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Abstract. A search for pair-produced leptoquarks has been performed using a sample of e"e™ collision
events collected by the OPAL detector at LEP at e"e™ centre-of-mass energies of about 183 GeV. The
data sample corresponds to an integrated luminosity of 55.9 pb~!. The leptoquarks were assumed to be
produced via couplings to the photon and the Z° and then to decay within a single fermion generation. No
evidence for contributions from leptoquark pair production processes was observed. Lower limits on scalar
and vector leptoquark masses are obtained. The existing limits are improved in the region of large decay

branching ratio to quark-neutrino.

1 Introduction

In the Standard Model (SM) quarks and leptons appear as
formally independent components. However, they show an
apparent symmetry with respect to the family and mul-
tiplet structure of the electroweak interactions. It seems
therefore natural that some theories beyond the SM [1]
predict the existence of new bosonic fields, called lepto-
quarks (LQs), mediating interactions between quarks and
leptons. The interactions of LQs with the known particles
are usually described by an effective Lagrangian that satis-
fies the requirement of baryon and lepton number conser-
vation and respects the SU(3)c ® SU(2), ® U(1)y sym-
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metry of the SM [2]. This results in nine scalar (S) and
nine vector (V) leptoquarks, grouped into weak isospin
triplets (S; and Vi), doublets (S /2, 31/2, Vi 2 and ‘71/2)
and singlets (So, S’o, Vo and f/o) L. They are shown in Ta-
bles 1 and 2. Under these assumptions, only the mass and
the couplings to right-handed and/or left-handed fermions,
denoted by Ar and A, remain as free parameters, since
the couplings to the electroweak gauge bosons are com-
pletely determined by the electric charge and the third
component of the weak isospin. Each coupling could carry
generation indices for the two fermions [3], so that A%
couples a leptoquark to an i*" generation lepton and a j**
generation quark. In this paper the simplifying assump-
tion is made that a given LQ couples to just one family of
fermions.

Several experimental results constrain the existence of
leptoquarks. Searches for events with LQ single produc-
tion, where a first generation LQ could be formed as a res-

onance between an electron and a quark, were performed
by the ZEUS and H1 experiments at the ep collider HERA

! In this paper the notation used in [3] is adopted. This is
slightly different from the notation used in [2].
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Table 1. Quantum numbers and couplings for scalar leptoquarks. Q... is the electric
charge in units of e, I3 the third component of the weak isospin and 3 denotes the
branching ratio of decay to a charged lepton and a quark. Under the assumption of
coupling within a single generation the same table must be repeated for second and
third generation with the obvious substitutions e — u, 7, u — ¢,t and d — s,b

LQ I3 Qe.m. decay coupling A\r, r 8
e ur ALS,
- AL 50T ks
So 0 -1/3 ERUR ARS, M
vedy, —ALS,
So 0 —4/3 eng )\Rgo 1
1 2/3 Velr, V2X\Ls, 0
ed -2
Sy 0 -1/3 VedL L5 1/2
e ur —ALs,
-1 —4/3 e dr —V2\Ls, 1
VelL ALs A&s
1 2 —2 3 _ 1/2 e V2
/ / {eRdR —ARS, /5 A%SI/ZJ'_)‘?%SI/Q
S1/2
~1/2 —5/3 cL i ALS1/2 1
eRUR )\Rsl R
i 1/2 1/3 vedr, )\L§1/2 0
S1/2 ~
~1/2 -2/3 erdr Mg, 1

Table 2. Quantum numbers and couplings for vector leptoquarks. Q... is the electric
charge in units of e, I3 the third component of the weak isospin and 3 denotes the
branching ratio of decay to a charged lepton and a quark. Under the assumption of
coupling within a single generation the same table must be repeated for second and
third generation with the obvious substitutions e — u, 7, u — ¢,t and d — s,b

LQ Is Qe.m. decay coupling A\r, r 8
GZER )\Lv0
-7 A v ARy,
VO 0 *2/3 6RdL ARVO m
VeUR ALV,
Vo 0 —5/3 6]_%?[, )\RVO 1
1 1/3 vedr V2 Lv, 0
U A
1% 0 —2/3 vellr e 1/2
eLdR —ALvl
-1 —5/3 e UR V2w, 1
ed A A7
1/2 e { 1/7 R LV g - R:'/_l)\/g
ERUL )‘RV1/2 LVyjo TRV g
Va2
Td A
~1/2 —4/3 z %R tVasa 1
eRdL )\va 2
1/2 2/3 VeUR )\Lvl/z 0
Va2
-1/2 -1/3 € UR )\Lf/l ) 1
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[4] and by the LEP experiments [5]. In ete™ collisions the
quark comes from a resolved photon emitted by one of the
LEP beams. As the production process directly involves
a LQ-lepton—quark interaction, limits on the LQ mass,
Mpq, can be derived as a function of the couplings, A,
to fermions. Leptoquark masses below about 80 GeV are
excluded for \ values greater than a few 10~2 (about one
order of magnitude smaller than the electromagnetic cou-
pling Ae =~ 0.3). For A = A, H1 excludes LQ masses up to
275 GeV. Both LEP and TEVATRON experiments have
searched for events with LQ pair production [6,7], setting
limits on Mrq as a function of 3, the branching ratio of
decay into a charged lepton and a quark. On the contrary,
these limits do not depend on the couplings to fermions
because the LQ pair should be produced via coupling to
the gauge bosons. First generation scalar LQs with masses
lower than about 200 GeV are excluded, assuming 5 > 0.5,
while for 8 = 0 the mass limit is 79 GeV (D0). Second
generation LQs are excluded below 160 GeV, assuming
[ = 0.5, and below about 200 GeV, if 3 = 1. Third gen-

