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Abstract

A search for the single production of doubly-charged Higgs bosons is performed dsingoellision data collected by
the OPAL experiment at centre-of-mass energies between 189 GeV and 209 GeV. No evidence for the exist&fces of H
observed. Upper limits are derived diae the Yukawa coupling of the ¥ to like-signed electron pairs. A 95% confidence
level upper limit ofhee < 0.071 is inferred fo (HE+) < 160 GeV assuming that the sum of the branching fractions of the
HE* to all lepton flavour combinations is 100%. Additionally, indirect constraint&gnfrom Bhabha scattering at centre-
of-mass energies between 183 GeV and 209 GeV, where #fe Wwbuld contribute via-channel exchange, are derived for
M(HT¥) < 2 TeV. These are the first results both from a single production search and on constraints from Bhabha scattering
reported from LEP.
0 2003 Published by Elsevier B.V. Open access under CC BY license.

1. Introduction including in left-right symmetric models [1], Higgs
triplet models [2], and little Higgs models [3]. It has
Some theories beyond the Standard Model predict been particularly emphasized that a see-saw mecha-
the existence of doubly-charged Higgs boson§fH  nism used to obtain light neutrinos in a model with
heavy right-handed neutrinos can lead to a doubly-
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Fig. 1. Feynman diagrams contributing to the single production of
H~~ bosons in &e~ collisions. The three additional diagrams with
“crossed” € lines are not shown.

decays to all lepton flavour combinations need to be
considered. It should be particularly noted that mixed

lepton flavour decays are severely constrained by rare

decay searches such@as — etete” andu — ey.
In this Letter, we search for the single production

of doubly-charged Higgs bosons, assuming the decays

H** — ¢*¢'+ using 600.7 pb! of ete~ collision
data with centre-of-mass energigs = 189-209 GeV
collected by the OPAL detector. Since the production
cross-section depends only ége, the Yukawa cou-
pling of the H** to like-signed electron pairs, the
search is sensitive to this quantity.
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¢ ' +

e+

Fig. 2. Feynman diagram contributing to the procesee— et e~
due to doubly-charged Higgs bosprhannel exchange.

outgoing electron. Constraints have been derived for
this process using data from lower energy colliders [5],
but not previously from LEP.

In addition to the direct search results introduced
above, we also derive indirect constraints bgy,
the Yukawa coupling of H* to electrons, using
the differential cross-section of wide-angle Bhabha
scattering measured by OPAL in 688.4pbof data
collected at,/s = 183-209 GeV.

2. OPAL detector

The OPAL detector is described in detail in [10].
It is a multipurpose apparatus with almost complete
solid angle coverage. The central detector consists of
a silicon micro-strip detector and a system of gas-
filled tracking chambers in a 0.435T solenoidal mag-
netic field which is parallel to the beam axis. A lead-
glass electromagnetic calorimeter with a presampler
surrounds the central detector. In combination with
the forward calorimeters, the forward scintillating-tile
counters, and the silicon—tungsten luminometer, a geo-
metrical acceptance is provided down to 25 mrad from
the beam direction. The silicon—-tungsten luminome-

We assume that the decay of a doubly-charged ter measures the integrated luminosity using small-

Higgs boson into a W boson and a singly-charged
Higgs boson is negligible. We consider afiHwhich
couples to right-handed particles, but the results of

the direct search quoted here are also valid for an

H** which couples only to left-handed particles [9].
All lepton flavour combinations are considered in the
H** decay (eeuu, 77, eu, er, ut). The lifetime of
the H** can be important, and in particular is non-
negligible for hy < 10~7; however, our search is not
sensitive to such small Yukawa couplings.

A doubly-charged Higgs boson would also affect
the Bhabha scattering cross-section via tfehannel

angle Bhabha scattering events. The magnet return
yoke is instrumented for hadron calorimetry, and is
surrounded by several layers of muon chambers.

