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A search for narrow-width resonances that decay into electron1jet or neutrino1jet has been performed with
the ZEUS detector at the DESYep collider HERA operating at center-of-mass energies of 300 and 318 GeV.
An integratede1p luminosity of 114.8 pb21 ande2p luminosity of 16.7 pb21 were used. No evidence for any
resonance was found. Limits were derived on the Yukawa couplingl as a function of the mass of a hypo-
thetical resonance that has arbitrary decay branching ratios intoeq or nq. These limits also apply to squarks
predicted byR-parity-violating supersymmetry. Limits for the production of leptoquarks described by the
Buchmüller-Rückl-Wyler model were also derived for masses up to 400 GeV. Forl50.1, leptoquark masses
up to 290 GeV are excluded.

DOI: 10.1103/PhysRevD.68.052004 PACS number~s!: 13.60.2r, 14.80.2j
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I. INTRODUCTION

Many extensions of the standard model~SM! predict the
existence of particles carrying both baryon and lepton nu
bers, such as leptoquarks~LQs! @1# or squarks@in R-parity-
violating (R” p) supersymmetry# @2#. In ep collisions at the
DESY ep collider HERA, such states may be produced
rectly through electron1-quark fusion, with subsequent deca
into on electron and quark or neutrino and quark, yield
peaks in the spectra of the final-state lepton-jet invari
massMl j . This paper presents a search for such reson
states.

The only significant backgrounds to high-mass resona

aAlso affiliated with University College London, UK.
bOn leave from University of Erlangen-Nu¨rnberg, Germany.
cPresent address: Sparkasse Koeln, Germany.
dPresent address: Dongshin University, Naju, Korea.
ePresent address: Max-Planck-Institut fu¨r Physik, München/

Germany.
fPresent address: Fermilab, Batavia, IL, USA.
gPresent address: DESY group FEB, Hamburg, Germany.
hOn leave from Columbia Univ., Nevis Labs., NY, USA.
iPresent address: CERN, Geneva, Switzerland.
jPresent address: INFN Perugia, Perugia, Italy.
kPresent address: Univ. of Oxford, Oxford, UK.
lPresent address: University of Tokyo, Japan
mOn leave from The National Science Foundation, Arlington, V

USA.
nPresent address: Univ. of London, Queen Mary College, Lond

UK.
oPresent address: Tokyo Metropolitan University of Health S

ences, Tokyo 116-8551, Japan.
pAlso at Universita` del Piemonte Orientale, Novara, Italy.
qAlso at Łódź University, Poland.
rPresent address: Ło´dź University, Poland.
sOn leave from MSU, partly supported by University of Wisco

sin via the U.S.-Israel BSF.
1Unless otherwise specified, ‘‘electron’’ refers to both positron a

electron and ‘‘neutrino’’ refers to both neutrino and antineutrino
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production arise from neutral current~NC! and charged cur-
rent ~CC! deep inelastic scattering~DIS!, as illustrated in
Figs. 1~a! and 1~b!. While a resonance with a mass below t
HERA center-of-mass energy,As, would give rise to a nar-
row peak in theMl j spectrum, the backgrounds from NC an
CC fall rapidly at high mass due to the dependence of
cross section onQ2, the virtuality of the exchanged boson
and to the sharply falling valence-quark density at lar
Bjorkenx. The variableu* , the lepton scattering angle in th
lepton-jet center-of-mass frame, can be used to reduce
DIS backgrounds. The decay of a resonance results in
angular distribution different from those produced by S
processes: a scalar resonance, for example, will have a
distribution in cosu* , while NC DIS events follow approxi-
mately a 1/(12cosu* )2 distribution.

The data were used to investigate the production of re
nances. In the absence of a narrow resonance signal, li
can be set on the production of resonances with masses
low As and with the assumption of narrow width, as show
in Fig. 1~c!. In addition, specific limits on the production o
Buchmüller-Rückl-Wyler ~BRW! LQs @1# with masses both
below and aboveAs can be obtained. Because backgroun
fall sharply at largeMl j , the data are sensitive to LQs vi
exchange terms, shown in Fig. 1~d!, as well as interference
terms with SM processes. The narrow-width assumption
not necessary for setting limits in the BRW model.

The present results supersede previous analyses@3,4#.
They are based on all data collected by the ZEUS experim
in the period from 1994 to 2000. After 1998, the HER
center-of-mass energy was increased from 300 to 318 G

II. EXPERIMENTAL CONDITIONS

The ZEUS detector is described in detail elsewhere@5#.
The main components used in the present analysis are
central tracking detector~CTD! and the uranium-scintillator
sampling calorimeter~CAL!.

