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A search for any resonant state coupled to an electron and a proton constituent has been performed using collisions 
of electron and proton beams at HERA. In a sample with integrated luminosity of 26 nb-  I, no evidence has been found 
for production of leptoquarks with decays to e -  + jet or v + jet. Limits on the coupling strength of scalar leptoquarks 
to electron and quark have been determined for masses above 25 GeV. For example, scalar isosinglet leptoquarks 
(So) with electroweak coupling strength to (e-u)  states are ruled out at the 95% confidence level for masses below 
168 GeV for left-handed couplings and below 176 GeV for right-handed couplings. 
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1. Introduction 2. Production and decay of scalar leptoquarks 

In the standard model of elementary particles, lep- 
tons and quarks interact with each other only through 
electroweak forces. New lepton-quark forces could re- 
sult in leptoquark states (LQ) coupled to leptons and 
quarks that are not predicted in the standard model. 
For example, point-like leptoquarks in many exten- 
sions of the standard model [ 1 ] mediate new forces 
between quarks and leptons. A set of such elementary 
bosons has been compiled [2,3] and constraints on 
various leptoquark couplings have been estimated [4] 
under specific assumptions from low energy measure- 
ments and from the equality of the weak constants in 
/~-decay and muon decay. 

Leptoquark pair-production has been sought in 
experiments at e+e - and hadron-hadron colliders. 
Their production relies on the coupling of Z ° to the 
leptoquark pairs via electroweak charge for e+e - and 
on the coupling of gluons to the leptoquark pairs via 
color for hadron colliders. Hence, such collider exper- 
iments do not depend on the leptoquark coupling to 
lepton and quark but may be sensitive to other prop- 
erties of the leptoquark state, such as spatial extent 
or additional couplings. Experiments from LEP [5] 
limit elementary leptoquarks to masses above 44 GeV 
for any branching fraction, b, for decay to e + jet. 
Comparable limits are quoted by UA2 for b = 0.12, 
but extend to a mass of 74 GeV for b = 1 [6]. CDF 
limits [7] from 45 to l l3 GeV have been reported 
for b from 0.1 to 1.0. 

The electron-proton collider, HERA, permits a nat- 
ural and complementary technique in that a single lep- 
toquark state may be produced. Here the production 
depends directly on the lepton-quark coupling to the 
leptoquark, and does not depend on other couplings 
or on the size of the LQ state. Preliminary results 
have been presented by H1 and ZEUS on this ques- 
tion [8]. In this experiment, the ZEUS Collaboration 
used data taken from collisions of 820 GeV protons 
with 26.7 GeV electrons. Evidence was sought for lep- 
toquarks in a selected sample of 1659 neutral current 
and 2 charged current candidate events correspond- 
ing to an integrated luminosity of 26 nb -1. 

At HERA, any state coupled to an electron and 
a proton constituent will be formed as a resonance 
in the s-channel if there is adequate energy to pro- 
duce it. Take as one example a spin-0 leptoquark of 
mass, MLQ, coupled to e-  and u. Such a state is pro- 
duced with a Breit-Wigner amplitude which peaks at 

= ML2Q, where ~ is the square of the center-of-mass 
energy between the incident electron and the struck 
quark. Since the fractional momentum of this quark is 
given by the Bjorken x-variable, then J = xs. Hence, 
with the ep center-of-mass energy (v~ = 296 GeV) 
fixed by the collider beam energies, production and 
decay of a leptoquark state will be signaled by a reso- 
nant peak in the x-distribution of neutral current type 
(NC) events 

e -  + p ~ e -  + X  (1) 

at 

 t£Q 
x0 - (2) 

S 

The dominant contribution to the cross-section over 
regions of interest for reaction 1 at x # x0 is from 
deep-inelastic scattering (DIS) involving vector- 
boson exchange. Other terms, including cross-channel 
leptoquark exchange, are small for the masses and 
couplings discussed here. The total cross-section [2] 
for LQ production, for small resonant widths and 
ignoring radiative corrections and DIS-LQ interfer- 
ence, is 