eration scalar leptoquarks with charge |Qc.m.| = 2 or

% and B = 1 are excluded for masses lower than 99 GeV
by CDF, while DO excludes third generation scalar lepto-
quarks with charge |Qe.m.| = % and 8 = 0 below masses
of 94 GeV. In the same cases vector LQs belonging to the
third generation are excluded for masses below 170 GeV
(CDF) and 148 GeV (DO0).

In principle, LQs of all three generations can be pair-
produced in ete™ collisions at LEP, by s-channel v or
7Y exchange and, in the case of first generation LQs, by
exchange of a quark in the #channel [8]. Due to the ex-
isting upper limits on the couplings, A, to fermions, the
t-channel contribution to the first generation production
cross-section is negligible so that, for a given LQ state 2,
the cross-section depends on the mass, the electric charge
and third component of the weak isospin, but is indepen-
dent of the A couplings. On the other hand, for couplings
smaller than O(107%) the lifetime of leptoquarks would
be sufficiently long to produce a secondary decay vertex,
clearly detached from the primary vertex, or even out-
side the detector. This topology is not considered here as
the tracks of charged particles are required to come from
the interaction vertex. To summarize, the present analy-
sis covers the region of values of the couplings to fermions
from about 107 to 1072. The decay of a heavy LQ into
a quark and a charged lepton leads to final states charac-
terized by an isolated energetic charged lepton, while for
decays into a quark and a neutrino, the final state will
have large missing energy. Therefore the following topolo-
gies can be considered for events that result from the decay
of a leptoquark-antileptoquark pair:

Class A: two hadronic jets and two neutrinos; it includes
the final states v, TuT, veedd, v, UCC, v, 7,58 and v, U-bb.
Class B: two hadronic jets, one neutrino and one charged
lepton of the first (veeud) or second generation (v, ucs).

2 In this paper “state” will be used to refer to a charge eigen-
state within a multiplet. It will be denoted by S;(Qe.m.) or
V1(Qe.m.), where the index I represents the weak isospin while
the number in parenthesis is the electric charge in units of e.

In the hypothesis that each LQ couples to just one family
of fermions, the topology including two jets, one neutrino
and one 7 lepton is not possible at LEP, since one of the
two jets would have originated in a top-quark.

Class C: two hadronic jets and one pair of oppositely
charged leptons of the first or second generation, for ex-
ample eTe”uu and uu” ce respectively.

Class D: two hadronic jets and one pair of oppositely
charged 7 leptons, 777 bb. This case is considered sep-
arately from Class C because of the different possible 7
decays.

In this paper a search is presented for pair-produced
scalar leptoquarks of all three generations performed with
the OPAL detector. Additionally, at this time, it was ex-
tended to vector leptoquarks of the first and second gen-
eration. The pair production process gives the advantage,
with respect to single production by electron-quark in-
teractions, that all states can be produced, included LQs
coupling exclusively to neutrinos. Therefore searches for
this channel at LEP give the possibility to explore the re-
gion of large decay branching ratio into quark-neutrino,
where the FERMILAB experiments have reduced sensi-
tivity. Moreover this is the first search for pair produced
vector LQs at LEP. The study is based on data recorded
during the 1997 LEP run at centre-of-mass energies, /s,
between 181 and 184 GeV, corresponding to an integrated
luminosity of 55.9 pb~!. The luminosity weighted average
of /s is 182.7 GeV. Limits are derived under the assump-
tion that only one state contributes to the cross-section. In
the case of the third generation, mass limits will be given
for scalar LQs which decay into a b-quark and either a
T-lepton or a 7-neutrino.