3. Direct search
3.1. Data samples and event simulation

The data samples are summarised in Table 1.
The processte~ — eFeFH™™ is simulated with
the PYTHIAG.150 [11] event generator. In the sim-
ulation, the Equivalent Photon Approximation (EPA)

exchange diagram shown in Fig. 2, causing a changeis used to give an effective flux of photons originat-

in rate and in the observed angular distribution of the

ing from the electrons or positrons. The upper limit
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Table 1
Data samples used in the direct search analysis
Ecm (Ecm) [c
(GeV) GeV) (Pt
188-190 188.6 1786
190-194 191.6 28
194-198 195.5 78
198-201 199.5 78
201-203 201.7 32
203-206 205.0 74
206-209 206.6 126
188-209 197.7 600

of the virtuality Q2 of the photon is given by the
scale of the hard scattering procé$sThe process
ety — eTH** is simulated in a left—right symmetric
model for an H* which couples to right-handed par-
ticles using the calculations from [8]. The contribution
from Z-exchange is negligible. In order to obtain the
full signal cross-section, a cut which PYTHIA applies
by default at a minimum of 1 GeV on the transverse
momentum of the lepton which radiates thé™His
explicitly switched off. The cross-section and the an-
gular distribution are checked with the calculations of
[9], using COMPHEP [12].

97

ete” — ¢Te.

Four-fermion processes, except

efe” >ete e (L=eu, 1),

ete” — ete qq,

are simulated with the KORALW event generator [13].
The non-multi-peripheral part of the processes

ete” —ete ¢te,

ete” — efe qa,

is simulated with grc4f2.1 [14]. The multi-peripheral

diagrams are simulated with the dedicated two-photon
event generators Vermaseren [15] for

efe” - ete y™®y™  greete,

and BDK [16] for
—ete utu,
+

ete” — efe y™My™
—ete .

The Monte Carlo generators PHOJET [17] (i0f <

4.5 Ge\?) and HERWIG [18] (forQ? > 4.5 Ge\?)

are used to simulate hadronic events from two-photon
processes. Lepton pairs are simulated using the KK2f

ete > etey ™y ®

Separate samples are simulated with the 6 different [19] generator for Tt~ (y) andu™ = (y) events and

decay modes (egyu, t7, €u, €r, ut). Samples of

NUNUGPYV [20] for viy(y). Bhabha scattering is

500 events each are generated for each of the averagaimulated with BHWIDE [21] (when both the electron

centre-of-mass energies listed in Table 1 foriH

and positron scatter at least 12ffom the beam axis)

masses in 5 GeV steps from 90-200 GeV. For massesand TEEGG [22] (for the remaining phase space).

larger than twice the W boson mass the dec&yf H-
WEW* is kinematically allowed. Its partial width,
however, is negligible in most models [9]. In this
Letter, the branching fraction BREH — WEW=*) is
assumed to be zero.

The dominant Standard Model backgrounds in this
analysis are from the four-fermion processes

ete” — ¢te et

including events from the so-called “multi-peripheral”
diagrams,
ete” —> efe y®y™ s ete gty

and lepton pairs,

24 02 s the negative squared four-momentum transfer.

Multihadronic events, @y), are simulated using
KK2f [19]. RADCOR [23] is used to simulate multi-
photon events from QED processes. They make a
negligible contribution to the background.

Generated signal and background events are pro-
cessed through the full simulation of the OPAL detec-
tor [24] and the same event analysis chain was applied
to the simulated events as to the data.

3.2. Analysis

The signal final state consists of four charged
leptons. Two like-sign leptons originate from théH
decay and are expected to be visible in the detector in
most cases. The electron or positron which originates
from the ee vertex (see Fig. 1) in general escapes
through the beampipe. The electron or positron which
originates from the eeH* vertex is also forward
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peaked; however, it enters the detector in a significant
fraction of signal events. The analysis is therefore
divided into a two-lepton and a three-lepton analysis. the two jets reconstructed in the event must be
The final states in the three-lepton case contain three greater than 20% of/s.

leptons visible in the detector, two of them have the (2.2) Ordering the jet energies by their magnitude
same sign and could originate from the decay of a (Ejetr > Ejet2), the following requirements are
doubly-charged Higgs boson. In the two-lepton case, made:

two like-signed leptons are required, as expected in the (@) Ejetr> 0.1/s;

decay of a doubly-charged Higgs boson. (b) Ejetz > 0.05/s;

Leptons are identified as low multiplicity jets. Jets (C) Ejet1 < 0.995Epeam
are reconstructed from charged particle tracks and en- (d) Ejet1+ Ejeto < 0.95(/5.
ergy deposits (clusters) in the electromagnetic and (2.3) The invariant mas#/j,, of the two jets must
hadron calorimeters. Tracks and clusters are defined satisfyMin, > 40 GeV. Typical mass resolutions
to be of “good” quality using the requirements of [25]. are about 4 GeV for ee and 10 GeV for. No
After the jet reconstruction, double-counting of energy mass reconstruction is possible for, due to
between tracks and calorimeter clusters is corrected the undetected neutrinos.
by reducing the calorimeter cluster energy by the (2.4) Bhabha scattering is rejected by requiring that
expected energy deposition from associated charged the acollinearity anglegaco, satisfiesgacol >
tracks [25], including particle identification informa- 25°. The anglepacolis defined to be 180minus
tion. the opening angle of the two jets.