/ t  2 
tr = ~sg  U(Xo, l t ) ,  (3) 

where u (x0, #) is the probability density for finding 
a u-quark at x = x0; the scale, #, is taken to be # = 
MLQ. The coupling, g = V~n 2 + g2, is composed of 
the left-handed (gL) and right-handed (gR) couplings 
at the electron-quark-leptoquark vertex. More gen- 
erally, equation (3) applies in the narrow width ap- 
proximation for any spin-0 resonant state of electron 
and quark (or anti-quark) by substitution of the ap- 
propriate parton density for u (x0, #). (We take the 
coupling as either left- or right-handed: gg = 0 or 
gL = 0.) Though these couplings are completely un- 
specified in the general case, the usual reference value 
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for gL or gR is 4nv/-4-~-d~rw ~ 0.31 at g = MLQ. The 
width of the leptoquark (per decay channel) for this 
"electroweak" coupling is F ~ 0.002MLQ. Over the 
range of masses and couplings discussed here, intrin- 
sic widths for produced leptoquarks are small com- 
pared to experimental resolutions. Conversely, widths 
are large enough so that leptoquarks decay promptly 
in the experimental apparatus. 

Flavor-conserving leptoquarks with left-handed 
coupling of appropriate electric charge decay to the 
final state (1) but may also decay to the final state 
typical of charged current (CC) processes: 

e - + p ~ u e +  X. (4) 

We denote the branching fraction for LQ decay to ( 1 ) 
as b = FNc/(FNC + 1-'cc). Scalar e--induced lepto- 
quarks with right-handed coupling or with left-handed 
coupling and electric charge, q # - ] ,  are forbidden 
to decay into the CC final state (4), so b = 1 for such 
states (see table 3.) 

The scaling variable y is related to the decay po- 
lar angle, 0", in the LQ rest frame by 1 - y = ( 1 + 
cos 0* )/2. The y-dependence of the leptoquark cross- 
section is a direct consequence of the leptoquark spin. 
For the scalar case taken here, the cross-section is in- 
dependent of y. 

The major backgrounds to a leptoquark resonance 
arise from the DIS continuum. The NC background 
from DIS is dominated by photon exchange and so 
gives a rate proportional to 1/Q4 = 1/s2x2y 2. At fixed 
x, this rate falls quickly with y whereas leptoquarks 
will give a much flatter y-dependence. Removing NC 
events at small y discards a large fraction of the DIS 
continuum with relatively small penalty to a lepto- 
quark signal. This is also true after inclusion of ra- 
diative effects. For our integrated luminosity, the CC 
background is expected to be small (1.1 events after 
all selections). 

The LQ search region extended from masses of 
25 (50) GeV up to the kinematic limit for the event 
samples corresponding to reactions (1) and (4), 
respectively. 

3. Data taking and simulation 

The ZEUS detector has been described in several 
recent publications [9-11 ]. The large solid angle pre- 
cision calorimeter, the central tracking detector, and 
the luminosity monitor (LUMI) were the principal 
components used for this analysis. The calorimeter 
consists of three structures: FCAL, in the direction of 
the proton beam (0 = 0 °); BCAL, covering the cen- 
tral region; and RCAL, in the direction of the electron 
beam (0 = 180 ° ). The calorimeter readout [ 12 ] pro- 
vided energy [ 13,14 ] and time with high precision and 
low noise for each of the 5918 cells instrumented with 
two photomultipliers (PMT) on each cell. For the 
tracking, only coarse trigger information [ 15] from 
the central tracking detector (CTD) was used for this 
analysis. The LUMI detectors measured final state 
electrons and photons in the direction of the incident 
electron beam, both to provide a luminosity measure- 
ment from bremsstrahlung events, and to provide in- 
formation for analysis of events with coincident e's 
and 7's. 

Data were accumulated while HERA operated with 
9 colliding electron and proton bunches; single addi- 
tional unpaired "pilot" bunches of electrons and pro- 
tons permitted estimation of beam-associated back- 
grounds. The vertex distribution along the beam direc- 
tion had az ~ 25 cm RMS originating from the proton 
bunch length. Triggering of data utilized sums over 
calorimeter ceils [9], the most important of which 
were electromagnetic towers with typical thresholds 
of 2.5 GeV. The trigger acceptance for LQ decaying 
into the NC final states ( 1 ), as estimated from Monte 
Carlo trigger simulation, was greater than 99%. The 
trigger acceptance for decays into CC final states (4) 
was greater than 79% over the search range. 

