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Abstract

A search for supersymmetric particles (charged scalar leptons, charginos decaying semilepton-
ically, scalar top quarks) and for the associated production of two massive particles decaying
into quarks has been performed using a data sample of more than 5 pb�1 at centre-of-mass

energies of
p
s =130 and 136 GeV collected with the OPAL detector at LEP during November

1995. No evidence for production of any of these particles has been observed in the data. Limits
are presented on the production of charged scalar leptons, semileptonically decaying charginos,

scalar top quarks and on the associated production of two massive particles leading to four-jet
�nal states.
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1 Introduction

We have searched for leptonic and hadronic events with missing energy and for new particles in

four-jet �nal states, in e+e� collisions at centre-of-mass energies of
p
s = 130{136 GeV (LEP

1.5). The searches with missing energy topologies are designed to select new particles predicted

by supersymmetric theories: charged scalar leptons, charginos that decay semileptonically, and

scalar top quarks. The four-jet search is sensitive to the production of two massive particles,

X and Y, both decaying to two jets. This topology may be produced by processes such as

e+e� ! A0h0 or e+e� ! H+H�, where A0, h0, and H� are Higgs bosons required by any model

with at least two Higgs doublets such as Supersymmetry. It is also particularly of interest as

the ALEPH collaboration has recently reported [1] an excess of events with the sum of dijet

masses consistent with (mX + mY) ' 105 GeV for mX � mY. The data sample considered

was collected in autumn 1995 with the OPAL detector, at energies well above the Z peak and

provided an opportunity to search for new particles at the highest energies available at e+e�

colliders, but below the e+e� !W+W� threshold.

In models invoking Supersymmetry (SUSY) [2] each elementary particle is accompanied by

a supersymmetric partner whose spin di�ers by half a unit. SUSY models require a minimum
of two Higgs doublets to generate the masses of bosons and fermions. In SUSY models with two
Higgs doublets, the �elds of the fermionic partners of the W� and of the charged Higgs bosons,
H�, mix to form two mass eigenstates, the charginos ~��1;2. The �elds of the partners of the ,
of the Z0 and of the neutral Higgs bosons mix to form four mass eigenstates, the neutralinos

~�0i (i = 1; :::; 4, in increasing mass order). In the following we will make the assumption
that a new multiplicative quantum number, R-parity [3], which discriminates between ordinary
and supersymmetric particles, is conserved and that the lightest neutralino, ~�01, is the lightest
supersymmetric particle (LSP). R-parity conservation implies that supersymmetric particles
are always pair-produced and always decay, through cascade decays, to ordinary particles and

~�01. The ~�01 is stable and escapes detection due to its weakly interacting nature. Therefore
a characteristic signature of all events containing supersymmetric particles when R-parity is
conserved is missing energy and unbalanced momentum.

In SUSY theories, each lepton has two scalar partners, the right- and left-handed scalar
leptons (sleptons) denoted ~̀

R and ~̀
L, according to the helicity states of their non-SUSY part-

ners. Sleptons could be pair-produced through s-channel Z0 or  exchange. Scalar electrons

(selectrons, ~e) could also be produced through t-channel neutralino exchange enhancing the se-
lectron production cross-section compared to the scalar muon (smuon, ~�) and scalar tau (stau,

~� ) production cross-sections. The next-to-lightest neutralino ~�02 and the lightest charginos ~��1
were, for the purpose of our slepton searches, assumed to be heavier than the sleptons. The

dominant slepton decay mode would therefore be expected to be ~̀� ! `� + ~�01.

Charginos could be pair produced in e+e� collisions through s-channel Z0 or  exchange

and t-channel sneutrino (~�e) exchange. Charginos would decay via exchange of a virtual W,

squarks, sleptons or charged Higgs bosons into ~�01ff
0
where f is a quark or lepton. We have

already reported on a general search for charginos [4], and we present here an update on the

search for the semileptonic decay of the chargino with decay products ~��1 ! ~�01`
�� proceeding

via a virtual W, a real or virtual slepton ~��1 ! ~̀(�)�, or a real or virtual sneutrino ~��1 ! ~�(�)`�.
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The scalar top quark (stop, ~t), the bosonic partner of the top quark, could be the lightest

charged supersymmetric (SUSY) particle for two reasons [5, 6]. Firstly, one loop radiative

corrections to the ~t mass through Higgsino-quark loops and Higgs-squark loops are always

negative. The correction is large for a large top quark mass of about 180 GeV [7]. Secondly,

the supersymmetric partners of the right-handed and left-handed top quarks (~tL and ~tR) mix,

and the resultant two mass eigenstates (~t1 and ~t2) have a large mass splitting. The lighter

mass eigenstate (~t1) could be lighter than any other charged SUSY particle, and lighter than

the top quark itself [5, 6]. The stop quark pair-production cross-section depends on the stop

mass, m~t1
, and the mixing angle �mix, where ~t1 = ~tL cos �mix +~tR sin �mix. For the stop search,

the stop quark is assumed to be lighter than all other charged SUSY particles, in which case

the dominant decay mode would be ~t1 ! c + ~�01.

Other relevant limits on supersymmetric particle production exist from the Tevatron [8, 9],

HERA [10], and in e+e� collisions at
p
s = 130{140 GeV from the other LEP collaborations [11].

In the following, the Minimal Supersymmetric extension of the Standard Model (MSSM) [12]

is used as a reference model, although the analyses reported here are also valid in a broader

context. In the framework of the MSSM, under the assumption of a common scalar mass m0

at the Grand Uni�cation (GUT) scale, all sparticle masses (but not the Higgs boson masses)
and couplings are completely determined by m0 and a set of four parameters: M2, the SU(2)
gaugino mass parameter at electroweak scales1; �, the mixing parameter of the two Higgs
doublets; tan � = v2=v1, the ratio of the vacuum expectation values for the two Higgs doublets;

and A, the trilinear coupling in the Higgs sector.

This paper is organised as follows: we �rst briey describe the OPAL detector and the
Monte Carlo samples used by the various analyses. We then report on a search for charged

sleptons (~e, ~� and ~� ) using two complementary and independent analyses. The �rst analysis
requires two identi�ed electrons or muons that are not back-to-back, while the second searches
for dilepton events with missing energy where one lepton (e, � or � ) is required to pass strict
identi�cation requirements while much looser requirements are placed on the second lepton.
The latter analysis achieves a higher sensitivity and is also used to search for charginos that

decay semileptonically. We then present a search for stop quarks using an analysis similar to
the one described in a previous publication [4]. We also describe the search for the associated
production of two massive particles, each decaying into quarks leading to a four-jet �nal state.

For this search we also used two analyses, the �rst one optimised to search for events of the
type e+e� ! XY, while the second one is similar to an analysis presented by the ALEPH
collaboration [1].

2 The OPAL detector

A complete description of the OPAL detector can be found in Ref. [13] and only detectors

relevant to the current analyses are described here.

The central detector consists of a system of tracking chambers providing charged particle

1We assume that M1, the U(1) gaugino mass at electroweak scales, is related to M2 by the usual gauge
uni�cation condition: M1 =

5
3
tan2 �WM2.
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tracking over 96% of the full solid angle2 inside a 0.435 T uniform magnetic �eld parallel to the

beam axis. It consists of a two-layer silicon microstrip vertex detector, a high precision drift

chamber, a large volume jet chamber and a set of z chambers measuring the track coordinates

along the beam direction. A lead-glass electromagnetic (EM) calorimeter located outside the

magnet coil covers the full azimuthal range with excellent hermeticity in the polar angle range

of j cos �j < 0:82 for the barrel region and 0:81 < j cos �j < 0:984 for the endcap region. The

magnet return yoke is instrumented for hadron calorimetry (HCAL) and consists of barrel and

endcap sections along with pole tip detectors that together cover the region j cos �j < 0:99.

Four layers of muon chambers cover the outside of the hadron calorimeter. Electromagnetic

calorimeters close to the beam axis complete the geometrical acceptance down to 24 mrad.

These include the forward detectors (FD) which are lead-scintillator sandwich calorimeters

and, at smaller angles, silicon tungsten calorimeters (SW) [14] located on both sides of the

interaction point. The gap between the endcap EM calorimeter and the FD is instrumented

with an additional lead-scintillator electromagnetic calorimeter, called the gamma-catcher.

3 Monte Carlo simulation

The Monte Carlo program SUSYGEN [15] was used to generate samples of ~e+~e� and ~�+~�� sim-
ulated events for various slepton and neutralino mass combinations. The SUSYGEN generator
includes initial state radiation but not �nal state radiation. The JETSET 7.4 generator [16]
including initial state radiation was used to simulate ~�+~�� events. Samples of 1000 ~̀+ ~̀� events

were generated for each of 25 combinations of (m�

~̀ ;m~�0
1
) at

p
s = 133 GeV.

A Monte Carlo program based on the calculation of the di�erential cross-section by Bartl
et al. [17] was used to generate samples of chargino pair events. The charginos were forced to
decay semileptonically to ~�01`� with interference included between decays via virtual sleptons
or sneutrinos. We generated 1000 ~�+1 ~�

�

1 events at each of 30 points in the m~�+
1
, �m (�m �

m~�+
1
�m~�0

1
) plane at

p
s =133 GeV.

