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Abstract. A selection of di-lepton events with significant missing transverse momentum has been performed
using a total data sample of 77.0 pb™! at eTe™ centre-of-mass energies of 161 GeV, 172 GeV and 183 GeV.
The observed numbers of events: four at 161 GeV, nine at 172 GeV, and 78 at 183 GeV, are consistent with
the numbers expected from Standard Model processes, which arise predominantly from WW ™ production
with each W decaying leptonically. This topology is an experimental signature also for the pair production
of new particles that decay to a charged lepton accompanied by one or more invisible particles. Further
event selection criteria are described that optimise the sensitivity to particular new physics channels. No
evidence for new phenomena is apparent and limits on the production cross-section times branching ratio
squared for various new physics processes are presented in a manner intended to minimise the number
of model assumptions. Assuming a 100% branching ratio for the decay éﬁ — (*%9, we exclude at 95%
CL: right-handed smuons with masses below 65 GeV for m;- — mgo > 2 GeV and right-handed staus

with masses below 64 GeV for m;- — mgo > 10 GeV. Right-handed selectrons are excluded at 95% CL

for masses below 77 GeV for ms- — mgo > 5 GeV within the framework of the Minimal Supersymmetric
Standard Model assuming ¢ < —100 GeV and tan 8 = 1.5.
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1 Introduction

We report on the selection of events containing two
charged leptons and significant missing transverse momen-
tum. Data are analysed at eTe™ centre-of-mass energies
of 161, 172 and 183! GeV with integrated luminosities

# and at TRIUMF, Vancouver, Canada V6T 2A3
b and Royal Society University Research Fellow
¢ and Institute of Nuclear Research, Debrecen, Hungary
4 and Department of Experimental Physics, Lajos Kossuth
University, Debrecen, Hungary
¢ on leave of absence from the University of Freiburg
1 In the 1997 LEP run most of the data were collected at

ete™ centre-of-mass energies of between 181.8 and 183.8 GeV.
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corresponding to 10.3 pb~!, 10.3 pb~! and 56.4 pb~!,
respectively. The number and properties of the observed
events are found to be consistent with the expectations
for Standard Model processes, which are dominated by
the £*v 7 final state arising from W+W~ production in
which both W’s decay leptonically: W~ — £~ 7.

In most respects the analysis method follows closely
our previously published search at 161 and 172 GeV [1].
The event selection is performed in two stages. The first
stage consists of a general selection for all the possible
events containing a lepton pair plus missing transverse

The luminosity weighted average centre-of-mass energy was
182.7 GeV.



The OPAL Collaboration: Search for acoplanar lepton pair events in e

momentum (Sect. 3). In this context the Standard Model
¢t v 0~v events are considered as signal in addition to the
possible new physics sources. Standard Model processes
that do not lead to £Tv ¢~ 7 final states — e.g., ete 4T/~
and ¢4~ () — are considered as background and are re-
duced to a rather low level. In the second stage selection
the detailed properties of the events are used to separate
as far as possible the events consistent with potential new
physics sources from WTW~ and other Standard Model
processes (Sect. 4).

In companion papers [2-4] we use the selected event
samples to measure the production of WTW~ — (tu(~v
events. We present here the results of searches for sev-
eral anomalous sources of such events. We consider the
pair production of new particles that decay to produce
a charged lepton accompanied by one or more invisible
particles, such as neutrinos or the hypothesised lightest
stable supersymmetric [5] particle (LSP), which may be
the lightest neutralino, Y9, or the gravitino. Specifically,
we consider the following new particle decays:

charged scalar leptons (sleptons): = - X9, where =
may be a selectron (&), smuon (ji) or stau (7) and £*
is the corresponding charged lepton.
charged Higgs bosons: HE — 7Fu,_.
charginos: >~<1ﬂ: — (*D (“2-body” decays) or f(li —
Fvxy (“3-body” decays).
Searches for sleptons at LEP2 using this topology have
been presented also by other collaborations [6].
In this paper we describe fully only those respects in
which the analysis differs significantly from [1]. These are:

— Use of a new subdetector (the MIP plug [7]) to re-
duce background from four-fermion processes in which
a minimum ionizing particle would otherwise have es-
caped detection in the angular region? 60 < §(mrad) <
160.

— The second stage event selection for smuons, staus and
charged Higgs bosons makes use of the charge-signed
angular distribution of the observed lepton candidates.

— In the second stage of event selection we employ a like-
lihood technique to combine the information from the
various quantities that discriminate between the new
physics signals and the SM backgrounds.

— In Sect. 6, the 95% CL upper limits on new particle
production at 1/s = 183 GeV are obtained by combin-
ing the data at the three centre-of-mass energies 161,
172 and 183 GeV using the Likelihood Ratio method

8].

The MIP plug is available only for the data at 183 GeV.
The remaining modifications have been applied to the
data at all centre-of-mass energies.

2 A right-handed coordinate system is adopted, in which the
z-axis points to the centre of the LEP ring, and positive z is
along the electron beam direction. The angles # and ¢ are the
polar and azimuthal angles, respectively.

+
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2 OPAL detector and Monte Carlo simulation

A detailed description of the OPAL detector can be found
elsewhere [9].

The central detector consists of a system of tracking
chambers providing charged particle tracking over 96% of
the full solid angle inside a 0.435 T uniform magnetic field
parallel to the beam axis. It consists of a two-layer silicon
micro-strip vertex detector, a high precision drift chamber,
a large volume jet chamber and a set of z chambers that
measure the track coordinates along the beam direction.