The kinematic quantities x, y, and Q2 were de- 
termined from measurements of calorimeter ener- 
gies. The algorithms [16] to evaluate all variables 
were described in more detail in a previous publi- 
cation [9]. For y, the Jacquet-Blondel algorithm 
which uses only hadronic quantities was used (YJB); 
for Q2, electron measurements were employed for 
NC and hadronic measurements for CC; for x, the 
double-angle method "XDA" was used for NC events 
and "xjB" for CC events. It should be noted that XDA 
depends little on overall energy calibration. 

Simulation of leptoquarks and calculation of LQ 
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production cross-sections were accomplished using 
the Monte Carlo program PYTHIA [17] assum- 
ing electroweak coupling, with MTB1 parton densi- 
ties [ 18] and including radiat ive corrections. Inter- 
ference between DIS and LQ ampli tudes was not in- 
cluded and will be discussed in the section on results. 
Over the kinematic regions of  importance,  the Born 
cross-sections agree well with calculations from the 
generator L Q U A R K  [ 19 ] with the same assumptions. 

Monte Carlo simulation of  the detector was ac- 
complished for both DIS and LQ configurations 
using MOZART,  the ZEUS simulation in GEANT 
3.13 [ 20]. The response of  the calorimeter  measured 
with test-beams [13,14] was used to set parame- 
ters and to check the validi ty of  the simulation. At 
present, we estimate from comparisons with data  that 
the simulation systematically reproduces energies to 
about 5%. Monte Carlo events and data  events were 
processed through identical selection and analysis 
chains. 

4. Fiducial sample selection 

The triggered sample of  about four mill ion candi- 
dates was subjected to a series of  cuts whose purpose 
was to separate DIS events from other backgrounds 
and to provide an NC fiducial sample for studies of  
non-DIS backgrounds and for val idat ion of  Monte 
Carlo calculated LQ efficiencies. Quanti t ies used to 
select NC and CC events are (a) the net (or missing) 
transverse momentum in the event, Pr ,  which should 
be zero for NC events and non-zero for CC events 
due to the undetected final state neutrino; and (b) the 
longitudinal energy variable, ~ = ~ Ei ( 1 - cos Oi ), 
obtained as a sum over all calorimeter  cells with en- 
ergies, Ei, and angles, Oi, relative to the interaction 
point. The value of  8 should be near twice the electron 
beam energy for NC events and less than this value 
for CC events. 

The initial selection for NC-type events required 
that an isolated electron candidate be found and that 
8 > 20 GeV. The fraction of  the candidates that satis- 
fied these requirements increased as the machine lu- 
minosity and trigger discr iminat ion improved,  rang- 
ing from 3% during early running to 12% at the end. 
For  the CC selection, events were required to have 

Table 1 
Cuts for fiducial and final candidate samples. 

Selection NC: e + jet CC: v + jet 

Preselection 20491 7579 
Elumi "( 5 GeV 16955 7508 
ep bunch 16670 6507 
Final timing 16548 6369 
Good vertex 12369 751 
e -  found: Ee > 10 GeV 4500 
PT conserved 4496 - 

fiducial samples 4496 751 

30 < ~ < 60 GeV 4260 - 
YJB > 0.1 1659 - 
cone cut: PT > 10 GeV - 23 
YJB < 1 1659 12 
CC scan - 2 

LQ search samples 1659 2 

Pr > 10 GeV. Approximately 2% of  the triggers sat- 
isfied this requirement.  

Both NC and CC samples were subjected to further 
cuts that removed events with topologies of  cosmic 
ray showers and false triggers resulting from single 
large PMT pulses. Calorimeter  t iming requirements 
removed interactions of  protons inside the beam pipe 
upstream of  the detector. The procedure, similar to 
that described previously for a subset of  this data [9], 
further reduced the samples by more than an order  
of  magnitude. Timing distr ibutions at this and sub- 
sequent stages showed that these cuts were conser- 
vatively larger than the t iming resolutions (~  1 ns). 
These pre-selections provided 20 491 NC candidates 
and 7579 CC candidates. 

