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A search for narrow-width resonances that decay into ele¢j@or neutrinetjet has been performed with
the ZEUS detector at the DES&D collider HERA operating at center-of-mass energies of 300 and 318 GeV.
An integratece™ p luminosity of 114.8 pb* ande ™ p luminosity of 16.7 pb* were used. No evidence for any
resonance was found. Limits were derived on the Yukawa couplirg a function of the mass of a hypo-
thetical resonance that has arbitrary decay branching ratioeopto »q. These limits also apply to squarks
predicted byR-parity-violating supersymmetry. Limits for the production of leptoquarks described by the
Buchmiler-Ruckl-Wyler model were also derived for masses up to 400 GeV.\NFe0.1, leptoquark masses
up to 290 GeV are excluded.

DOI: 10.1103/PhysRevD.68.052004 PACS nuniber13.60—r, 14.80—]j

I. INTRODUCTION production arise from neutral curreftC) and charged cur-
rent (CC) deep inelastic scatteringplS), as illustrated in

_l\/!{any ex';ens?nls of the _stant;je}[[]dbmodﬁM) F:jreld'it the Figs. @ and Xb). While a resonance with a mass below the
existence of particies carrying both baryon and 1€plon NUMy,=p o center-of-mass energys, would give rise to a nar-

bers, such as leptoquarkisQs) [1] or squarkdin R-parity- row peak in theM; spectrum, the backgrounds from NC and
violating (R,) supersymmetr[2]. In ep collisions at the ¢ g rapidly at high mass due to the dependence of the
DESY ep collider HERA, such states may be produced digoss section o2, the virtuality of the exchanged bosons,
rectly through electrolquark fusion, with subsequent decay and to the sharply falling valence-quark density at large
into on electron and quark or neutrino and quark, yieldinggjorkenx. The variableg*, the lepton scattering angle in the
peaks in the spectra of the final-state lepton-jet invarianfepton-jet center-of-mass frame, can be used to reduce the
massM; . This paper presents a search for such resonam|s backgrounds. The decay of a resonance results in an
states. angular distribution different from those produced by SM
The only significant backgrounds to high-mass resonancgrocesses: a scalar resonance, for example, will have a flat
distribution in cos*, while NC DIS events follow approxi-
mately a 1/(} cos¢*)? distribution.

°Also affiliated with University College London, UK. The data were used to investigate the production of reso-
®On leave from University of Erlangen-Muberg, Germany. nances. In the absence of a narrow resonance signal, limits
ZPresem address: Sparkasse Koeln, Germany. can be set on the production of resonances with masses be-
Present address: Dongshin University, Naju, Korea. low /s and with the assumption of narrow width, as shown
‘Present address: Max-Planck-Institutr fiPhysik, Minchen/  in Fig. 1(c). In addition, specific limits on the production of

GfefmaHY- _ _ Buchmiuler-Rickl-Wyler (BRW) LQs [1] with masses both
gPresent address: Fermilab, Batavia, IL, USA. below and above/s can be obtained. Because backgrounds
_Present address: DESY group FEB, Hamburg, Germany. fall sharply at largeM; , the data are sensitive to LQs via
 On leave from Columbia Univ., Nevis Labs., NY, USA. exchange terms, shown in Fig(d}, as well as interference
jPresent address: CERN, Geneva, Switzerland. terms with SM processes. The narrow-width assumption is
kPresent address: INFN Perugia, Perugia, Italy. not necessary for setting limits in the BRW model.
IPresent address: Univ. of Oxford, Oxford, UK. The present results supersede previous analj3e8.
Present address: University of Tokyo, Japan They are based on all data collected by the ZEUS experiment
MOn leave from The National Science Foundation, Arlington, VA, in the period from 1994 to 2000. After 1998, the HERA

USA. center-of-mass energy was increased from 300 to 318 GeV.
"Present address: Univ. of London, Queen Mary College, London,

UK.
°Present address: Tokyo Metropolitan University of Health Sci- Il. EXPERIMENTAL CONDITIONS

ences, Tokyo 116-8551, Japan.
PAlso at Universitadel Piemonte Orientale, Novara, Italy. The ZEUS detector is described in detail elsewHére
9Also at Lodz University, Poland. The main components used in the present analysis are the
"Present address: Ha University, Poland. central tracking detectdiCTD) and the uranium-scintillator
SOn leave from MSU, partly supported by University of Wiscon- sampling calorimete¢CAL).

sin via the U.S.-Israel BSF. Charged particles are tracked in the CT&), which op-

tUnless otherwise specified, “electron” refers to both positron anderates in a magnetic field of 1.43 T provided by a thin super-
electron and “neutrino” refers to both neutrino and antineutrino. conducting solenoid. The CTD consists of 72 cylindrical
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data collected from 1994 to 2000 are listed in Table I, and
were used for this analysis.