Charged particles are tracked in the CTD@6#, which op-
erates in a magnetic field of 1.43 T provided by a thin sup
conducting solenoid. The CTD consists of 72 cylindric

,

n,

-

d
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drift chamber layers, organized in nine superlayers cove
the polar-angle region 15°,u,164°. The transverse
momentum resolution for full-length tracks iss(pT)/pT

50.0058pT% 0.0065% 0.0014/pT , with pT in GeV.
The CAL @7# consists of three parts: the forward2 ~FCAL!,

the barrel~BCAL!, and the rear~RCAL! calorimeters. Each
part is divided into modules, which are subdivided tran
versely into towers and longitudinally into one electroma
netic section and either one~in RCAL! or two ~in BCAL and
FCAL! hadronic sections. The smallest subdivision of t
calorimeter is called a cell. The CAL energy resolutions,
measured under test-beam conditions, ares(E)/E
50.18/AE for electrons ands(E)/E50.35/AE for hadrons,
with E in GeV. The timing resolution of the CAL is bette
than 1 ns for energy deposits greater than 4.5 GeV. Fur
performance parameters of the CAL relevant for this stu
have been discussed in previous publications@3,4#.

The forward plug calorimeter~FPC!, a lead-scintillator
sandwich calorimeter, was installed in the 20320 cm2 beam
hole of the forward CAL FCAL of the ZEUS detector i
1998. Although the FPC information was not used in t
analysis, the impact of its material on the CAL response
forward jets was extensively studied.

The luminosity, which was measured@8# from the rate of
the bremsstrahlung processep→epg, has an uncertainty o
1.6% to 2.25%, depending on the running periods. All ZE

2The ZEUS coordinate system is a right-handed Cartesian sys
with theZ axis pointing in the proton beam direction, referred to
the ‘‘forward direction,’’ and theX axis pointing left towards the
center of HERA. The coordinate origin is at the nominal interact
point.

e e

γ

q q

p

(a)

e e,ν

Z0 ,W

q q

p

(b)

e

q

p

LQ
e,ν

q

(c)

e

q

p

LQ

q

e,ν

(d)

FIG. 1. Diagrams forep scattering at HERA via~a! photon and
~b! Z0 exchange~NC! andW exchange~CC!. The leptoquark dia-
grams for the same initial and final states are~c! s-channel LQ
production and~d! u-channel LQ exchange. Heree stands for both

e1 ~positron! ande2 ~electron!, andn for both n ~neutrino! and n̄
~antineutrino!.
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data collected from 1994 to 2000 are listed in Table I, a
were used for this analysis.

III. MONTE CARLO SIMULATION

Production and decay of resonances were simulated u
PYTHIA 6.1 @9,10#, which takes into account the finite width o
the resonant state, but includes only thes-channel diagrams
Initial- and final-state QCD radiation from the quark and t
effect of LQ hadronization@10# before decay as well as th
initial-state QED radiation from the electron are also tak
into account.

Standard model NC and CC DIS events were simula
using theHERACLES 4.6.2@11# program with theDJANGO 6

version 2.4@12# andDJANGOH 1.1@13# interfaces to the had
ronization programs. Radiative corrections for initial- a
final-state electroweak radiations, vertex and propagator
rections, and two-boson exchange were included. The h
ronic final state was simulated using the MEPS model
LEPTO 6.5 @14#, which includesO(aS) matrix elements and
higher-order QCD radiation. The CTEQ5D parton distrib
tion function ~PDF! @15# was used in evaluating the SM
cross sections.

The largest uncertainty in the NC and CC cross section
due to the uncertainties in the parton densities of the pro
The PDFs at high Bjorkenx are determined primarily from
measurements made in fixed-target DIS experiments. Ax
50.6, corresponding to a lepton-jet mass of 230 GeV,
cross-section uncertainty due to the PDF uncertainty@16# is
'6% for NC and'4% ~10%! for e2u (e1d) CC reactions,
whereu and d refer to theu and d valence quarks, respec
tively.

The generated events were passed through theGEANT 3.13-
based@17# ZEUS detector- and trigger-simulation program
@5#. They were reconstructed and analyzed by the same
gram chain as the data.

IV. RESONANCE SEARCH

Events from a hypothetical resonance decaying intoeq
(nq) have a topology identical to DIS NC~CC! events.
Events originating from high-mass resonances are expe
to have high transverse energy, at least one jet, and eithe
identified final-state electron or large missing transverse
ergy. The lepton-jet invariant mass was calculated as

Ml j 5A2ElEj~12cosj!,

where El is the energy of the outgoing lepton,Ej is the
energy of the jet, andj is the angle between the lepton an
jet. In final states containing multiple jets, the jet with th
largest transverse momentum,PT

j , was used.

A. ep\eX topology

1. Event selection

Events with the topologyep→eX, whereX contains one
or more jets, were selected using the following criteria.

m,
4-5
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TABLE I. The characteristics of the three data samples used for the present study;d lumi is the uncertainty
of the measured luminosity.

Period Ep ~GeV! Ee ~GeV! As ~GeV! e charge Luminosity (pb21) d lumi ~%!