Table 1 shows the effects of  subsequent cuts on 
these samples. Photoproduct ion backgrounds contain 
events with a recoil electron that misses RCAL. An 
electron in the electron beam direction may be sig- 
nalled by a coincident energy deposit ion in the elec- 
tron arm of  the LUMI detector. A cut on the LUMI  
electron energy, Elumi <~ 5 GeV, was imposed. Events 
were then required to occur in one of  the nine match- 
ing RF-bunches with electrons and protons. Tighter 
t iming cuts further reduced the samples slightly and 
removed addit ional  beam-associated backgrounds. 

The events were required to have a good vertex, 
defined as having at least one good track pointing to 
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within 8 cm of the beam line and beam coordinate, z, 
within 75 cm of the nominal interaction point from 
at least one of two tracking algorithms. This cut sub- 
stantially reduced both the NC and CC samples; the 
efficiency of this procedure for leptoquarks will be 
addressed later. All subsequent calculations of kine- 
matic quantities use z and the transverse coordinates 
of the beam line as the interaction vertex position. 

Two additional cuts specific to the NC sample are 
shown in table 1. The first utilized an electron-finding 
algorithm based solely on the spatial energy deposi- 
tion compared to that characteristic of isolated elec- 
trons. The process used the characteristics of electron 
and hadron showers from test beam data [ 13,14 ], al- 
lowing for somewhat larger transverse sizes of elec- 
tron showers expected due to material in front of the 
calorimeter. Electron finding did not require a recon- 
structed track in the CTD. The electron energy was re- 
quired to be greater than 10 GeV; this substantially re- 
duced background from photoproduction while hav- 
ing a negligible effect on the efficiency for LQ decays 
with MLQ > 50 GeV. Finally, a "fiducial NC sample" 
of 4496 events was specified by requiring pr less than 
the larger of 10 GeV or 2v/-E-~ GeV, where Er is the 
total transverse energy in GeV. 

The backgrounds to LQ production from processes 
other than DIS in the fiducial NC sample are small. 
Events induced by cosmic ray interactions or from 
false calorimeter triggers are obvious from visual 
examination of event displays. The fraction of such 
background in the sample, determined by a scan of a 
subset, is found to be less than 0.1% (90% CL). 

To test for false events triggered by proton beam in- 
teractions with stationary targets (such as gas) in the 
beampipe, the selections in table 1 were repeated with 
the "ep bunch" selection replaced by requiring events 
from the unpaired proton pilot bunch. No event sur- 
vived this selection, implying that this background 
constitutes less than 0.5% (90% CL) of the fiducial 
NC sample. In a similar manner, background from 
electron beam interactions with stationary targets is 
estimated from events in the electron pilot bunch to 
be (0.6 + 0.3)%. 

Other than DIS, the largest expected background is 
from low Q2 photoproduction processes in which the 
final state electron misses the calorimeter and a false 
electron is found in the debris of a hadron shower. 
(Such false electrons are most likely to come from de- 

cays of n o -~ 7 + 7. ) Monte Carlo studies [ 9 ] indicate 
that about one-quarter ofphotoproduction events will 
have an electron tagged by the LUMI detector. This 
fraction is consistent with that obtained from analy- 
sis of hard photoproduction processes [10]. The se- 
lection for the NC fiducial sample was repeated, re- 
placing the Elumi < 5 GeV requirement with glumi > 
5 GeV; that is, requiring the presence of an elec- 
tron. The 91 observed events permitted an estimate of 
(3.5 + 2.5)% for the photoproduction background in 
the fiducial NC sample. This background level would 
be a problem only if such events were to preferentially 
populate large x. 

Indeed, a dangerous potential background for lep- 
toquark searches comes from processes, like photo- 
production, that may contain false wide angle elec- 
trons which in turn may produce false large values 
of x (or MLQ). Since such backgrounds arise largely 
from photon conversions, they will have no associated 
charged track in the CTD. The 944 events of the fidu- 
cial sample with wide angle electrons (10 ° < 0e < 
170 ° ) were examined using the CTD, which had not 
been used in the electron finding algorithm. The 11 
events without evidence for a charged track provided 
an independent estimate of the background fraction 
for false wide angle electron events of (1.2 + 0.4)%. 
This demonstrates that backgrounds other than DIS 
do not preferentially populate the large x region. 