A lead-glass electromagnetic calorimeter located out-
side the magnet coil covers the full azimuthal range with
excellent hermeticity in the polar angle range of |cosf| <
0.82 for the barrel region and 0.81 < |cosf| < 0.984
for the endcap region (EE). Electromagnetic calorimeters
close to the beam axis complete the geometrical accep-
tance down to approximately 25 mrad. These include the
forward detectors (FD) which are lead-scintillator sand-
wich calorimeters and, at smaller angles, silicon tungsten
calorimeters (SW) located on both sides of the interac-
tion point. The gap between the EE and FD calorimeters
is instrumented with an additional lead-scintillator elec-
tromagnetic calorimeter, called the gamma-catcher (GC).

The magnet return yoke is instrumented for hadron
calorimetry and consists of barrel and endcap sections
along with pole tip detectors that together cover the re-
gion | cos | < 0.99. Outside the hadron calorimeter, four
layers of muon chambers cover the polar angle range of
|cos@| < 0.98. Arrays of thin scintillating tiles with em-
bedded wavelength shifting fibre readout have been in-
stalled in the endcap region to improve trigger perfor-
mance, time resolution and hermeticity for experiments
at LEP II [7]. Of particular relevance to this analysis are
the four layers of scintillating tiles (the MIP plug) in-
stalled at each end of OPAL covering the angular range
43 < f(mrad) < 220.

The following Standard Model processes are simulated
at /s = 183 GeV. 4-fermion production is generated us-
ing gredf [10], PyTHIA [11] and EXCALIBUR [12]. Two-
photon processes are generated using the program of Ver-
maseren [13] and gredf for ete ¢t~ and using PHOJET
[14], HERWIG [15] and gredf for ete™qq. Because of the
large total cross-section for eTe~eTe™, ete" Ty~ and
eTe™qq, soft cuts are applied at the generator level to pre-
select events that might possibly lead to background in the
selection of £tv /=7 final states. No generator level cuts
are applied to the eTe™ 777~ generation. The production
of lepton pairs is generated using BHWIDE [16] and TEEGG
[17] for eTe (), and using KoraLz [18] for utu~(v),
777 (v) and vyy. The production of quark pairs, qq(g),
is generated using PYTHIA. The effective Monte Carlo in-
tegrated luminosities exceed that of the data by factors
that are typically of the order of one thousand and in all
cases are at least twenty.

Slepton pair production is generated using SUSYGEN
[19]. Charged Higgs boson pair production is generated
using HzHA [20] and PyTHIA. Chargino pair production
is generated using DFGT [21] and SUSYGEN.
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Table 1. Comparison between data and Monte Carlo of the number of events
passing the general selection at each centre-of-mass energy. The total number
of events predicted by the Standard Model is given, together with a breakdown
into the contributions from individual processes. At each centre-of-mass energy
the Standard Model Monte Carlos are normalised to an integrated luminosity
that corresponds to the collected experimental luminosity. The Monte Carlo

statistical errors are given

Vs (GeV) data SM  (tver ete tTem  etetqg £Te ()
161 4 4.5+0.3 3.420.1 0.9+0.2 0.1£0.1  0.1£0.0
172 9 11.6£0.3 10.7£0.1 0.8£0.2 0.0+£0.0 0.1£0.0
183 78 81.3£0.7 77.6£0.7 3.2+40.0 0.0£0.0 0.5£0.2

All Standard Model and new physics Monte Carlo sam-
ples are processed with a full simulation of the OPAL de-
tector [22] and subjected to the same reconstruction and
analysis programs as used for the OPAL data.

3 General selection of di-lepton events
with significant missing momentum

The general selection of di-lepton events with significant
missing momentum is largely unchanged with respect to
[1]. In selecting candidate events the missing momentum
is required to have a significant component in the plane
perpendicular to the beam axis (pi***). Standard Model
background with high energy particles escaping down the
beam pipe and giving rise to missing momentum along the
beam axis is thus rejected. Nevertheless, Standard Model
events containing neutrinos (in particular from tau decay)
or poorly measured particles represent a potential back-
ground. In the majority of these background events the
two leptons tend to be approximately back-to-back in the
plane perpendicular to the beam axis (coplanar). A cut on
ai™**, the component of p™i* that is perpendicular to the
event thrust axis in the transverse plane, is the most ef-
fective way to remove this background. This cut generally
leads to an acoplanar® event topology.

A potential background arises from lepton pairs pro-
duced in two-photon processes in which one of the initial
state electrons is scattered at a significant angle to the
beam direction. Such processes are suppressed by vetoing
on energy being present in the forward region (SW, FD or
GC calorimeters).

The OPAL detector provides hermetic coverage for
electrons and photons for 6 > 25 mrad. However, prior to
the data collection at /s = 183 GeV it was possible for a
muon in the angular range 60 < #(mrad) < 160 to escape
detection. This led to a background to the general selec-
tion from e*e” uT ™ events in which one electron and one
muon were observed in the detector. In order to improve
the detection of muons in the forward region, four layers
of scintillating tile detectors (the MIP plug) were installed

3 The acoplanarity angle is defined as 180° minus the angle
between the two lepton candidates in the plane transverse to
the beam direction.

at each end of OPAL. In the data at /s = 183 GeV the
OPAL detector provides hermetic coverage for muons for
0 > 25 mrad.