2 The OPAL detector

The OPAL detector is described in detail in [9]. It is a
multi-purpose apparatus having nearly complete solid an-
gle coverage 3. The central detector consists of two lay-
ers of silicon micro-strip detectors [10] surrounding the
beam-pipe and a system of tracking chambers inside a
0.435 T solenoidal magnetic field. This system consists of
a high-precision drift chamber, a large-volume jet cham-
ber and a set of zchambers measuring the track coor-
dinates along the beam direction. The resolution on the
transverse momentum of a track is given by o,,/pr  ~
1/(0.02)2 + (0.0015 - p;)2/(GeV)? and the average angu-
lar resolution is about 0.3 mrad in ¢ and 1 mrad in 6. A
lead-glass electromagnetic calorimeter is located outside
the magnet coil and covers the full azimuthal range in the
polar angle range of | cosf | < 0.984. It is divided into
two regions: the barrel (| cosf | < 0.82) and the endcaps

3 The right-handed coordinate system is defined so that z is
the coordinate parallel to the et and e~ beams, with positive
direction along the e~ beam; r is the coordinate normal to
the beam axis, ¢ is the azimuthal angle with respect to the
positive direction of the z-axis (pointing towards the centre of
LEP) and 0 is the polar angle with respect to +z.
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(| cos@® | > 0.81). The resolution on the energy of high
momentum electrons is around 3%. The magnet return
yoke, divided into barrel and endcap sections along with
pole tips, is instrumented for hadron calorimetry in the re-
gion | cosf | < 0.99. Four layers of muon chambers cover
the outside of the hadron calorimeter. Close to the beam
axis the forward calorimeter and gamma catcher together
with the silicon-tungsten luminometer [11] complete the
geometrical acceptance down to 33 mrad from the beam
direction.

3 Monte Carlo simulations

Neglecting the t-channel contribution, the differential
cross sections for the production of a pair of leptoquarks
of mass Mp,q in eTe™ collisions at a centre-of-mass energy

/s are [8]:

dos 3ra’ F
dcosf 8s (1 — 4Miq/s)? sin’0 Z ka(s)]* (1)
a=L,R
doy  3ma?

3
9 3
dcos® 8M; (1= 4Mig/s)*

1 — 3(1 — 4Miq/s)
4

x |1 + sin? 6

x> Ika(s)”

a=L,R

(2)

for scalar and vector LQs respectively. « is the electro-
magnetic coupling and

S

zZ
a2 e

ka(s) = —Qem. + QZ(e)

where Qe . is the LQ electric charge, Mz and [z are
the mass and the width of the weak neutral current gauge
boson, and the couplings are given by

z Is — Qe.m.sin® 0w
L =
Q" (LQ) cos Ow sin Oy

1 2
0% (e) = —3 + sin”Ow (4)

cos Ow sin Oy
QZ(e) = tan Oy

In equations 4 I3 is the third component of the LQ weak
isospin and 6y is the Weinberg angle.

The Monte Carlo generator LQ2 [12] was used to sim-
ulate leptoquark pair events. Initial state QED radiation
was included. The leptoquarks are assumed to decay
isotropically in their rest frame and the hadronization of
the final state qq’ pair was performed by JETSET [13].
Samples of 1000 signal events corresponding to different
values of the leptoquark mass, from Mpgo = 50 GeV
to Mg = 90 GeV in steps of 5 GeV, were generated
for all the different decay topologies. The full simulation
of the response of the OPAL detector [14] was performed

on the generated events. Since they carry colour, lepto-
quarks may hadronize before decaying, if the couplings to
fermions are small. This possibility was taken into account
by introducing a systematic error on the detection efficien-
cies which was evaluated by using Monte Carlo samples
in which the leptoquarks hadronized before decaying.

All relevant SM background processes were studied us-
ing Monte Carlo generators. Two-fermion events
(2% Jy* — ff(7), f = q,7) were simulated with PYTHIA
[13] and KORALZ [15]. The Monte Carlo programs HER-
WIG [16] and PHOJET [17] were used to generate two-
photon hadronic events. Other processes with four
fermions in the final state, including W pair production,
were simulated with grcdf [18] and Vermaseren [19].

4 Analysis

The tracks of charged particles used in the calculation of
physical variables were required to have their origin close
to the eTe™ interaction point, to have at least 20 mea-
sured space points in the jet chamber and at least 50% of
the hits geometrically expected. The minimum transverse
momentum of the track with respect to the beam direction
had to be greater than 120 MeV. Electromagnetic clusters
were required to have an energy of at least 100 MeV in
the barrel and 250 MeV in the endcaps. Endcap clusters
were also required to contain at least two adjacent lead
glass blocks. Clusters in the hadron calorimeter were re-
jected if their energy was smaller than 0.6 GeV (2 GeV in
the hadron poletips, i.e. for | cosf | > 0.91). To avoid
double counting, calculations of experimental quantities
such as visible energy, transverse momentum, etc., were
performed following the method explained in [20].

