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M. Martı́nez, M. Milite, M. Moritz, D. Notz, M. C. Petrucci, A. Polini, M. Rohde,g A. A. Savin, U. Schneekloth,

F. Selonke, M. Sievers,m S. Stonjek, G. Wolf, U. Wollmer, C. Youngman, and W. Zeuner
Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany

C. Coldewey, A. Lopez-Duran Viani, A. Meyer, S. Schlenstedt, and P. B. Straub
DESY Zeuthen, Zeuthen, Germany

G. Barbagli, E. Gallo, A. Parenti, and P. G. Pelfer
University and INFN, Florence, Italy

A. Bamberger, A. Benen, N. Coppola, S. Eisenhardt,n P. Markun, H. Raach, and S. Wo¨lfle
Fakultät für Physik der Universita¨t Freiburg im Breisgau, Freiburg im Breisgau, Germany

P. J. Bussey, M. Bell, A. T. Doyle, C. Glasman, S. W. Lee, A. Lupi, N. Macdonald, G. J. McCance, D. H. Saxon
0556-2821/2001/63~5!/052002~15!/$15.00 ©2001 The American Physical Society63 052002-1



in

,

and

,

J. BREITWEGet al. PHYSICAL REVIEW D 63 052002
L. E. Sinclair, I. O. Skillicorn, and R. Waugh
Department of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom

I. Bohnet, N. Gendner, U. Holm, A. Meyer-Larsen, H. Salehi, and K. Wick
Hamburg University, I. Institute of Experimental Physics, Hamburg, Germany

T. Carli, A. Garfagnini, I. Gialas, L. K. Gladilin,o D. Kçira, R. Klanner, and E. Lohrmann
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R. Gonçalo, K. R. Long, D. B. Miller, A. D. Tapper, and R. Walker
Imperial College London, High Energy Nuclear Physics Group, London, United Kingdom

U. Mallik
Physics and Astronomy Department, University of Iowa, Iowa City, Iowa 52242-1479

P. Cloth and D. Filges
Forschungszentrum Ju¨lich, Institut für Kernphysik, Ju¨lich, Germany

T. Ishii, M. Kuze, K. Nagano, K. Tokushuku,p S. Yamada, and Y. Yamazaki
Institute of Particle and Nuclear Studies, KEK, Tsukuba, Japan

S. H. Ahn, S. B. Lee, and S. K. Park
Korea University, Seoul, Korea

H. Lim, I. H. Park, and D. Son
Kyungpook National University, Taegu, Korea

F. Barreiro, G. Garcı´a, O. Gonza´lez, L. Labarga, J. del Peso, I. Redondo, J. Terro´n, and M. Vázquez
Depto de Fı´sica Teo´rica, Universitat Auto´noma Madrid, Madrid, Spain

M. Barbi, F. Corriveau, D. S. Hanna, A. Ochs, S. Padhi, D. G. Stairs, and M. Wing
Department of Physics, McGill University, Montre´al, Québec, Canada H3A 2T8
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A study of the n̄-jet mass spectrum ine1p→ n̄X events at a center-of-mass energy 300 GeV has been
performed with the ZEUS detector at the HERA collider at DESY using an integrated luminosity of 47.7 pb21.

The mass spectrum is in good agreement with that expected from standard model processes over then̄-jet mass
range studied. No significant excess attributable to the decay of a narrow resonance is observed. By using both

e1p→e1X ande1p→ n̄X data, mass-dependent limits are set on thes-channel production of scalar and vector
resonant states. Couplings to first-generation quarks are considered and limits are presented as a function of the

e1q and n̄q branching ratios. These limits are used to constrain the production of leptoquarks andR-parity
violating squarks.

DOI: 10.1103/PhysRevD.63.052002 PACS number~s!: 13.60.Hb, 14.80.2j
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I. INTRODUCTION

A number of extensions of the standard model of elem
tary particles predict the existence of electron-quark reson
states at high mass. Such states include leptoquarks~LQs!
@1# andR-parity violating (R” p) squarks@2#. The correspond-
ing production processes could give a large cross section

high-massn̄-jet or e1-jet events.
This paper presents an analysis of the ZEUS data aime

searching for high-mass scalar and vector resonant state
caying into an antineutrino plus a jet. A similar search in t
e1-jet final states with the ZEUS data was published pre
ously @3#. To avoid the constraints from a specific mod
minimal assumptions are made about the properties of
resonant state.

This analysis uses events whose observed final state
large missing transverse momentum and at least one
These event characteristics correspond to an outgoing
tineutrino and a scattered quark ine1p→ n̄X scattering. The
data-selection and event-reconstruction techniques are s
lar to those used for measuring the charged current~CC!

aNow at DESY, Hamburg, Germany.
bNow at Univ. of Salerno and INFN Napoli, via Cintia, Napo

Italy.
cNow at CERN, Geneva, Switzerland.
dNow at CalTech, Pasadena, California 91125.
eNow at Sparkasse Bonn, Germany.
f Now at Siemens ICN, Berlin, Germany.
gRetired.
hNow at Dongshin University, Naju, Korea.
i Now at Massachusetts Institute of Technology, Cambridge,

02139.
jNow at Fermilab, Batavia, IL 60510-0500.
kDeceased.
lNow at SAP A.G. Walldorf, Germany.
mNow at Netlife AG, Hamburg, Germany.
nNow at University of Edinburgh, Edinburgh, U.K.
oOn leave from MSU.
pAlso at University of Tokyo, Bunkyo-kui Tokyo 113-0033.
qNow at Loma Linda University, Loma Linda, CA.
rPresent address: Tokyo Metropolitan University of Health S

ences, Tokyo 116-8551, Japan.
sNow also at Universita` del Piemonte Orientale, I-28100 Novar

Italy.
tNow at University of Rochester, Rochester, NY 14627-0171.
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cross section@4#. The n̄-jet invariant mass is calculated from
the energies and angles of the final-state antineutrino and

M n j
2 52EnEjet~12cosj! ~1!

where En and Ejet are the energies of the scattered a
tineutrino and jet ~assumed massless!, respectively. The
anglej is the laboratory-frame opening angle between the
and the antineutrino. Since the antineutrino escapes de
tion, its momentum is deduced from all observed final-st
particles by assuming conservation of energy-momentum
the event.

