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Abstract

We have searched for direct leptoquark production in Z° decays from a scan of
the Z° resonance, in the energy range 88.2 < /s < 94.2 GeV, using 5.2 pb~! of
data. We exclude the existence of scalar leptoquarks with masses less than 41 to
44 GeV, depending on the charge assignments, at the 95% confidence level.
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1 Introduction

Leptoquarks are proposed in theories beyond the Standard Model, such as
GUT’s, composite models, technicolor and superstring models [1]. Leptoquarks
are color triplets under SU(3), which couple to quark-lepton pairs. In some models
their mass can be substantially smaller than the Grand Unification mass [2]. The
electrical charge, the spin, and the weak isospin of the leptoquarks are model depen-
dent, which makes the production cross section dependent on specific assumptions.

In the present search, we estimate the expected rate of scalar leptoquarks pro-
duced in ete~ collisions near the Z° resonance according to the pair production
formula given in [3,4]:

do 3ra? , 9 9
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where 8 = /1 — (4M}/s) is the velocity of the leptoquark, Mp is the mass of
the leptoquark generically called D in this paper, s is the square of the center of
mass energy, and C; contains the propagators and the known couplings for a given
leptoquark charge Qp. At \/s = Mz, the Born cross section reduces to o =~ 0.1433
nb for a leptoquark with Qp = —1/3. We neglect the v, and possible Z contribu-
tions for E(6) type leptoquarks in the s-channel, since these are relatively small in
the region of the Z° resonance. More elaborate calculations, including a t-channel
Yukawa type interaction in addition to the s-channel gauge boson exchanges, are
given in [3,4]. We also ignore the small t-channel contribution in the calculation of
the cross section.

In this analysis we assume three types of leptoquarks, one for each generation,
with an electric charge of @p = —1/3 or 2/3 [5,6]. They decay into a quark and
a lepton belonging to the particular family type. We report on a search for events
containing two jets and two isolated leptons. The best leptoquark mass limit which
has been published to date is given by the AMY collaboration: Mp > 22.6 GeV at
the 95% confidence level [7].

The data used in this analysis were collected during the 1990 LEP running
period. A total integrated luminosity of 5.2 pb~! corresponding to approximately
110,000 hadronic and 9,500 leptonic Z° decays has been recorded.

2 The L3 detector

The L3 detector covers 99% of 47 [8]. It consists of a central tracking chamber,
a high resolution electromagnetic calorimeter composed of bismuth germanium ox-
ide (BGO) crystals, a ring of scintillation counters, a uranium and brass hadron



calorimeter with proportional wire chamber readout, and an accurate muon cham-
ber system. These detectors are located in a 12 m diameter magnet which provides
a uniform field of 0.5 T along the beam direction. Forward BGO arrays, on ei-
ther side of the detector, measure the luminosity by detecting small angle Bhabha,
events.

For the present analysis, we retain data collected in the following ranges of polar
angles where the trigger efficiency is close to 100%:

Central tracking chamber: 40° < 6 < 140°,
Electromagnetic calorimeter: 42° < 6 < 138°,
Hadron calorimeter: 5° < 6 < 175°,

Muon chambers: 36° < 6§ < 144°.

The response of the L3 detector has been modeled with the GEANTS3 [9] detector
simulation program which includes the effects of energy loss, multiple scattering and
showering in the detector materials and the beam pipe. Hadronic showers in the
calorimeters are simulated with the GHEISHA [10] program.

3 Direct search for leptoquarks

We search for leptoquarks in the following event samples:
ete” s ete X, putu X, rtr X, viX.

The signature of a leptoquark event is two leptons and two jets. In order to deter-
mine the acceptance for leptoquark events, we have written a Monte Carlo generator
program and generated events in the mass range 20 to 45 GeV. The generator as-
sumes a sin’ 6 angular dependence [3] and accounts for initial-state radiation. The
fragmentation is done according to the JETSET 7.2 [11] prescription, where the
b-quark fragmentation function is adjusted to match our measured inclusive muon
data [12]. Generated events are passed through the detector simulation program
and are reconstructed in the same way as the data.

The most important contribution to the background is due to hadronic events;
it is computed with the JETSET 7.2 Monte Carlo program. For the estimate of the
background from the reactions ete™ — p*tu~(y) and ete”™ — 7Hr(vy) , we use
the KORALZ Monte Carlo program [13], while the ete™ — ete~(y) background
is determined with the BABAMC Monte Carlo program [14].

All Monte Carlo background events are input to the detector simulation program
and reconstructed by the same program that is used to reconstruct the data.