No explicit electron or muon identification is re- (2.5) The polar angle of each jet must satisfpsd| <
quired, since it is found that the jet-based analysis 0.75. The H* candidate jet polar angles are
technique retains high efficiency while reducing the plotted in Fig. 3(a) and (b) after cuts (2.1)—(2.4).
background to an acceptable level. The same analy-(2.6) Each jet associated to théH must have either
sis is used to search for all 6 possible lepton flavour one or three charged tracks. The number of
combinations, and the results are valid for all lep- charged tracks is plotted in Fig. 3(c) after cuts
tonic decay modes of the®+. The final background (2.1)-(2.5).
is dominated by Standard Model processes containing (2.7) Defining the sum of the track charges within
four charged leptons. The analysis cuts are listed be- each jet as the “jet charge”, the product of the
low. The cut values of the two-lepton and three-lepton charges of the two jets must be equaltb. This
analyses differ slightly. value is plotted in Fig. 3(d) after cuts (2.1)—(2.6).

The requirements for the two-lepton analysis are:

0.95, and which are not precisely back-to-back
(within 5°). Finally, the sum of the energies of

The requirements for the three-lepton analysis are:
(2.1) The preselection requires low multiplicity events
[26]. The events are additionally required to (3.1) The preselection is identical to that in cut (2.1)

have at least two and less than nine charged
tracks. The sum of charged tracks and clusters
in the electromagnetic calorimeter must be less
than 16. Tracks and clusters are formed into
jets using a cone algorithm [27] with a half-
angle of 20 degrees and a minimum jet energy of
2.5 GeV, and it is required that there be exactly
two jets with polar angles satisfying| cosd| <

except that exactly three reconstructed jets are
required. The two jets which have the highest
reconstructed mass, as described in cut (3.3),
have to satisfy cos9| < 0.95 and must not be
precisely back-to-back (within°}. There is no
|cosd| requirement for the third jet. Finally,
the sum of the energies of the three jets recon-
structed in the event must be greater than 20%

of /s.

25 OPAL uses a right-handed coordinate system wherethe
direction is along the electron beam and where points to the
centre of the LEP ring. The polar anglds defined with respect to
the +z direction and the azimuthal angfewith respect to thetx

direction. The centre of thet@™ collision region defines the origin
of the coordinate system.
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Fig. 3. Examples of some of the quantities used in the two-lepton analysis selection shown immediately before the corresponding cut is applied
(see Section 3.2). The absolute values of the cosines of the polar angle of the more central and the more forward Higgs boson candidate jets
are shown in (a) and (b), the number of charged tracks in each of the o ddndidate jets in (c), and the product of the reconstructed
charges of the two Hi* candidate jets in (d). The points with error bars indicate the OPAL data and the shaded regions indicate the background
expectation. Note that “hadrons” includes bof(;g) and hadronic events from all 4-fermion processes. Two example signal expectations for a

130 GeV doubly-charged Higgs boson are also shown normalised to a cross-section correspdngiagXad scaled by a factor 20, assuming

either a 100% Ff~ — ee branching ratio (dashed line) or a 100%¥H— t7 branching ratio (dotted line). The cut requirements are indicated

by the arrows.

(3.2) Ordering the measured jet energies by their (3.3) The jet energies are determined assuming that
magnitude Ejet1 > Ejet2 > Ejeta), the following the measured jet direction is the same as the ini-
requirements are made: tial lepton direction for each of the reconstructed
(@) Ejetr > 0.1/s; jets and that the missing electron or positron
(b) Ejet2> 0.05\/s; is recoiling along the beam axis. Using energy
(C) Ejets > 0.025/s or it must contain at least and momentum conservation to give four con-

one good charged track; straint equations, the four jet energies can be
(d) Ejetr < 0.995Epeam inferred (the lepton masses are neglected). Us-
(€) Ejet1 + Ejetz + Ejetz < 0.95./s. ing this improved determination of the jet en-