The H1 Collaboration has previously set limits on lept
quark and squark production from a similar data set@5#.

In the following sections, the expectations of antineutrin
jet final states from the standard model~SM! and from mod-
els that predict resonant states are first reviewed. Afte
summary of experimental conditions and data selection,
analysis is described and the reconstructed mass spectru
presented. Since there is no evidence for a narrow reson
in either then̄-jet or the previously publishede1-jet mass
spectra, limits are set on the production of positron-qu
resonant states using both data sets. The application of t
limits to LQ and squark production is then discussed.

II. SIGNAL AND BACKGROUND EXPECTATIONS

High-massn̄-jet final states can be formed either throu
SM mechanisms or via processes that produce lepton-q
resonances. Figure 1 shows scattering mechanisms pro
ing such final states ine1p collisions. The CC scattering
mechanism shown in Fig. 1c forms the primary backgrou
in this search. Neutral current~NC! and photoproduction
processes form negligible backgrounds since neither p
duces events with a large observed final-state momen
imbalance.

A. Standard model expectations

The kinematic variables used to describe the proc
e1p→ n̄X are

Q252q252~k2k8!2 ~2!

x5
Q2

2P•q
~3!

-

2-4
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y5
q•P

k•P
~4!

whereP is the four-momentum of the incoming proton, an
k andk8 are the four-momenta of the incoming positron a
the outgoing antineutrino, respectively. These variables
related byQ25sxy. The quantityx is interpreted as the frac
tion of the proton momentum carried by the struck qua
andy measures the fractional energy transferred by theW in
the CC process.

Assuming no QED or QCD radiation, the mass of then̄q
system is related tox via

M25sx ~5!

and the scattering angle,u* , of the outgoing antineutrino
relative to the beam positron, as viewed in then̄q center-of-
mass system, is related toy via

cosu* 5122y. ~6!

In leading-order electroweak theory, the CC cross sec
can be expressed as

d2sCC~e1p!

dxdy
5

sGF
2

4p S MW
2

MW
2 1xys

D 2

3@Y1F2
CC2Y2xF3

CC2y2FL
CC# ~7!

FIG. 1. Processes withn̄-jet final states ine1p collisions. A
scalar~S! or vector ~V! intermediate state can be formed via~a!
s-channel or~b! u-channel exchange. Weak charged current scat
ing ~c! forms the primary background to these processes.
05200
re

,
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whereGF is the Fermi constant,MW is the mass of theW
boson, andY6516(12y)2. The proton structure function
F2

CC and xF3
CC , in leading-order~LO! QCD, measure re-

spectively sums and differences of quark and antiquark p
ton momentum densities@6#. The longitudinal structure func
tion, FL

CC , contributes negligibly to this cross section exce
at y near 1@4#. In the region of high mass (x→1) the struc-
ture functionsF2

CC andxF3
CC are dominated by the valenc

quark distributions in the proton. Fore1p collisions, the
scattering from down quarks dominates the cross sect
The CC cross section peaks at smally, which leads to a
cosu* distribution rising toward cosu*51.

The largest uncertainty in the CC cross-section predict
arises from the parton densities of the proton. The par
density functions~PDF! are parametrizations which, at hig
x, are determined primarily from measurements made
fixed-target deep inelastic scattering~DIS! experiments. In
the high-mass range (x'0.6 corresponding to an̄-jet mass of
230 GeV!, the PDFs introduce an uncertainty of'25% in
the predictede1p CC cross section@7#. It should be noted
that recent studies of PDFs suggest that thed-quark density
in the proton has been systematically underestimated fox
.0.3 @7–10#. As an example, Yang and Bodek@9# propose a
correction to thed/u quark density ratio in the Martin-
Roberts-Stirling set R2@MRS~R2!# PDF @11#:

dS d

uD50.1x~x11! ~8!

which fits the available data better. When this correction
applied to the CTEQ4D PDFs@12#, the increase in the pre
dicted CC cross section~and the corresponding number o
high-massn̄-jet events! ranges from 1.0% atx50.1 to 60%
atx50.6. More recent PDF parametrizations@7,10,13#, agree
well with the corrected CTEQ4 forx up to 0.7.

B. High-mass resonant states

If a high-mass resonant state were produced at the DE
ep collider HERA, it could have a final-state signature sim
lar to NC or CC DIS. Electron-quark states which couple
a single quark generation and preserve lepton flavor are
sidered here. Fore1p scattering, first-generation coupling
of the forme1u, e1d, e1ū ande1d̄ can be defined.

These states are classified using the fermion numbeF
5L13B, whereL is the lepton number andB is the baryon
number of the state. The coupling of positrons to qua
(e1u ande1d) requiresF50 and the coupling of positron
to antiquarks (e1ū ande1d̄) requiresF522. In e1p scat-
tering, theF50 states couple to the valence quarks of t
proton and, for the same coupling, would have a significan
larger cross section than would theF522 states.