Ill. MONTE CARLO SIMULATION

Production and decay of resonances were simulated using
PYTHIA 6.1[9,10], which takes into account the finite width of
the resonant state, but includes only thehannel diagrams.

@ () Initial- and final-state QCD radiation from the quark and the
effect of LQ hadronizatioi10] before decay as well as the
initial-state QED radiation from the electron are also taken
into account.

Standard model NC and CC DIS events were simulated
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- and

(© (d) final-state electroweak radiations, vertex and propagator cor-
rections, and two-boson exchange were included. The had-

FIG. 1. Diagrams foep scattering at HERA vida) photon and  ronjc final state was simulated using the MEPS model in
(b) Z° exchange(NC) and W exchange(CC). The leptoquark dia- | gpro 6.5[14], which includesO(as) matrix elements and
grams for the same initial and final states &c¢ s-channel LQ higher-order QCD radiation. The CTEQ5D parton distribu-
production andd) u-channel LQ exchange. Hegsstands for b(ﬂh tion function (PDP [15] was used in evaluating the SM
e’ (positron ande™ (electron, and v for both v (neutring and v cross sections.

(@ntineutrino. The largest uncertainty in the NC and CC cross sections is
due to the uncertainties in the parton densities of the proton.

drift chamber layers, organized in nine superlayers coveringhe PDFs at high Bjorkem are determined primarily from

the polar-angle region 15°0<164°. The transverse- measurements made in fixed-target DIS experimentsx At

momentum resolution for full-length tracks is(py)/p;  =0-6, corresponding to a lepton-jet mass of 230 GeV, the
=0.0058,®0.006550.0014p, with pr in GeV. cross-section uncertainty due to the PDF uncertdih6f is
The CAL[7] consists of three parts: the forwAi@CAL),  ~6% for NC and~4% (10%) for e"u (e"d) CC reactions,

the barrelBCAL), and the reafRCAL) calorimeters. Each Whereu andd refer to theu andd valence quarks, respec-

part is divided into modules, which are subdivided trans—t'v?llﬁ' ed . 4 throuabtha
versely into towers and longitudinally into one electromag- € génerated events were passed throug 7313

netic section and either orf RCAL) or two (in BCAL and based17] ZEUS detector- and trigger-simulation programs

FCAL) hadronic sections. The smallest subdivision of the[s]' They were reconstructed and analyzed by the same pro-

) . . hai h .
calorimeter is called a cell. The CAL energy resolutions, asgram chain as the data
measured under test-beam conditions, argE)/E
=0.18A/E for electrons andr(E)/E=0.35A/E for hadrons, IV. RESONANCE SEARCH

with E in GeV. The timing resolution of the CAL is better Events from a hypothetical resonance decaying ip
than 1 ns for energy deposits greater than 4.5 GeV. Furthe(rvq) have a topology identical to DIS NQCC) events.
performance parameters of the CAL relevant for this studyeyents originating from high-mass resonances are expected
have been discussed in previous publicatig3d]. to have high transverse energy, at least one jet, and either an
The forward plug calorimete(FPQ, a lead-scintillator jdentified final-state electron or large missing transverse en-
sandwich calorimeter, was installed in thex2P0 cnf beam  ergy. The lepton-jet invariant mass was calculated as
hole of the forward CAL FCAL of the ZEUS detector in
1998. Although the FPC information was not used in this M, = V2E,E;(1— cosé),
analysis, the impact of its material on the CAL response to . .
forward jets was extensively studied.
The luminosity, which was measurg8] from the rate of
the bremsstrahlung procesp—epy, has an uncertainty of
1.6% to 2.25%, depending on the running periods. All ZEU

where E, is the energy of the outgoing leptok,; is the
energy of the jet, ang is the angle between the lepton and
jet. In final states containing multiple jets, the jet with the
argest transverse momentuf;, was used.

°The ZEUS coordinate system is a right-handed Cartesian system, A. ep—eX topology
with the Z axis pointing in the proton beam direction, referred to as
the “forward direction,” and theX axis pointing left towards the
center of HERA. The coordinate origin is at the nominal interaction ~Events with the topologg p— e X, whereX contains one
point. or more jets, were selected using the following criteria.