1994–1997 820 27.5 300 e1 48.5 61.6
1998–1999 920 27.5 318 e2 16.7 61.8
1999–2000 920 27.5 318 e1 66.3 62.25
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~i! TheZ coordinate of the reconstructed event vertex w
required to be in the rangeuZu,50 cm, consistent with an
ep collision.

~ii ! The total transverse energyET was required to be a
least 60 GeV. This removes the bulk of the SM NC bac
ground.

~iii ! An identified electron@18# was required with energy
Ee8.25 GeV located either in FCAL or BCAL, correspond
ing to an electron polar angleue,126°. Electrons impacting
the BCAL within 1.5 cm of a module edge, as well as ele
trons impacting between the FCAL and the BCAL, as de
mined by tracking information, were discarded to ensure t
the resolutions were well understood.

~iv! At least one hadronic jet with transverse moment
PT

j .15 GeV, obtained using the longitudinally invariantkT

cluster algorithm@19# in inclusive mode@20#, was required.
The centroid at the FCAL face of the highest-PT jet was
required to be outside a box of 60360 cm2 centered on the
proton beam, in order to ensure good energy containm
and to reduce the systematic uncertainties due to the pr
remnant.

The acceptance, mass shifts, and resolutions for reso
lepton-quark states were calculated from the LQ Mo
Carlo ~MC! simulation. After these cuts, the acceptance
scalar resonances was;60%, depending weakly on th
mass. The acceptance for vector resonances was;60% be-
low 200 GeV, decreasing to;40% at 290 GeV. These dif
ferences in the acceptances for scalar and vector resona
are due to the different decay angular distributions. The m
resolution, determined from a Gaussian fit to the peak of
reconstructed mass spectrum, fell from 6% to 4% as the r
nant mass increased from 150 to 290 GeV. The peak pos
was typically lower than the generated mass by 1%. T
resolution in cosu* nearucosu* u51 had a Gaussian width o
0.01, degrading to 0.03 with decreasingucosu* u.

2. Search results

After the above selection, 21 509 events were found, co
pared to 21 44561 288 expected from the NC Monte Car
~MC! simulation and the evaluation of its systematic unc
tainties~see Sec. IV A 3!. The measured distributions of th
total transverse energyET are compared to the simulation i
Figs. 2~a! and 2~e!, where thee1p and e2p samples are
shown separately. Also shown areE2PZ @Figs. 2~b!, ~f!#,
where theE andPZ are summed over the final-state electr
and all the hadrons, electron transverse momentum (PT

e)
@Figs. 2~c!, ~g!#, and jet transverse momentum (PT

j ) @Figs.
2~d!, ~h!#. Good agreement is seen between the data and
SM NC simulation for all of these spectra.
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Figures 3 and 4 show theMe j spectra fore1p and e2p
data, respectively. The upper plots show the spectra with
without the cut cosu*,0.4, while the lower plots show the
ratio of the observed spectrum to SM expectations with
cosu* cut. The data are well described by the NC MC.

An excess of data events relative to SM expectations
seen in data from the 1994–1997 period@3#. For Me j
.210 GeV, 24.7 events were expected and 49 were
served. No such excess is seen in the more recent data
increase in the proton beam energy from 820 to 920 GeV
1998 had no significant effect on the mass reconstruction
the signal acceptance. The effect of the addition of the F
was studied extensively@21#; uncertainties in its simulation
were found not to affect the conclusions of the present an
sis. Combining all thee1p data, 104 events were observe
with Me j.210 GeV, in good agreement with the SM expe
tation of 90615. The systematic uncertainty on the expec
tion is discussed in the next section. The excess seen in
earlier data sample must be ascribed to a statistical fluc
tion.

3. Systematic uncertainties

The uncertainty on the expected number of events fr
NC DIS process was investigated. The dominant sour
were uncertainties in the following:

~i! Calorimeter energy scale, of 1% for BCAL electron
2% for FCAL electrons, and 2% for hadrons. This led to
uncertainty of 4% (12%) in the NC expectation forMe j
5100 ~220! GeV.

~ii ! The simulation of the hadronic energy flow includin
simulation of the proton remnant and the energy flow b
tween the struck quark and proton remnant. Tests base
the SM MC samples yielded variations of the NC bac
ground of about 10% for masses above 220 GeV.

~iii ! The energy response of FCAL towers closest to
beam from the differences observed between data and s
lation. Tests based on the SM MC samples showed variat
of the NC background of less than 5% forMe j5220 GeV.

~iv! The parton densities, as estimated by Botje@16#,
which gave an uncertainty of 5% forMe j5220 GeV.