All the different topologies of signal events (classes A
to D) are characterized by large charged multiplicities and
large energy depositions due to the hadronization of the
qq’ pair. In this analysis no attempt was made to iden-
tify the flavour of the quarks. Electron and muon iden-
tification, required in the selection of events of classes B
and C, was performed by making a logical “OR” of differ-
ent standard algorithms [21]. The electron identification is
based on the energy match between a track and the asso-
ciated cluster in the electromagnetic calorimeter and uses
a minimum of subdetectors in order to give high efficiency,
while the muon identification requires a minimum number
of associated hits in either the muon chambers or hadron
calorimeter strips. The energy of identified electrons was
taken from the energy of the electromagnetic calorimeter
cluster associated to the identified electron track, while for
muons the momentum of the track was used. The hadronic
jets are usually reconstructed using the Durham algorithm
[22]. The resolution on the angles of the jet is around 25
mrad, while the resolution on energy is 10-20% depending
on the energy itself, jet-shape and detector region.

4.1 The jet jet v v channel (class A)

Signal events of class A are characterized by an acopla-
nar pair of hadronic jets and missing energy. A few pre-
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selection requirements were applied to the data. To re-
duce beam-wall and beam-gas interactions, the fraction of
tracks of charged particles that satisfied the quality crite-
ria given above was required to be greater than 0.2. A sim-
ilar requirement was applied to the non-associated elec-
tromagnetic clusters. Both the number of accepted tracks
and the number of accepted non-associated electromag-
netic clusters had to exceed four. Finally, the total visible
energy, Eyis, was required to be greater than 0.25,/s and
smaller than 1.25./s. After the preselection, the following
cuts were applied to the data:

A1) The events contained no identified charged electron
or muon of energy greater than 0.124/s.

A two-dimensional cut was made in the plane
(piss /1 /s) vs. | cos(Omiss) |, where p™iss is the miss-
ing transverse momentum with respect to the zaxis
and cos(fmiss) the cosine of the angle between the
missing momentum and the zaxis. The cut is shown
in Fig. 1.

The events were reconstructed into two jets: the sum
of the energies of the two jets, Ejcts, had to be such
that 0.25y/s < Ejes < 0.754/s.

The jets were required to be acolinear by asking that
cos(8;) > -0.1, where 6;; is the angle between the two
jet directions.

A2)

A3)

A4)

Cuts Al and A2 are useful, in particular, in rejecting two-
photon events and greatly reducing Z%* /y* — ff(~y) back-
ground. Cuts A3 and A4 completely reject Z°* /y* — ff(7)
events, and reduce four-fermion background.

Table 3 shows the number of events after each cut,
compared with the number of background events as pre-
dicted from Monte Carlo samples, and the efficiencies for
signal events corresponding to Myq = 85 GeV. Four events
in the data survive the selections, in good agreement with
the number of expected background events from SM pro-
cesses, 3.57 + 0.83 (stat.).

0.5 1
|Cosemiss>| arately

4.2 The jet jet I* v channel (class B)

After the application of the same preselection cuts de-
scribed in Sect. 4.1, the selection of signal events of class
B proceeded as follows:

B1) The event was required to contain at least one iden-
tified electron or muon with an energy of at least
0.1y/5.

No track and at most one (no) electromagnetic clus-
ter within a cone of half-aperture 15° around the
most energetic electron (muon).

The missing transverse momentum had to be greater
than 0.09+/s.

A 2-dimensional cut in the plane My, vs. cos(6),)
was applied as shown in Fig. 2, where 6, is the angle
between the momentum vector of the most energetic
lepton and the missing momentum vector, while My,
is their invariant mass.

After having removed the most energetic lepton, the
event was forced into two jets. The sum of the en-
ergies of the two jets, Ejets, had to be such that
0.251/s < Ejes < 0.754/s. Moreover, a 2-dimensional
cut in the plane cos(6;;) vs. Mj; was applied as shown
in Fig. 3, where 6;; is the angle between the two jet
directions and M;j; is the invariant mass of the two-
jet system.

B2)

B3)

B4)

B5)

Two-photon events contribute negligibly to the back-
ground after selection B3. Cuts B2 and B3 are particu-
larly efficient in reducing Z%* /y* — ff(y) events.

In Table 4 the numbers of events after each cut are
shown, compared with the numbers of predicted back-
ground events and the efficiencies for signal events cor-
responding to Myq = 85 GeV. One event in the data is
retained after the selection for the first generation and
three events for the second generation, in good agreement
with an expected background of 2.22 + 0.21 (stat.) and
2.84 + 0.18 (stat.) events, respectively.