1. Event selection

052004-5
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TABLE I. The characteristics of the three data samples used for the present &tidys the uncertainty
of the measured luminosity.

Period E, (GeV) E. (GeV) Js (GeV) e charge Luminosity (pb?) Siumi (%)
1994-1997 820 275 300 e’ 48.5 +1.6
1998-1999 920 27.5 318 e 16.7 +1.8
1999-2000 920 27.5 318 et 66.3 +2.25

(i) The Z coordinate of the reconstructed event vertex was  Figures 3 and 4 show thil; spectra fore"p ande™p
required to be in the rang&|<50 cm, consistent with an data, respectively. The upper plots show the spectra with and
ep collision. without the cut cog* <0.4, while the lower plots show the

(i) The total transverse enerdd; was required to be at ratio of the observed spectrum to SM expectations with no
least 60 GeV. This removes the bulk of the SM NC back-cos¢* cut. The data are well described by the NC MC.
ground. An excess of data events relative to SM expectations was

(iii ) An identified electror{ 18] was required with energy seen in data from the 1994-1997 perig8]. For My;
E.>25 GeV located either in FCAL or BCAL, correspond- >210 GeV, 24.7 events were expected and 49 were ob-
ing to an electron polar angle,<126°. Electrons impacting served. No such excess is seen in the more recent data. The
the BCAL within 1.5 cm of a module edge, as well as elec-increase in the proton beam energy from 820 to 920 GeV in
trons impacting between the FCAL and the BCAL, as deter1998 had no significant effect on the mass reconstruction or
mined by tracking information, were discarded to ensure thathe signal acceptance. The effect of the addition of the FPC
the resolutions were well understood. was studied extensivelj21]; uncertainties in its simulation

~(iv) At least one hadronic jet with transverse momentumwere found not to affect the conclusions of the present analy-
PL>15 GeV, obtained using the longitudinally invaridgt ~ sis. Combining all thee™ p data, 104 events were observed
cluster algorithn{19] in inclusive modg20], was required. With M¢;>210 GeV, in good agreement with the SM expec-
The centroid at the FCAL face of the highd®}-jet was tation of 90t 15. The systematic uncertainty on the expecta-
required to be outside a box of B®O cn? centered on the tion is discussed in the next section. The excess seen in the
proton beam, in order to ensure good energy containmer@arlier data sample must be ascribed to a statistical fluctua-
and to reduce the systematic uncertainties due to the protdion.
remnant.

The acceptance, mass shifts, and resolutions for resonant 3. Systematic uncertainties
lepton-quark states were calculated from the LQ Monte
Carlo (MC) simulation. After these cuts, the acceptance for _ ) .
scalar resonances was60%, depending weakly on the NC DIS process was mvestlg_ated. The dominant sources
mass. The acceptance for vector resonancesv68% be- W€r¢ uncertainties in the following:
low 200 GeV, decreasing to-40% at 290 GeV. These dif- (i) Calorimeter energy scale, of 1% for BCAL electrons,

. 0, 0 .
ferences in the acceptances for scalar and vector resonangeé’ for FCAL electrons, and 2% for hadrons. This led to an

are due to the different decay angular distributions. The masdncertainty of 4% (12%) in the NC expectation .,

resolution, determined from a Gaussian fit to the peak of thé 190 (220 QeV. , . . .
reconstructed mass spectrum, fell from 6% to 4% as the reso- (ii) The simulation of the hadronic energy flow including

nant mass increased from 150 to 290 GeV. The peak positioﬁImUIation of the proton remnant and the energy flow be-

was typically lower than the generated mass by 1%. Thdween the struck quark and proton remnant. Tests based on

resolution in co®* near|cos#*|=1 had a Gaussian width of the SM MC samples yielded variations of the NC back-
0.01, degrading to 0.03 with decreasifogs¢*|. ground of about 10% for masses above 220 GeV.

