tracks) 23996 1020 1678 1169

Unassociated E < 3 GeV 73419 946 1619 1010

Two tracks / hemisphere 34843 2 1273 969

Table 2: Comparison of the e�ects of the analysis cuts on the data and a sample of doubly-charged

Higgs boson pairs decaying, with zero lifetime, to four taus. The columns entitled `Fail' give the

number of events failing each cut individually. Those entitled `Pass' give the cumulative numbers of

events passing each successive cut. The numbers of events in the column entitled `H
��

MC' were

calculated for H
��

of mass 40 GeV/c2, using the Monte Carlo program described in the text.
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Figure 1: The minimum invariant three-track mass after all cuts except the topology cut demanding

two tracks in each hemisphere. The points with error bars depict the invariant mass distribution for

the data; the solid line shows the corresponding distribution for the sum of the backgrounds estimated

from �+��, `+`�
 (` = e; � or � with the 
 converting) and `+`�l+l� (`, l = e, �, or �) Monte Carlo

events. The shaded region depicts the sum of the background processes `+`�
 and `+`�l+l� only.

Figure 2: The dE=dx distribution for data, background and simulated H��
. The distribution of dE=dx

is shown for tracks selected as described in Section 5 ( points with error bars). The open histogram

shows the dE=dx distribution for the simulated processes Z0 ! e
+
e
�
, �+��, �+�� and hadrons. The

shaded section corresponds to the distribution of dE=dx expected for minimum ionizing H
��

tracks.

Figure 3: The H
��

exclusion regions in the MH-g`` plane. The unhashed zones show the regions

excluded at the 95% con�dence level. The regions labeled by `A' are excluded by the search for the

short-lived H
��

. Those labeled by `B' (which extend down to g`` = 0 ) are excluded by the search for

the long-lived H
��

. H
��

with mass less than 25.5 GeV/c2 (IL3 = 0) or 30.4 GeV/c2 (IL3 = �1) are
excluded by measurements of �Z0 , as indicated by the dotted lines.
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