3.1 ete X — Data sample

The following criteria are used to select the leptoquark candidate events in the

electron sample:

e Two electron candidates each with a minimum energy of 2 GeV must be
observed in the BGO calorimeter. The sum of their energies must be greater
than 20 GeV. At least one of them is required to have an associated track in
the central tracking chamber.

o The electrons must satisfy the following isolation requirement:

EW

cone

/ED + EQ)/E®) <02,

where E{) is the energy of the electron, 7, and E{), is the energy contained
in a cone of 30° around the electron (excluding E().

e The number of clusters (constructed by grouping together neighbouring
calorimeter hits which are likely to be produced by the same particle) in
the calorimeters must be greater than 9, and the visible energy must satisfy:
0.5 < Em',/\/.; < 1.5.

The cluster requirement is used to remove Bhabha events from the data sample.
Hadronic background is removed with the isolation cut.

The above selection criteria yield an acceptance of (36 + 2)% for leptoquark
events near the kinematic limit, where the acceptance directly influences the mass
limit. We observe no events in the data or in the background Monte Carlo sample
after applying these cuts.

3.2 u*pu~X — Data sample

We use the following requirements to select leptoquark candidate events in the
muon sample: '
e The event is required to have two tracks in the muon chambers inside the
fiducial volume | cosf| < 0.8, which satisfy the following requirements:

— At least one track must be associated with a scintillator that has fired
within 3 ns of the bunch crossing, after a correction for the time of flight
has been applied. , '

— Both muons must have a momentum greater than 4 GeV and at least

one must have a momentum of less than 40 GeV. In addition, the sum
of the two momenta must be greater than 15 GeV.



— The distance of closest approach to the interaction point in the transverse
and longitudinal planes must be less than 100 mm for both muons.

e Each of the muons is required to be isolated; a muon is considered to be
isolated if less than 7 GeV has been deposited in the calorimeter in a cone of
15° around the muon track.

e The number of clusters in the calorimeters must be greater than 15, and the
visible energy must satisfy: 0.5 < E,,//s < 1.5.

The vertex and minimum momentum requirements are used to reject calorimeter
punch-through. The number of clusters and maximum momentum cuts remove
ete™ — putu~(v) events from the data sample. Hadronic background events are
removed with the isolation cut.

Near the kinematic limit, these selection criteria give an acceptance of (47+2)%
for leptoquark events. No events are observed in the data or in the Monte Carlo
background sample after applying the above requirements.

3.3 71t~ X — Data sample

The following criteria are used to select leptoquark candidates in the tau sample:

e The event is required to have exactly 4 jets, each with energy greater than
7 GeV, where an isolated muon or electron is considered to be a single jet.

e The event is required to contain at least one isolated electron or muon with
an energy greater than 10 GeV. The lepton is considered to be isolated if
less than an additional 2% of the lepton’s energy is observed in a cone of 30°
around it.

e The number of clusters is required to be greater than 9 and less than 50, and
the total visible energy of the event has to be greater than 40 and less than
75 GeV.

Background from ete~(y) and p*u~(y) events is removed with the requirement
on the minimum number of clusters. The four-jet requirement removes the 7+~
background. All cuts are required to remove hadronic background from the sample.

We obtain an acceptance of (3.0 £ 0.5)% for leptoquark events. This low value
is due to the stringent requirement of an isolated lepton. No events survive the
above requirements in the data or in the background Monte Carlo samples.



3.4 vvX — Data sample

We use the following requirements to select leptoquark candidate events in the

neutrino sample:

e The event must contain exactly two jets, one of which must have an energy
greater than 7 GeV. The angle between the most energetic jet and the beam
axis must be greater than 20°, and the angle between the two jets must be
less than 140°.

o At least 4 charged tracks, with a transverse momentum greater than 50 MeV,
must be observed in the central tracking chamber.

e We find the minimum opening angle cone which contains all of the calorimet-
ric energy, allowing at most 1 GeV outside of it. The projection of all the
calorimetric clusters onto the axis of the cone is then required to be greater

than 0.4Em',.

o The total energy of the event must be less than 75 GeV, the longitudinal
energy imbalance less than 0.8E,;,, and the perpendicular energy imbalance
must be greater than 15 GeV.

The first two cuts remove cosmic ray and beam gas events from the data sample.
Residual background from hadronic and 7+7~(y) events is removed with the last
two cuts.

Near the kinematic limit, these selection criteria give an acceptance of (56 +£2)%
for leptoquark events. No events are observed in the data sample, and only one
ete™ — 7t7~(y) Monte Carlo background event survives the above requirements.