Other uncertainties were investigated and found to
small compared to the above items. They are the simula
of the electron-energy resolution, the electron-finding e
ciency, the jet-position reconstruction, the luminosity det
mination, and the simulation of the vertex distribution. T
overall systematic uncertainties on the background expe
tions result from summing the contributions from all the
sources in quadrature and are shown in Figs. 3~b! and 4~b! as
the shaded bands.
4-6
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FIG. 2. Comparison of distributions from
1994–2000e1p ~a!–~d! and from 1998–1999
e2p datasets~e!–~h! with the corresponding NC
MC samples:~a,e! total transverse energyET ,
~b,f! E2PZ , ~c,g! electron transverse momentum
PT
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4. Significance analysis

To quantify the level of agreement of theMe j spectra
between the SM MC and the data, a significance anal
was performed using a sliding mass window of wid
3s(Me j), wheres(Me j) is the mass resolution discussed
Sec. IV A 1. The number of events,m, expected from the
SM and the number of observed events,N, were compared in
each window, and the probability of observingN or more
events while expectingm was calculated as

P5 (
k5N

`

e2m
mk

k!
. ~1!

In the e1p data sample, a minimum probabilityPmin of
2.631023 was found at mass 121 GeV, where 2575 eve
were observed while 2436 were expected inside the slid
window. A large number of MC experiments were then p
formed, taking into account the systematic uncertainties
the SM expectations, and thePmin distribution was deter-
mined. In 35% of all simulated experiments, the value
Pmin obtained was less than that found in the data. With
additional cut cosu*,0.4 applied to the sample, aPmin of
05200
is

ts
g
-
n

f
e

1.931022 was found in thee1p data sample at a mass o
158 GeV. A value ofPmin less than that found in the data wa
observed in 41% of the generated experiments. The same
was also done on thee2p data samples. The results are su
marized in Table II. These observations show that the d
are compatible with the SM expectation, and there is no e
dence for a narrow resonance in theeq channel.

B. ep\nX topology

1. Event selection

Events with the topologyep→nX, whereX contains one
or more jets, were selected by the following cuts, similar
those used in the CC cross-section measurement@22#.

~i! TheZ coordinate of the reconstructed event vertex w
required to be in the rangeuZu,50 cm. The event vertex wa
reconstructed either using the tracks measured in the C
~for events with largeg0 @22#, the hadronic scattering angl
of the system relative to the nominal interaction point! or
from the arrival time of the particles entering the FCAL~for
events with smallg0, i.e., outside the CTD acceptance!.
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~ii ! The missing transverse momentum,P” T was required
to be at least 20 GeV, as measured in the calorimeter.

~iii ! y,0.9, wherey was calculated from the longitudina
momentum measured in the calorimeter:y5(E2PZ)/2Ee ,
whereEe527.5 GeV is the electron beam energy. This c
discards events in which the kinematic variables were po
reconstructed.

~iv! NC events were removed by discarding events w
identified electrons.

~v! At least one jet was required withPT
j .10 GeV, where

jets were reconstructed as in theep→eX topology, and the
centroid at the FCAL face of the highest-PT jet was required
to be outside a box of 60360 cm2 centered on the proton
beam.

The neutrino energy and angle were calculated by ass
ing that P” T and missingE2PZ were carried away by a
single neutrino. Monte Carlo simulations of resonant-st
production indicated that the neutrino energyEn and polar
angle un were measured with average resolutions of 16
and 11%, respectively. The average systematic shift inEn

was less than 2%, while the shift inun was less than 1%
After all these cuts, the acceptance was;60%, depending
weakly on the mass.

The invariant mass of then-jet system,M n j , was recon-
structed using the sum of the 4-momenta of the neutrino
the highest-PT jet in the event. The shift and resolution of th
invariant mass were studied by reconstructing it for the
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FIG. 3. ~a! Comparison of thee1p samples~dots! and the NC
SM expectations~solid histogram! for the reconstructed invarian
massMe j in thee1p→e1X topology. The data~open squares! and
the SM expectations~dashed histogram! after the cosu*,0.4 cut
are also shown.~b! The ratio between the data and the SM exp
tation before the cosu* cut. The shaded area shows the over
uncertainties of the SM MC expectation.
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MC events and fitting the mass peak with a Gaussian fu
tion. The resulting mass shift was below 1% for LQ mass
between 150 and 290 GeV, with the resolution varying fro
8% to 7%.

2. Search results

After the selection, 2536 events were found, compared
25876217 expected from the CC MC simulation and t
evaluation of its systematic uncertainties~see Sec. IV B 3!.
The distributions ofP” T are compared for data and simulatio

TABLE II. Results of the significance analysis on theMe j spec-
tra: Pmin is the minimum probability along theMe j spectra, as
defined in Eq.~1!; Nobs is the number of observed events at t
correspondingMe j ; mSM is the expectation from the SM back
ground;F is the fraction of the simulated experiments with min
mum probabilityP,Pmin .