100

ergies, the invariant masses are calculated for
the three possible di-jet systems that can be con-
structed from the observed jets, and the two jets
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diagrams. Special samples of the full set e —
ete~¢*¢~ diagrams, including interference, were pre-
pared using grc4f2.2[14] ays = 206 GeV to study

having the largest di-jet mass are considered as this effect. The background using the full set of

the H** candidate jets with a “reconstructed
Higgs boson massM,ec. The loss due to this
assumption is negligible for H masses above
110 GeV, and is taken into account in the signal
efficiency calculation. Since this search concen-
trates on the region above the mass limit from
pair creation, it is further required tha,ec sat-
isfy Miec > 80 GeV. Typical mass resolutions
are about 1 GeV for ee angt modes, and about

4 GeV for rt decays. Note that in the latter
case, no mass reconstruction from the jet ener-
gies would have been possible without this pro-
cedure, due to the undetected neutrinos.
Bhabha scattering is rejected by requiring that
the acollinearity angle between the two™H
candidate jets satisfi@gcol > 15°.

The polar angle of each jet associated to the
H** must satisfy|cosd| < 0.80. The H*
candidate jet polar angles are plotted in Fig. 4(a)
and (b) after cuts (3.1)—(3.4).

Each jet associated to théH must have either
one or three charged tracks. The number of
charged tracks is plotted in Fig. 4(c) after cuts
(3.1)—(3.5).

Defining the sum of the track charges within
each jet as the “jet charge”, the product of the
charges of the two jets associated with thetH
must be equal tet-1. This value is plotted in
Fig. 4(d) after cuts (3.1)—(3.6).

(3.4)

(3.5)

(3.6)

(3.7)

The results are summarised in Table 2. The num-

ete ¢t ¢~ diagrams including interference is in both
analyses about 25% lower than our standard set of
Monte Carlo generators. While grc4f2.2 includes in-
terference effects, it has other differences with re-
spect to our standard background simulations and can-
not be used as the primary sample. We therefore
simply assign a 25% systematic uncertainty on the
ete ¢T¢~ background according to this cross-check.
Monte Carlo modelling of the variables used in the
selection cuts can also induce systematic effects. The
possible level of mismodelling is assessed by compar-
ing data and background Monte Carlo for each vari-
able after the preselection (cut (2.1) and (3.1), respec-
tively) where the contribution from a signal would
be negligible. Differences between the data and back-
ground Monte Carlo simulation are used to define a
possible shift in each variable, and then the system-
atic uncertainties are evaluated by varying the cuts by
these shifts. Both the final expected background and
signal efficiencies are recalculated with these shifted
cuts, and the full differences from the nominal values
are assigned as systematic uncertainties.

The uncertainty of charge identification, used in
cuts (2.7/3.7) in Section 3.2 to reject a significant frac-
tion of the background, is estimated from a clean sam-
ple of Bhabha events selected by changing the cuts as
follows. The cuts (2.2)(c) and (3.2)(d) are not applied.
Cuts (2.2)(d) and (3.2)(e) are changed frdfgi +
Ejet2(+Ejet3) < 0.95\/s 10 Ejets + Ejet2(+Ejet3) >
0.95,/s. This sample consists mainly of Bhabha events
and has no overlap with the search sample. The frac-

bers of observed and expected events agree well aftertion of like-sign electron pairs is 2.0% in data and

each cut in both analyses.
3.3. Systematic uncertainties

The largest background in the selection is from

processes with four charged leptons in the final state,

particularly from multi-peripheral “two-photon” pro-
cesses. Of concern is the fact that, in our stan-

1.7% in Monte Carlo. The systematic uncertainties
on the background and signal efficiencies are eval-
uated by randomly changing the sign of the charge
for 0.15% of the tracks, in order to increase the frac-
tion of fake like-sign events by 0.3%, the observed
difference between data and Monte Carlo in Bhabha
sample. No significant cesdependence of this dif-

ference was observed. An additional cross-check of

dard Monte Carlo background samples available at pair events from calibration data taken.gb = mz

all centre-of-mass energies, the multi-peripheral di-

indicates that the charge-confusion systematic uncer-

agrams are treated with specialised event generatorgainty is no larger than 0.15%. The full differences

which neglect interference with non-multi-peripheral

between the new background and efficiencies and
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Fig. 4. Examples of some of the quantities used in the three-lepton analysis selection shown immediately before the corresponding cut is applied
(see Section 3.2). The absolute values of the cosines of the polar angle of the more central and the more forward Higgs boson candidate jets
are shown in (a) and (b), the number of charged tracks in each of the o ddndidate jets in (c), and the product of the reconstructed
charges of the two ¥ candidate jets in (d). The points with error bars indicate the OPAL data and the shaded regions indicate the background
expectation. Note that “hadrons” includes bofi{;g) and hadronic events from all 4-fermion processes. Two example signal expectations for a