(iii) The energy response of FCAL towers closest to the
beam from the differences observed between data and simu-

) lation. Tests based on the SM MC samples showed variations
After the above selection, 21 509 events were found, cOmpf the NC background of less than 5% flok;= 220 GeV.

pared to 214451 288 expected from the NC Monte Carlo (i) The parton densities, as estimated by Bdis],
(MC) simulation and the evaluation of its systematic unceryhich gave an uncertainty of 5% fofo;=220 GeV.
tainties(see Sec. IVA 3 The measured distributions of the Other uncertainties were investigated and found to be
total transverse enerdyr are compared to the simulation in small compared to the above items. They are the simulation
Figs. 2a) and 2e), where thee'p ande p samples are of the electron-energy resolution, the electron-finding effi-
shown separately. Also shown ake-P; [Figs. ab), (f)],  ciency, the jet-position reconstruction, the luminosity deter-
where theE andP; are summed over the final-state electronmination, and the simulation of the vertex distribution. The
and all the hadrons, electron transverse moment®§) (  overall systematic uncertainties on the background expecta-
[Figs. 4c), (g)], and jet transverse momentur®)) [Figs. tions result from summing the contributions from all these
2(d), (h)]. Good agreement is seen between the data and treources in quadrature and are shown in Figis) 8nd 4b) as

SM NC simulation for all of these spectra. the shaded bands.

The uncertainty on the expected number of events from

2. Search results
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4. Significance analysis 1.9x 10 2 was found in thee™p data sample at a mass of

To quantify the level of agreement of thd; spectra 158 GeV. Avalue oP,;, less than that found in the data was

between the SM MC and the data, a significance analysig@bserved in 41% of the generated experiments. The same test
was performed using a sliding mass window of widthwas also done on the” p data samples. The results are sum-
30(My)), wherea(My;) is the mass resolution discussed in marized in Table Il. These observations show that the data
Sec. IVA 1. The number of eventg,, expected from the are compatible with the SM expectation, and there is no evi-
SM and the number of observed evemNswere compared in  dence for a narrow resonance in g channel.
each window, and the probability of observiigor more
events while expecting was calculated as
B ) B. ep—vX topology
P=> e*u’:z_l_ (1) 1. Event selection
KN ' Events with the topologg p— vX, whereX contains one

In the e"p data sample, a minimum probability,,, of ~ Or more jets, were selected by the following cuts, similar to
2.6x10 % was found at mass 121 GeV, where 2575 eventghose used in the CC cross-section measurefizjt
were observed while 2436 were expected inside the sliding (i) TheZ coordinate of the reconstructed event vertex was
window. A large number of MC experiments were then per-required to be in the rand&|<50 cm. The event vertex was
formed, taking into account the systematic uncertainties omeconstructed either using the tracks measured in the CTD
the SM expectations, and thHe,,;, distribution was deter- (for events with largey, [22], the hadronic scattering angle
mined. In 35% of all simulated experiments, the value ofof the system relative to the nominal interaction ppiot
Pmin Obtained was less than that found in the data. With thdrom the arrival time of the particles entering the FC&br
additional cut cog* <0.4 applied to the sample, R,;, of  events with smally,, i.e., outside the CTD acceptance
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FIG. 3. (a) Comparison of the™ p samples(dotg and the NC FIG. 4. (a) Comparison of the observed p samplegdots and

SM expectationgsolid histogran for the reconstructed invariant the NC SM expectationgsolid histogram for the reconstructed
massM; in thee*p— e’ X topology. The dat#open squargsand invariant massM.; in the e"p—e~ X topology. The dataopen
the SM expectationgdashed histograyjmafter the co#* <0.4 cut  squareps and the SM expectation&ashed histogramafter the
are also shown(b) The ratio between the data and the SM expec-cos#* <0.4 cut are also showitb) The ratio between the data and
tation before the cog* cut. The shaded area shows the overallthe SM expectation before the cés cut. The shaded area shows
uncertainties of the SM MC expectation. the overall uncertainties on the SM MC expectation.

(if) The missing transverse momentuRy was required  \|C events and fitting the mass peak with a Gaussian func-

to be at least 20 GeV, as measured in the calorimeter.  tjon. The resulting mass shift was below 1% for LQ masses
(iii) y<0.9, wherey was calculated from the longitudinal petween 150 and 290 GeV, with the resolution varying from
momentum measured in the calorimeter (E—P,)/2E,, 8% to 7%.
whereE.=27.5 GeV is the electron beam energy. This cut
discards events in which the kinematic variables were poorly 2 Search results
reconstructed. )
(iv) NC events were removed by discarding events with After the selection, 2536 events were found, compared to
identified electrons. 2587+ 217 expected from the CC MC simulation and the