No cosu* cut cosu*,0.4
e1p e2p e1p e2p

Pmin 0.26% 0.032% 1.9% 4.3%
Me j (GeV) 121 151 158 151

Nobs 2575 305 73 27
mSM 2436 249 56.4 18.8

F 35% 6% 41% 56%

-
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FIG. 4. ~a! Comparison of the observede2p samples~dots! and
the NC SM expectations~solid histogram! for the reconstructed
invariant massMe j in the e2p→e2X topology. The data~open
squares! and the SM expectations~dashed histogram! after the
cosu*,0.4 cut are also shown.~b! The ratio between the data an
the SM expectation before the cosu* cut. The shaded area show
the overall uncertainties on the SM MC expectation.
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FIG. 5. Comparison of distri-
butions from 1994–2000e1p
~a!–~d! and from 1998–1999e2p
datasets~e!–~h! with the corre-
sponding CC MC samples for the
selected distributions:~a,e! miss-
ing transverse energyPT , ~b,f! E
2PZ , ~c,g! neutrino energyEn ,
and ~d,h! jet transverse momen
tum PT
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in Figs. 5~a! and 5~e!, where thee1p ande2p samples are
shown separately. Also shown are the distributions ofE
2PZ @Figs. 5~b!, ~f!#, where theE andPZ are summed ove
the final-state hadronsEn @Figs. 5~c!, ~g!# andPT

j @Figs. 5~d!,
~h!#. Reasonable agreement is seen between the data an
SM CC simulation for all of these spectra. A small exce
compared to MC is observed for thee1p data at largeP” T

~also reflected in thePT
j andEn distributions!.

Figures 6 and 7 show theM n j spectra fore1p ande2p
data, respectively. The upper plots show the spectra with
without a cut of cosu*,0.4, while the lower plots show th
ratio of the observed spectra to SM expectations with
cosu* cut. The data are reasonably well described by the
MC.

3. Systematic uncertainties

The uncertainty on the predicted background from S
CC DIS processes was investigated. The dominant sourc
uncertainty, which are similar to those described in S
IV A 3 for the ep→eX case, arise from uncertainties in th
following:
05200
the
s

nd

o
C

of
.

~i! The hadronic energy scale, of 2%, which leads to
uncertainty of 2%~10%! for M n j5100 ~220! GeV.

~ii ! The simulation of the energy deposited in the FCA
regions closest to the forward beam pipe, which leads to
uncertainty of;7% for M n j5220 GeV.

~iii ! The parton densities, as estimated by Botje@16#, giv-
ing 9% and 4% uncertainties fore1p ande2p, respectively,
for M n j5220 GeV. The PDF uncertainties were also es
mated using the ZEUS next-to-leading-order~NLO! fit @23#
with similar results.

Other uncertainties include jet-position reconstruction a
luminosity determination, which were small compared
those given above. The overall systematic uncertainties
the background expectations were obtained by summing
contributions from all these sources in quadrature, and
shown in Figs. 6~b! and 7~b! as the shaded bands.

4. Significance analysis

The same significance analysis as applied to theMe j spec-
tra was performed on theM n j spectra. The results are sum
marized in Table III. The observations are again compati
4-9
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with the SM expectation, and there is no evidence for a n
row resonance in thenq channel.

V. LIMITS ON THE PRODUCTION OF RESONANT
STATES

Since no evidence was found for a narrow resonanc
the lepton-jet mass spectra, limits were set on the Yuka
coupling l and the production cross section of the eig
types of resonant states listed in Table IV with masses be
As. The resonance decay width was assumed to be sm
and thes-channel production was assumed to be domina
so that the resonance exchange and interference cont
tions were neglected.

The limits were set using a likelihood technique involvin
the observablesMl js and cosu* . The variableMl js is the
invariant mass of the lepton-jets system and was calcul
from

Ml js5A2Ee~E1PZ! l js,

where Ee527.5 GeV is the electron beam energy, (E
1PZ) l js was determined using the lepton and all jets in
event satisfyingPT

j .15 GeV (PT
j .10 GeV in ep→nX

channel! andh j,3 @3,4#.
The Ml js method rather than theMl j method was used in

the limit setting because it has better resolution on the rec
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FIG. 6. ~a! Comparison of the observede1p samples~dots! and
the CC SM expectations~solid histogram! for the reconstructed

invariant massM n j in the e1p→ n̄X topology. The data~open
squares! and the SM expectations~dashed histogram! after the
cosu*,0.4 cut are also shown.~b! The ratio between the data an
the SM expectation before the cosu* cut. The shaded area show
the overall uncertainties on the SM MC expectation.
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structed resonance mass for LQ→eq events. Using the
PYTHIA MC described in Sec. III, it was found that the res
lution onMl js for the LQ→eq events varied from 3% to 2%
as the mass varied from 150 to 290 GeV, while that onMl j
varied from 6% to 4%. For the LQ→nq events,Ml js and
Ml j have similar resolutions. On the other hand, theMl js
method assumes that the final state consists only of the
decay products and the proton remnant. It is also affected
the QED initial-state radiation~ISR! of a photon from the
incoming electron. Therefore, theMl j method is better suited
for the general resonance search discussed in Sec. IV. Th
discussed in more detail elsewhere@3,4#.