130 GeV doubly-charged Higgs boson are also shown normalised to a cross-section correspangiagitad scaled by a factor 10, assuming

either a 100% Ff= — ee branching ratio (dashed line) or a 100%¥H— 7 branching ratio (dotted line). The cut requirements are indicated

by the arrows.

the nominal ones are taken as systematic uncertain-and directions, because it is not possible to use the

ties. “angle-based” kinematic reconstruction described in
The systematic uncertainties are summarised in Section 3.2 for the three-lepton analysis. The mass

Table 3. Additional systematic uncertainties, such as distribution is shown in Fig. 5 for events passing all

on the integrated luminosity, are negligible. cuts except the like-signed charge requirement (a), and
also with all cuts applied (b). No excess of events

3.4. Direct search results which could imply the presence of a signal is observed
in the data.

In the two-lepton analysis the invariant mass of the  In the three-lepton analysis we calculate th&*H
two jets is calculated using the measured jet energiescandidate reconstructed masstgsc, shown in Fig. 5,



102 OPAL Collaboration / Physics Letters B 577 (2003) 93—-108

Table 2

The number of remaining events in the data after each cut, and the number expected from Standard Model background sources. Also shown are
the efficiencies of expected signal events for a 130 GeV doubly-charged Higgs boson assumjn@eer decays. The number of expected

signal events folhee= 0.1 is shown in brackets assuming 100% branching ratio for the given decay mode. The errors due to Monte Carlo
statistics are also listed for events surviving the full analysis

Cut Data Total BKg. et~ 4-¢ ‘vy' eetd qq ‘yy’ eeqq Efficiency [%]

ee L TT

Two-lepton analysis

(2.1) 19612 17653 137769 12496 22497 1733 2099 457 459 415
(2.2) 15168 14738 113813 11187 19715 1581 1018 443 391 364
(2.3) 13455 13008 108556 9881 10265 1208 116 443 390 350
(2.4) 6681 668D 50255 7740 7775 1001 87 410 363 326
(2.5) 1318 13534 8906 3259 1243 125 01 238 243 203
(2.6) 1181 121 7926 2995 1214 27 0.0 230 239 17.9
2.7) 27 221 104 27 85 05 0.0 229 238 175
+1.7 +1.3 +0.2 +1.1 +0.1 +0.0 +1.9 +2.0 +2.0
(64.6) (67.3) (49.1)

Three-lepton analysis
(3.1) 40948 40899 74227 4679 270111 2601 57380 341 362 333
3.2) 3203 281® 16859 1533 7789 631 1348 227 240 211
(3.3) 2031 191D 15579 1005 1994 444 9.8 227 240 200
(3.4) 1359 12471 9398 832 1822 325 9.3 218 234 195
(3.5) 572 538 4274 414 555 133 0.7 155 178 141
(3.6) 390 3618 2734 299 525 58 02 147 17.3 126
(3.7) 28 223 44 4.0 133 05 0.1 146 172 119
+1.6 +0.7 +0.3 +1.4 +0.1 +0.0 +2.0 +2.0 +21
(410 (48.8) (334)

Sum

> 55 444 148 6.8 218 10 01 375 410 293
+2.0 +13 +0.3 +15 +0.1 +0.0 +2.8 +238 +29

(1056) (1161 (825)