5. Detection efficiency studies 

Neutral current DIS events have predominantly 
small Q2 (0e near 180 ° ) and so have a different topol- 
ogy compared to the wide electron and jet angles char- 
acteristic of LQ decays. The vertex requirement was 
essential for rejection of backgrounds and for good 
mass resolution. To confirm that the Monte Carlo 
calculation of vertex-finding efficiency was valid, 
the data selection was repeated without the vertex 
requirement, but requiring some energy deposition 
in the FCAL (> 1 GeV) to keep backgrounds small. 
The fraction of these events with a reconstructed ver- 
tex was determined, and the process was repeated for 
the Monte Carlo DIS events. The efficiency obtained 
in this way for the data was etot = 0.66; that deter- 
mined by the Monte Carlo calculation agreed within 
1%. More importantly, only six of the 60 data events 
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with electron angles in the range (37 ° < 0e < 143 °) 
were found to have a missed vertex, in quanti tat ive 
agreement with the Monte Carlo predict ion of  4.8 
missed vertex events with these wide angles. 

The sample of  933 events with val idated elec- 
trons (described in the previous section) was further 
checked to corroborate whether events with a wide 
angle electron had a well-determined electron track. 
For  the 152 events with 0e < 154 °, the efficiency for 
finding an electron track was etrk = 0.95 -4- 0.02. This 
high value gives confidence that the efficiency of  the 
tracking and vertex reconstruction for LQ decays 
through the NC mode, in which both a wide angle 
electron and addit ional  hadrons are typically present, 
is high. 

In order to corroborate that the vertex finding effi- 
ciency for CC events was properly simulated, the frac- 
t ion of  events with multi- track vertices in the fidu- 
cial NC sample was calculated. From one tracking al- 
gorithm, this fraction (79%) was about 4% less than 
the Monte Carlo estimate; for the other algorithm, the 
data fraction (87%) was by about 5% larger than the 
Monte Carlo calculation. We conclude that the sim- 
ulation of  vertex efficiency for CC decays of  LQ and 
for CC events is adequately represented by the simu- 
lation. 

6. Final leptoquark selection 

Subsequent cuts to isolate an LQ signal in the NC 
sample are shown in table 1. The requirement for 
to lie within conservative l imits removes more photo- 
production background. The cut on YJB removes a sub- 
stantial fraction of  the low Q2 DIS events, as described 
earlier. The final sample for the LQ search consisted 
of  1659 events, dominated  by DIS, with other back- 
grounds at the small fractional levels similar to those 
of  the fiducial NC sample discussed previously. 

Fig. 1 shows the XDA-distribution of  the 465 events 
with Xon > 0.001 for this final NC sample (circles) 
compared with the Monte Carlo prediction. The pre- 
dicted rate (unshaded dashed histogram) is normal- 
ized to the data luminosity,  f Z~ dt = 26.0+2.6  nb -~. 
The figure indicates that the agreement with the 
Monte Carlo prediction, using MTB 1 structure func- 
tions [18], is reasonable for Xon > 0.01, where mea- 
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Fig. 1. Distribution in XDA of the 465 events with 
XDA > 0.001 in the final NC search sample (1659 candi- 
dates). The data (circles) are shown with statistical error 
bars. The Monte Carlo prediction, normalized to the data 
luminosity, is shown as the open dashed histogram. The 
shaded histogram at XDA ,~ 0.25 corresponds to the ex- 
pected signal from a leptoquark of mass MLQ = 150 GeV 
with electroweak coupling. The same distribution on an ex- 
panded scale is shown in the inset at the upper right of the 
figure. 

surements of  structure functions exist at lower ener- 
gies and the acceptance of  the ZEUS detector is high. 

The 751 CC candidates remaining after the vertex 
requirement were found to consist pr imari ly  of  halo 
protons or secondaries interacting in a col l imator  ad- 
jacent  to the FCAL. These interactions asymmetri-  
cally deposited large amounts of  energy in the FCAL 
near the beam pipe, resulting in triggers with unbal- 
anced transverse momentum,  but  with energy deposits 
at small angles. A procedure which is largely inde- 
pendent  of  the details of  fragmentation was devised 
to select CC candidates with good efficiency. This in- 
volved a recalculation of  the net p r  for each candi- 
date, using the vertex, and ignoring all energy within 
a cone of  13.8 ° in the FCAL adjacent to the beam 
pipe. Imposing the transverse momentum selection 
with this algorithm (cone cut) reduced the sample to 
23 events. The reduction in efficiency for detection of  
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Table 2 
Charged current event candidates. 