(v) At least one jet was required wifPJr> 10 GeV, where evaluation of its systematic uncertaintiesee Sec. IV BB
jets were reconstructed as in thg— eX topology, and the The distributions of? are compared for data and simulation
centroid at the FCAL face of the higheBt- jet was required o .
to be outside a box of 6960 cn? centered on the proton TABLE II. Results of the significance analysis on tiig; spec-
beam. tra: Ppin is the minimum probability along thé/d,; spectra, as

The neutrino energy and angle were calculated by assunfefined in Eq.(1); Nos is the number of observed events at the
ing that Py and missingE— P, were carried away by a correspondingMe;j; usm is the expectation from the SM back-
single neuTtrino Monte Carlo Zsimulations of resonant-statdround:F is the fraction of the simulated experiments with mini-
production indicated that the neutrino enefgy and polar mum probabilityP < Pmin-
angle 8, were measured with average resolutions of 16%

- . e No cos#* cut cos#* <0.4
and 11%, respectively. The average systematic shift jn e*p ep e*p ep
was less than 2%, while the shift iy, was less than 1%.

After all these cuts, the acceptance wa0%, depending Prin 0.26% 0.032% 1.9% 4.3%
weakly on the mass. Me; (GeV) 121 151 158 151
The invariant mass of the-jet systemM,;, was recon- Nobs 2575 305 73 27
structed using the sum of the 4-momenta of the neutrino and 4, 2436 249 56.4 18.8
the highestP+ jet in the event. The shift and resolution of the E 35% 6% A41% 56%

invariant mass were studied by reconstructing it for the LQ
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in Figs. 5a) and e), where thee*p ande™ p samples are (i) The hadronic energy scale, of 2%, which leads to an

shown separately. Also shown are the distributionsEof uncertainty of 2%4(10%) for M ;=100 (220 GeV.

— Pz [Figs. 8b), (f)], where theE and P, are summed over (ii) The simulation of the energy deposited in the FCAL

the final-state hadrors, [Figs. 5¢), (g)] andP) [Figs. §d),  regions closest to the forward beam pipe, which leads to an

(h)]. Reasonable agreement is seen between the data and thecertainty of~7% for M ;=220 GeV.

SM CC simulation for all of these spectra. A small excess (iii) The parton densities, as estimated by Bo1jé], giv-

compared to MC is observed for tled' p data at largePr  ing 9% and 4% uncertainties fer" p ande™ p, respectively,

(also reflected in th®) andE, distributions. for M,;=220 GeV. The PDF uncertainties were also esti-
Figures 6 and 7 show thiél ,; spectra fore"p ande"p ~ Mated using the ZEUS next-to-leading-ordit O) fit [23]

data, respectively. The upper plots show the spectra with andith similar results.

without a cut of co®* <0.4, while the lower plots show the Other uncertainties include jet-position reconstruction and

ratio of the observed spectra to SM expectations with nduminosity determination, which were small compared to

cos¢* cut. The data are reasonably well described by the C@&hose given above. The overall systematic uncertainties on
MC. the background expectations were obtained by summing the

contributions from all these sources in quadrature, and are

3. Systematic uncertainties shown in Figs. @) and 1b) as the shaded bands.

The uncertainty on the predicted background from SM
CC DIS processes was investigated. The dominant sources of
uncertainty, which are similar to those described in Sec. The same significance analysis as applied tdMhgspec-
IV A 3 for the ep—eX case, arise from uncertainties in the tra was performed on th#l ,; spectra. The results are sum-
following: marized in Table Ill. The observations are again compatible

4. Significance analysis
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FIG. 6. (a) Comparison of the observed p samplegdots and FIG. 7. (a) Comparison of the observed p samplegdoty and

the CC SM expectationgsolid histogram for the reconstructed the CC SM expectationgsolid histogram for the reconstructed
invariant massM ,; in the e*p— X topology. The datalopen  invariant massM,; in the e”p—w»X topology. The dataopen
squares and the SM expectationéashed histogramafter the  squares and the SM expectationgdashed histogramafter the
cos@* <0.4 cut are also showib) The ratio between the data and €0S¢*<0.4 cut are also showiib) The ratio between the data and
the SM expectation before the cffs cut. The shaded area shows the SM expectation before the c@$s cut. The shaded area shows
the overall uncertainties on the SM MC expectation. the overall uncertainties on the SM MC expectation.

with the SM expectation, and there is no evidence for a narsirycted resonance mass for L@q events. Using the

row resonance in theq channel. PYTHIA MC described in Sec. I, it was found that the reso-
lution on M5 for the LQ—eq events varied from 3% to 2%
V. LIMITS ON THE PRODUCTION OF RESONANT as the mass varied from 150 to 290 GeV, while thatM
STATES varied from 6% to 4%. For the LQ vq events,M;;; and