Table 3
Systematic uncertainties on signal and background

2-lepton analysis: 3-lepton analysis:
Quantity Variation ABKg (%) ASig (%) ABKg (%) ASig (%)
Jet co9 +0.5° 8 1 7 1
Jet energy +1% 1 1 2 1
Pacol +0.5° 2 1 1 1
Charge misidentification .05% 14 1 4 1
Background modelling (see text) 25 — 25 -
Monte Carlo statistics - 8 10 7 14
Quadratic sum 31 10 27 14

using the “angle-based” kinematic reconstruction de- the like-signed charge requirement (c), and also with
scribed in item (3.3) in Section 3.2. The mass distribu- all cuts applied (d). Additionally, as a cross-check to
tions are shown both for events passing all cuts exceptensure that no di-jet mass peak present after the event
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Fig. 5. The reconstructed¥ candidate mass distributions. The invariant di-jet mass is shown for the 2-lepton analysis both before and after
the like-signed jet requirement (cut (2.7)) in (a) and (b), respectively. For the 3-lepton analysis, the reconstfiictedsd using the jet angles

as discussed in the text, is shown before and after cut (3.7) in (c) and (d), respectively. The points with error bars indicate the OPAL data and the
shaded regions indicate the background expectation. Note that “hadrons” includeg®othnrp hadronic events from all 4-fermion processes.

Two example signal expectations for a 130 GeV doubly-charged Higgs boson are also shown normalised to a cross-section corresponding to
hee= 0.1, assuming either a 100% — ee branching ratio (dashed line) or a 100%¥— t branching ratio (dotted line). Note that due

to the undetected neutrinos from the tau-lepton decay there is no peak ifftheHr = signal sample of the 2-lepton analysis ((a) and (b)).

reconstruction is reduced by the angle-based method,mass is determined by linear interpolation between the
the largest di-jet mass calculated from only the track simulated signal Monte Carlo samples. The number
and cluster information (Section 3.2) was examined. of observed events, together with the number of
No excess of events which could imply the presence expected signal and background events from both the
of a signal is observed in the data. two-lepton and three-lepton analyses are combined
Limits are set on the H* Yukawa couplinghee, using the likelihood ratio method described in [28],
assuming that the sum of the branching fractions which incorporates the systematic uncertainties into
of the H* to all lepton flavour combinations is the limits using a numerical convolution technique.
100%. The efficiency for an arbitrary Higgs boson For the purpose of extracting the limits 4610 GeV
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“sliding mass window” around the hypothetical Higgs four-fermion contact interactions with right-handed
boson mass is used. Events within this window are currents [29] frr = 1, 7L = nLr = 0), with the re-
counted in data and Monte Carlo simulation. The placement ofg/A by hee/ M (HT*) wherehee is the
hypothetical Higgs boson mass is varied in 1 GeV Higgs coupling to electror® At values of M (H*+)
steps. The width of the mass window is chosen such comparable to the centre-of-mass energy, this corre-
that it contains most of the expected signal events. spondence is modified by the inclusion of a propaga-
A small efficiency correction, typically around 5% for tor term. For comparison with the experimental data,
ee andup and 10% fortt, due to this window is QED radiative corrections are applied to the Born
applied. In the two-lepton analysis for any channel level terms for doubly-charged Higgs boson exchange
containingr leptons no mass window cut is applied, and interference with Standard Model processes given
because in this channel it is not possible to reconstructin [5] using the program MIBA [30]. Initial state radi-
the correct mass of the doubly-charged Higgs boson ation is calculated up t®(«?) in the leading log ap-
due to the undetected neutrinos. proximation with soft photon exponentiation, and the
The limits onhee are calculated using the efficien-  O(«) leading log final state QED correction is applied.
cies determined from the PYTHIA Monte Carlo sam- The BHWIDE [21] program is used to calculate the
ples and the production cross-sections are determinedStandard Model contribution to the differential cross-
in a consistent manner using PYTHIA (see discussion section. The theoretical predictions are calculated us-
in Section 3.1). No systematic uncertainty is assigned ing the same acceptance cuts as are applied to the data.
for theoretical uncertainties. The 95% confidence level  This analysis uses OPAL measurements of the dif-
limits on zee from combining both analyses are shown ferential cross-section for'@™ — e*e™ at centre-of-
in Fig. 6(a)—(c) assuming a branching fraction of the mass energies of 183-209 GeV [31,32]. The data be-
doubly-charged Higgs boson into egy, Tt of 100%, tween 203 GeV and 209 GeV are grouped into two
respectively. Strictly, due to the production mechanism sets with mean energies of approximately 205 GeV
involving non-zerohee, exactly 100%uu or Tt de- and 207 GeV. The total integrated luminosity of the
cays are not possible, therefore, the latter limits should data amounts to 688.4 pb. These measurements
be considered for the casg,, .- > hee In Fig. 6(d), cover the ranggcosd| < 0.9, in 15 bins of co8
for each mass the highest limit from all possible lep- (as defined in [32]), and correspond fégeo < 10°
ton flavour combinations is shown. An upper limit on where 6,0 is the acollinearity angle between elec-
hee < 0.071 is inferred fotM (HE*) < 160 GeV at the tron and positron. It is verified that the effect of
95% confidence level, which is valid for all possible doubly-charged Higgs boson exchange on the low-
lepton flavour combinations in the decays. The limitis angle Bhabha scattering cross-section has a negligible
determined by the purer case except for masses in  effect on the luminosity determination even for values
excess of 170 GeV. For the case of pure ee decays theof hee a few times larger than excluded by this mea-