A new selection cut is introduced to make use of the
MIP plug detector. Candidate events are vetoed if they
contain coincident hits in two or more scintillator layers in
the MIP plug at the same ¢ and at the same end of OPAL,
satisfying cuts on pulse height and timing. The efficiency
to detect a muon within the geometrical acceptance of
the MIP plug with these cuts is measured to be 80 + 4%
by using eTe”utu~ events in which a minimum ionizing
track is observed in SW within the MIP plug geometrical
acceptance. Note that this efficiency includes the effect of
periods when the MIP plug was not fully operational. The
cut on MIP plug activity exclusively rejects three events
in the data at /s = 183 GeV; this may be compared with
the Standard Model expectation of 2.5 events, of which 2.3
arise from the eTe~uTp~ final state. In addition to the
cut on MIP plug activity, a number of minor changes to
improve the rejection of two-photon processes and “junk”
events arising from, e.g., beam-gas interactions have been
made with respect to the selection cuts described in [1].
These minor changes have been applied to the analysis of
the data at all three /s values.

The numbers of events passing the general selection at
each centre-of-mass energy in the data are compared to the
Standard Model Monte Carlo predictions in Table 1. The
total number of events predicted by the Standard Model
is given, together with a breakdown into the contributions
from individual processes. The number of observed can-
didates is consistent with the expectation from Standard
Model sources, which is dominated by the £*v£~7 final
state arising from WTW ™ production in which both W’s
decay leptonically: W~ — (7,

The second stage event selection to distinguish be-
tween Standard Model and new physics sources of lep-
ton pair events with missing momentum is described in
Sect. 4. Discrimination is provided by information on the
lepton identification, and the energy and —qgcos@ of the
observed lepton candidates, where ¢ is the lepton charge.
We check here on the degree to which these quantities
are described by the Standard Model Monte Carlo. The
lepton identification information in the event sample pro-
duced by the general selection at /s = 183 GeV is com-
pared with the Standard Model Monte Carlo in Table 2.
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Fig. la,b. Distributions of a the lepton energy divided by
the beam energy, and b —gcos@ for the general selection at
/s = 183 GeV. The data are shown as the points with error
bars. The Standard Model Monte Carlo prediction is shown
as the histogram; the predicted contribution from £7v 77 is
shown as the open part of the histogram and the background,
arising mainly from processes with four charged leptons in
the final state, is shown as the cross-hatched histogram. In b
the dashed histogram corresponds to the distribution expected
from smuon pair production

For the same event sample, Fig. 1 shows the distributions
of (a) the energy scaled by the beam energy and (b) the
value of —qcos6 of each charged lepton candidate. The
data, shown as points with error bars, are compared with
the Standard Model Monte Carlo predictions, which are
dominated by the final state {Tv (=D,

Figure 2a shows the distribution of piss / By, can for the
general selection at /s = 183 GeV. As a test of the de-
gree to which the Standard Model Monte Carlo describes
the eTe™¢T¢~ background, Fig. 2b shows the distribution
of PSS / Byeam after we relax some of the event selection
cuts, as described in appendix 1.3 of [1]. With these relaxed
cuts the number of observed candidates at /s = 183 GeV
is 145; this is consistent with the 149.3 £+ 2.0 events ex-
pected from Standard Model sources, of which 66.3 £ 1.9
arise from the final state eTe=¢+£~. In each of the above
checks the data are consistent with the Standard Model
expectations.

1

+
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Table 2. The lepton identification information in the events
passing the general selection compared with the Standard
Model Monte Carlo at /s = 183 GeV. “h” means that the
lepton is identified neither as an electron nor muon and so is
probably the product of a hadronic tau decay. Leptonic decays
of taus are usually classified as electron or muon. “Unidenti-
fied” means that only one isolated lepton has been positively
identified in the event. (For details see the description of cut 3
in Appendix 1.3 of [1].)

Lepton identification data  SM
ete” 14 123
T 13 13.6
hERT 1 23
etpT 20 25.6
ethT 8 9.8
7558 8 93
eT, unidentified 5 3.8
w*, unidentified 7 3.7
h*, unidentified 2 0.9

The cuts used to veto two-photon background are ap-
plied only to events with low missing transverse momen-
tum. They introduce an inefficiency in the event selection
due to random detector occupancy (principally in the SW,
FD and MIP plug detectors) that is not modelled in the
Monte Carlo. This inefficiency has been measured using
randomly triggered events collected during normal data
taking. In the data collected at /s = 183 GeV the inef-
ficiency decreases from a value of 8.2% for events with
very low missing transverse momentum to a negligible
value for events with pi™ss/Eycam > 0.25. At /s = 161
and 172 GeV the backgrounds from off-momentum elec-
trons in LEP were much lower and the veto inefficiency
was around 3% for events with very low missing transverse
momentum. When quoting expected numbers of Standard
Model events and selection efficiencies for potential new
physics sources, the variation of veto inefficiency with piniss
is taken into account.

4 Additional selection criteria
for new particle searches

Starting from the general selection of events containing
two charged leptons and missing transverse momentum
that was discussed in Sect. 3, we search for the production
of new particles by using additional discriminating vari-
ables to suppress Standard Model sources of such events,
the most important of which are /Tv =7 and etTe T4

The Standard Model £Tv {~¥ events from WTW ™ are
characterised by the production of two leptons, both with
P/ Epeam around 0.5. Equal numbers of e*, u* and 7+ are
produced and there is no correlation between the flavours
of the two charged leptons in the event. In the Standard
Model ete=¢T¢~ events the two observed leptons tend to
have low momentum.
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Fig. 2. a Distribution of pi*'**/Fpeam for the general se-
lection at /s = 183 GeV. b Distribution of pTiSS/Ebcam at
/s = 183 GeV for the event sample produced by relaxing some
of the selection cuts as described in appendix 1.3 of [1]. The
data are shown as the points with error bars. The Standard
Model Monte Carlo prediction is shown as the histogram; the
predicted contribution from ¢Tv £~ is shown as the open part
of the histogram and the background, arising mainly from pro-
cesses with four charged leptons in the final state, is shown as
the cross-hatched histogram

In the signal events the momentum distribution of the
expected leptons varies strongly as a function of the mass
difference, Am between the parent particle (e.g., selec-
tron) and the invisible daughter particle (e.g., lightest neu-
tralino), and, to a lesser extent, m, the mass of the parent
particle. Slepton and charged Higgs boson pairs decay to
produce two charged leptons of the same flavour. When
performing a search for a particular new particle at a par-
ticular point in m and Am, an event is considered as a
potential candidate only if the properties of the observed
leptons are consistent with expectations for signal events
at those values of m and Am.