Table I lists the 8 scalar and vector resonant states c
sidered here, along with their charges and relevant de
modes. Thee1ū and e1d states would produce bothe1q

and n̄q final states, which correspond to NC and CC eve
topologies, respectively. The other states would decay o
to e1q since an̄q mode would violate charge conservatio

r-
2-5
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Some physics models incorporating high-mass resona
predict additional decay channels with final-state topolog
different from DIS events. The branching ratios of each re
nance intoe1q, n̄q and other final states are treated as f
parameters except when specific models with restric
branching ratios are considered.

In general, high-mass states formed bye1p collisions can
have a combination of left- (lL) and right- (lR) handed
couplings. Because decays to right-handed antineutr
must occur through left handed couplings, only left-hand
coupled states (lR50) are considered forn̄q decays.

If a state with massMe1q,As exists, thes-channel
mechanism~Fig. 1a! would produce a resonance atM n j

5Me1q in n̄q decays. Additional contributions to thee1p
cross section come fromu-channel exchange~Fig. 1b! and
the interference withW exchange~Fig. 1c!. The totale1p

→ n̄X cross section with a resonance contribution can
written as@1#

d2s~e1p!

dxdy
5

d2sCC

dxdy
1

d2su/CC
Int

dxdy
1

d2ss/CC
Int

dxdy

1
d2su

dxdy
1

d2ss

dxdy
. ~9!

The first term on the right-hand side of Eq.~9! represents
the charged current contribution from the SM. The seco
~third! term is the interference between the SM a
u-channel (s-channel! exchange, and the fourth~fifth! term
represents theu-channel (s-channel! exchange alone. The
contribution of a single vector or scalar state has two f
parameters:Me1q , the mass of the state andl, its coupling
to e1-quark. The cosu* dependence of the state vari
strongly for the different terms: it is uniform for a scalar sta
produced in thes-channel or a vector state produced in t
u-channel, while it varies as (11cosu* )2 for a vector state
produced in thes-channel or a scalar state produced in t
u-channel@1#.

TABLE I. Possible first-generation scalar and vector reson
states ine1p scattering. The top half of the table lists color-tripl
states with fermion numberF5L13B50, while the bottom half
lists those withF522. The left and right sets of columns lis

scalars and vectors, respectively. Thee1d ande1ū states can decay

to both n̄q and e1q. For the other states, onlye1q decays are

allowed since an̄q decay would violate charge conservation.

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
Se1ū 1/3 e1ū Ve1ū 1/3 e1ū

n̄d̄ n̄d̄
Se1d̄ 4/3 e1d̄ Ve1d̄ 4/3 e1d̄
05200
es
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For the small couplings considered here, and ifMe1q

,As, the narrow resonance produced by thes-channel ex-
change would provide the dominant additional contributi
over the SM background. The width of thes-channel reso-
nance is given, e.g., for theSe1q with 50% branching ton̄q,
by

Ge1q5
Me1q

16p
~2l2! ~10!

so that ifl2 is sufficiently small, the production cross sectio
can be approximated by integrating over thes-channel con-
tribution to the cross section. This leads to the narrow-wi
approximation for the total cross section of a single state@1#:

sNWA5~J11!
p

4s
l2q~x0 ,Me1q

2
!, ~11!

where q(x0 ,Me1q
2 ) is the initial-state quark~or antiquark!

momentum density in the proton evaluated atx05Me1q
2 /s

and at a virtuality scale ofMe1q
2 , and J is the spin of the

state. In the limit-setting procedure~Sec. IX!, this cross sec-
tion was corrected for expected QED and QCD radiat
effects. The effect of QED radiation on the resonant-st
cross section was calculated and was found to decrease
cross section by 5–25 % asMe1q increases from 100→290
GeV. For scalar resonant states, the QCD corrections@14#
raise the cross section by 20–30 % forF50 resonances. Fo
F52 states, the QCD corrections lower the cross section
5–30 % in the 200–290 GeV mass range. No QCD corr
tions were applied to vector states because the calculation
such states is not renormalizable@15#.

III. RESONANT-STATE MODELS

In the absence of a clear resonance signal, limits can
placed on the production of states in models which predic
high-mass positron-quark resonance decaying toe1q or n̄q.
Two such models are considered:~1! leptoquark~LQ! states
with SU(3)3SU(2)3U(1) invariant couplings and~2!
squark states found inR-parity violating supersymmetry
~SUSY! models.

A. Leptoquarks

For SU(3)3SU(2)3U(1) invariant LQ couplings, there
are 14 possible LQ species@1#. Such leptoquarks have n
decay channels other thane1q or n̄q. Table II lists those
which have equal branching ratios intoe1q and n̄q decays.
These scalar and vector LQ species correspond to theSe1ū
andVe1d resonant states, respectively, with branching rat
fixed to be1q5bn̄q51/2.

B. SUSY

In SUSY, conservation of baryon and lepton numb
is expressed in terms ofR-parity, Rp . It is defined asRp
5(21)3B1L12S, where B is the baryon number,L is the
lepton number andS is the spin of the particle. Ordinary SM

t
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particles haveRp511 while their hypothetical supersym
metric partners haveRp521. In versions of the theory in
which R-parity is not conserved, squarks~the SUSY coun-
terparts to quarks! have the same production mechanism a
generic scalar resonance. The squark flavors listed in T
III have R” p decays into lepton-jet final states. Figures 2a a
c show thes-channel diagrams for these squark decays. T

ũ j and thed̃̄k squarks behave likeSe1d and Se1ū resonant
states, respectively~see Table III!, and the subscriptsj andk
denote the squark generation. Three generations are pos
but it is assumed that only a single generation has n
negligible coupling. These squarks would also be expecte
haveRp-conserving decays into neutralinos (x i

0) and chargi-
nos (x i

1) ~Figs. 2b and d! with multi-jet signatures differen

from e1-jet andn̄-jet. A detailed discussion of these state
whose properties depend on many SUSY parameters, is
yond the scope of this paper. The branching ratios of squ
into e1-jet andn̄-jet, as well as other final states, are the
fore treated as free parameters in this paper.