The stop quark Monte Carlo simulation was performed as follows. ~t1
�~t1 pairs were gener-

ated taking into account initial state radiation [16]. The hadronisation process subsequently
producing colourless ~t1-hadrons and other fragmentation products was performed according to
the Lund string fragmentation scheme [16]. The ~t1-hadron was composed of a ~t1 and a spec-

tator antiquark or a diquark [18]. The ~t1 decayed into a charm quark, which then hadronised

following the Lund string fragmentation scheme [16], and a ~�01. We generated 1000 ~t1
�~t1 events

for each of 42 combinations of (m~t1, m~�0
1
) at

p
s = 136 GeV, and for 20 combinations at

p
s =

130 GeV.

For the search for the associated production of two massive particles we used as signal

samples events of the type e+e� !A0h0 generated using the program described in Ref. [19]
where both the A0 and h0 were forced to decay with a branching ratio of 100% to a b�b system.

2The OPAL coordinate system is de�ned so that the z axis is in the direction of the electron beam, the x
axis is horizontal and points towards the centre of the LEP ring; � and � are the polar and azimuthal angles,
de�ned relative to the +z- and +x-axes, respectively. The radial coordinate is denoted as r.
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We have considered several Standard Model processes as potential background sources.

Two-photon processes producing leptonic �nal states can be an important background for the

dilepton searches, while hadronic �nal states are important for the search for stop quarks. The

Vermaseren [20] generator was used to estimate the background contribution from two-photon

processes with e+e�`+`� �nal states. In the generation of these samples, it was required that

at least one fermion was produced at j cos �j < 0:97 and with a transverse momentum with

respect to the beam axis, pt, greater than 1 GeV. It was also required that the invariant mass

of the lowest mass fermion pair be greater than 200 MeV. We used the PYTHIA [16] Monte

Carlo generator to generate hadronic events from two-photon processes where the virtual mass

Q2 of both photons is smaller than 1.3 GeV2 and the invariant mass of the photon-photon

system (m) is greater than 3 GeV. For higher Q2 events, the TWOGEN [21] generator was

used. Event samples for all the possible processes were generated, i.e., �nal state hadrons from

point-like  ! q�q processes and from vector meson dominance.

The KORALZ [22] event generator was used for the generation of �+��() and �+��()

events and the BABAMC [23] and TEEGG [24] event generators were used for the generation

of e+e�() events. �+��() events are a potential source of background for the topology of two

acollinear leptons because neutrinos emitted from � -decays carry away energy and momentum.

The PYTHIA 5.7 program and JETSET 7.4 parton shower generator [16] were used to
simulate multihadronic events.

Finally, four-fermion processes in which at least one fermion is a neutrino constitute a poten-
tially serious background to SUSY events with large missing momentum. Since the interference
e�ects of many diagrams are important below the W+W� threshold, we used an event genera-
tor based on helicity amplitude calculations, which took into account all the relevant diagrams

and interference e�ects [25]. The package also included initial state photon radiation. It was
checked that Monte Carlo samples of four-fermion events produced with the EXCALIBUR [26]
generator gave similar background estimates.

All generated events were processed through the full simulation of the OPAL detector [27],
and the same event analysis chain was applied to simulated events as to the data.

4 Charged scalar leptons (sleptons)

The slepton decay considered is ~̀� ! `� + ~�01, where `
� is the corresponding charged lepton.

The typical experimental signature for slepton pair production would therefore be a pair of

charged leptons of the same avour that are not back-to-back, accompanied by a large missing
momentum carried away by the neutralinos. A number of Standard Model processes can lead to

large missing energy due to particles escaping undetected along the beam direction. Therefore,
a signi�cant missing momentum in the plane perpendicular to the beam axis (pmisst ) is required.

In this section, two independent analyses are presented. Analysis A, which is described
in subsection 4.1 is focused on a search for selectrons and smuons requiring two identi�ed

electrons or muons in the event. Analysis B described in subsection 4.2, presents a more

general approach searching for low-multiplicity events containing isolated electrons, muons or

7



taus in association with signi�cant missing transverse momentum. It requires at least one track

to satisfy requirements on lepton identi�cation, isolation and pt. To maintain a high e�ciency,

looser requirements are made on the possible presence of a second lepton in the event. If the

mass di�erence between ~̀� and ~�01 is small (< 2 GeV), the visible energy as well as the transverse

momentum becomes small. Both analyses were designed to maintain reasonable e�ciency also

for these di�cult cases of small mass di�erences. Since Analysis B obtains a higher e�ciency

and better background rejection than Analysis A, Analysis B is used to set the limits for all

slepton species, including staus. Nevertheless, the more straightforward Analysis A provides a

complementary technique and valuable cross check in case a signal is found. Analysis B has

also been used to search for events containing charginos that decay semileptonically and the

results are presented in section 5.

The data sample used for the slepton searches consisted of 2.5 pb�1 at
p
s = 130 GeV and

2.6 pb�1 at
p
s = 136 GeV. To be considered in the analyses, tracks in the central detector and

clusters in the electromagnetic calorimeter were required to satisfy the normal quality criteria

employed in the analysis of Standard Model lepton pairs [28] (these tracks are hereafter referred

to as good tracks). Cosmic rays were rejected using an algorithm described in Ref. [28].

In both of the following analyses, algorithms were adopted which avoid the double-counting
of calorimeter energy deposits associated with charged particles, similar to the procedure fol-
lowed in Ref. [29]. Electron identi�cation included the consideration of ionisation energy loss
dE=dx measurements of a track in the jet chamber, the match of track momentum with en-

ergy deposits in the EM calorimeter, and other measurements from the calorimeters. Muons
were identi�ed by associating track segments in the outer muon detectors or HCAL signals
with tracks in the central detector and by matching high momentum tracks to energy deposits
consistent with a minimum ionising particle in the EM calorimeter. Lepton identi�cation for
each of the two analyses is given in detail below.

4.1 Analysis A: selection criteria

First, cuts were applied to veto multihadronic and Bhabha scattering events. Events were
rejected if the sum of the number of good tracks in the central detector and the number of
clusters in the electromagnetic calorimeter was greater than 18. Bhabha scattering events were
identi�ed and then vetoed as described in Ref. [30].

After applying these vetoes, charged tracks were required to pass the above mentioned track
quality criteria with the only di�erence being that the number of hits in the central detector

used for the reconstruction of a track was increased from 20 to 40.

The number of good charged tracks was required to be at least two, and the ratio of the

number of good tracks to the total number of tracks was required to be greater than 0.2 to
reduce backgrounds from beam-gas and beam-wall events. The visible energy and the total
transverse momentum of the event were calculated using the method described in Ref. [29].

To select slepton-pair candidate events, the following criteria were applied:

1. To reduce the background from two-photon processes and multihadronic events, the total
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energy deposited had to be less than 5 GeV in each silicon tungsten calorimeter, less than

2 GeV in each forward calorimeter, and less than 5 GeV in each side of the gamma-catcher.

2. The background from two-photon processes and \radiative return" events (e+e� ! Z)

where the  escaped along the beam direction was reduced by requiring that the polar

angle of the missing momentum direction, �miss, satis�ed j cos �missj < 0:9. Figure 1a shows

the �miss distribution after cut (1) has been applied.

3. The background from beam-gas and two-photon events was also reduced by requiring

that mvis=
p
s > 0:01, where mvis is the visible mass of the event. It was also required

that mvis=
p
s < 0:80 to reduce the residual background from Bhabha scattering events

and yet still retain slepton-pair events with a large mass di�erence between the slepton

and neutralino. Figure 1b shows the distribution of the event visible mass after cuts (1)

to (2) have been applied.

4. Most of the remaining events from two-photon processes were rejected by requiring that

the missing transverse momentum of the event, pmisst , be greater than 2 GeV and that the

missing transverse momentum, including the hadron calorimeter pmisst;HCAL, be greater than

3 GeV. The pmisst;HCAL cut was applied to reject two-photon events with an occasional high
transverse momentum neutral hadron. Figure 1c shows the pmisst;HCAL distribution after cuts
(1) to (3) have been applied.

5. Events were required to contain exactly two or four charged tracks, including at least two

identi�ed and oppositely charged leptons (electrons or muons, not necessarily of the same
avour) with pt > 1 GeV, to select the signal. Each of the two possible extra tracks was
also required to have pt > 0:7 GeV.

Electrons were identi�ed if any of the following criteria were satis�ed: a loose cut on
the output of a neural net electron identi�cation algorithm as described in Ref. [31];
0:5 < E=p < 2, where p is the momentum of the track and E is the energy of the
associated electromagnetic cluster; or electron requirements described in Ref. [32] and in

Ref. [33].

Muons were identi�ed using the criteria described in Ref. [32].

6. The acoplanarity angle3 (�acop) between the two leptons was required to be greater than

20� to reject lepton pair events, and smaller than 175� to reduce the background due to

photon conversions. The acoplanarity angle distribution is shown in Fig. 1d after cuts (1)
to (5) have been applied. The acollinearity angle4 (�acol) was also required to be greater
than 20� and smaller than 175�.