The method employed here differs from that described
in [1] in two respects:

1. Use of the —g cos 8 of the two lepton candidates to dis-
criminate against the Standard Model background in
addition to the information on the lepton identification
and energy of the lepton candidates.

The OPAL Collaboration: Search for acoplanar lepton pair events in e
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2. Use of a likelihood technique to combine information
from the various discriminating variables.

As is demonstrated by Fig. 1b, the distribution of
—qcosf of the lepton candidates in WHW~ events is
strongly forward peaked. This may be compared with the
dashed histogram in Fig. 1b, which corresponds to the dis-
tribution expected from smuon pair production and decay.
The distribution for smuons is symmetric about cos§ = 0.
In the search for pair production of smuons, staus and
charged  Higgs bosons, the identified lepton
types, the energies, and the values of —qcosé of the two
lepton candidates are used to discriminate against the
Standard Model background.

Selectrons may be produced via t-channel neutralino
exchange in addition to s-channel production. This re-
sults in the expected —qcosf distribution of selectrons
being model-dependent. Choices of model parameters are
possible for which the ¢-channel exchange is dominant. In
this case the distribution will be forward-peaked similar to
that of the WTW ™~ background. Similarly, charginos may
be produced via t-channel sneutrino exchange. Therefore,
the variable —qcos @ is not used in the discrimination of
signal and Standard Model background in the searches for
selectrons and charginos.

Discrimination between Standard Model and new
physics sources of lepton pair events with missing mo-
1 mentum is performed by considering the likelihood that

an event is consistent with being either signal or back-
ground. Given an event, for which the values of a set of
variables x; are known, the likelihood?*, Lg, of the event
being consistent with the signal hypothesis is calculated
as the product of the probabilities Pg(z;) that the signal
hypothesis would produce an event with variable ¢ having

value x;:
LS = HPS({L‘Z)

[N

The likelihood, Lg, of an event being consistent with the
background hypothesis is calculated similarly. The quan-
tity Lg is defined by:

Ls

Lp=—25__
R Ts+Lp

Event selection is performed by making a cut on the value
of L rather than on the individual variables x;, which was
the method used in [1]. Distributions of Ly for data and
Standard Model Monte Carlo are compared for example
values of m and Am at /s = 183 GeV, for selectrons,
smuons and staus in Fig. 3.

In the search for staus, charged Higgs and charginos,
all events passing the general selection are considered. In
the search for selectrons, events are required to contain at
least one electron candidate and no muon candidates. In
the search for smuons, events are required to contain at
least one muon candidate and no electron candidates.

The optimisation of the cut on Lr proceeds in a way
similar to that described in [1]: the a priori average value

4 Because correlations in the variables z; are neglected, Lg
is only an approximation to the true likelihood.



The OPAL Collaboration: Search for acoplanar lepton pair events in e

OPAL

= - ’: 18 F =
o 14 b= E E
g | Selectrons 1S 1 Lo Smuons E
@ 2 H m=s80cev 5 14 ]| M=65GeV E
S 10 & Am=80 Gev 12 || am=325Gev ;
F 1S 12 | E
5 o F El- f
: jo °F E
6 [ 4 8F E
4 b 1 °E E
o ] 4 E 3
2F 1 2F '
0 Ex=crd L 5. 0 ST A . S B
0 02 04 06 08 1 0 02 04 06 08 1
LR LR
: 102: T T E
o g Staus 3
~ | m=65 GeV J
%) I _ 1
% Am=20 GeV
> 10 ¢ E
() E E
r -]
1FE T
S N N TR T
0 02 04 06 08 1
R

Fig. 3. Distributions of the quantity Lr, defined in Sect. 4, for
selectrons, smuons and staus for some specific values of m and
Am at /s = 183 GeV. The data are shown as the points with
error bars. The predicted Standard Model background is shown
as the solid histogram. The dashed histogram corresponds to
the distribution expected from selectron, smuon or stau pair
production. The signal distribution is normalised in each case
to represent the cross-section times branching ratio squared
excluded at 95% CL by this analysis, for the values of m and
Am shown

of the 95% CL upper limit on the cross-section for new
physics is minimised by means of an automated proce-
dure that makes use of Monte Carlo samples of signal and
Standard Model backgrounds, but not the experimental
data. The optimisation is performed separately at each
centre-of-mass energy.

5 Numbers of candidates, backgrounds
and efficiencies

At example points in m and Am, Table 3 gives the num-
ber of selected events, the number of events expected from
Standard Model processes and the selection efficiency for
new physics, of the searches at /s = 183 GeV for é*é™,
it~ and 7777, Table 4 gives the same information for
the searches for X7 X7 (2-body decays: X — (i) and
X1 X1 (3-body decays: X — WEX) — ££0x?). The Monte
Carlo statistical errors are given.