IV. EXPERIMENTAL CONDITIONS

During 1994-97, HERA collided protons of energyEp
5820 GeV with positrons of energyEe527.5 GeV. The
integrated luminosity of the data is 47.7 pb21. A detailed
description of the ZEUS detector can be found elsewh

TABLE II. First-generation leptoquark species considered
this analysis. The superscriptL denotes chirality, while the sub
script 0 indicates the weak isospin. The electric charge, the pro
tion channel, and the allowed decay channels are also displa
For positron beams, the charge changes sign, the helicity of
lepton is reversed, and the quarks and anti-quarks are intercha

LQ species Charge F Production Decay Branching ra

V0
L -2/3 0 eLd̄R ed̄ 1/2

nū 1/2

S0
L -1/3 2 eLuL eu 1/2

nd 1/2

TABLE III. Squarks predicted by SUSY that haveR” p decays

into e1-jet or n̄-jet final states. Listed are the squark producti
mechanism and decay channel. Thek and j subscripts indicate the
squark generation. Also shown is the corresponding resonant
from Table I. The decay modes with ax i

1,0 are theR-parity–
conserving decay modes which produce neutralinos (x i

0) and
charginos (x i

1). These undergo further decays into SM particles

Production Decay Resonance

e1d

e11d→ũ j
x i

0uj Se1d

x i
1dj

e1ū

e11ū→ d̃̄k n̄d̄ Se1ū

x i
0d̄k
05200
a
le
d
e

ble,
n-
to

,
e-

ks
-

re

@16#. The primary components used in the present anal
are the central tracking detector~CTD! positioned in a 1.43 T
solenoidal magnetic field, the uranium-scintillator sampli
calorimeter~CAL! and the luminosity detector~LUMI !.

The CTD@17# was used to establish an interaction vert
with a typical resolution of 3 cm in the beam direction f
events considered in this analysis. Energy deposits in
CAL @18# were used to measure the positron energy a
hadronic energy. The CAL has three sections: the forwa1

barrel, and rear calorimeters~FCAL, BCAL, and RCAL!.
The FCAL and BCAL are segmented longitudinally into a
electromagnetic section~EMC! and two hadronic section
~HAC1, 2!. The RCAL has one EMC and one HAC sectio
The cell structure is formed by scintillator tiles. The cells a
arranged into towers consisting of 4 EMC cells, a HAC1 c
and a HAC2 cell~in FCAL and BCAL!. The transverse di-
mensions of the towers in FCAL are 20320 cm2. One tower
is absent at the center of the FCAL and RCAL to allow spa
for passage of the beams. Cells provide timing measurem
with resolution better than 1 ns for energy deposits above
GeV. Signal times are useful for rejecting background fro
non-ep sources and for determining the position of the int
action vertex if tracking information is unavailable.

Under test beam conditions, the CAL has a resolution
0.18/AE(GeV) for positrons hitting the center of a calorim

1The ZEUS coordinate system is right-handed with theZ axis
pointing in the direction of the proton beam~forward! and theX
axis pointing horizontally toward the center of HERA. The pol
angleu is defined with respect to theZ axis.

c-
d.

he
ed.

ate

FIG. 2. Lowest-orders-channel diagrams for first-generatio
squark production ine1p collisions at HERA. Diagrams~a! and~c!

are the R” p decays for d̃̄k and ũ j squarks, respectively. The
Rp-conserving decays are shown in~b! and ~d!. The decays of the
charginos and neutralinos,x i

0 andx i
1 , into SM particles depend on

the parameters of the SUSY model and are not shown.
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eter cell, and 0.35/AE(GeV) for single hadrons. The even
of interest in this analysis have only hadronic jets, wh
impact primarily in the FCAL. In simulations, the jet energ
resolution for the FCAL is found to averages/E
50.55/AE(GeV)% 0.02 @3#.

To reconstruct the hadronic system, corrections were
plied for inactive material in front of the calorimeter. Th
overall hadronic energy scales of the FCAL and BCAL a
determined to within 2% by examining thePT balance of NC
DIS events@19#.

The luminosity was measured from the rate of the brem
strahlung processe1p→e1pg @20#, and has an uncertaint
of 1.6%.

A three-level trigger similar to the one used in the charg
current analysis was used to select events online@4#.

V. EVENT SIMULATION

Standard model CC events were simulated using
HERACLES 4.6.2@21# program with the DJANGO 6 ver
sion 2.4@22# interface to the hadronization programs. Fir
and second-generation quarks are simulated, while th
generation quarks were ignored@23# because of the large
mass of the top quark and the small off-diagonal element
the Cabibbo-Kobayashi-Maskawa~CKM! matrix. The had-
ronic final state was simulated using the MEPS model
LEPTO 6.5@24#, which includes order-aS matrix elements
and models of higher-order QCD radiation. The color-dip
model in ARIADNE 4.08@25# provided a systematic check
The CTEQ4D parton distribution set@12# with the Yang-
Bodek correction, Eq.~8!, was used to evaluate the nomin
CC cross section, and the unmodified CTEQ4D PDF w
used as an alternative PDF with smallerd-quark density.

Simulated resonant-state events were generated u
PYTHIA 6.1 @26#. States with masses between 150 and 2
GeV were simulated in 10 GeV steps. This program ta
into account the finite width of the resonant-state, but o
includes the s-channel diagram. Initial- and final-state Q
radiation from the quark and the effect of LQ hadronizati
before decay are taken into account, as is initial-state Q
radiation from the positron.