7. To reduce the background due to radiative leptonic events with an acollinear pair of

leptons in the �nal state plus one energetic photon, it was required that there be no
unassociated electromagnetic cluster with an energy larger than 5 GeV in the �nal state.

The e�ciency for ~̀+ ~̀� events is above 60% for m~̀� = 55 GeV and m~�0
1
= 45 GeV. In

the di�cult regions of a small mass di�erence �m = (m~̀� �m~�0
1
) = 2 GeV, the e�ciency is

3The acoplanarity angle, �acop is de�ned as the complement of the angle between the directions of the
momenta of the two lepton candidates in the x� y plane.

4The acollinearity angle, �acol is de�ned as the complement of the three-dimensional angle between the
directions of the momenta of the two lepton candidates.
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Data Total ff() e+e�ff 4-f ~�+~�� (%)

Backg.
m~� (GeV) 60 60

�m (GeV) 5 m~�/2

Vetoes 36365 31431.8 525.6 30902.4 3.9 93.4 93.2

cut (1) 25322 22951.1 416.6 22531.1 3.5 92.0 91.9
cut (2) 9830 7778.7 172.4 7603.5 2.8 83.7 85.7

cut (3) 8715 7144.0 113.5 7028.4 2.0 82.4 85.4
cut (4) 243 248.3 95.5 150.9 2.0 72.9 85.2

cut (5) 51 72.5 46.7 25.1 0.8 62.9 75.9

cut (6) 1 4.6 3.5 0.6 0.6 58.7 66.3
cut (7) 0 1.2 0.1 0.6 0.5 58.6 66.0

Table 1: Analysis A: The remaining numbers of events normalised to the integrated luminos-

ity of the data for various Monte Carlo background processes are compared with

data (�rst column) after each cut. E�ciencies for two simulated event samples of

~�+~�� are also given (last two columns) for two possible values of �m.

still about 20%. The numbers of events remaining after each cut are listed in Table 1. For
comparison, the table also shows the corresponding numbers of simulated events for background
processes and for two samples of simulated ~̀+ ~̀� events. There is reasonable agreement between
the numbers of events in the data sample and the corresponding numbers of events expected
from background processes once the two-photon processes leading to hadronic �nal states have

been e�ectively removed (after cut (4)). Before this stage the di�erences between the numbers
of events in the data and in the background processes can be explained by the fact that two-
photon processes with hadronic �nal states have not been simulated for an invariant mass of
the photon-photon system smaller than 3 GeV.

No events were observed in the data after the above cuts, which is compatible with the
expected 1:2 � 0:4 background events estimated from the Monte Carlo simulations.

4.2 Analysis B: selection criteria

This analysis used tracks reconstructed in the central detector if they were matched to an EM
cluster.

Converted photons were identi�ed using a modi�ed version of the algorithm employed in

the analysis of Standard Model muon pairs [28]. The tracks and clusters associated with the

conversion were combined into a single four-vector representing the photon.

A track was selected as an electron candidate if it satis�ed any of the following criteria:
a loose cut on the output of the neural network described in Ref. [31]; 0:8 < E=p < 1:3; or

0:5 < E=p < 2:0 and the signed dE=dx weight [34] was consistent with the track being an

electron.

A track was selected as a muon candidate if it satis�ed either the criteria employed in the

analysis of Standard Model muon pairs [28], or the criteria employed in the analysis of inclusive
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muons in multihadronic events given in Ref. [35], with no cut on the kaon signal dE=dx weight.

Tau candidates were identi�ed if they satis�ed all of the following criteria: there was at

least one and not more than three charged tracks within a cone of half-opening angle 35�; the

invariant mass of all tracks within the cone was less than 1.2 GeV (assuming a pion mass for

each track); and the invariant mass of all tracks and clusters within the cone was less than

2.0 GeV.

Electron and muon candidates were considered as isolated if the sum of the momenta of all

additional charged particles within a cone of half-opening angle 20� centred on the track was

less than 1.0 GeV, and the sum of the energy of additional clusters within the same cone was

also less than 1.0 GeV. Tau candidates were considered as isolated if the sum of the momenta of

charged particles within a cone of half-opening angle 60�, but outside the cone of half opening

angle 35�, was less than 0.3 GeV and if the sum of the energy of clusters within the same region

was also less than 0.3 GeV. If a track had been identi�ed as an electron or muon candidate,

but failed the relevant isolation cuts, then it was considered as a tau candidate if it satis�ed

the tau identi�cation and isolation requirements given above.

A potential background to the search for lepton pairs with missing transverse momentum
arises from Standard Model events containing neutrinos or poorly measured tracks. In such
events the value of pmisst may be large and the missing momentum vector may point at a large

angle to the beam direction; such events may thus escape cuts on these quantities. We de�ned
the quantity amisst , the component of pmisst that is perpendicular to the event thrust axis in
the transverse plane. Since the Standard Model background events tend to be coplanar, this
quantity is much less sensitive than pmisst to the presence of neutrinos or poorly measured
particles. For events with a small acoplanarity angle between the lepton candidates, �acop <

1.2 rad, a cut on amisst was applied and the direction of the missing momentum vector has been
calculated (see 5(c) below) using amisst rather than pmisst . These cuts give a su�ciently large
reduction of the background that a hard cut on �acop is not needed and the cut on pmisst may
be loosened, which increases the signal e�ciency at low values of �m. At large acoplanarity
angle, �acop � 1.2 rad, a cut on amisst no longer discriminates su�ciently between signal and

background and more conventional cuts on pmisst and the direction of the missing momentum
vector were applied.

The event selection cuts fall logically into three groups. The �rst set of cuts required evidence
for the production of a pair of leptons, at least one of which must satisfy tight requirements on

pt, lepton identi�cation, and isolation.

Events were retained if they satis�ed the following cuts:

1. There was at least one isolated lepton candidate with pt > 1.5 GeV.

2. If the event contained a second isolated lepton candidate, it was required that there be

no other good tracks apart from the two lepton tracks. If any additional electromagnetic
clusters were present then the measured acoplanarity angle and acollinearity angle be-

tween the two leptons were corrected by adding the four-momentum of the cluster to the
lepton to which it was nearest in �. The values pmisst /Ebeam and amisst /Ebeam were also

corrected for the presence of additional clusters.
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3. If the event contained only one isolated lepton candidate then the tracks and clusters

not associated with the lepton candidate were considered as a possible second lepton

candidate if they satis�ed the following requirements:

(a) There was at least one additional good track with pt greater than 0.3 GeV.

(b) The total number of additional tracks and clusters was not greater than 4.

(c) The invariant mass of the additional tracks and clusters did not exceed 1.0 GeV.

If the event contained only one isolated lepton candidate and these requirements on the

additional tracks and clusters were not satis�ed, then the event was rejected.

4. In the search for ~e+~e� and ~�+~�� it was required that there was at least one isolated

electron or muon candidate. In the search for ~�+~�� this requirement was not made.

The second set of event selection cuts required evidence for the production of an invisible system

that carried away signi�cant missing energy and momentum:

5. As discussed above, di�erent cuts on the missing momentum and its direction were applied
in the regions of small and large acoplanarity angle:

small acoplanarity angle �acop < 1.2 rad:

(a) pmisst /Ebeam > 0.035;

(b) amisst /Ebeam > 0.025;

(c) j cos �missa j < 0.95, where the direction of the missing momentum vector was

calculated using the missing momentum perpendicular to the event axis in the
transverse plane, �missa = tan�1(amisst /pmissz ) and {pmissz is the total momentum of
the observed particles in the z direction.

large acoplanarity angle �acop � 1.2 rad:

(d) pmisst /Ebeam > 0.045;

(e) j cos �missp j < 0.90, where the direction of the missing momentum vector is given
by �missp = tan�1(pmisst /pmissz ).

6. The acollinearity angle was greater than 0.3 rad.

The remaining event selection cuts reduced the likelihood that the signature of missing mo-
mentum could have been faked by background processes:

7. Events with clusters of more than 1 GeV in SW or FD (including the gamma-catcher)

were rejected. Low energy clusters were required to be back-to-back with the observed

system of central detector tracks and electromagnetic clusters. This is in order to reduce

the sensitivity to random low energy clusters caused by possible detector noise or o�-

momentum electrons. If there was only one FD or SW cluster and it had a scaled energy
xFDSW = E=Ebeam < 0:4 the event was rejected if ��FDSW < 1 rad, where ��FDSW is the

acoplanarity angle between the SW{FD cluster and the total momentum vector of the

observed tracks and electromagnetic clusters.
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8. Events containing high energy isolated photons were rejected. To be considered isolated,

it was required that there be no other electromagnetic clusters or tracks within a cone

of half angle 20� around the photon direction. The energy threshold was 2 GeV in the

regions 0.71 < j cos �j < 0.83 and j cos �j > 0.965, in which the resolution of the calorimeter

is degraded due to upstream material or poor containment. The energy threshold was

6 GeV elsewhere.

9. To reject backgrounds from beam-gas or beam-wall collisions, the number of good tracks

divided by the total number of tracks was required to be greater than 0.2.