It should be noted that an individual candidate event
may be consistent with a given new physics hypothesis
over a range of m and Am values. Similarly, an individual
candidate event may be consistent with more than one
new physics hypothesis and may, therefore, give entries
in more than one of the above tables. At high Am, the

+
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Table 3. Search for slepton pairs at /s = 183 GeV. The number of selected events, the number of events
expected from Standard Model processes and the selection efficiency for different values of m; and Am. The
selection efficiency for 777 is calculated for the case that the decay ¥~ — 7~ %} produces unpolarized T+

selectrons smuons staus
Am ms- (GeV) - (GeV) mz- (GeV)
(GeV) 65 80 90 65 80 90 65 80 90
number of selected events
2 0 0 0 0 0 0 0 0 0
2.5 0 0 0 0 0 0 0 0 0
5 1 0 0 0 0 0 1 1 1
10 1 0 0 0 0 0 1 2 1
20 0 0 0 2 0 0 3 1 1
m/2 7 6 3 10 6 3 4 2 2
m—20 15 11 4 9 9 6 4 4 3
m-10 15 13 2 7 9 6 5 8 4
m 15 14 2 4 9 6 5 9 4
number of events expected from Standard Model processes
2 0.540.1 0.3+0.1  0.1£0.1 0.1£0.1  0.0£0.0 0.0£0.0 0.1£0.1 0.1£0.1 0.1£0.1
2.5 0.5+0.1 0.3+0.1 0.2+0.1 0.24+0.1 0.1+0.1 0.0£0.0 0.6£0.2 0.3+0.1 0.1+0.1
5 0.6£0.2 0.5+0.2 0.1£0.1 0.3#+0.1 0.1+0.1 0.1£0.1 1.840.3 1.4+0.2 1.1£0.2
10 0.440.1 0.1£0.1  0.0£0.0 0.4£0.1 0.24+0.1 0.0£0.0 2.6+0.3 2.240.3 2.0+0.3
20 1.7£0.1 0.4+0.0 0.1£0.0 1.8£0.1 0.6£0.1 0.1£0.0 3.9£0.3 2.1+£0.2 1.8+0.2
m/2 5.34+0.2 3.5+0.1 0.9+0.1 3.94+0.2 3.7+0.2 1.3+0.1 5.840.3 6.04+0.3 5.14+0.3
m-20  10.8£0.2 7.7+0.2 1.5+0.1 4.6+£0.2 5.24+0.2 1.7£0.1 7.3+0.3 9.1+04 6.7+0.3
m—10 10.9£0.2 9.2+0.2 1.6£0.1 4.0£0.2 5.24+0.2 1.840.1 7.74£0.3 9.6+0.4 6.1+0.3
m 11.1+0.2 9.5+0.2 1.840.1 3.0+0.1 5.6£0.2 2.240.1 7.6+0.3 10.1£04 6.6%0.3
selection efficiency (%)
2 8+1 3+1 1+0 10+1 240 0+0 040 0£0 040
2.5 2441 18+1 12+1 2441 15+1 1141 040 040 040
5 51+2 53+2 54+2 56+2 55+2 57+2 1040 840 840
10 64+1 6041 64+1 67+1 70+1 T1+1 25+1 25+1 24+1
20 65+1 6941 69+1 70+1 76+1 76+1 3641 34+1 33+1
m/2 63+1 66+1 68+1 63+1 70+1 75+1 4141 46+1 48+1
m—20 70+1 69+1 67+1 63+1 68+1 68+1 44+1 51+1 47+1
m~—10 7241 74+1 6441 6141 6741 6641 4341 5141 44+1
m 73+1 T4+1 67+1 55+1 68+1 T1+1 43+1 52+1 45+1

expected number of Standard Model events is made up
almost entirely (typically greater than 98%) of WTW~
events, whereas at low Am, it is typical for approximately
half of the Standard Model events to arise from WTW™
events, with the remainder arising predominantly from
two-photon events.

For each search channel, Table 5 shows the total num-
ber of selected candidates over all values of m and Am
compared with the Standard Model expectations.

In general, the Standard Model Monte Carlo provides
a good description of the data in Tables 3-5. The most sig-
nificant difference between data and Monte Carlo is seen
in Table 3 for smuons at large Am. The excess is most
marked at m = 65 GeV, Am = m/2. It is difficult to
assess quantitatively the significance of this excess, given

that there are strong correlations in the selected event
samples: a) among individual bins for a particular search
channel and b) among the six different search channels.
Slepton pair efficiencies are evaluated for right-handed
sleptons, both decaying to lepton and lightest neutralino
(* — (*X{. The slepton pair events were generated at
© = —200 GeV and tan § = 1.5 using SUSYGEN. The se-
lection efficiency for selectrons depends on the angular dis-
tribution of the produced selectrons and this will depend
on the size of the neutralino-mediated t-channel contri-
bution to the cross-section. We have found by varying u
and tan 8 that the above choice gives a conservative esti-
mate of the selection efficiency. In the generation of the
stau pair events using SUSYGEN the produced taus are
unpolarized. As noted in [23] the polarisation of taus in
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Table 4. Search for chargino pairs (2-body decays: )ﬁt —¢*5, and 3-body decays:
XE = WEXD = Fux?) at /s = 183 GeV. The number of selected events, the number of events

expected from Standard Model processes and the selection efficiency for different values of me+