In the limit-setting procedure, the width was assumed
be small compared to the detector resolution, so that

TABLE III. Results of the significance analysis on theM n j spec-
tra. For details, see the caption of Table II.

No cosu* cut cosu*,0.4
e1p e2p e1p e2p

Pmin 1.8% 9.9% 1.1% 24.5%
M n j (GeV) 246 225 269 217

Nobs 10 22 2 9
mSM 4.5 16.2 0.16 6.8

F 76% 77% 24% 94%
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FIG. 7. ~a! Comparison of the observede2p samples~dots! and
the CC SM expectations~solid histogram! for the reconstructed
invariant massM n j in the e2p→nX topology. The data~open
squares! and the SM expectations~dashed histogram! after the
cosu*,0.4 cut are also shown.~b! The ratio between the data an
the SM expectation before the cosu* cut. The shaded area show
the overall uncertainties on the SM MC expectation.
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narrow-width approximation~NWA! is valid. In the NWA,
the total cross section of the production of a single stat
described at Born level@1# by

sNWA5~J11!
p

4s
l2q~x0 ,Meq

2 !, ~2!

TABLE IV. First-generation scalar and vector resonant sta
that can be produced ine6p scattering. The top half of the tabl
lists color-triplet states with fermion numberF5L13B50, while
the bottom half lists those withF52. The left and right sets o
columns list scalars and vectors, respectively.

Scalar Vector
Resonance Charge Decay Resonance Charge De

Se1u 5/3 e1u Ve1u 5/3 e1u
Se1d 2/3 e1d Ve1d 2/3 e1d

n̄u n̄u
Se2u 21/3 e2u Ve2u 21/3 e2u

nd nd
Se2d 24/3 e2d Ve2d 24/3 e2d
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FIG. 8. The constant-l limits as a function of the branching
ratios into eq and nq ~shown on the left and right axes, respe
tively!, and of the resonance mass (x axes!, for the scalar resonan
states listed in Table IV. The dotted line corresponds to limits
with only the ep→nX dataset, the dashed line with only theep
→eX dataset; the solid black line is the limit set using bo
datasets, assumingbeq1bnq51. For each limit curve, the area t
the left of the curve is the excluded region. Results for the reson
states are shown for constant limit ofl50.1 and l50.3. The
shaded area in each plot shows the area excluded by the DO” experi-
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whereq(x0 ,Meq
2 ) is the initial-state quark~or antiquark! mo-

mentum density in the proton evaluated atx05Meq
2 /s and

virtuality scaleMeq
2 , andJ is the spin of the state.

The effect of QED ISR on the resonance production cr
section was evaluated. It varies from24% at resonance
mass 100 GeV to225% at mass 300 GeV and depen
weakly on the resonance type. This was taken into acco
when setting the limits onl. The NLO QCD corrections, the
so-calledK factors, including the vertex loop correction
gluon radiation from the leptoquark or the quark and ot
higher-order diagrams, have been evaluated for the sc
resonances@24,25#. The K factor varied from 1.17~1.17! to
1.15~1.35! for aneu (ed) resonance with mass varying from
100 to 300 GeV. However, no calculation is available for t
vector resonances, so for consistency, no NLO QCD cor
tion was applied to either scalar or vector resonance.

For each of the running periods listed in Table I, t
Ml js-cosu* plane for 150,Ml js,320 GeV was divided into
bins, labeledi, for each of theeq andnq data samples@21#.
For resonant states withnq decays, botheq→eX and eq

TABLE V. The F50 ~upper part! andF52 ~lower part! lepto-
quark species of the Buchmu¨ller-Rückl-Wyler model @1# and the
corresponding couplings. Those LQs that couple only to neut
and quark and therefore could not be produced at HERA are
listed. The LQ species are classified according to their spin (S for
scalar andV for vector!, their chirality (L or R) and their weak

isospin (0,1/2,1). The leptoquarksS̃ and Ṽ differ by two units of
hypercharge fromS and V, respectively. In addition, the electri
chargeq of the leptoquarks, the production channel, as well as th
allowed decay channels assuming lepton-flavor conservation
displayed. The nomenclature follows the Aachen convention@33#.