4.3 The jet jet I I~ channel (class C)

Signal events of this type have small missing energy and
are characterized by the presence of a pair of high en-



The OPAL Collaboration: Search for pair-produced leptoquarks in e*e™ interactions at /s ~ 183 GeV

Table 3. The remaining numbers of events after each cut of selection A for various background
processes are compared with the data. The background is normalized to an integrated lumi-
nosity of 55.9 pb~!. The last two columns report the signal efficiencies, in percent, for events
with Mg = 85 GeV, for scalar and vector LQs respectively

Data Background 4-fermions vy  Z% /4 = fi(y) €5 (%) et (%)
(A1) 16281 14913 685 9308 4920 90.0 88.4
(A2) 87 80.9 52.2 1.6 27.1 59.4 58.7
(A3) 53 46.8 42.1 0.9 3.8 58.5 56.9
(Ad) 4 3.6 2.7 0.8 <0.1 417 30.8

Table 4. The remaining numbers of events after each cut of selection B for various background processes
are compared with the data. The background is normalized to an integrated luminosity of 55.9 pb~*.
The last two columns report the signal efficiencies, in percent, for events with Mrq = 85 GeV, for scalar
and vector LQs respectively. When two numbers are separated by a slash, the first one refers to the first
generation and the second one to the second generation

21

Data Background 4-fermions Yy 7% vt = fi(y) B (%) e (%)
(B1) 1110/304  1106/321 277/151  28.4/25 801/169 89.1/87.7 90.7/90.1
(B2) 196/109 179/101 128/99.6 20.8/0. 30.2/1.4 79.8/80.3 81.7/79.9
(B3) 108/95 98.4/85.9 94.6/85.5 0.8/0. 3.0/0.4 73.5/72.3 75.2/73.6
(B4) 23/29 19.4/20.7 17.1/20.3 0.8/0. 1.5/0.4 59.8/58.8  60.4/61.7
(B5) 1/3 2.2/2.9 2.0/2.6 0./0. 0.2/0.3 42.4/49.1 43.6/51.5
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ergy charged leptons of the same generation that tend to
be isolated. The same preselections as for classes A and
B were applied. The following cuts were then applied to
select events:

C1) The presence of at least one pair of oppositely-
charged identified electrons or muons was required.
The most energetic leptons of the same generation
and opposite in charge will be called the “pair” in the
following. The energy of the most energetic lepton of
the pair had to exceed 0.15+/s, while an energy of at
least 0.14/s was required for the other lepton. For
the first generation, the distributions of the energy
of the most energetic electron of the pair for data,
expected background and signal events correspond-
ing to Mg = 85 GeV, are shown in Fig. 4.

No track and at most one (no) electromagnetic clus-
ter within a cone of half-aperture 15° around the
most energetic electron (muon). The same require-
ments, but considering a cone of half-aperture 10°,
were applied for the less energetic lepton of the pair.
The two leptons of the pair were required to be acol-
inear: cos(6)) > —0.85, where 6); is the angle between
the two leptons.

C2)

C3)

Background from two-photon events is removed after se-
lection C1. Cut C2 suppresses Z%* /y* — ff(v) events. The
lepton acolinearity requirement C3 is useful in further re-
ducing four-fermion background.

The numbers of events after each cut, compared with
the numbers of expected background events and the effi-
ciencies for signal events corresponding to Mp,q = 85 GeV,
are shown in Table 5. After all cuts two candidates survive
the selection both for the first and the second generation;
1.63 £ 0.14 (stat.) background events for the first gen-
eration and 0.98 + 0.15 (stat.) for the second generation
are expected. After this selection, the resolution on the
mass of the lepton-jet system, calculated by using the two
lepton-jet pairs showing the lesser difference between their
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masses, is typically around 8 and 6 Gev for first and sec-
ond generation respectively.

4.4 The jet jet 7+ 7~ channel (class D)

Signal events of this type are characterized by a pair of iso-
lated 7-leptons and a pair of energetic hadronic jets. The
background comes predominantly from Z°%*/y* — ff(v)
and four-fermion processes. The selection begins with the

0.9dentification of 7 lepton candidates, which is identical
to that in [23], using three specific algorithms to iden-
tify semileptonic and hadronic 7-lepton decays. On aver-
age, 2.3 7 candidates per signal event are thus identified.
The original 7-lepton direction is approximated by that
of the visible decay products. The following requirements
are then imposed:

D1) Events are required to contain at least nine tracks
of charged particles, and must have at least two 7-
lepton candidates, including at least one pair whose
members each have electric charge |¢| = 1 and whose
charges sum to zero. Pairs not fulfilling these require-
ments are not considered further.

Events must have no more than 20 GeV of energy de-
posited in the forward calorimeter, gamma-catcher,
and silicon-tungsten luminometer; a missing momen-
tum vector satisfying | cos Onyiss| < 0.97, a total vec-
tor transverse momentum of at least 0.02 /s, and
a scalar sum of all track and cluster transverse mo-
menta larger than 40 GeV.