10. A particularly di�cult potential background originates from e+e��+�� events in which

one of the electrons and one of the muons is observed and the second muon is scattered

at an angle to the beam direction of less than about cos�1(0.965). Below this angle a

muon can carry away a signi�cant pmisst and may thus cause the event to be selected. To

reduce the potential background from this source, events were rejected if: a track with

j cos �j > 0.96 was reconstructed in the central detector (but failed the standard quality

criteria) or in the muon detector or hadron calorimeter that satis�ed �� < 1 rad, where

�� is the acoplanarity angle between the track and the total momentum vector of the
observed good tracks and electromagnetic cluster.

11. Events were rejected if the lepton candidates had the same electric charge.

12. The acoplanarity angle, without the correction for additional electromagnetic clusters,
was required to be greater than 0.1 rad. This cut removed events in which the lepton pair

was perfectly coplanar; the non-zero pmisst /Ebeam therefore arises from electromagnetic
clusters not associated with the leptons.

No events in the data survived the above selection. A number of cuts (2, 3b, 3c, 4, 5a, 6,

8{12) exclusively remove no candidate events in the data. That is, if any one of these cuts were
removed there would still be no selected events in the OPAL data.

In the search for selectron and smuon pairs, the total background predicted by the Stan-
dard Model Monte Carlo simulation was 0:6 events. A breakdown into the contributions from
individual background processes is given in the last row of Table 2. As can be seen from Ta-

ble 2, the dominant expected background remaining after the event selection cuts arises from

four-fermion �nal states (0.42 events). In the search for ~�+~�� events, cut 4 was not applied,
and a total background of 1.1 events is expected.

Figure 2 shows the distribution of the variables used in cut 5 (missing momentum and its

direction). To examine the background events that lie just outside the region de�ned as the
signal acceptance, each distribution is shown after a loose selection (dropping cuts 2, 6, 9, and
10, and relaxing the requirements listed in 3 and 5) has been applied.

Table 3 gives some typical selection e�ciencies for ~e+~e�, ~�+~�� and ~�+~�� production.
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Data Total Backg. ff() e+e�ff 4-f ~�+~��(%)

cut (1) 20120 19829.4 9486.9 10339.9 2.5 99.6

cuts (2),(3),(4) 4787 5443.6 2134.2 3308.6 0.6 90.2

cut (5) 192 221.6 9.5 211.5 0.5 71.8

cut (6) 189 213.2 1.9 210.8 0.5 71.8

cut (7) 1 3.0 1.6 0.9 0.5 71.4
cut (8) 0 1.4 0.1 0.9 0.4 71.0

cut (9) 0 1.4 0.1 0.9 0.4 71.0

cut (10) 0 1.1 0.1 0.6 0.4 71.0
cut (11) 0 0.7 0.1 0.2 0.4 70.9

cut (12) 0 0.6 0.0 0.2 0.4 70.9

Table 2: Analysis B: The remaining numbers of events normalised to the integrated luminosity

of the data for various Monte Carlo background processes are compared with data (�rst column)
after each cut. E�ciencies for a simulated event sample of ~�+~�� are also given for m~�=60 GeV

and �m=5 GeV.

~e+~e� ~�+~�� ~�+~��

m~̀ (GeV) �m (GeV) E�ciency (%) E�ciency (%) E�ciency (%)

50 2 31.8�1.5 32.8�1.5 0.1�0.1
50 5 63.3�1.5 67.0�1.5 12.8�1.1
50 10 66.0�1.5 72.1�1.4 25.6�1.4
50 m~̀�=2 68.1�1.5 72.6�1.4 33.6�1.5
50 m~̀� 65.9�1.5 72.3�1.4 34.6�1.5
65 2 23.2�1.3 20.7�1.3 0.0�0.0
65 5 65.0�1.5 71.2�1.4 10.8�1.0
65 10 72.3�1.5 76.4�1.4 25.8�1.0
65 m~̀�=2 71.7�1.4 77.2�1.3 42.0�1.6
65 m~̀� 72.0�1.4 76.7�1.3 40.2�1.6

Table 3: Analysis B: Detection e�ciencies in percent for slepton pair production using sam-

ples of 1000 simulated events for two di�erent selectron, smuon, and stau masses
and �ve di�erent �m = (m~̀� � m~�0

1
) values. The errors are due to Monte Carlo

statistics only.
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4.3 Systematic errors

The systematic errors that have been considered on the number of expected events were esti-

mated as follows:

1. The statistical error of the ~̀� Monte Carlo simulation.

2. The systematic error on the integrated luminosity is 0.9% [4], which is evaluated from

half the di�erence (1.8 � 1.3)% between the luminosities measured by the FD detector

and the SW detector.

3. The systematic error due to trigger e�ciency is estimated to be negligible because of the

track transverse momentum requirement.

4. The ine�ciency of the veto on SW{FD clusters (cut 7 of Analysis B) caused by beam-

related backgrounds or detector noise (which is not simulated in the Monte Carlo) was

estimated from a study of randomly triggered beam crossings to be 0.6%.

5. The accuracy with which the Monte Carlo simulates the lepton identi�cation has been

checked using e+e�e+e� and e+e��+�� events. The muon identi�cation e�ciency was
found to be equal in data and Monte Carlo to within the 0.7% statistical accuracy of the
check. The electron identi�cation e�ciency was found to be lower in data than the Monte
Carlo by (2 � 1)%. If the lepton identi�cation e�ciency is reduced by 2% the slepton
pair event selection e�ciency for Analysis B is reduced by about 0.3% which is taken as

a systematic error.

6. The systematic uncertainty due to di�erent angular distributions (possible for selectron
pair production via the t-channel) of produced sleptons and decay products was esti-

mated for six di�erent MSSM parameter sets, representing di�erent neutralino masses
and couplings. Di�erences in selection e�ciencies were found to be at the level of 1%.

The systematic errors were considered to be independent, and the total systematic error was

calculated as a quadratic sum of the individual errors. In computing the limits, the number of
expected events was reduced by the total systematic error.

4.4 Results

No events were selected as charged slepton pair candidates in either Analysis A or Analysis B.

The latter analysis has a higher expected sensitivity and was used for setting limits on slepton

pair production. Two approaches were considered. In the �rst one, upper limits on the cross-
sections as a function of slepton and ~�01 masses were calculated in a model independent way. In
the second one, limits on the slepton masses were calculated in the framework of the MSSM.

The number of events which would be selected has been calculated as a function of m~̀�

and m~�0
1
. The e�ciency at any arbitrary point in the (m~̀�, m~�0

1
) plane was obtained by a

two-dimensional linear interpolation between the e�ciencies determined using Monte Carlo
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simulations. The upper limits on the production cross-section at the 95% C.L. for ~̀+ ~̀� are

shown in Fig. 3a-c. The cross-section limits have been computed taking into account, at each

centre-of-mass energy, the integrated luminosity, the expected production cross-section and the

estimated detection e�ciency. These limits do not depend on the details of SUSY models,

except for the assumptions that the ~�01 is the lightest supersymmetric particle and that the ~��1
and ~�02 are heavier than the sleptons. Alternatively, these results may be interpreted as placing

limits on the product � � Br2, where � is the production cross-section for ~̀+ ~̀� and Br is the

branching ratio for the decay ~̀� ! `� + ~�01.

Since in constrained (i.e., common m0 value at the GUT scale) MSSM models, right-handed

sleptons are always lighter than their left-handed partners and the cross-section for production

of right-handed sleptons is usually smaller than that for left-handed ones, the MSSM mass

limits were conservatively calculated using cross-sections corresponding to right-handed slepton

production. In this framework, the predicted cross-sections for ~� and ~� production are of the

order of 0.1{0.2 pb for a heavy (m~̀> 50 GeV ) ~� and ~� . In the MSSM framework, the available

luminosity delivered at
p
s = 130 � 136 GeV at LEP therefore does not provide sensitivity to

larger masses than are already excluded at LEP running on the Z0 peak (LEP 1) [36].

The production cross-section for ~e can be enhanced by the presence of the t-channel neu-
tralino exchange, especially for j�j � M2 (gaugino region). Figure 3d shows the 95% C.L.
exclusion limits for right-handed selectrons, for � = �200 GeV and tan� = 1.5. With the avail-
able luminosity, the complete MSSM parameter space that is kinematically accessible cannot be

excluded. A typical point of parameter space where the selectron production cross-sections are
enhanced (without being the most favourable case) has been chosen. In the case of a massless
~�01, a right-handed selectron with a mass lighter than 58.0 GeV is excluded at the 95% C.L.
Taking into account the OPAL present mass limit on ~�01 for the MSSM parameters consid-
ered [4], a 95% C.L. lower limit on the selectron mass of 57.2 GeV is derived for m~�0

1
= 12.0

GeV. These limits are obtained using the MSSM prediction for Br(~eR ! ~�01e) and assuming
that the cascade decay ~eR ! ~�02e! ~�01eX (where X = ff;  or h0) is undetected. These limits
are valid for all values of j�j > 200 GeV and tan � > 1.5 since for increasing values of these
parameters, the corresponding selectron production cross-section also increases. For the chosen
values of � and tan �, the excluded region of Fig. 3d corresponds to M2 < 80 GeV.