4 Results

Applying the selection criteria described in the last section to the data samples,
we find that no events survive. Only one background Monte Carlo event survives
in the neutrino selection. We calculate the expected number of DD pairs produced
as a function of the leptoquark mass taking into account our acceptances, which
have been conservatively reduced by one standard deviation. Figure 1 shows the
expected number of events for different channels, assuming the branching fractions
shown in Table 1. Because of the high mass of the top quark, decays of leptoquarks
associated with the third family have only one allowed decay mode for the mass
region under study.

In the determination of the rate of etde~d, u*su~3 and 7tbr—b events, we
have assumed the same isospin (I3 = 0) for the Qp = 2/3 as for the Qp = —1/3
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leptoquarks, hence, the production cross section of the Qp = 2/3 leptoquarks is a
factor of 4 larger. We can directly determine a lower mass limit for pair-produced
third-family leptoquarks with Qp = 2/3 from Figure 1; we obtain a limit of 41.6
GeV at the 95% confidence level.

decay channel | @Qp | branching ratio
#

D—-vd -1/3 1/3
D—oeu -1/3 2/3

D —y,s -1/3 1/3

D - puc -1/3 2/3
D—vb -1/3 1

D —r%b +2/3 1

Table 1: Branching fractions for various leptoquark decay modes used to calculate
the expected event rates in Fig. 1, allowing leptoquarks to decay into right-handed
and left-handed leptons and quarks (e.g. for the first generation: D — epug, epug,
vrdr) at equal rate; only one decay mode is allowed for the third family in the
present mass range.

In Figure 2 we show the excluded leptoquark region as a function of the mass
and of the D — lqg and D — y,q branching ratios for Qp = —1/3. By combining
results from the complementary decay modes, within the same generation, we ob-
tain the combined leptoquark mass limits at the 95% confidence level, also shown
in Figure 2. The branching-ratio independent mass limit is then given by the min-
imum of the combined limit and is presented in Table 2. We obtain a conservative
lower mass limit of 43 GeV for the first and second generation leptoquarks. Ex-
pected production rates for Qp = 2/3 leptoquarks are higher than for @p = —1/3
leptoquarks, and therefore the mass limits are also slightly higher.

In ete collisions it is possible to produce single leptoquarks either in Z° de-
cays [5] or via the reaction ey — Du [2]. If the coupling is assumed to be the same
as the electroweak coupling, the production cross sections are low and the number
of expected events is marginal in the accessible mass region given our integrated



acceptance near the | leptoquark mass
channel Qp | kinematic limit [%) limit [GeV]
—r

DD — e uetu | -1/3 36+2

DD - v.dv.d | -1/3 56+2 43.2
DD — yu~cute | -1/3 4712

DD - v,s7,35 | -1/3 5642 43.4
DD — etde~d | +2/3 36+2

DD - Duva | +2/3 5642 44.6
DD — ptsu~3 | +2/3 4712

DD - v,cv,E | +2/3 5642 44.7
DD — rtbr b | +2/3 3.040.5 41.6

Table 2: Experimental acceptances near the kinematic limit of 45 GeV and the 95%
confidence level lower mass limits for pair-produced leptoquarks. The mass limits
are branching ratio independent.



luminosity. We determine our acceptance for such events by applying the same
cuts as for the pair-produced leptoquarks to Monte Carlo samples of isotropically
produced leptoquarks with masses of 50 to 70 GeV. We obtain acceptances for the
ete™X, ptp~X and vTX channels between 33% and 50%, depending on the spe-
cific decay mode. No leptoquark candidates are found in this search. This yields
upper limits on the products of the branching ratio times the cross section of 2.7,
2.5 and 1.6 pb for the three channels respectively at the 95% confidence level.

5 Conclusions

We have searched for direct leptoquark production in Z° decays from a scan of
the Z° resonance in the energy range 88.2 < /s < 94.2 GeV with 5.2 pb~! of
data. We exclude the existence of pair-produced scalar leptoquarks with masses less
than 41 to 44 GeV, depending on the charge assignments, at the 95% confidence
level.
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Figure captions

Figure 1 Expected number of leptoquark pair events as a function of the leptoquark
mass taking into account the branching ratios given in Table 1 and our accep-
tances in Table 2. The solid lines correspond to a leptoquark charge of -1/3
and the dashed line to a leptoquark charge of 2/3. Our 95% confidence level
upper limit on the number of events is also shown.

Figure 2 The excluded region at the 95% confidence level in terms of the mass and
branching ratios, BR, for the decay modes of the leptoquarks belonging to
the a) electron and b) muon family (Qp = —3%). The mass limit found by
combining the two decay modes is also shown.
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