Events must contain at least three jets, including sin-
gle electrons and muons from 7-lepton decay which
are allowed to be recognised as low-multiplicity jets,
reconstructed using the cone algorithm as in [23] and
no energetic isolated photons. An energetic isolated
photon is defined as an electromagnetic cluster with
energy larger than 15 GeV and no track within a
cone of 30° half-angle.

Events must contain no track or cluster with energy
exceeding 0.3+/s.

D2)

D3)

D4)

For events surviving these requirements, the tracks and
clusters not belonging to the 7 pair (henceforth referred to
as the “rest of the event” or RoE), are then split into two
jets using the Durham algorithm. Two pairing schemes
between the two 7 candidates and the jets are thus pos-
sible. The invariant masses m; of the two resulting 7-jet
systems within each pairing scheme are then calculated
using only the 7-lepton and jet momentum directions and
requiring energy and momentum conservation. The pair-
ing scheme exhibiting the lesser difference between m;;
and my ;2 is then chosen. Then, in order for a 7 candidate
pair to be considered further, the following requirements
on mrj; and mrjp are imposed, consistent with the hy-
pothesis of the decay of two heavy objects of identical
mass:

D5) Both mrj1 and m,;jo must be at least 30 GeV.
D6) The difference in invariant masses must be no more
than 30% of their sum.
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Table 5. The remaining numbers of events after each cut of selection C for various background pro-
cesses are compared with the data. The background is normalized to an integrated luminosity of 55.9
pb~!. The last two columns report the signal efficiencies, in percent, for events with MLq = 85 GeV,
for scalar and vector LQs respectively. When two numbers are separated by a slash, the first one
refers to the first generation and the second one to the second generation

Data Background 4-fermions 0a 7% )y = ff(y) €S (%) 5 (%)
(C1) 97/10  96.0/74 19.9/43  0.4/0. 75.7/3.1 80.7/80.3  79.0/77.4
(C2)  2/2 2.8/1.5 2.7/15  0.1/0. <0.1/0. 67.2/69.2 67.4/67.3
(©3)  2/2 1.6/1.0 1.6/1.0  0./0. <0.1/0. 63.7/65.7  63.7/63.9

Table 6. The remaining numbers of events after each cut of selection D for various
background processes are compared with the data. The background is normalized to
an integrated luminosity of 55.9 pb~'. The last column reports the signal efficiency,
in percent, for events with MLg = 85 GeV for scalar LQs

Data Background 4-fermions vy Z%/y* — ff(y) 5§ (%)
(D1) 1322 1070 150 791 129 59.4
(D2) 209 191 129 3.0 59.1 57.8
(D3) 198 181 127 2.9 51.1 57.5
(D4) 149 139 100 2.2 36.3 56.2
(D5) 51 55.5 47.5 0. 8.0 52.7
(D6) 41 44.8 38.1 0. 6.7 50.2
(D7) 2 2.1 2.1 0. <0.02 32.6

Table 7. The detection efficiencies for the various selections, in percent, as
a function of the leptoquark mass, My

Mg (GeV) 50 60 70 80 85 90
Signal topology  Generation
Class A (scalar) 1,2,3 14.3 239 314 370 41.7 428
Class A (vector) 1,2 15.0 22.7 323 363 39.8 423
Class B (scalar) 1 14.1 255 309 40.0 424 452
Class B (scalar) 2 151 289 38.2 44.8 49.1 525
Class B (vector) 1 13.9 230 355 41.7 43.6 46.7
Class B (vector) 2 153 258 385 470 51.5 539
Class C (scalar) 1 36.2 455 56.6 59.3 63.7 645
Class C (scalar) 2 371 46.1 559 629 65.7 67.0
Class C (vector) 1 33.8 43.0 528 62.1 63.7 67.0
Class C (vector) 2 35,5 41.7 534 63.0 639 66.8
Class D (scalar) 3 223 274 296 320 326 3238

The distribution of |m;j1 —mrja|/|mrj1 + mrj2| is shown
in Fig. 5a for the data, the background events, and for
a signal sample with My,q = 85 GeV. The resolution on
m.; is typically less than 7 GeV, except very close to the
kinematic limit.

A likelihood method [25,26] is then applied to those
events satisfying the above requirements, in order to se-
lect a final 7 candidate pair for each event from those
surviving, and to suppress further the remaining back-
ground. In each such event, for each remaining 7 candi-
date pair and its associated hadronic RoE, a joint discrim-
inating variable, £, is constructed using normalized refer-