. . -Mj; have similar resolutions. On the other hand, g
Since no evidence was fou_no_l for a narrow resonance Method assumes that the final state consists only of the LQ
the Igpton-Jet mass spectra,' limits were sgt on the Yukawaecay products and the proton remnant. It is also affected by
coupling A and the production cross section of the eighty, QED initial-state radiatioflSR) of a photon from the
types of resonant states listed in Table IV with masses belovltcoming electron. Therefore, thé,, method is better suited

Vs. The resonance decay width was assumed to be smajy e general resonance search discussed in Sec. IV. This is
and thes-channel production was assumed to be dominantyc.ssed in more detail elsewhéged].

so that the resonance exchange and interference contribu- |, e limit-setting procedure, the width was assumed to

tions were neglected. . o . be small compared to the detector resolution, so that the
The limits were set using a likelihood technique involving

the observabled/ ;s and cosg*. The variableM;s is the

invariant mass of the lepton-jets system and was calculated o-E !ll- Results of the significance analysis on thie,; spec-
tra. For details, see the caption of Table II.

from
\/7 No cosé#* cut cosg*<0.4
Mljs_ 2Ee(E+ PZ)IjS: e+p e p e+p ep

where E,=27.5 GeV is the electron beam energyE ( Poin 1.8% 9.9% 1.1% 24.5%
+P3))js was determined using the lepton and all jets in the M,; (GeV) 246 225 269 217
event satisfyingP;{>15 GeV (P{>10 GeV in ep—vX Nopse 10 22 2 9
channel and ;<3 [3,4]. Ty 4.5 16.2 0.16 6.8

The M,;s method rather than thigl;; method was used in = 76% 77% 24% 94%

the limit setting because it has better resolution on the recon
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TABLE V. First-generation scalar and vector resonant states
that can be produced ie*p scattering. The top half of the table

lists color-triplet states with fermion number=_L+3B=0, while N A=03
the bottom half lists those witfF=2. The left and right sets of 'g 08 £ Veu FRRERYS)
columns list scalars and vectors, respectively. 1 06 | eeees eu \ do41
= .~ k = 5
A e TR 1@y 00 @
Sca|al’ VeCtOF E -0 5=\ dessesipdfzazeopszazyopckbyTin T \ dmsmpafmp” \ \ TS (N 3 ‘1
Resonance Charge Decay Resonance Charge Decay 1 A=0.1 A=0.3
—~ LV BN RN S A S s R
Seu 53  e'u Vory 53  e'u gT 08 ;j__\_/_‘?gd E
Setg 2/3 etd Veig 2/3 etd 04 E S 3
— — -g 02 B et L (b¥
ru ru E 0 E== EEE el S Sy ags RSP DL L A T HRT N ITRE NN
Seu -1/3 e u Vey -1/3 e u )\ 0.1 }\ 0.3
~ 1l ; T . 0.~
vd vd % 08 | \/e+d ! 4 023
Se-d ~4/13  ed Ve-g ~43  ed 06 p i ed Efgd
- 04 N _ - 0630
‘o 02 E EHI Beg ™) - (€)3 08l
& 0 Eeedeseresdezcasechennent17I0, L Lid 1@
narrow-width approximatiofNWA) is valid. In the NWA, - oo A0 203
the total cross section of the production of a single state is+5 °8 & Ve'u T
described at Born levdll] by 1 oa b e A
‘o 02 & - ( =
E 0 E= fodesobopedogopod d wapzlzzzzzezlzatiopakersi ) [0
NWA s ) 2 160 180 200 220 240 260 280 300
WA= (J+ 1)4_5)‘ d(Xo,Mgg), 2 M ((GeV)