1

and Am
%1 X1 (2-body decays) X1 %1 (3-body decays)
Am My (GeV) Am My (GeV)
(GeV) 65 80 90 (GeV) 65 80 90
number of selected events
1.5 1 0 0 3 0 0 0
2.5 0 0 0 5 0 0 0
5 2 0 0 10 2 2 1
10 3 1 1 20 3 3 2
20 5 2 1 m/2 3 3 1
(m —15)/2 13 16 4 m—20 5 5 11
m — 35 37 43 29 m—10 11 22 19
m 51 54 27
number of events expected from Standard Model processes
1.5 1.5+0.2 0.1+0.1 0.1+0.1 3 0.6+0.1 0.540.1 0.6+0.2
2.5 1.1+£0.2 0.8+0.2 0.24+0.1 5 1.5£0.2 0.8+0.2 0.7+0.2
5 2.7+£0.3 1.240.2 0.64+0.2 10 4.1£04 2.54+0.3 1.6+£0.2
10 5.1+0.4 1.6+0.2 0.740.1 20 7.0+£0.5 4.7+0.4 2.3+0.3
20 14.7+0.5 4.3£0.3 1.4+0.2 m/2 9.94+0.5 6.3+0.4 4.5+0.3
(m—15)/2 22.14+0.5 20.5+0.5  9.3+0.3 m—20 13.4£0.5 14.9+£0.5 17.74+0.5
m — 35 42.5+£0.6 51.4+0.7 33.9£0.6 m-10 21.54+0.6 27.7£0.6 25.7+0.5
m 53.540.7 60.24+0.7 30.440.5
selection efficiency (%)
1.5 0+0 0+0 0+0 3 340 140 141
2.5 14+1 7+0 541 5 15+1 13+1 10+£1
5 4542 34+1 39+1 10 39+1 38+1 38+1
10 54+2 4442 4542 20 4842 4942 4542
20 6041 6241 5842 m/2 5142 5142 5342
(m —15)/2 — 67+1 67+1 m—20 5142 5442 65+1
m — 35 65+1 73+1 70+1 m—10 53+2 61+1 64+1
m 6741 74+1 T1+1

the decay of staus can vary from +1 to —1 depending on
the neutralino field content. This leads to a model depen-
dence of the expected momentum spectrum of the visible
tau decay products.

The experimental signature of HYH~ production fol-
lowed by the decay H* — 7%, is similar to that of 777~
production, 777~ — 777X}, for the case when the x!
is massless and stable. The selection efficiencies for HYH™
events generated using HzHA and PYTHIA are consistent
with those for 777~ events with mgo =0 generated using

SUSYGEN®. Because the available Monte Carlo samples for

5 Note that in HzmA the tau polarisation in the decay
H' — 7%v, is handled correctly, whereas in SUSYGEN the taus
are unpolarised. The average selection efficiencies obtained
with the two Monte Carlos are consistent within the 3% sta-
tistical accuracy of the comparison. This represents a check of

the latter process have higher statistics, we use them to
evaluate the selection efficiencies for HTH™.

Monte Carlo samples for ¥{ Y] production followed by
the decay: X — (*i (2-body decay) are generated using
SUSYGEN. Given the limit of 37.1 GeV on the mass of
the lightest sneutrino from LEP1 [24], ¥{ X7 (2-body de-
cays) events are not generated for sneutrino masses less
than 35 GeV. Monte Carlo samples for i ¥; produc-
tion in which the chargino decays via a virtual or real W,
& — WER — 120x9, (3-body decays) are generated us-
ing DFGT at /s = 183 GeV and SUSYGEN at /s = 161
and 172 GeV.

It can be seen that sizable selection efficiencies have
been obtained for &&=, it i~ and Y ¥, (2-body decays),

even when Am is as low as 2 GeV. However, for 777

the model dependence also of the #t#~ selection efficiencies at
high Am.
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Table 5. For each search channel at each value of /s, the
total number of selected candidates over all values of m and
Am compared with the Standard Model expectations

Search Vs (GeV)
Channel 161 172 183
data SM data SM data SM
ete~ 1 1.0 2 22 16 14.0
T 1 08 2 20 13 115
7t 2 14 4 29 11 130
HTH- 1 1.0 4 26 9 115
T %7 (3-body decays) 3 33 7 84 62 71.0
X7 X1 (2-body decays) 2 2.9 7 7.3 48 582

OPAL
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lightest neutralino mass (GeV)

T AT T
75 80 5

stau mass ?GeV)
Fig. 6. Contours of the 95% CL upper limits on the stau pair
cross-section times BR*(7 — 7X}) at /s = 183 GeV based
on combining the /s = 161 — 183 GeV data-sets assuming a
33 /s dependence of the cross-section. The selection efficiency
for 7777 is calculated for the case that the decay ¥~ — 77 X3

produces unpolarized 7F. The kinematically allowed region is
indicated by the dashed line

and Y7X; (3-body decays) there are additional invisible
particles (neutrinos) in the final state. The visible leptons
are therefore less energetic and the selection efficiencies at
low Am values are reduced.

6 New particle search results

The number of observed candidate events and their kine-
matic properties are compatible with the expectations
from Standard Model processes. We present limits on the
pair production of charged scalar leptons, leptonically de-
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Fig. 7. Contours of the 95% CL upper limits on the chargino
pair cross-section times branching ratio squared for )ﬁt —tp
(2-body decay) at /s = 183 GeV. The limits have been cal-
culated for the case where the three sneutrino generations are
mass degenerate. The limit is obtained by combining the 161—
183 GeV data-sets assuming a (/s dependence of the cross-

section. The kinematically allowed region is indicated by the
dashed line

caying charged Higgs bosons and charginos that decay to
produce a charged lepton and invisible particles. The sen-
sitivity of the searches is significantly improved with re-
spect to [1] because of: the increased centre-of-mass energy
and integrated luminosity; the reduced eTe= ¢/~ back-
ground achieved due to the detector upgrade (MIP plug);
and the improved analysis techniques (use of —g cos 6 and
likelihood techniques).