ence distributions generated from Monte Carlo samples
of signal and background events. The set of variables for
the reference distributions includes some which character-
ize each of the two 7-lepton candidates individually, some
which describe their behavior as a pair and some which
characterize the RoE. For those variables describing the
7 candidates individually, separate reference distributions
are generated for leptonic (electron or muon), hadronic
1-prong and hadronic 3-prong 7 candidates, in order to
exploit the differences between the three categories. Dis-
tributions of some of these input variables as well as that
of £ are shown in Fig. 5b to d. The 7 candidate pair having
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Fig. 5a—d.Class D, the jet jet 7+ 7~ channel: Kinematic dis-
tributions for the data (points), estimated Standard Model
background (full line, normalized to the integrated luminos-
ity of the data), and a simulated signal (dashed line, arbitrary
normalization) corresponding to Mrq = 85 GeV. (a) Distribu-
tion of the difference in invariant mass of the tau-jet systems
scaled by their sum after cut (D2). Figures (b) and (c¢) demon-
strate the difference in the distributions of the same likelihood
input variable for two different categories of 7 candidate, after
cut (D4): (b) The momentum of leptonic 7 candidates. (c)
The momentum of 1-prong hadronic 7 candidates. (d) The
likelihood distribution after cut (D6)

the highest value of L is chosen as the definitive pair for
each event, and the following requirement is then made:

D7) £>0.93

Table 6 shows the numbers of observed and expected
events after each requirement, along with the detection
efficiency for a signal with Myq = 85 GeV. Two events
survive the selection while the background, predominantly
from four-fermion processes, is estimated to be 2.07 +
0.15 (stat.) events.

5 Results

The detection efficiencies for the different topologies of
signal events, as a function of the leptoquark mass My,q,
are listed in Table 7.

The systematic uncertainties in the number of signal
events for the following sources were evaluated (they are
quoted as relative %):

— The errors due to signal Monte Carlo statistics and
the interpolation errors at an arbitrary point of Mpq

Table 8. Lower mass limits, in GeV, for scalar and vector
leptoquarks as obtained from the present analysis.

(*) LEP1 limits from OPAL.

(*) Minimum allowed value for M. See Figs. 7b and 9b for
limits as functions of .

( * %) This limit is valid for 8 = 1 (i.e. Az = 0 below the
top-quark threshold)

LQ Qem. B 1% gen.  2"% gen. 374 gen.
So —1/3  [0.5,1] 44.2(x)  44.2(x) -
Sy —4/3 1 85.8 85.5 82.7

-2/3 [0,1] 80.8(xx)  T88(kk)  82.2(x * *)
S1/2

-5/3 1 87.0 86.8 -

+1/3 0 71.6 71.6 71.6
Si/2

—-2/3 1 81.8 81.5 76.9

+2/3 0 84.8 84.8 -
Sy —1/3 05 44.2(x)  44.2(x) -

—4/3 1 87.8 87.6 85.8
Vo —2/3 [0.5,1] 85.8(xx) 85.1(xx) -
Vo —5/3 1 90.5 90.4 -

—1/3  [0,1] 88.0(xx) 87.5(xx) -
Vi

—4/3 1 90.1 90.0 -

+2/3 0 87.5 87.5 -
‘71/2

-1/3 88.8 88.6 -

+1/3 0 89.8 89.8 -
i —2/3 0.5 85.8 85.1 -

-5/3 1 90.8 90.7 -

were estimated to be 5-10%, depending on the signal
topology.

— The error associated with the electron and muon iden-
tification method was evaluated using mixed events
constructed by overlaying Z%/y* — qq events with
single hemispheres of Z%* /y* — 1717 (1 = e, u) events
at /s & Mzo [27]. Such events are topologically and
kinematically analogous to qglv events at /s =
183 GeV. This error was found to be 3.2% for electrons
and 2.5% for muons. The error for 7 identification was
evaluated to be 1.2% [26].

— The uncertainty introduced by the modelling of the
variables used in the selections was estimated to con-
tribute with 5-15%. This was evaluated by displacing
the cut values by an amount corresponding to the dif-
ference between the mean values of the data and back-
ground distributions. The corresponding displacement
in the detection efficiencies was taken as a system-
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Fig. 6. (a) The 95% C.L. upper limits of the production cross-
section for scalar LQs of the first and second generation with
B =1 (full lines) as a function of the LQ mass, compared with
the theoretical production cross-sections. (b) Same as (a) for
third generation scalar LQs

atic error. The contributions from each single cut were
added in quadrature. The variables showing the largest
discrepancy in the mean values between the data and
Monte Carlo are the scaled missing transverse momen-
tum, piiss /,/s, used in the selections for classes A and
B, with a difference of 9% and the cosine of the an-
gle between the two leptons, cos(fy), in class C with
about 10%.