LQ species q Production Decay Branching ratio Couplin

S1/2
L 5/3 eR

1uR e1u 1 lL

S1/2
R 5/3 eL

1uL e1u 1 lR

2/3 eL
1dL e1d 1 2lR

S̃1/2
L 22/3 eR

1dR e1d 1 lL

V0
L 2/3 eR

1dL e1d 1/2 lL

n̄eu 1/2 lL

V0
R 2/3 eL

1dR e1d 1 lR

Ṽ0
R 5/3 eL

1uR e1u 1 lR

V1
L 5/3 eR

1uL e1u 1 A2lL

2/3 eR
1dL e1d 1/2 2lL

n̄eu 1/2 lL

S0
L 21/3 eL

2uL e2u 1/2 lL

ned 1/2 2lL

S0
R 21/3 eR

2uR e2u 1 lR

S̃0
R 24/3 eR

2dR e2d 1 lR

S1
L 21/3 eL

2uL e2u 1/2 2lL

ned 1/2 2lL

24/3 eL
2dL e2d 1 2A2lL

V1/2
L 24/3 eL

2dR e2d 1 lL

V1/2
R 24/3 eR

2dL e2d 1 lR

21/3 eR
2uL e2u 1 lR

Ṽ1/2
L 21/3 eL

2uR e2u 1 lL
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c-

→nX samples were used, while for resonant states deca
only to eq, only eq→eX samples were used. The upp
limit on the coupling strength,l limit , as a function ofMeq ,
was obtained by solving3

E
0

l limit
2

dl2L~Meq ,l!50.95E
0

`

dl2L~Meq ,l!,

where L is the product of Poisson probabilities of a
cosu* -Ml js bins convoluted with Gaussian distributions f
the main systematic uncertainties. TheL was calculated as

L5E
2`

`

)
j

dd j

1

A2p
e(2d j

2/2))
i

e(2m i8)
m i8

Ni

Ni !
,

wherej denotes the source of systematic uncertainty andd j
corresponds to the variation of thej th systematic paramete
in units of the nominal values quoted in Secs. IV A 3 a
IV B 3. The index i labels the bin in cosu* -Ml js and Ni
gives the number of events observed in that bin. The varia

3With the Bayesian prior assumption of a uniforml2 distribution.
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FIG. 12. Coupling limits as a
function of LQ mass for scalar~a!
and vector~b! F50 BRW LQs
and for scalar~c! and vector~d!
F52 BRW LQs. The areas abov
the curves are excluded.
in
d

d

n

e
I

F
y
y

io
g

el

rted
.

ng

de-

y

-

h

se,

ion,

nd
tion
m i8 , which denotes the expected number of events in bi
after the effect of the systematic variations, was calculate

m i85m i)
j

~11s i j !
d j ,

wherem i , which depends on theMeq andl, is the number
of expected events in bini with no systematic variation an
s i j gives the fractional variation ofm i under the nominal
shift in the j th systematic parameter. This definition ofm i8
reduces to a linear dependence ofm i8 on eachd j whend j is
small while avoiding the possibility ofm i8 becoming nega-
tive which would arise ifm i8 was defined as a linear functio
of the d j ’s.

Figure 8 shows thel limits as a function ofbeq andbnq ,
the branching ratios for LQ→eq and LQ→nq, respectively,
and as a function of the resonance mass. These limits w
obtained for the four scalar resonant states listed in Table
and forl50.1 andl50.3, where the latter (l'A4paEW)
corresponds to the electroweak~EW! coupling. The equiva-
lent plots for vector resonant states are shown in Fig. 9.
the e1u and e2d resonancesnq decays are forbidden b
charge conservation. Thee2u ande1d resonances can deca
to eithereq or nq. The eq1nq limits, which assumebnq
1beq51, are largely independent of the branching rat
and are typically in excess of 285 GeV for the EW couplin
The limits obtained using only theeq ~or the nq) dataset
allow for decay modes other thaneq andnq, so theeq and
nq limits are applicable to a wider range of physics mod
05200
as

re
V

or

,
.

s

than the combinedeq1nq results. Similar limits have been
presented by H1 Collaboration for scalare2d ande2u reso-
nances@26#.

For comparison, the limits on scalar resonances repo
by the DO” experiment@27# at the Tevatron are shown in Fig
8. For a scalar resonant state withbeq51, the DO” and CDF
@28# limits are 225 GeV and 213 GeV, respectively, leadi
to a combined Tevatron limit of 242 GeV@29#. These limits
are independent of both coupling and quark flavor, but
grade~in the case of DO” , for example! to 204 GeV~98 GeV!
asbeq decreases from 100% to 50%~0%!.

The limits presented in Fig. 8 apply to squarks withR” p

couplings toeq. For example, thel-limit contours onSe1d

with the decaySe1d→e1d @the dashed curves in Fig. 8~c!#

apply toũ j squarks with couplingl1 j 1 and subsequent deca

ũ j→e1d, where the subscriptj indicates the squark genera
tion. The limit curves onSe2u with decaySe2u→e2u @the
dashed curves in Fig. 8~a!# and with Se2u→nd ~the dotted
curves in the same plot! apply to d̃ j squarks with coupling
l11j and subsequent decaysd̃ j→e2u and d̃ j→nd, respec-
tively. With the e2u and nd channels combined and wit
be2u5bnd50.5b, the limit for squarkd̃ j on l11jAb is 0.1
for mass 276 GeV and 0.3 for mass 295 GeV. In this ca
the Rp-conserving decay branching ratio ofd̃ j→xkqj is 1
2b, wherexk is the gaugino.