As described in Sect. 4, the additional event selection
cut on Lg for a given search channel varies as a function
of m and Am. As input to the limit calculation for each
new particle search we calculate at each value of m, Am,
and /s: the number of observed candidates, the number
of expected events from Standard Model background, the
selection efficiency, and the pair production cross-section
relative to that at /s = 183 GeV. The 95% CL upper lim-
its at /s = 183 GeV are obtained by combining the data
at the three eTe™ centre-of-mass energies 161, 172 and
183 GeV and taking the predicted Standard Model back-
ground into account using the Likelihood Ratio method
[8].

The number of selected candidate events is determined
at each kinematically allowed point on a 0.2 GeV by
0.2 GeV grid of m and Am. Monte Carlo signal events
are available only at certain particular values of m and
Am. The values of m range typically from m = 45 GeV
up to m =~ Epeam in 5 GeV steps. The values of Am corre-
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spond to those given in Tables 3 and 4. Signal efficiencies
at intermediate values of m and Am are obtained by lin-
ear 2-dimensional interpolation. In addition to the Monte
Carlo statistical error, we assign a 5% systematic error on
the estimated selection efficiency to take into account un-
certainties in: trigger efficiency, detector occupancy, lep-
ton identification efficiency, luminosity measurement, in-
terpolation procedure, and deficiencies in the Monte Carlo
generators and the detector simulation.

At high values of Am the dominant background to
the searches for new physics results from W+W ™ produc-
tion. High statistics Monte Carlo samples for this process
are available that describe well the OPAL data [2-4]. In
addition to the Monte Carlo statistical error, we assign
a 5% systematic error on the estimated background to
take into account deficiencies in the Monte Carlo detec-
tor simulation. At low values of Am the dominant back-
ground results from ete” T/~ events. The background
uncertainty at low Am is dominated by the limited Monte
Carlo statistics; the uncertainty is typically 20-80% at low
Am. In setting limits the Monte Carlo statistical errors
and other systematics are taken into account according to
the method described in [25].

Limits on the production cross-section times branching
ratio squared for new physics processes are now presented
in a manner intended to minimise the number of model
assumptions. The 95% CL upper limits at /s = 183 GeV
shown in Figs. 4-8 are obtained by combining the data
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Fig. 9. The solid line shows the 95% CL upper limit on the
charged Higgs pair production cross-section times branching
ratio squared for the decay H™ — 7Fv, at /s = 183 GeV.
The limit is obtained by combining the 161-183 GeV data-sets
assuming the my+ and /s dependence of the cross-section
predicted by PyTHIA. For comparison, the dashed curve shows
the prediction from PYTHIA at /s = 183 GeV assuming a 100%

branching ratio for the decay H™ — 7+ v,

45

at the three eTe™ centre-of-mass energies 161, 172 and
183 GeV using the assumption that the cross-section varies
as (3%/s for sleptons and /s for charginos. The chosen
functional forms are used for simplicity in presenting the
data and represent an approximation, particularly for pro-
cesses in which t-channel exchange may be important, that
is, selectron pair and chargino pair production. In these
cases the cross-section dependence on e™e™ centre-of-mass
energy is model dependent, depending on the mass of the
exchanged particles and the couplings of the neutralinos
and charginos.

Upper limits at 95% CL on the selectron pair cross-
section at /s = 183 GeV times branching ratio squared
for the decay 6~ — e~ X} are shown in Fig. 4 as a func-
tion of selectron mass and lightest neutralino mass. These
limits are applicable to éfég and éf{ €r production. The
corresponding plots for the smuon and stau pair searches
are shown in Figs. 5 and 6, respectively. Note that if the
LSP is the gravitino (effectively massless), then for prompt
slepton decays to lepton-gravitino the experimental signa-
ture would be the same as that for /~—¢~xY with a mass-
less neutralino. In this case the limits given in Figs. 4-6
for mgo = 0 may be interpreted as limits on the decay to
lepton-gravitino.

The upper limit at 95% CL on the chargino pair pro-
duction cross-section times branching ratio squared for the
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decay Xi — (Fi (2-body decay) is shown in Fig. 7. The
limit has been calculated for the case where the three sneu-
trino generations are mass degenerate. The upper limit
at 95% CL on the chargino pair production cross-section
times branching ratio squared for the decay Xli — WEYY
— £*vxY (3-body decay) is shown in Fig. 8. In a forth-
coming paper [26] the search described here for acoplanar
di-lepton events will be combined with searches in other
final states to set more general limits on chargino pair
production.

The upper limit at 95% CL on the charged Higgs bo-
son pair production cross-section times branching ratio
squared for the decay HT — 7Fv, is shown as a function
of my+ as the solid line in Fig. 9. The limit is obtained
by combining the 161-183 GeV data-sets assuming the
my+ and /s dependence of the cross-section predicted by
PyTHIA, which takes into account the effect of initial state
radiation. The dashed line in Fig. 9 shows the prediction
from PYTHIA at /s = 183 GeV for a 100% branching
ratio for the decay HT — 77 v,. With this assumption we
set a lower limit at 95% CL on my+ of 73 GeV. In a forth-
coming paper [27] the search described here for acoplanar
di-tau events will be combined with searches in the final
states 7Uqq and qqqq to set limits on charged Higgs boson
pair production for arbitrary Ht — 77 v, branching ratio.
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We can use our data to set limits on the masses of
right-handed sleptons® based on the expected right-
handed slepton pair cross-sections and branching ratios.
The cross-sections have been calculated using SUSYGEN
at each centre-of-mass energy and take into account ini-
tial state radiation. In Fig. 10 we show limits on right-
handed smuons as a function of smuon mass and lightest
neutralino mass for several assumed values of the branch-
ing ratio squared for ﬁﬁ — Xy, The expected limit,
calculated using Monte Carlo only, for a branching ratio
of 100% is also shown. Note that the actual limit is lower
than expected for large Am as a result of the excess of
events seen for smuons at /s = 183 GeV. For a branch-
ing ratio ﬁlﬂé — pFXY of 100% and for a smuon-neutralino
mass difference exceeding 2 GeV, right-handed smuons are
excluded at 95% CL for masses below 65 GeV. The 95%
CL upper limit on the production of right-handed 7+7~
times the branching ratio squared for 7~'§ — 7Y is shown
in Fig. 11. The expected limit for a branching ratio of