5 Search for semileptonically decaying charginos

If charginos are pair-produced in e+e� collisions and then both decay semileptonically with �nal
decay products ~��1 ! ~�01`

�� (via intermediate virtual W's, real or virtual ~̀'s, or real or virtual

~�'s, including interference e�ects), the event topology would be that of an acoplanar pair of

leptons and missing energy, very similar to the one produced by slepton decays presented in
the previous section. Although the chargino is usually expected to decay into ~��1 ! ~�01W

� with
a large hadronic branching fraction over most of MSSM parameter space, large semileptonic
branching ratios for the chargino could be expected for small values of m0 leading to light

sleptons and sneutrinos. Analysis B described in subsection 4.2 has been used to search for

semileptonic decays of charginos.

The e�ciencies obtained for various m~�+
1
and �m = (m~�+

1
� m~�0

1
) values are shown in
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Table 4. The same treatment for the systematic errors was used as outlined in subsection 4.3.

�m m~��
1
(GeV)

(GeV) 45 50 55 60 65

2 1.1 � 0.3 1.5 � 0.4 0.4 � 0.2 0.4 � 0.2 0.2 � 0.1
5 14.6 � 1.1 18.4 � 1.2 19.4 � 1.3 22.8 � 1.3 21.4 � 1.3

10 25.6 � 1.4 32.8 � 1.5 36.3 � 1.5 39.1 � 1.5 43.8 � 1.6

m~�+
1
/2 21.8 � 1.3 40.3 � 1.6 44.0 � 1.6 52.9 � 1.6 57.6 � 1.6

m~�+
1

24.3 � 1.4 41.5 � 1.6 49.1 � 1.6 54.7 � 1.6 60.8 � 1.5

Table 4: Chargino analysis: Selection e�ciencies in percent for ~�+1 ~�
�

1 production using �ve

di�erent values of m~��
1
and �ve di�erent values of �m = (m~�+

1
�m~�0

1
). The errors

are statistical only.

No evidence for chargino decays has been observed. We have computed 95% C.L. upper

limits on the production cross-section for charginos, under the assumption of a 100% branching

ratio to ~��1 ! ~�01`
��. These limits are shown in Fig. 4. They improve on the ~��1 ! ~�01`

��

model independent limits in a previous publication [4], especially in the region of small �m.

Again, these results may be interpreted as placing limits on the product � �Br2, where here � is
the production cross-section for ~�+1 ~�

�

1 and Br is the branching ratio for the decay ~��1 ! ~�01`
��.

6 Search for scalar top (stop) quarks

If the stop quark is assumed to be the lightest charged sparticle, the dominant decay mode would
be ~t1 ! c + ~�01. The experimental signature for ~t1

�~t1 events would therefore be an acoplanar
two-jet topology with large transverse momentum with respect to the beam axis. This signature
resembles that produced by chargino hadronic decays. Consequently this analysis is similar to

the one described in Ref. [4], apart from a di�erent optimisation of the cuts. The data sample
used for the stop search consisted of 2.6 pb�1 at

p
s = 130 GeV and 2.6 pb�1 at

p
s = 136 GeV.

If the two jets are very close to each other, the event signature is a monojet topology. Such
monojet events were also selected to obtain high detection e�ciency. If the mass di�erence
between ~t1 and ~�01 is smaller than 5 GeV, the visible energy and the transverse momentum also

become small. The selection was designed to maintain reasonable e�ciency down to this small

mass di�erence region, because a stop quark lighter than 90 GeV has already been excluded [9]

if the mass di�erence is larger than 35 GeV.

The selection cuts are listed below and the numbers of events remaining after each cut are
given in Table 5. For comparison, the table also shows the corresponding numbers for the

simulated background processes and a sample of simulated ~t1
�~t1 events. The distributions of the

cut variables are well modelled by Monte Carlo as was shown in Ref. [4].

1. The number of charged particle tracks was required to be at least four, and the ratio of

the number of good tracks to the total number of tracks was required to be greater than
0.2 to eliminate beam-gas and beam-wall backgrounds.
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2. To reduce the background from two-photon processes and multihadronic events where a

jet axis was close to the beam direction, the total energy deposited in each silicon tungsten

calorimeter had to be less than 5 GeV, less than 2 GeV in each forward calorimeter, and

less than 5 GeV in each gamma-catcher. In addition, the visible energy in the region of

j cos �j > 0:8 was required to be less than 30% of the total visible energy.

3. Events with small missing transverse momentum were eliminated by demanding that

the missing transverse momentum of the event excluding the hadron calorimeter, pmisst ,

be greater than 4 GeV and that the missing transverse momentum including hadron

calorimeter information, pmisst;HCAL, be greater than 5 GeV. Although most of the events

from two-photon processes were rejected by the pmisst cut, the pmisst;HCAL cut was applied to

reject occasional two-photon events with a high transverse momentum neutral hadron.

4. Events from the process e+e� ! Z where the  escaped along the beam pipe were

rejected by requiring that the polar angle of the missing momentum direction, �miss,

satis�ed j cos �missj < 0:8.

5. To remove a large fraction of the multihadron events, the visible energy was required to

be less than 0:5
p
s.

6. Events that were kinematically consistent with �+��() were rejected as described in
Ref. [4].

7. The events were then divided into two hemispheres by the plane perpendicular to the
thrust axis. If one of the hemispheres had an energy of less than 1 GeV and also contained
no good tracks, the event was categorised as a monojet event. Otherwise the event was
classi�ed as a dijet event. According to these criteria, after cut (6) one event in the data
was classi�ed as a dijet event, and no event as a monojet event.

D1. For dijet events, the acoplanarity angle �acop between the momentum sums in the two
hemispheres was required to be greater than 15�.

M1. For events classi�ed as monojets, to reject the four-fermion process e+e� ! Z�� ! ���q�q

the thrust value of the event was required to be smaller than 0.96. Because this q�q pair
is emitted from the �, the invariant mass of the q�q system is small and the thrust is
expected to be close to unity.

No events were observed in the data after the above cuts. The e�ciency for ~t1
�~t1 events was

above 50% for m~t1 = 55 GeV and m~�0
1
= 45 GeV. Some typical e�ciency values are listed in

Table 6. A high e�ciency value of about 35% was obtained for the small mass di�erence of
�m(= m~t1 �m~�0

1
) = 5 GeV.

For the extraction of limits described in the following section the e�ciency at an arbitrary

point of m~t1 and m~�0
1
was interpolated using a polynomial �t to the e�ciencies determined

using Monte Carlo simulations.

6.1 Systematic errors

The systematic errors on the number of expected events are summarised as follows:

18



Data Total q�q() �� () e+e�ff 4-f ~t1
�~t1 (%)

Backg.

m~t1
(GeV) 55

m~�0
1
(GeV) 45

no cuts { { 1650 110 105k 11.1 100.0
cut (1) 26371 30874 1601 30.6 29.2k 1.87 93.4

cut (2) 4750 4501 765 18.3 3717 0.98 73.7

cut (3) 436 439 420 14.3 3.4 0.95 62.6
cut (4) 227 249 235 11.7 1.6 0.92 57.9

cut (5) 4 7.10 0.94 3.97 1.6 0.59 57.9
cut (6) 1 4.13 0.94 1.00 1.6 0.59 57.8

dijet 1 3.69 0.94 0.99 1.6 0.16 48.0

cut (D1) 0 0.54 0.05 0.09 0.26 0.14 43.6

monojet 0 0.44 0.0 0.01 0.00 0.43 9.8
cut (M1) 0 0.16 0.0 0.01 0.00 0.15 9.4

(D1+M1) 0 0.70 0.05 0.10 0.26 0.29 53.0

Table 5: Stop analysis: The remaining numbers of events normalised to the integrated lumi-
nosity of the data for various background processes are compared with data after
each cut. E�ciencies for a simulated event sample of ~t1

�~t1 are also given. The
numbers given after cut (D1) are for dijet events only, and the numbers after cut
(M1) are for monojet events only. The numbers of events expected from two-photon

processes do not include the region m < 3 GeV with Q2 < 1:3 GeV2.

1. Statistical error of the ~t1 Monte Carlo simulation.

2. The systematic error on the integrated luminosity was 0.9%.

3. The systematic error due to trigger e�ciency was estimated to be negligible after the
requirement of at least four good tracks.

4. Fragmentation function for ~t1: The multiplicity and the visible energy of the ~t1
�~t1 events

depend on the fragmentation function of the ~t1. The fragmentation scheme proposed by
Peterson et al. [37] was used, in which the fragmentation parameter �~t1 was rescaled (using

the top to bottom quark mass ratio) from the fragmentation parameter measured for the
bottom quark [38]. The systematic uncertainty due to this parameter was estimated to

be 3%.

We have also used the fragmentation function proposed by Bowler [39] instead of the

Peterson function, because the shape of this fragmentation function is very di�erent from

that of Peterson. The systematic error, based on the di�erence of the two fragmentation
functions, was typically 1{2%, which was smaller than that due to the variation of the

�~t1 parameter using the Peterson fragmentation function alone. This 2% error was added
quadratically to the systematic error due to the ~t1 fragmentation.