Variable Event A Event B 

PT (GeV) 14+3 94+11 
x 0.014 + 0.003 0.44 -4- 0.09 
y 0.20 + 0.05 0.35 4- 0.12 
Q2 (GeV 2) 245 -4- 70 14000 ~= 3000 

leptoquarks of mass  MLQ ----- 150 GeV resulting from 
application of the cone algorithm was about 3%. Fur- 
thermore, it was ver i fed  from the NC fiducial sam- 
ple that the small shifts in calculated Pr created by 
the cone cut were well described by the Monte Carlo 
simulation. 

Of the 23 remaining CC candidates, the 11 events 
with unphysical values of the y-variable (y > 1 ) were 
removed. On examination, all of these proved to be 
background. The remaining 12 events were scanned; 
7 were found to have been induced by cosmic rays, 
2 were from interactions of the proton beam up- 
stream of the detector, 1 was an NC event with a 
well-identified electron in the final state but with the 
vertex wrongly reconstructed, 1 was a candidate CC 
event (event A) and 1 event was a clear CC event 
(event B) with the interesting characteristics shown 
in table 2. 

Both events A and B were retained for the purposes 
of the LQ search. The number  of CC events from DIS 
mechanisms expected for the measured luminosity af- 
ter all cuts is 1.1 events, consistent with the number  
observed. 

7. Results 

The data of fig. 1 and of table 2 give no signif- 
icant indication for leptoquark production and de- 
cay. We therefore establish limits on the cross-section 
and couplings for leptoquark production and decay to 
e + j e t  (1) a n d u  + j e t  (4). 

For LQ ~ e + jet (NC mode),  efficiencies and 
reconstructed quantities were calculated using sam- 
ples of 1000 Monte Carlo events at each of 10 differ- 
ent mass values. Measured variables were calculated 
and triggering/filtering cuts were applied in a man- 
ner identical to the data. An example of the recon- 
structed distribution of XDA for events expected for 

electroweak coupling with MLQ = 150 GeV is shown 
as shaded histograms in fig. 1. Such distributions were 
fit in the peak region with a gaussian function to ob- 
tain a mean (#x) and standard deviation (trx) for XDA. 
The overall efficiency, including triggering, all cuts, 
and the probability to be within ±3ax Of#x was eval- 
uated. This efficiency was between 40% and 60% over 
the LQ mass search range of 25 to 220 GeV. The re- 
quirement of an isolated electron and the cut y > 0.1 
account for about 20% of the inefficiency. 

For LQ ~ u + jet (CC mode), a similar proce- 
dure was followed with one important  difference. The 
search variable, xjB, had typical resolution a factor 
two larger than the NC case in which XDA was used 
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Fig. 2. The 95% confidence upper limits on the couplings 
of scalar leptoquarks with zero weak isospin and fermion 
number F = - 2  versus the leptoquark mass in GeV. (a) 
The right-handed coupling limit from the NC decay mode 
with b = 1. (b) Assuming b = ½, the left-handed cou- 
pling calculated from the NC data sample (dotted), from 
the CC data sample (dashed), and from the combined sam- 
ples (solid). To obtain the limit for other branching fraction 
assumptions, the ordinate of the NC (CC) curve should be 
multiplied by 0 . k / / ~  [ ~0.5/(1 - b) ]. Because the limits 
from NC and CC are similar at larger masses, the combined 
left-handed coupling limit at large mass is largely indepen- 
dent of b. 
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Table 3 
Mass limits (GeV) on scalar leptoquarks for g = 0.31 at 95% CL. 

27May 1993 

LQ type q F lwk Left-handed 

quark b 

Right-handed 

limit quark b limit 

So _ !  - 2  0 u 
So --~ - 2  0 - 
Sl ~ 4 --2 1 U, d 
S ' / 2 ~ [ ~3 0 21 -~ , _ 

l 1 6 8  u 1 176 
- - d 1 146 
4,1 184 - - - 
1 , -  92 ~ ,d  1 108 
1 9 2  - - - 

and for which ax ~ 0.1 #x. The overall efficiency was 
between 65% and 75% over the CC search range. 