The uncertainty in the flavour of the final state quarks
contributes with less than 6% for class A and with less
than 3% for class C. This was evaluated by comparing
the efficiencies corresponding to all the different pos-
sible flavours in a given decay channel, characterized
by the leptons in the final state (for example eTe™uu
and ete~dd for class C, first generation). The value
of the efficiency was taken to be the mean value and
the largest difference between the mean and the single
contributions was taken as a systematic error. In the
case of classes B and D the flavours of the two quarks
are precisely determined by the hypothesis of coupling
within a single generation and (for class D) the top-
quark mass threshold and thus no error is assigned.
The systematic error associated with the fragmenta-
tion of the leptoquark decay products was estimated
to be about 10%. This was evaluated by comparing the
signal efficiencies with the efficiencies obtained by ap-
plying the same selection cuts to signal events in which
the two LQs fragment before they decay.
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— The error on the integrated luminosity was 0.5%.

The errors were considered to be independent and added
in quadrature. A total systematic error of 10-30% was es-
timated on the number of expected background events,
from the following sources: Monte Carlo statistics (10—
20%), modelling of cut variables (10-25%), lepton identi-
fication (1.2-3.2%) and integrated luminosity (0.5%).

No evidence of leptoquark production was observed in
the data. Upper limits at 95% confidence level (C.L.) on
the LQ pair production cross-section o(ete™ — LQLQ)
were computed from the observed numbers of events, the
signal detection efficiencies and the number of expected
background events, using the procedure described in [28].
The uncertainties both on the efficiencies and on the back-
ground were incorporated in the upper limits by numerical
integration, assuming Gaussian distributions, as suggested
in [29]. To obtain the limit at a given point in the plane
B vs MLq, the independent analyses, corresponding to dif-
ferent classes of events, were combined by considering the
total number of expected signal events. For example, for
the first and the second generation, this number is given
by

Ntot

exrp

=0 /ﬁ . [B%€C +28(1 — B)e® + (1 — B)%e]
(5)

90

90
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Fig. 8. (a) The 95% C.L. upper limits of the production cross-
section for vector LQs of the first and second generation with
B =1 (full lines) as a function of the LQ mass, compared with
the theoretical production cross-sections. (b) Same as (a) for
vector LQs of the first and second generation with g = 1/2

where o is the production cross-section, / L is the in-

tegrated luminosity of the data and ¢ are the signal

detection efficiencies for classes A, B and C respectively.
Regions of the plane B vs Mpq excluded at
the 95% C.L. were determined by comparing the upper
limits on the production cross-sections with the total cross-
sections computed by integration of Equations 1 and 2. In
the case of the third generation, limits have been evaluated
for scalar states which decay only either into a 7-lepton
and a b-quark, or into a v, and a b-quark. For the third
generation state S /2(—2/3) only § = 1 can be considered
since below the top-quark threshold only the right-handed
coupling is possible. Figures 6a,b and 7a show the upper
limits of the production cross-sections as functions of the
LQ mass, for scalar LQs with 3 = 0 and § = 1. The limit
on S /2(1/3) is valid for all three generations but the same
is not true for the limit on S7(2/3), since the third gen-
eration state, under the hypothesis of diagonal coupling,
would decay to a top-quark and a v,. Figures 8a,b and
9a show the upper limits of the production cross-sections
as functions of the LQ mass, for vector LQs with § = 1,
B = 0.5 and 8 = 0 respectively. The regions excluded in
the plane 3 vs MLq of the states Sy /2(—2/3), V1/2(—1/3)
and Vp(—2/3), whose [ can range from 0 to 1 (0.5 to 1
for V) according to the relative weights of the left and
right A couplings, are reported in Figs. 7b and 9b for the
first and the second generation. The mass limits obtained

Fig. 9. (a) The 95% C.L. upper limit of the production cross-
section for vector LQs with S = 0 (full line) as a function of
the LQ mass, compared with the theoretical production cross-
sections. (b) The region of the plane 8 vs Mg excluded at
the 95% C.L. for the states Vo(—2/3) and V;,2(—1/3) of the
first and second generation

from the present analysis are summarized in Table 8. Be-
cause of their much smaller cross-sections this search is
not sensitive to the production of the states So(—1/3) and
S1(—1/3), so previous OPAL limits are quoted.

6 Conclusions

A data sample collected with the OPAL detector at
Vs = 183 GeV, corresponding to an integrated luminosity
of 55.9 pb~!, was analysed to search for events with pair
production of scalar and vector leptoquarks. The search
included scalar states of all three generations and vec-
tor states of the first and second generation only. In the
case of vector leptoquarks this is the first pair produc-
tion search at LEP. The present analysis covers the region
of small values of the couplings, A, to fermions (about
from 107% to 1072). No significant excess with respect to
Standard Model predictions was found in the data. Lower
mass limits for leptoquarks were set, under the assumption
that only one leptoquark contributes to the cross-section.
The results improve previous LEP lower limits on scalar
leptoquark masses by 25-40 GeV, depending on the lep-
toquark quantum numbers. With respect to the existing
limits from CDF and DO experiments, mass lower limits
are improved by about 10 GeV, for first and second gener-
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ation, in the region of small values of the branching ratio
of decay to a charged lepton and a quark.
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