Generated events were input into a GEANT 3.13-ba
simulation @27# of the ZEUS detector. Trigger and offlin
processing requirements as used for the data were applie
the simulated events.

VI. EVENT SELECTION

Events were selected with cuts similar to those used in
CC cross-section measurement from the same data@4#. The
events were classified first according tog0, the hadronic
scattering angle of the system relative to the nominal in
action point@4#. If g0 was sufficiently large, i.e. in the cen
tral region, tracks in the CTD were used to reconstruct
event vertex. On the other hand, ifg0 was small, i.e. in the
forward region, the hadronic final state of suchn̄-jet events
was often outside the acceptance of the CTD, and thus
vertex position was obtained from the arrival time of pa
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ticles entering the FCAL. The following selection cuts we
then applied:

to select high-massn̄X states, events were required
have substantial missing transverse momentum:P” T.20
GeV;

a cut of y,0.9 discarded events in which the kinema
variables were poorly reconstructed;

events with P” T /ET,0.4 ~where ET denotes the tota
transverse energy measured in the event! were removed to
reject photoproduction background. For events withg0
,0.4, this cut was increased to 0.6;

NC background was removed by discarding events w
identified positrons;

non-ep collision events caused by beam-gas, halo muo
and cosmic rays were removed by a series of standard
based on the general topology expected for events fromep
collisions originating from the interaction region at the co
rect beam-crossing time.

The final sample contains 829 events.
The momentum carried by the antineutrino is extrac

from the P” T and the longitudinal momentum variable (E
2PZ) of the event; distributions are shown in Fig. 3. Th
data and SM predictions agree except forP” T.90 GeV,
where a slight excess is observed in the data. The (E2PZ)
distribution peaks near 10 GeV. These distributions are v
different from those of NC events, which have smallP” T and
an (E2PZ) distribution peaked near twice the positron bea
energy. These differences arise from the undetected fi
state antineutrino in this sample.

Jets were identified using the longitudinally-invaria
kT-clustering algorithm@28# in inclusive mode@29#. At least

FIG. 3. ~a! The P” T distribution for the final event sample.~b!
The (E2PZ) distribution. The points represent the data and
histogram is the SM MC prediction.
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one jet was required with transverse momentumPT
j .10

GeV. Figure 4 shows the distributions of the pseudorapid
h, of the highestPT

j jet.2 Also shown, for each event, are th
energy of the highestPT

j jet and theP” T when the momentum
of the highestPT

j jet is excluded. Reasonable agreemen
observed between the data and SM predictions in each c

The outer boundary of the inner ring of FCAL towers w
used to define a fiducial cut for the jet reconstruction. T
centroid of the jet with the highestPT

j was required to be
outside a 60360 cm2 box on the face of the FCAL centere
on the beam pipe. This restricts the pseudorapidity of the
to be less than roughly 2.6. This requirement removes
events, bringing the total sample to 804 events.

VII. MASS AND u* RECONSTRUCTION

It was assumed for the resonance search that all the m
ing momentum is carried away by one antineutrino. The

2The pseudorapidity is defined ash52 ln„tan(u/2)….

FIG. 4. Comparison of jet distributions in the data and Mon
Carlo. ~a! The pseudorapidity,h, of the highestPT

j jet in each
event.~b! The energy of the highestPT

j jet. ~c! The missing trans-
verse momentumP” T in each event when the highestPT

j jet is ex-
cluded. The points represent the data and the histogram the
Monte Carlo prediction.
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variant mass of then̄-jet system,M n j , was calculated using
Eq. ~1! using only the highestPT

j jet. The jet direction was
determined from the vector formed by the event vertex a
the jet centroid in the calorimeter. The neutrino energy a
angle were calculated as

En5
P” T

21~E2PZ!n
2

2•~E2PZ!n

cosun5
P” T

22~E2PZ!n
2

P” T
21~E2PZ!n

2

where (E2PZ)n52Ee2(E2PZ). Distributions of the re-
constructed antineutrino energy and polar angle in the la
ratory frame (En and cosun) are shown in Fig. 5. Reasonab
agreement is observed between data and the SM predic
Monte Carlo simulations of resonant states indicate that
antineutrino energy and polar angle were measured with
erage resolutions of 16% and 11%, respectively. The ave
systematic shift inEn was found to be less than 2%, whil
the shift inun was less than 1%.

Monte Carlo simulations of resonant states were used
determine the resolution and estimate the possible bias
the reconstructed mass. The mass resolution was obtaine
performing a Gaussian fit to the peak of the reconstruc
mass spectrum. For resonant-state masses from 170 Ge
270 GeV, the average mass resolution was found to be

M

FIG. 5. ~a! The distribution of the energy of the final-state a
tineutrino in the lab frame,En . ~b! The distribution of cosun ,
whereun is the polar angle of the scattered antineutrino in the
frame. The forward direction (cosun51) corresponds to the proto
beam direction. The points are the data and the line is the
Monte Carlo prediction.
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The peak position of the Gaussian differed from the gen
ated mass by less than 2% over the entire range.

Note that energy-momentum conservation, assumed in
der to calculateEn andun , does not apply when undetecte
initial-state radiation~ISR! from the beam positron occurs
At high masses, QED radiation results in an underestimat
En and an overestimate ofun . This, as well as final-state
QCD radiation, results in lower reconstructed masses, le
ing to an asymmetry in the expected mass distribution. I
simulation of a resonance of mass 220 GeV, only 1%
events had anM n j more than 20% higher than the true ma
while 16% had anM n j more than 20% lower than the tru
mass.