limit is hee < 0.042, and foruu decaysiee < 0.049, surement.

both for M (H**) < 160 GeV. For the mixed flavour The measured differential cross-sections are fitted
decay modesye, er, andut the limitis betweenthose  with the theoretical prediction using & fit. The fit

for pure decays of the two involved flavours. is performed for fixed values of the doubly-charged

Higgs boson mass between 80 GeV and 2000 GeV,
allowing the square of the couplingge, to vary. Al-
4, Indirect search though onlyh§e> 0 is physically meaningful, in order
to allow for the case where the data fluctuate in the
Doubly-charged Higgs bosons would contribute to opposite direction to that expected for doubly-charged
Bhabha scattering viachannel exchange as shown Higgs boson exchange, both positive and negative val-
in Fig. 2. The Born level differential cross-section for ues ofh2, are allowed in the fit. Experimental and the-
Bhabha scattering including the exchange of a doubly- oretical systematic uncertainties and their correlations
charged Higgs boson with right-handed couplings has
been calculated in [5]. At high masse#,(H*) >
/s, the cross-section is identical to that derived for 25 In[5] heeis denotedsee
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Fig. 6. Limits at the 95% confidence level on the Yukawa coupliag assuming a 100% branching fraction of th&Hto (a) ee, (buu

and (c)rz. The limits are calculated with the combined results of the two-lepton and three-lepton analysis. In (b) and (c), the limits should
be regarded as valid in the large branching fraction limit, since non/zgramplies a non-zero electron branching fraction (see text). Since

the ee anqu efficiencies and mass resolutions are very similar, figures (a) and (b) are almost identical. The median expected limits assuming
only Standard Model processes are shown by the dotted lines, while the actual limits inferred from the data are shown by the solid lines. In
figure (d) the limit for arbitrary lepton flavour combinations (eg, er, uu, ut andzt) is shown. It is determined by the pure case except

for masses in excess of 170 GeV. The shaded regions for masses below 98.5 GeV are excluded in left-right symmetric models by the OPAL
pair production search [6].

are treated as discussed in [32]. The fitted valuéépf Model prediction, together with the results of the fit.
are consistent with zero for all masses, indicating that 95% confidence level limits on the coupling as a func-
the data are consistent with the Standard Model pre- tion of mass were derived by integrating the likelihood
diction. For example, for a mass of 130 GeV the fitted function obtained fromy? over the regiom3, > 0,
value ofhZ, is 0.003+ 0.011, and the fit has g2 of and are shown in Fig. 8. The limits are considerably
97.0for 119 degrees of freedom. Fig. 7 shows the ratio more stringent than those derived from PEP and PE-
of the measured luminosity-weighted average differ- TRA data [5]. Fig. 9 shows the limits from the indirect
ential cross-section at 183-207 GeV to the Standard search together with those from the direct search. The
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shown, as a dashed line, for comparison.

symmetric models by the OPAL pair production search [6].

indirect limits are less restrictive than those from the
direct search at low masses, but extend to much higher
masses.

5. Conclusion

A direct search for the single production of doubly-
charged Higgs bosons has been performed. No ev-
idence for the existence of # is observed. Up-
per limits are determined on the Higgs Yukawa cou-
pling to like-signed electron pairdee A 95% con-
fidence level upper limit ofiee < 0.071 is inferred
for M(H**) < 160 GeV assuming that the sum of
the branching fractions of the ¥ to all lepton
flavour combinations is 100%. Additionally, indirect
constraints orfiee for M(H**) < 2 TeV are derived
from Bhabha scattering where the™H would con-
tribute viaz-channel exchange foef (H*) < 2 TeV.
These are the first results on both the single produc-
tion search and constraints from Bhabha scattering re-
ported from LEP.
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