At each candidate mass, the search region (/~x 5: 
3ax) was specified from the simulation. Within this 
region the number  of  data events was counted, and 
the number  of  background events was obtained from 
the DIS Monte Carlo simulation normalized to the 
measured luminosity (which agrees with the observed 
DIS data) .  These values were used to determine the 
number  of  LQ events to which the experiment was 
sensitive at the 95% confidence level (CL) using the 
expression for Poisson probabil i ty  limits in the pres- 
ence of  background [21 ]. This number  of  events, di- 
vided by efficiency and measured luminosity,  pro- 
vides the sensitive cross-section at the same confi- 
dence level [22 ]. The coupling limit then follows from 
the cross-sections, evaluated with PYTHIA at elec- 
troweak coupling, and scaled to different couplings at 
the same mass using equation (3). 

Fig. 2 shows the 95% confidence limits on coupling 
constant versus MLQ for scalar isosinglet leptoquarks 
(So) with (e -u)  quantum numbers for (a) right- 
handed coupling; and (b) left-handed coupling. In the 
former case, only the neutral current data contribute; 
in the latter case, limits are shown from neutral cur- 
rent data (dotted)  and from charged current data 
(dashed) assuming the branching fraction to each 
equals ½. Note that the sensitivity is comparable for 
the two decay modes at high masses. The solid curve 
shows the l imit  for the combined NC and CC data 
also for b = ½. At high masses the l imit  would be 
similar for any branching fraction. 

The uncertainties in this procedure include those 
due to luminosity (10%) and to LQ inefficiency, e. 
We estimate the latter to be a, = 0.1 e. Together these 
create uncertainties in the l imit  on g of  fig. 2 o f±7%.  

If  these normalizat ion errors are treated as random 
gaussian errors for calculation of  probabili ty,  the sys- 
tematic shift in the l imit  on g is less than 1.5% up- 
ward. 

For  convenience of calculation, the terms due to 
interference between DIS and LQ production have 
been ignored. Such terms generally increase the cross- 
section; if  they were included, the l imits on g would 
shift downward by less than 1% at lower masses and 
downward by about 3% at MLQ = 200 GeV. 

Finally, the set of  structure functions used to cal- 
culate the curves of  fig. 2 (MTB1) is but one of  a 
large group of  such phenomenological fits. Compar-  
ison with the MRSD0 structure functions [23], for 
example, indicates that the limits on g could change 
by - 8 %  to + 4% over the range of  masses from 25 to 
225 GeV. Different scale assumptions (/~ ~ Q versus 
MLQ ) have a negligible effect. 

Limits were obtained for other leptoquark types 
by employing appropriate  quark densities in expres- 
sions analogous to equation (3). Table 3 gives the 
mass limits, assuming electroweak coupling, for var- 
ious scalar leptoquarks catalogued with invariant  
S U ( 3 ) × S U ( 2 ) x U ( I  ) couplings [2,3]. The columns 
provide the charge (q),  fermion number  ( F ) ,  weak 
isospin (Iwk), and the flavor. Mass degeneracy is as- 
sumed for charge multiplets. For  those LQ which can 
decay into both NC and CC modes, the table assumes 
equal branching fractions (b),  but the l imit  is within 
2 GeV of  that tabulated for any branching fraction. 

8 .  C o n c l u s i o n s  

This leptoquark search, with an integrated luminos- 
ity of  26 nb -~ , utilized selected samples of  1659 e + j e t  
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(NC) and two v + je t  (CC) event candidates.  These 
samples, consistent with deep inelastic mechanisms, 
show no significant indicat ion of  a leptoquark reso- 
nance. 

Monte Carlo studies indicate that the efficiency for 
selecting the high transverse momentum final states of  
LQ decay is typically 50% (70%) for NC (CC) final 
states. Various redundant  checks on the triggering and 
selections were appl ied to a fiducial sample of  4496 
NC events. 

Fig. 2 shows the l imits at 95% confidence of  L Q -  
e lec t ron-quark  coupling for the (e-u) LQ decay to 
NC and CC final states. The combined l imit  on left- 
handed coupling is largely independent  of  decay mode 
for MLQ > 160 GeV. For  coupling equal to that ofelec- 
troweak interactions, the mass l imits for left-handed 
coupling to (e-u) states is 168 GeV, and for right- 
handed coupling is 176 GeV. Table 3 also gives mass 
limits at 95% confidence for a sample of  other possi- 
ble scalar leptoquark states. 
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