5. Fragmentation of the charm quark: The charm quark and the spectator quark were also
fragmented, and the systematic error due to the uncertainty in charm quark fragmentation

was estimated to be typically 2%.
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�m m~t1
(GeV)

(GeV) 50 60

3 12.0 � 1.0 6.7 � 0.8
5 38.5 � 1.5 35.8 � 1.5

10 53.0 � 1.6 53.2 � 1.6

20 53.6 � 1.6 53.1 � 1.6
30 45.4 � 1.6 48.5 � 1.6

40 32.8 � 1.5 39.1 � 1.5

m~t1
30.8 � 1.5 30.3 � 1.4

Table 6: Stop analysis: Selection e�ciencies in percent for ~t1
�~t1 production using samples of

1000 events for two di�erent values of m~t1
and for seven di�erent values of �m =

(m~t1
�m~�0

1
). The errors are statistical only.

The systematic errors were considered to be independent, and the total systematic error

was calculated as a quadratic sum of the individual errors. The number of expected events was

reduced by the total systematic error.

6.2 Results

No evidence for stop quark pair production was observed in the data. The absence of observed
events was consistent with the expected background of 0.7 events. Figure 5 shows the excluded

regions at 95% C.L. in the (�mix;m~t1) plane for (a) a mass di�erence of �m(= m~t1 �m~�0
1
) �

5 GeV and (b) 10 � �m � 20 GeV.

Numerical mass bounds are listed in Table 7 for various values of �mix. Assuming that �m
is greater than 5 GeV and that ~t1 is purely left-handed (�mix = 0), ~t1 must be heavier than
52.4 GeV. For �mix � �

8
, ~t1 must be heavier than 49.4 GeV.

Excluded m~t1 region (GeV)

�mix (rad) �m � 5 GeV 10 � �m � 20 GeV

0.0 � 52.4 � 55.5

� �

8
� 49.4 � 53.0

� �

4
� 45:5� � 46:0�

0:98 � 43:0� � 44:5�

Table 7: The excluded m~t1 region (�m = m~t1 �m~�0
1
) at 95% C.L. The numbers with a star

show the previous limits obtained at LEP running at the Z0 peak [40].
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7 Particles decaying to four-jet �nal states

7.1 Introduction

We have performed a search for the associated production of two massive particles, X and Y,

via the process e+e� ! XY, where we assume that both X and Y decay into a qq pair. We

have therefore searched for jet-jet mass resonances in the four-jet �nal state. The data sample

used for this search consisted of 2.6 pb�1 at
p
s = 130 GeV and 2.6 pb�1 at

p
s = 136 GeV.

The process e+e� ! A0h0, where A0 and h0 are Higgs bosons predicted by models beyond

the Standard Model that contain at least two Higgs doublets, is one example of the reaction

e+e� ! XY. The total integrated luminosity collected at 130 and 136 GeV is too low to improve

the mass limits of the previous OPAL search [41] for A0 and h0 at LEP1. In the mass region of

interest the cross-section predicted by the MSSM is 0.1 pb or less for accessible values of the

model parameters; therefore, the present search for the process e+e� ! XY ! four jets is to

be considered in a more general, model independent context.

7.2 Analysis

Multihadronic events were �rst selected [42]. The energies and momenta of jets were recalcu-
lated using the global corrected energy ow (GCE) [29] algorithm to combine tracks, electro-
magnetic and hadron calorimeter clusters. The following selection criteria were then applied:

1. To reduce \radiative return" e+e� ! Z events, we calculated
p
s0, the e�ective centre-

of-mass energy, by performing a kinematic �t to determine the energy of any unmeasured
photon along the beam direction, or by using the energy of an isolated photon observed

in the detector. The reconstructed
q
s0=s distribution is shown in Fig. 6a. We selected

non-radiative events by demanding s0=s � 0:8.

2. Jets were reconstructed and the thrust axis determined using charged particle tracks,
electromagnetic and hadron calorimeter clusters. In Fig. 6b the distribution of log10 y34 is
shown for the non-radiative events, where y34 is the value of ycut at which events change

from three to four jets in the Durham jet-�nding scheme [43]. Events with four or more
jets were selected by requiring y34 � 0:01.

3. Finally the event sphericity was required to be greater than 0.2. The sphericity distribu-

tions before and after the y34 selection are plotted in Fig. 6c and 6d, respectively.

As indicated in Table 8, 17 events passed the criteria above, whereas the expected number
from the q�q() Monte Carlo sample is 10:4 � 0:8 and the expected number from four-fermion

processes, simulated with the EXCALIBUR [26] Monte Carlo, is 0:8 � 0:1 events. The data

show some excess compared to the q�q() Monte Carlo expectation particularly after applying

the �nal cut (see Fig. 6d); however, the excess is not signi�cant.
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The signal e�ciencies for A0h0 production with mA0 ' mh0 ' 55 GeV are listed in Table 8,

together with the number of data events and the background estimate from q�q() and four-

fermion events.

The events were then forced to contain exactly four jets, and the invariant masses of pairs

of jets were reconstructed. A kinematic �t was performed imposing energy and momentum

conservation constraints to improve the jet-jet mass resolution. There are three possible ways

of combining the four jets into pairs; these can be ordered according to the di�erence between

the two reconstructed masses. If the mass di�erence between the A0 and h0 is 10 GeV or less,

the pairing with the minimum di�erence between the two reconstructed masses has the highest

probability of arising from the A0 and h0. In this case, the peak of the summed reconstructed

masses reproduces the sum of the input values to within 0.5 GeV, and the expected mass

resolution is about 2 GeV. The distribution of the sum of the two jet-jet invariant masses for

the combination with the smallest di�erence between the two masses after all selection cuts is

shown in Fig. 7a.

Cut Data q�q() 4-f Sig. E�ciency (%)

Multihadron selection 1583 1502:2 � 9:4 10:8 � 0:2 100.0

s0=s � 0:8 353 382:8 � 4:7 5:1 � 0:2 87:8 � 0:7

y34 � 0:01 20 17:4� 1:0 1:0 � 0:1 58:2 � 0:9

S � 0:2 17 10:4� 0:8 0:8 � 0:1 54:0 � 0:8

Loose b-tagging (see text) 3 0:9� 0:2 0:10 � 0:02 38:1 � 1:0
Tight b-tagging (see text) 0 0:5� 0:2 0:04 � 0:01 28:7 � 1:0

Table 8: Four-jet analysis: The numbers of events detected after each cut is applied. The
expected numbers of background events from the q�q() and four-fermion Monte Carlo samples
and the expected detection e�ciencies for the signal are also given. The Monte Carlo signal
sample is e+e� ! A0h0 where both A0 and h0 decay into b�b for the case mA0 ' mh0 ' 55 GeV.

The errors are from Monte Carlo statistics only.

For the speci�c case of A0h0 production a clear signature of four b-quarks is expected, since

the branching ratio of both A0 and h0 to b�b is predicted to be about 90%. The b-tagging is
applied with the same algorithm as in the measurement of the Z0 ! b�b branching fraction [44].
By requiring at least one jet with a secondary vertex of decay length signi�cance [44] L=�L > 4:0

(loose b-tagging) 3 events remain in the �nal data sample, which is consistent with the number
of expected background events of 1:0 � 0:2. The signal e�ciency for A0h0 is about 38%.

Additionally requiring a second vertex with L=�L > 2 or a high pt lepton (tight b-tagging)
removes all events, while the total e�ciency for the A0h0 signal at this stage is expected to be

still about 29%. This clearly disfavours a large contribution of A0h0 ! b�bb�b production.

Recently the ALEPH collaboration has reported an excess of four-jet events and an enhance-
ment in the sum of the two jet-jet masses around 105 GeV [1] with a reported cross-section of
3:1� 1:7 pb under a particle pair hypothesis. We do not observe such an e�ect in Fig. 7a. We

therefore also present an analysis that closely follows the selection of Ref. [1] to check that a

possible signal is not being lost.

Starting from our inclusive multihadron sample we applied the following selection cuts:
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1. The total visible mass, mvis, and the absolute value of the momentum along the beam

direction, jpvisz j, were required to satisfy jpvisz j � 0:75 � (mvis � 90:0GeV):

2. To select four-jet events we required y34 � 0:008.

3. All jets were required to satisfy Ehad=Ejet = (ECT+EHCAL)=(ECT+EHCAL+EEM) � 0:2,

where ECT, EEM and EHCAL are the energies of charged particles, electromagnetic clusters

and hadron clusters, respectively.

4. Each of the four jets was required to have a jet mass of at least 1.0 GeV.

5. A kinematic �t was performed on the four-jet �nal state imposing the four constraints of

energy and momentum conservation.

6. All combinations of jet-jet masses were required to exceed mij � 25 GeV.

7. The sum of the masses of all pairs of jets had to satisfy (mi +mj) � 10 GeV.

8. All combinations of two jets were required to have a total of at least 10 charged particle

tracks.