FIG. 9. The constant- limit contour for the vector resonant
states listed in Table IV. For details, see the caption of Fig. 8.
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FIG. 8. The constant- limits as a function of the branching . T T
ratios intoeq and »q (shown on the left and right axes, respec- 200 300 200 300 200 300 200 30
tively), and of the resonance massdxes, for the scalar resonant (GeV)

states listed in Table IV. The dotted line corresponds to limits set

with only the ep— vX dataset, the dashed line with only te@

—eX dataset; the solid black line is the limit set using both FIG. 10. (a,b Limits on the total production cross section for a
datasets, assumingeq+ 8,q=1. For each limit curve, the area to narrow scalar resonant state &iect) the corresponding limits for a
the left of the curve is the excluded region. Results for the resonamarrow vector resonant state as shown in Table IV. Limits derived
states are shown for constant limit af=0.1 and\=0.3. The from NC (CC) data samples assume a branching ratig(83,,) of
shaded area in each plot shows the area excluded by thexpeyi- 1/2, while the combine@qg+ vq limits assume branching ratios of

ment. Beq=B,q=1/2
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TABLE V. The F=0 (upper partandF=2 (lower par} lepto-
quark species of the Buchiter-Ruckl-Wyler model[1] and the
corresponding couplings. Those LQs that couple only to neutrino
and quark and therefore could not be produced at HERA are not
listed. The LQ species are classified according to their spifof
scalar andV for vectop, their chirality (L or R) and their weak
isospin (0,1/2,1). The leptoquari&andV differ by two units of
hypercharge fronS and V, respectively. In addition, the electric
chargeq of the leptoquarks, the production channel, as well as their
allowed decay channels assuming lepton-flavor conservation are

PHYSICAL REVIEW D 68, 052004 (2003
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VR —43  exd,  ed 1 e =0 BRW LQ Vg and for(b) F=2 BRW LQ Sj.
—-1/3 eru eu 1 A . .
~L _13 eﬁuL e u 1 )\R —wX samples were used, while for resonant states decaying
Vie LR L only to eq, only egq—eX samples were used. The upper

limit on the coupling strength) i, as a function oM,
was obtained by solvirig

whereq(Xg, Méq) is the initial-state quarkor antiquark mo-
mentum density in the proton evaluatedxgt= Méq/s and
virtuality scaIeng, andJ is the spin of the state.

The effect of QED ISR on the resonance production cross
section was evaluated. It varies from4% at resonance . .

o where L is the product of Poisson probabilities of all
w:;slylgg t?]g\ﬁetsoc;niife ?;p?é.ﬁis(c?agfgf(ein?mgess::jqchosﬂ*-M| js bins co.nvoluted \(vith Gaussian distributions for
when setting the limits on. The NLO QCD corrections, the e main systematic uncertainties. Thevas calculated as
so-calledK factors, including the vertex loop corrections, . 1 p
gluon radiation from the leptoquark or the quark and other L= H dg__e(fé,-z/Z)H e(fu{)’“‘
higher-order diagrams, have been evaluated for the scalar = 2w i N
resonancef24,25. The K factor varied from 1.171.17 to
1.15(1.35 for aneu (ed) resonance with mass varying from wherej denotes the source of systematic uncertainty &nd
100 to 300 GeV. However, no calculation is available for thecorresponds to the variation of thiéh systematic parameter
vector resonances, so for consistency, no NLO QCD corredn units of the nominal values quoted in Secs. IVA 3 and
tion was applied to either scalar or vector resonance. IVB 3. The indexi labels the bin in co§*-M;s and N;

For each of the running periods listed in Table |, thegives the number of events observed in that bin. The variable
Mjs-cosé* plane for 156<M;s<320 GeV was divided into
bins, labeled, for each of theeq and vq data sampleg21].
For resonant states withq decays, botheg—eX and eq

2 o
fox.imnd)\z,_(,v,eq,x)=o_95 . dN2L(Meg. ),

Nj
| b

Swith the Bayesian prior assumption of a unifokf distribution.
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ui , which denotes the expected number of events inibin than the combine@q+ »q results. Similar limits have been
after the effect of the systematic variations, was calculated aRresented by H1 Collaboration for scatard ande ™ u reso-

Mi’:MiH (1+ai))9,

wherey;, which depends on th#l., andX, is the number
of expected events in binwith no systematic variation and
gij gives the fractional variation of; under the nominal
shift in the jth systematic parameter. This definition of
reduces to a linear dependencewgf on eachs; when §; is
small while avoiding the possibility oft{ becoming nega-
tive which would arise ifu{ was defined as a linear function

of the &;'s.

Figure 8 shows tha limits as a function of3.qandg,,
the branching ratios for L& eq and LQ— vq, respectively,

and as a function of the resonance mass. These limits wegyshed curves in Fig.(8] and with S.-,— »d (the dotted

obtained for the four scalar resonant states listed in Table IV

and forA=0.1 and\ =0.3, where the latterN~ V47 agy)
corresponds to the electroweé&kW) coupling. The equiva-

lent plots for vector resonant states are shown in Fig. 9. F

nanceg 26].