In contrast to the resonance search, setting cross-se
limits on e1p→ n̄X processes requires that a specific prod
tion mechanism be assumed. For this reason, an inva
mass,M n js , was calculated using all of the jets in the eve
with PT

j .10 GeV andh,3. Monte Carlo studies show tha
for narrow resonant states, using multiple jets gives m
accurate mass reconstruction for events with more than
jet ~for masses above 150 GeV, 12% of the simulated
events have multiple jets!.

The selection cuts described in Sec. VI determine the
nematic region where mass reconstruction is possible. Fig
6 shows the approximate regions in the cosu* -Mnj plane
which are excluded by the requirements ofP” T.20 GeV,y
,0.9 and the jet containment for events originating from
nominal interaction point. In the unshaded regions, acc
tance is typically'80%. The variableg denotes the scatter
ing angle of the struck quark. Events above theg050.4 line
typically use the FCAL timing vertex, while those below th
line use the vertex found from CTD tracking.

FIG. 6. Acceptance in the cosu* -Mnj plane. The shaded area
are the regions excluded by the requirements ofP” T.20 GeV, y

,0.9 and jet-containment assuming aneq→ n̄q scattering at the
nominal interaction point. No detector simulation is included. T
dottedg050.4 line shows the boundary between events using
FCAL timing vertex~above! and the CTD tracking vertex~below!.
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VIII. MASS AND cos u* DISTRIBUTIONS

Figure 7 shows the distribution of events in th
M n j -cosu* plane. The events populate the region of lar
acceptance described in Fig. 6.

A. Systematic uncertainties

The systematic uncertainties in the predicted rate
events range from about 7% atM n j'100 GeV to about 20%
at M n j'220 GeV, and over 40% atM n j'260 GeV. The
major sources of these are uncertainties in the calorim
energy scale~30%!, uncertainties in the simulation of th
hadronic energy flow~established by comparing results fro
the nominal LEPTO MEPS model with a Monte Car
sample using the alternative ARIADNE model! ~10%! and
uncertainties in the parton distribution functions~25%!,
where the numbers in brackets indicate the contribution
each systematic error as evaluated atM n j'260 GeV.

Potential sources of systematic error that were found
have negligible effects include reasonable variations of
selection cuts, background-contamination uncertaint
timing-vertex uncertainties, and the uncertainty in the lum
nosity determination.

B. Comparison with standard model

In Fig. 8~a!, the observed mass distribution is compared
the SM predictions from Monte Carlo simulations using t
CTEQ4D parton densities@12# and the CTEQ4D PDF modi
fied by the Yang-Bodek correction of Eq.~8!. The predic-
tions using CTEQ5@10# or the NLO QCD fit by Botje@7# are
similar to the modified CTEQ4D predictions. ForM n j
.180 GeV, the data tend to lie above the expectatio
There are 30 events observed in this region, while 2
63.3 are predicted@16.062.4 events for CTEQ4D withou

e

FIG. 7. The distribution of the final event sample in th
M n j -cosu* plane. Solid points indicate events reconstructed wit
tracking vertex; open circles events reconstructed with a tim
vertex.
2-10
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the correction of Eq.~8!#. The uncertainty on the predicte
number of events is due to the effects described above.

Figure 9 shows the cosu* distribution of the events with
M n j.180 GeV together with the distribution expected f
decay of a narrow scalar resonance~normalized to 9 events!.
In the cosu*,0.4 region where the DIS background is su
pressed, 8 data events are observed while 3.660.5 SM
events are expected.

Given the limited statistics in the present data and
systematic uncertainties of the SM predictions, the obser
mass spectrum is compatible with SM expectations.

IX. LIMITS ON RESONANT-STATE PRODUCTION

Since there is no evidence for a narrow resonance in
n̄-jet data, limits may be set on the production of the re
nant states listed in Table I. Since such states would nee
have a positron as well as an antineutrino decay channel
cross-section limits were set using thesen̄-jet data along with
the e1-jet data previously reported@3#. Only couplingsl
<1 are considered. The limit-setting procedure assumes

FIG. 8. ~a! The mass distribution for the data~points! and Monte
Carlo ~histograms!. The dashed line shows the predicted mass sp
trum when the CTEQ4D PDFs are used, while the solid cu
shows the distribution predicted when thed-quark density is en-
hanced using the Yang-Bodek correction@see Eq.~8!#. ~b! The ratio
of the number of events observed to the number expec
Nobs/Nexp, obtained using the Yang-Bodek correction. The sha
band indicates the systematic error in the SM expectation.
dashed line shows the SM expectation when the Yang-Bodek
rection is not implemented. The error bars on the data points
calculated from the square root of the number of events in the
05200
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states have the same production and decay mechanism a
Monte Carlo used to generate the resonance events. Th
variant mass reconstructed using the neutrino and all
with P” T.10 GeV andh,3.0, M n js , was used to set limits
The mass spectrum reconstructed with this technique
shown in Fig. 10a, and is similar to that from single jets~Fig.
8!.

The limit-setting procedure requires two parameters
each value ofM n js : the mass window,DM n js , and an upper
cut (cosumax* ) on the measured value of cosu* . Simulations
of both SM background and resonant signals were use
find values for these parameters which optimize observa
of a signal relative to DIS background. For a scalar re
nance with an̄-jet final state,DM n js ranged from 20 to 35
GeV in the 160–280 GeV mass range, while in the sa
range cosumax* increased from 0.2 to 0.8. For a vector res
nance in the sameM n js range,DM n js increased from 15 to
35 GeV, while cosumax* increased from 0.6 to 0.84. The ma
spectrum after applying the optimal cosu* cut for the scalar
search is shown in Fig. 10b. A similar optimization proc
dure, performed for thee1-jet final state using the NC data
has been described in a previous publication@3#.