Seven events pass these criteria (no b-tagging was required), compared with an expected
q�q() background of 6:4 � 0:6 events and expected four-fermion background of 0:25 � 0:03
events. The e�ciency of this analysis is (40:5 � 0:7)% for A0h0 production, comparable with

the e�ciency of 42.0% and expected background from Standard Model processes of 8:6 � 0:3
events in the ALEPH analysis [1] using an integrated luminosity of 5.7 pb�1. The distribution
of the sum of the two jet-jet masses for the minimum mass di�erence combination is shown in
Fig. 7b. We do not observe any excess of events in the region around 105 GeV.

7.3 Upper limits on the production cross-section

No signi�cant peak is seen in the sum of the jet-jet mass distribution for four-jet events. The
�rst set of selection criteria is used to compute upper limits on the production cross-section for
e+e� ! XY. These have been calculated using signal e�ciencies derived from the e+e� ! A0h0

Monte Carlo, with mA0 ' mh0 and both A0 and h0 decaying to b�b quark pairs, but without

requiring b-tagging. The angular distribution for A0h0 production is d�=dcos� � sin2�, which is
valid for the production of any two scalar particles in the s-channel. In evaluating the limits as
a function of the sum of the jet-jet mass (mX+mY), we selected events in a window of �4 GeV
around a given dijet mass and scanned the mass spectrum in steps of 0.1 GeV. The expected

sensitivity of the search, assuming a small (� 1 GeV) natural width for particles X and Y,
showed little dependence on the size of the mass window provided it was greater than �3 GeV.
The signal e�ciency after the mass window requirement is (28:3� 0:6)% for (mX+mY) ' 110
GeV. The e�ciency shows little variation with (mX+mY) in the interval from 95 to 120 GeV.

For jmX �mYj � 10 GeV, the e�ciency is reduced by at most 25% with respect to the equal
mass case. The following systematic errors were considered when evaluating the upper limits:

1. Uncertainty on the integrated luminosity (0.9%) and from Monte Carlo statistics. The

numbers of expected events were reduced by these uncertainties to set the upper limit.
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2. Peak mass shift. The peak position in the mass distribution for the Monte Carlo simula-

tion of h0A0 signal events shows no mass shift within an accuracy of 0.5 GeV. The mass

window was moved within �0:5 GeV and the maximum number of events found was used

to set the limit.

3. Error due to background expectation. The expected number of background events from

the simulation was reduced by 20% to calculate the upper limit. This uncertainty reects

the statistical precision with which the four-jet rate arising from QCD processes has been

tested at the present energies [45].

The upper limits obtained for the production cross-section for mX ' mY are shown in Fig. 8

as a function of the sum of the masses of X and Y.

8 Summary and Conclusions

We have searched for the pair production of several particles predicted by supersymmetric
theories in a data sample corresponding to an integrated luminosity of more than 5 pb�1 atp
s =130{136 GeV collected with the OPAL detector. No evidence for production of any of

these particles is observed.

In the search for charged sleptons no data events were observed satisfying all the require-
ments, compatible with the estimated number of 0.6 background events expected in the search
for selectrons and smuons and 1.1 events in the search for staus. We have computed 95% C.L.

upper limits for the production cross-section of the three types of sleptons. When considering
the present lower mass limit on ~�01 [4] for the MSSM parameters � = �200 GeV and tan� =
1.5, a 95% C.L. lower limit on the right-handed selectron mass of 57.2 GeV is derived for m~�0

1

= 12.0 GeV. This limit is valid for all values of j�j > 200 GeV and tan� > 1.5 and corresponds
to M2 < 80 GeV.

Pair-produced charginos, with both charginos decaying semileptonically, have been searched
for using the same analysis. We have improved the ~��1 ! ~�01`

�� model independent cross-

section limits obtained in a previous publication [4].

In the search for stop quarks no data events were observed satisfying the selection criteria,

compatible with the estimated 0.7 events expected from background sources. Mass bounds
have been improved compared to the limits obtained at LEP running at the Z0 peak.

We have searched for the associated production of two massive particles XY (i.e., e+e� !
XY, such as e+e� ! h0A0) both decaying hadronically. We do not observe any signi�cant peak
in the sum of the jet-jet mass distribution of four-jet events. The 95% C.L. upper limits on the
production cross-section range from 2.7 to 4.5 pb for 95 � (mX +mY ) � 120 GeV. We do not

observe evidence for associated production of heavy particles with masses around 50{60 GeV.

Acknowledgements

24



We particularly wish to thank the SL Division for the e�cient operation of the LEP accel-

erator and for their continuing close cooperation with our experimental group. In addition to

the support sta� at our own institutions we are pleased to acknowledge the

Department of Energy, USA,

National Science Foundation, USA,

Particle Physics and Astronomy Research Council, UK,

Natural Sciences and Engineering Research Council, Canada,

Israel Ministry of Science,

Israel Science Foundation, administered by the Israel Academy of Science and Humanities,

Minerva Gesellschaft,

Japanese Ministry of Education, Science and Culture (the Monbusho) and a grant under the

Monbusho International Science Research Program,

German Israeli Bi-national Science Foundation (GIF),

Direction des Sciences de la Mati�ere du Commissariat �a l'Energie Atomique, France,

Bundesministerium f�ur Bildung, Wissenschaft, Forschung und Technologie, Germany,

National Research Council of Canada,

Hungarian Foundation for Scienti�c Research, OTKA T-016660, and OTKA F-015089.

References

[1] ALEPH Collab., D. Buskulic et al., Four-jet �nal states production in e+e� collisions at
centre-of-mass energies of 130 and 136 GeV, CERN-PPE/96-052, to be published in Z.
Phys.

[2] Y. Gol'fand and E. Likhtam, JETP Lett. 13 (1971) 323;
D. Volkov and V. Akulov, Phys. Lett. B46 (1973) 109;
J. Wess and B. Zumino, Nucl. Phys. B70 (1974) 39.

[3] P. Fayet, Uni�cation of the Fundamental Particle Interactions, Plenum Press (1980) 587.

[4] OPAL Collab., G. Alexander et al., Search for Chargino and Neutralino Production Using

the OPAL Detector at
p
s =130 { 136 GeV at LEP, CERN-PPE/96-020, to be published

in Phys. Lett. B.

[5] M. Drees and K. Hikasa, Phys. Lett. B252 (1990) 127;

K. Hikasa and M. Kobayashi, Phys. Rev. D36 (1987) 724.

[6] J. Ellis and S. Rudaz, Phys. Lett. B128 (1983) 248;

G. Altarelli and R. R�uckl, Phys. Lett. B144 (1984) 126;
S. Dawson, E. Eichten and C. Quigg, Phys. Rev. D31 (1985) 1581;
J. Ellis, G.L. Fogli and E. Lisi, Nucl. Phys. B393 (1993) 3.

[7] CDF Collab., F. Abe et al., Phys. Rev. D 52 (1995) 2605;
D0 Collab., S. Abachi et al., Phys. Rev. D 52 (1995) 4877.

[8] D0 Collab., S. Abachi et al., Phys. Rev. Lett. 76 (1996) 2228.

25



[9] D0 Collab., S. Abachi et al., Phys. Rev. Lett. 76 (1996) 2222.

[10] H1 Collab., S. Aid et al., A search for selectrons and squarks at HERA, DESY-96-082,

May 1996.

[11] ALEPH Collab., D. Buskulic et al., Phys. Lett. B373 (1996) 246;

DELPHI Collab., P. Abreau et al., Search for the lightest chargino at
p
s = 130 and

136 GeV in DELPHI, CERN-PPE/96-75, June 1996, submitted to Phys. Lett. B;

L3 Collab., M. Acciarri et al., Search for Supersymmetric Particles at 130 GeV <
p
s <

140 GeV at LEP, CERN-PPE/96-29, to be published in Phys. Lett. B.

[12] H. P. Nilles, Phys. Rep. 110 (1984) 1;

H. E. Haber and G. L. Kane, Phys. Rep. 117 (1985) 75.

[13] OPAL Collab., K. Ahmet et al., Nucl. Instr. Meth. A305 (1991) 275;

P. P. Allport et al. Nucl. Instr. Meth. A324 (1993) 34;

P. P. Allport et al. Nucl. Instr. Meth. A346 (1994) 476.

[14] B.E. Anderson et al., IEEE Transactions on Nuclear Science 41 (1994) 845.

[15] S. Katsanevas, in the LEP200 workshop report, CERN 96/01 (1996).

[16] T. Sj�ostrand, Comp. Phys. Comm. 39 (1986) 347;
T. Sj�ostrand and M. Bengtsson, Comp. Phys. Comm. 43 (1987) 367;

\PYTHIA 5.6 and JETSET 7.3, Physics and Manual", CERN-TH. 6488/92;
\PYTHIA 5.7 and JETSET 7.4, Physics and Manual", CERN-TH. 7112/93;
T. Sj�ostrand, Comp. Phys. Comm. 82 (1994) 74.

[17] A. Bartl, H. Fraas and W. Majerotto, Z. Phys. C30 (1986) 441;
A. Bartl, H. Fraas and W. Majerotto, Z. Phys. C41 (1988) 475;
A. Bartl, H. Fraas, W. Majerotto and B. M�osslascher, Z. Phys. C55 (1992) 257.