5 The right-handed slepton is expected to be lighter than the
left-handed slepton. The right-handed one tends (not gener-
ally valid for selectrons) to have a lower pair production cross-
section, and so conventionally limits are given for this (usually)
conservative case.
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Fig. 12. For two values of tan 8 and u < —100 GeV, 95% CL
exclusion regions for right-handed selectron pairs within the
MSSM, obtained by combining the /s = 161 — 183 GeV data-
sets. The excluded regions are calculated taking into account
the predicted branching ratio for é}i_-i — e*%}. The gauge unifi-
cation relation, My gtam2 Ow My, is assumed in calculating
the MSSM cross-sections and branching ratios. The kinemati-

cally allowed region is indicated by the dashed line
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100% is also shown. For a branching ratio 7~'§ — 7EXY of
100% and for a stau-neutralino mass difference exceeding
10 GeV, right-handed staus are excluded at 95% CL for
masses below 64 GeV. For the case of a massless neu-
tralino (or gravitino) and 100% branching ratio, right-
handed smuons and staus are excluded at 95% CL for
masses below 68 GeV and 70 GeV, respectively.

An alternative approach is to set limits taking into
account the predicted cross-section and branching ratio
for specific choices of the parameters within the Mini-
mal Supersymmetric Standard Model (MSSM)7. For u <
—100 GeV and for two values of tanf (1.5 and 35),
Figs. 12, 13 and 14 show 95% CL exclusion regions in the
(mgi, m;(?) plane for right-handed selectrons, smuons and

staus, respectively. For uy < —100 GeV and tan§ = 1.5,
right-handed sleptons are excluded at 95% CL as follows:

selectrons with masses below 77 GeV for mg- — mgo >

5 GeV; smuons with masses below 65 GeV for m-

" In particular regions of the MSSM parameter space, the
branching ratio for A 2159 can be essentially zero and so it
is not possible to provide general limits on sleptons within the
MSSM on the basis of this search alone. The predicted cross-
sections and branching ratios within the MSSM are obtained
using SUSYGEN and are calculated with the gauge unification
relation, M, g tan? Oy M.
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Fig. 13. For two values of tan8 and u < —100 GeV, 95%
CL exclusion regions for right-handed smuon pairs within the
MSSM, obtained by combining the /s = 161 — 183 GeV data-
sets. The excluded regions are calculated taking into account
the predicted branching ratio for ﬂﬁ — pFXY. The gauge uni-
fication relation, My g tan? @y Mo, is assumed in calculating
the MSSM branching ratios. The kinematically allowed region
is indicated by the dashed line
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mgo > 2 GeV; and staus with masses below 60 GeV for

mz- —mgo > 9 GeV.

7 Summary and conclusions

A selection of di-lepton events with significant missing
transverse momentum is performed using a total data
sample of 77.0 pb~! at ete™ centre-of-mass energies of
161, 172 and 183 GeV. The observed numbers of events,
four at 161 GeV, nine at 172 GeV and 78 at 183 GeV,
are consistent with the numbers expected from Standard
Model processes, dominantly arising from W W™ produc-
tion with each W decaying leptonically.

Further event selection criteria are employed to search
for the pair production of charged scalar leptons, lepton-
ically decaying charged Higgs bosons and charginos that
decay to produce a charged lepton and one or more in-
visible particles. The sensitivity to new physics is max-
imised by using an algorithm to optimise the cut values
as functions of the masses of the pair produced new par-
ticle and the unobserved particle produced in its decay.
No evidence for new phenomena is apparent and model
independent limits on the production cross-section times
branching ratio squared for each new physics process are
presented.
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Fig. 14. For two values of tan3 and p < —100 GeV, 95%
CL exclusion regions for right-handed stau pairs within the
MSSM, obtained by combining the /s = 161 — 183 GeV data-
sets. The excluded regions are calculated taking into account
the predicted branching ratio for 7:; — 759, The gauge unifi-
cation relation, M; = gtam2 Ow My, is assumed in calculating
the MSSM branching ratios. The selection efficiency for 777~
is calculated for the case that the decay 7~ — 7~ % produces
unpolarized 7F. The kinematically allowed region is indicated
by the dashed line

Assuming a 100% branching ratio for the decay l% —
0%%Y, we exclude at 95% CL: right-handed smuons with

masses below 65 GeV for m;- — mgo > 2 GeV and right-

handed staus with masses below 64 GeV for mz- — mgo
> 10 GeV. Right-handed selectrons are excluded at 95%
CL for masses below 77 GeV for mg- —mgo > 5 GeV
within the framework of the MSSM assuming
< —100 GeV and tan 5 = 1.5.

The results presented here supersede those given in our
previously published search at 161 and 172 GeV [1].
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