To find the 95% confidence level~C.L.! upper limit on the
resonant-state cross section,s lim , a likelihood is calculated
using the Poisson probability for each decay channel:

Lc~s!5e2(Lbcecs1Nc
bkg)

~Lbcecs1Nc
bkg!Nc

obs

Nc
obs!

, ~12!

whereL is the luminosity,bc is the branching ratio of the
decay channel,Nc

obs is the number of observed events,Nc
bkg is

c-
e

d,
d
e
r-
re
n.

FIG. 9. The cosu* distribution of events withM n j.180 GeV.
The dashed line shows the predicted cosu* spectrum when the
CTEQ4D PDFs are used, while the solid curve shows the distr
tion predicted when thed-quark density is enhanced using th
Yang-Bodek correction@Eq. ~8!#. Also shown is the cosu* distri-
bution for a scalar resonance~dotted line! normalized to 9 events.
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the expected number of DIS background, andec is the ac-
ceptance calculated from resonance Monte Carlo. The
scriptc denotes the decay channel, which for this analysi
either n̄q or e1q, for the CC-like and NC-like final states
respectively. If more than one channel was used to s
limit, the likelihoods for each channel were multiplied t
gether to get the total likelihood,L(s). A flat prior probabil-
ity density for the cross sections was assumed, such that th
probability density,f (s), is simply f (s)}L(s). A limit was
then obtained on the cross section,s lim , by solving

E
0

s lim

ds f ~s!50.95E
0

`

ds f ~s! ~13!

and the resulting cross-section limit was converted to a c
pling limit l lim using the NWA@Eq. ~11!#. Note that using
two channels does not always produce a stronger limit t
using a single channel.

The limits on l depend on the accuracy of the NWA
Comparisons between the NWA and the full resonant-s
cross sections show that the NWA was too high by up t
factor 1.7 for Se1ū . This was corrected for in setting th
limits. For all other states, the NWA provides a reasona
approximation of the full resonant-state cross section in
mass and coupling ranges studied.

Figure 11 shows the limits obtained for the four sca
resonant states of Table I as a function ofbe1q andbn̄q , the

FIG. 10. ~a! The reconstructed mass spectrum using multi
jets for data~points! and SM expectation~histogram!. ~b! The mass
spectrum using multiple jets after the cut (cosu*,cosumax* ) for the
scalar resonance search has been applied.
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branching ratios intoe1q and n̄q, respectively. The equiva
lent plots for vector resonant states are shown in Fig. 12.
limits were calculated for coupling strengths ofl50.05 and
l50.10, as well as for couplingl50.31'A4pa. For the
e1u and e1d̄ resonances~a and d in Figs. 11 and 12!, n̄q
decays are forbidden by charge conservation, so the lim
are set using only thee1q channel. Thee1ū ande1d reso-
nances~b and c! can provide bothe1q and n̄q decays, so
limits are calculated using thee1-jet andn̄-jet data sets sepa
rately and combined. The combinede1q1 n̄q limits, which
assumebn̄q1be1q51, are largely independent of branchin
ratio. The limits obtained using only thee1-jet ~or then̄-jet!
data allow for decay modes other thane1q and n̄q, so the
e1q and then̄q limits are applicable to a wider range o

e

FIG. 11. The branching ratios intoe1q and n̄q ~shown on the
left and right axes, respectively! vs excluded mass for the scala
resonant states listed in Table I. For each limit curve, the area to

left of the curve is the excluded region. Results fore1ū, e1d̄, e1u
and e1d resonant states are shown for coupling strengths ol
50.05, l50.10, andl50.31. The shaded region in each pl
shows the mass range excluded by the D0 experiment. For~a! e1u

and ~d! e1d̄ resonant states, limits were set using onlye1q data

sincen̄q decays are forbidden by charge conservation. The~b! e1d

and ~c! e1ū states have bothe1q and n̄q decay channels. The

dotted line corresponds to onlyn̄q data, the shaded line correspon
to only e1q data, and the solid black line corresponds to both

e1q and then̄q data sets. The combined limits were calculat
assuming thatbn̄q1be1q51.
2-12
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physics models than the combinede1q1 n̄q results. The
systematic uncertainties on the predicted background
scribed in Sec. VIII A were found to change the exclud
mass limits by less than 1% forM n j.220 GeV, and have
therefore been neglected.

Thee1q andn̄q data have also been used to set limits
scalar and vector resonances with second generation qu
Assuming a coupling strength ofl50.31 the mass limits for
e1s states decaying with 50% branching ratio toe1q and
with 50% ton̄q are 207 GeV for a scalar and 211 GeV for
vector state.

For comparison, the limits on scalar resonances obta
by the D0 experiment@30# at the Tevatron are shown by th
shaded region. These limits are independent of both coup
and quark flavor. Similar results to those presented here h
been published by the H1 experiment@5#.

FIG. 12. The branching ratios intoe1q and n̄q ~shown on the
left and right axes, respectively! vs excluded mass for the vecto
resonant states listed in Table I. For each limit curve, the area to

left of the curve is the excluded region. Results fore1ū, e1d̄, e1u
and e1d resonant states are shown for coupling strengths ol

50.05, l50.10, andl50.31. For~a! e1u and ~d! e1d̄ resonant

states, limits were set using onlye1q data sincen̄q decays are

forbidden by charge conservation. The~b! e1d and ~c! e1ū states

have bothe1q andn̄q decay channels. The dotted line correspon

to only n̄q data, the shaded line corresponds to onlye1q data, and

the solid black line corresponds to both thee1q and then̄q data
sets. The combined limits were calculated assuming thatbn̄q

1be1q51.
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X. MODEL-DEPENDENT LIMITS

The limits on generic resonant states were converted
limits on the production of LQ and squarks that havee1q

and n̄q decays. Figure 13 shows the limit on the producti
cross section,s lim , for scalar and vector resonant state
Limits derived from e1q ( n̄q) assume a branching rati
be1q (bn̄q) of 1/2, while the combinede1q1 n̄q limits as-
sume branching ratios ofbe1q5bn̄q51/2.