The limit on the resonant-state production cross sect
s limit , was calculated by using the NWA as shown in Eq.~2!
with l5l limit . Figure 10 shows the results for the scalar a
vector resonant states. Limits on the calculated produc
4-13
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cross section with onlyeq data samples~assumingbeq
50.5), with onlynq data samples~assumingbnq50.5), and
with all the data samples combined~assumingbeq5bnq
50.5) are shown as a function ofMeq . Usually the limit
becomes stricter after combining theeq and nq data
samples.

VI. LIMITS ON BRW LEPTOQUARK MODEL

The two-dimensional (Ml js-cosu* ) likelihood method de-
scribed above was also used to set limits on the Yuka
couplingl of the BRW LQs. The full LQ cross section wa
used, including thes-channel andu-channel contributions
and interference with DIS. The difference of the limits th
obtained to those obtained by using NWA is negligible bel
the LQ massMLQ of 280 GeV.

The coupling limits of the 14 BRW LQs listed in Table
were calculated as a function ofMLQ . The presence of lep
toquarks with MLQ.As would affect the observed mas
spectra, particularly at high mass, mainly due tou-channel
exchange and the interference effects. Therefore, it is p
sible to extend the limits beyondAs. Coupling limits were
calculated for masses up to 400 GeV.

The combined search in the LQ→eq and LQ→nq to-
pologies, when applicable, produces more stringent limits
leptoquark production. An example is shown in Fig. 11~a! for
the V0

L LQ produced throughe1d fusion, which decays to

e1d and n̄u with equal probability, and for theS0
L LQ pro-

duced throughe2u fusion, which decays toe2u andnd with
equal probability. The limits obtained with only theeq data
samples, only thenq data samples, and the combine
samples are shown for each LQ. If a coupling strengthl
50.3 is assumed, the production of anV0

L LQ is excluded up
to a mass of 284~286! GeV usingeq (nq) samples only,
while it is excluded up to 386 GeV with the combine
samples. For theS0

L , the mass limit is 298~301!GeV using
eq (nq) samples only and the combined mass limit is 3
GeV.

Also shown in Fig. 11~b! are the limits on theS0
L LQ from

DO” , OPAL @30#, and L3 @31#. The most stringent limits in
the high-mass region~above 200 GeV! from the LEP experi-
ments come from an indirect search through thet-channel
LQ exchange between the incoming electron and positro

Figure 12 shows the coupling limits on the scalar a
vector BRW LQs withF50 andF52, respectively, where
F53B1L is the fermion number of the LQ andB andL are

TABLE VI. Mass limit for the 14 BRW LQs atl50.1 and 0.3.

LQ type (F50) V0
L V0

R
Ṽ0

R V1
L S1/2

L S1/2
R

S̃1/2
L

M ~GeV! (l50.1) 266 268 282 290 282 282 269
M ~GeV! (l50.3) 386 287 305 367 308 303 286

LQ type (F52) S0
L S0

R
S̃0

R S1
L V1/2

L V1/2
R

Ṽ1/2
L

M ~GeV! (l50.1) 276 273 248 275 248 274 273
M ~GeV! (l50.3) 351 298 273 300 277 302 313
05200
a

s-

n

.
d

the baryon and lepton numbers, respectively. The limits
lLQ at MLQ5400 GeV range from 0.3 to 1.0. In genera
present results are significantly better than LEP limits bel
300 GeV and comparable above 300 GeV. H1 Collaborat
has presented similar limits onF50 @32# and F52 @26#
LQs. The excluded mass regions for BRW LQs withl
50.1 and withl50.3 are summarized in Table VI. The
range from 248 to 290 GeV forl50.1 and from 273 to 386
GeV for l50.3.

VII. CONCLUSIONS

The total ep data recorded by the ZEUS experiment
HERA were used to search for the presence of a narr
width resonance decaying into a lepton and a jet, with
final-state lepton being either an electron or a neutrino. T
data samples include 16.7 pb21 of e2p and 114.8 pb21 of
e1p collisions. No evidence was found for resonance p
duction, either in theeq or nq topology. Limits were set on
the coupling strength of resonant states that could deca
these topologies using a two-dimensional likelihood analy
With the combinedeq and nq topologies, a scalare2u
(e1d) resonant state is excluded up to a mass of 275~265!
GeV for coupling strengthl50.1. The combined limits de
pend very weakly on the resonance-decay branching ra
Limits on the coupling strength of Buchmu¨ller-Rückl-Wyler-
type leptoquarks with masses up to 400 GeV are also
sented. The excluded mass regions depend on BRW LQ
and the coupling. Atl50.1, they range from 248 to 29
GeV, which are the most stringent limits available to date
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