[18] A. Ali, Zeit Phys. C1 (1979) 25;
M.K. Gaillard, B.W. Lee and J.L. Rosner, Rev. Mod. Phys. 47 (1975) 227;
V. Barger, T. Gottschalk and R.J.N. Phillips, Phys. Lett. B82 (1979) 445;
M. Suzuki, Nucl. Phys. B258 (1985) 553.

[19] P. Janot, The HZHA Generator in Physics at LEP2, eds. G. Altarelli, T. Sj�ostrand, and
F. Zwirner, CERN 96-01 (1996), Vol. 2, p. 309.

[20] R. Bhattacharya, J. Smith, G. Grammer, Phys. Rev. D15 (1977) 3267;
J. Smith, J.A.M. Vermaseren and G. Grammer, Phys. Rev. D15 (1977) 3280.

[21] A. Buijs et al., Comp. Phys. Comm. 79 (1994) 523.

[22] S. Jadach, B. F. L. Ward and Z. W�as, Comp. Phys. Comm. 79 (1994) 503.

[23] M. B�ohm, A. Denner and W. Hollik, Nucl. Phys. B304 (1988) 687;

F.A. Berends, K. Kleiss and W. Hollik, Nucl. Phys. B304 (1988) 712.

[24] D. Karlen, Nucl. Phys. B289 (1987) 23.

26



[25] The calculation of the cross-section is based on the method described in the preprint by

H. Murayama, I. Watanabe and K. Hagiwara, KEK Report 91-11 (1991). The initial state

radiation is implemented according to a formula in F. A. Berends, R. Pittau and R. Kleiss,

Nucl. Phys. B426 (1994) 344.

[26] F.A. Berends, R. Pittau and R. Kleiss Comput. Phys. Commun. 85 (1995) 437.

[27] J. Allison et al., Nucl. Instr. Meth. A317 (1992) 47.

[28] OPAL Collab., R. Akers et al., Z. Phys. C61 (1994) 19;

OPAL Collab., G. Alexander et al., Z. Phys. C52 (1991) 175.

[29] OPAL Collab., M.Z. Akrawy et al., Phys. Lett. B253 (1991) 511.

In the present analyses an improved parametrisation of the energy measurement is used.

[30] S. Robins, A Study of Bhabha Scattering at LEP, Ph.D. Thesis (1992), Queen Mary and

West�eld College.

[31] OPAL Collab., R. Akers et al., Phys. Lett. B327 (1994) 411.

[32] OPAL Collab., R. Akers et al., Z. Phys. C60 (1993) 199.

[33] OPAL Collab., P.D. Acton et al., Z. Phys. C60 (1993) 19.

[34] M. Hauschild et al., Nucl. Instr. and Meth. A314 (1992) 74.

[35] OPAL Collab., P. Acton et al., Z. Phys. C58 (1993) 523.

[36] ALEPH Collab., D. Decamp et al., Phys. Lett. B236 (1990) 86;
ALEPH Collab., D. Decamp et al., Phys. Rep. 216 (1992) 253;
L3 Collab., B. Adeva et al., Phys. Lett. B233 (1989) 530;
OPAL Collab., M.Z. Akrawy et al., Phys. Lett. B240 (1990) 1.

[37] C. Peterson, D. Schlatter, I. Schmitt and P.M. Zerwas, Phys. Rev. D27 (1983) 105.

[38] A value of mb = 5 GeV and �b = 0:0047 from
OPAL Collab., G. Alexander et al., Phys. Lett. B364 (1995) 93, was used.

[39] M.G. Bowler, Z. Phys. C11 (1981) 169.

[40] OPAL Collab., R. Akers et al., Phys. Lett. B337 (1994) 207.

[41] OPAL Collab., Z. Phys. C64 (1994) 1.

[42] OPAL Collab., G. Alexander et al., Z. Phys. C52 (1991) 175.

[43] S. Catani et al., Nucl. Phys. B269 (1991) 432.

[44] OPAL Collab., R. Akers et al., Z. Phys. C65 (1995) 17.

[45] OPAL Collab., G. Alexander et al., QCD studies with e+e� annihilation data at 130 and
136 GeV, March 1996, CERN-PPE/96-047 (1996), to be published in Z. Phys.

27



cos | θmiss |

N
um

be
r 

of
 E

ve
nt

s 
/ 0

.0
2

(a)
OPAL

0.0 0.2 0.4 0.6 0.8 1.0

102

103

N
um

be
r 

of
 E

ve
nt

s 
/ 0

.0
2

(b)
OPAL

Mvis  /  s
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

103

102

10-1

10

1

Event pt,HCAL
miss  (GeV)

N
um

be
r 

of
 E

ve
nt

s 
/ 0

.2
 G

eV

(c)

OPAL

0 2 4 6 8 10 12 14 16 18 2010-1

1

10

102

103

(d)
OPAL

N
um

be
r 

of
 E

ve
nt

s 
/ 2

 d
eg

re
es

0 20 40 60 80 100 120 140 160 180

Acoplanarity Angle (degrees)

10-1

1

10

Figure 1: Slepton analysis A: Distributions of (a) the polar angle of the missing momentum

direction; (b) the total visible mass of the event; (c) the total pt of the event including HCAL
information; and (d) the acoplanarity angle between the two lepton candidates. Data are

shown as points and the sum of all Monte Carlo background processes is shown as a solid line.
Distributions are shown after certain cuts have been applied as described in the text. The

dashed histogram shows the ~�+~�� Monte Carlo events for m~� = 60 GeV and m~�0
1
= 55 GeV.

The simulated signal events are not normalised to the recorded luminosity. The arrows indicate
the positions of the cuts.
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Figure 2: Slepton analysis B: Distributions of cut variables after some of the other selection cuts

have been applied: (a) amisst /Ebeam for events with �acop < 1.2 radians (cut 5b); (b) j cos �missa j
for events with �acop < 1.2 radians (cut 5c); (c) pmisst /Ebeam for events with �acop � 1.2 radians
(cut 5d); and (d) j cos �missp j for events with �acop � 1.2 radians (cut 5e). The data are shown

as points with error bars and the Monte Carlo predictions for the Standard Model backgrounds

are shown as solid histograms. For comparison, the distributions obtained with a sample of
simulated signal events are also shown. The dashed histograms correspond to ~�+~�� events
with m~̀ = 60 GeV and m~�0

1
= 55 GeV, for the case that the decay ~̀�!~�01`

� has a 100%
branching ratio. The Standard Model Monte Carlo background events are normalised to the

same luminosity as the data. The simulated signal events have arbitrary normalisation. The

arrows indicate the positions of the cuts in the event selection.
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Figure 3: Limits on slepton production. (a){(c) Model-independent limits for the three slepton

species. (d) The MSSM exclusion region for ~e+R~e
�

R in the (m~�0
1
;m~eR) plane at 95% C.L. for

� = �200 GeV, tan� = 1.5, and using the MSSM predicted branching ratio for ~̀� ! `�+ ~�01.
The excluded region is valid for all values of j�j > 200 GeV and tan � > 1.5 and corresponds to

M2 < 80 GeV. The dotted line shows the current OPAL ~�01 lower mass limit [4]. The kinematic

limit at
p
s = 136 GeV is shown as the dashed line.
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Figure 4: 95% C.L. upper limits on the production cross-section of chargino-pair events with
both charginos decaying semileptonically.
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Figure 5: The excluded regions in the (�mix, m~t1) plane at 95% C.L. where the mass di�erences

are assumed to be: (a) �m(= m~t1 �m~�0
1
) � 5 GeV, (b) 10 � �m � 20 GeV. The hatched

regions have already been excluded by OPAL [40] using data recorded at the Z0 peak (LEP 1).
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Figure 6: (a) Distribution of
q
s0=s in multihadronic events in the combined 130 GeV and

136 GeV data set (points with error bars). The histogram shows the expectation from the

q�q() Monte Carlo. The arrow shows the position of the cut used to select non-radiative
events. (b) Distribution of y34, the value of ycut in the Durham jet-�nding scheme at which

an event changes from three to four jets, for multihadronic events with s0=s � 0:8. The arrow
shows the cut used to select four-jet events. (c) Sphericity distribution for multihadronic events

with s0=s � 0:8. The histogram shows the distribution for q�q Monte Carlo events. (d) The

same as (c), but additionally applying the cut y34 � 0:01. The arrows show the positions of

the cuts.
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Figure 7: (a) Sum of the two reconstructed jet-jet masses for events with s0=s � 0:8, y34 � 0:01
and sphericity S � 0:2 (�rst set of selection criteria). The combination with the minimum

di�erence between the two masses is plotted. The histogram shows the expectation from the

q�q() Monte Carlo (no b-tagging is required). (b) Sum of the two reconstructed jet-jet masses
for events passing the second set of selection criteria. The combination with the minimum

di�erence between the two masses is plotted. The histogram shows the expectation from the
q�q Monte Carlo (no b-tagging is required).
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Figure 8: 95% C.L. cross-section upper limits for the process e+e� ! XY, with both X and Y
decaying into quarks. These limits are derived from the �rst analysis described in subsection 7.2

(no b-tagging is required).
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