A. Leptoquarks limits

The cross-section limits were converted to limits on le
toquark coupling using Eq.~11!. Figure 14 shows the cou
pling limits for theS0

L andV0
L LQ species listed in Table II.

If a coupling strengthl50.31'A4pa is assumed, the pro
duction of anS0

L LQ is excluded up to a mass of 204 Ge
with 95% C.L., while the production of aV0

L LQ is excluded

up to a mass of 265 GeV. When then̄q ande1q limits are
combined, the resulting limits exclude approximately t
same mass range as thee1q-only limit. Also shown in Fig.
14 is the limit curve for second generation LQ’s of the ty
VL

0 produced as ane1s resonance. The combined limits from

e1q and n̄q decays are shown. For comparison, limits fro
the D0 experiment with a branching ratio ofbe1q51/2 are
shown @30#. Also included are LQ limits from the OPAL
experiment at the CERNe1e2 collider LEP @31#.

B. SUSY limits

Limits were set on the production of the squarks listed
Table III. In addition toR” p decays intoe1q andn̄q, squarks
can also haveRp-conserving decays into other final state
To remove the dependence on the branching ratios into th
Rp-conserving states, limits were set on the quantitylAb,
whereb5be1q1bn̄q . The limit-setting procedure does no
account for possible contributions to thee1-jet and n̄-jet

channels fromRp-conserving decays. Limits ond̃̄k andũ j are

shown in Fig. 15. Becausebe1q5bn̄q for the d̃̄k decays, the
combinede1q1 n̄q limits are shown along with the limits
obtained from the individual decay channels. For theũ j

squark,b5be1q since n̄q decays would violate gauge in
variance. Previous limits onR” p-squark production from
smaller data sets have been set by the H1 experiment@32#.

XI. CONCLUSION

A study of then̄-jet mass spectrum ine1p→ n̄X events at
center-of-mass energy 300 GeV has been performed with
ZEUS detector at HERA using an integrated luminosity
47.7 pb21. Events with topologies similar to high-Q2

charged current DIS were selected. The invariant mass,M n j ,
was calculated from the jet with the highest transverse
ergy and the antineutrino four-momenta. The jet moment
was measured directly, while the antineutrino moment
was deduced from the energy-momentum imbalance m
sured in the detector. No evidence for a narrow resona

he
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FIG. 13. ~a! Limits on the total production cross section for
narrow scalar resonant state.~b! The corresponding limits for a

narrow vector resonant state. Limits derived frome1q ( n̄q) assume
a branching ratiobe1q (bn̄q) of 1/2, while the combinede1q

1 n̄q limits assume branching ratios ofbe1q5bn̄q51/2.

FIG. 14. ~a! The limits on the couplingl lim for an S0
L LQ. ~b!

The same for aV0
L LQ. Results from then̄q ande1q channels are

shown, along with the limits obtained by combining the two cha
nels. Also shown is the limit for second generation LQ’s~dashed-
dotted line!. In both plots, the horizontal line indicates the coupli
l50.31'A4pa. For comparison, representative limits from th
Tevatron@30# and LEP@31# are also shown.
05200
was observed. This analysis complements an earlier se
for narrow resonances in thee1-jet final state.

In the absence of evidence for a high-mass resonant s
the e1-jet andn̄-jet data sets were used to set limits on t
production cross section of scalar and vector states deca
by either mode. Sensitivity to a resonant signal was o
mized by restricting the center-of-mass decay angle to
move most DIS background and by choosing an appropr
mass window. The resulting cross-section limits were c
verted to coupling limits one1u, e1d, e1ū ande1d̄ reso-
nant states.

First-generation couplings between initial- and final-st
quarks and leptons which conserve flavor and electric cha
were considered. Limits were calculated as a function of
e1q and n̄q branching ratios for small couplings and do n
depend on a specific production mechanism. For resona
with both e1q and n̄q decays, using both thee1-jet and
n̄-jet data gave limits which are largely independent of t
branching ratio if the state is assumed to have no additio
decay modes.

The limits on generic resonant states were used to c
strain the production of leptoquarks andRp-violating
squarks. For leptoquark flavors whose branching ratios
e1q and n̄q are the same, exclusion limits of 204 GeV fo
scalars and 265 GeV for vectors were obtained if a coup
strengthl50.31 is assumed. Limits on the production ofũ j

andd̃̄k squarks were obtained directly from the limits one1d
ande1ū resonances, respectively.
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@25# L. Lönnblad, Comput. Phys. Commun.71, 15 ~1992!.
@26# C. Friberg, E. Norrbin, and T. Sjo¨strand, Phys. Lett. B403,

329 ~1997!.
@27# R. Brunet al., CERN-DD/EE/84-1~1987!.
@28# S. Cataniet al., Nucl. Phys.B406, 187 ~1993!.
@29# S. D. Ellis and D. E. Soper, Phys. Rev. D48, 3160~1993!.
@30# D0 Collaboration, B. Abbottet al., Phys. Rev. Lett.80, 2051

~1998!.
@31# OPAL Collaboration, G. Abbiendiet al., Eur. Phys. J. C6, 1

~1999!.
@32# H1 Collaboration, S. Aidet al., Z. Phys. C71, 211 ~1996!.
2-15