For comparison, the limits on scalar resonances reported
by the DOexperimen{27] at the Tevatron are shown in Fig.
8. For a scalar resonant state wigh,=1, the DOand CDF
[28] limits are 225 GeV and 213 GeV, respectively, leading
to a combined Tevatron limit of 242 Gef29]. These limits
are independent of both coupling and quark flavor, but de-
grade(in the case of DQfor example to 204 GeV(98 GeV)
as Beq decreases from 100% to 5006%).

The limits presented in Fig. 8 apply to squarks WRp
couplings toeq. For example, tha -limit contours onSg+q
with the decayS,+4—e*d [the dashed curves in Fig($]

apply toﬁj squarks with coupling 1j; and subsequent decay

ﬁj—>e+d, where the subscrigtindicates the squark genera-
tion. The limit curves orS,-, with decayS,-,—e u [the

curves in the same plpapply toaj squarks with coupling

M1 and subsequent decags—e u andd;— vd, respec-
oively. With the e”u and »d channels combined and with

the e*u and e~d resonances/q decays are forbidden by Be u=/,4=0.58, the limit for squarkd; on X,y V3 is 0.1

Charge conservation. Thee u ande™d resonances can decay for mass 276 GeV and 0.3 for mass 295 GeV. In this case,
to eithereq or vq. The eq+ vq limits, which assumeg,
+Beq=1, are largely independent of the branching ratio,— B, wherey is the gaugino.

and are typically in excess of 285 GeV for the EW coupling.

The limits obtained using only theq (or the vq) dataset
allow for decay modes other thag and vq, so theeq and
vq limits are applicable to a wider range of physics modelsvector resonant states. Limits on the calculated production

the R,-conserving decay branching ratio B]‘—>quj is 1

The limit on the resonant-state production cross section,
oimit » Was calculated by using the NWA as shown in E.
with A =\ it - Figure 10 shows the results for the scalar and
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TABLE VI. Mass limit for the 14 BRW LQs ah=0.1 and 0.3.  the baryon and lepton numbers, respectively. The limits on
Nig at M =400 GeV range from 0.3 to 1.0. In general,
LQtype F=0) V5 Vg VR Vi Sp, SY B,  present results are significantly better than LEP limits below
M (GeV) (\—01) 266 268 282 200 282 282 269 300 GeV and comparable above 300 GeV. H1 Collaboration
' has presented similar limits oR=0 [32] and F=2 [26]

M (GeV) (A=0.3) 386 287 305 367 308 303 286 LQs. The excluded mass regions for BRW LQs with

LQ type F=2) SR R sovh, VR, VL, =0.1 and withA=0.3 are summarized in Table VI. They

range from 248 to 290 GeV for=0.1 and from 273 to 386

M (GeV) (A=0.1) 276 273 248 275 248 274 273 GeV forn=0.3.
M (GeV) (A=0.3) 351 298 273 300 277 302 313

&

VII. CONCLUSIONS
cross section with onlyeq data samplegassuming S,
=0.5), with onlyvq data samplegassumings, 4= 0.5), and
with all the data samples combingdssumingBeq= 8,4
=0.5) are shown as a function &f.,. Usually the limit
becomes stricter after combining theq and »rq data
samples.

The totalep data recorded by the ZEUS experiment at
HERA were used to search for the presence of a narrow-
width resonance decaying into a lepton and a jet, with the
final-state lepton being either an electron or a neutrino. The
data samples include 16.7 pbof e p and 114.8 pb?! of
e’ p collisions. No evidence was found for resonance pro-
duction, either in the=q or »q topology. Limits were set on

VI. LIMITS ON BRW LEPTOQUARK MODEL the coupling strength of resonant states that could decay in
) ) o these topologies using a two-dimensional likelihood analysis.

The two-dimensionalNl ;s-cos¢*) likelihood method de-  \wjith the combinedeq and »q topologies, a scalaeu
scribed above was also used to set limits on the Yukawr(le+d) resonant state is excluded up to a mass of @85)
coupling\ of the BRW LQs. The full LQ cross section was Gev for coupling strength =0.1. The combined limits de-
used, including thes-channel andu-channel contributions pend very weakly on the resonance-decay branching ratio.
and interference with DIS. The difference of the limits thus | jmits on the coupling strength of Buchittier-Ruckl-Wyler-
obtained to those obtained by using NWA is negligible belowtype leptoquarks with masses up to 400 GeV are also pre-
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