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A direct searchfor new particles in the Hi experimentat HERA is presentedfor masses
ranging from 35 GeV up to ~ 250 GeV. The datasampleof 24 nb~accumulatedduring
the first year of operationwas analysedfor signaturesof scalarand vector leptoquarks,
leptogluons,excitedelectronsand excitedneutrinoswith flavours of the first generation.No
evidencefor the productionofsuchparticleswasfound in variouspossibledecaychannels.
Rejectionlimits are derived.
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I. Introduction

The StandardModel of strong and electroweakinteractionsbasedon the

SU(3) ® SU(2) ~ U(l) gaugegrouphasbeensuccessfulin describingthe phe-
nomenology of high-energyparticle physics. Neverthelessmany fundamental

facts, such as the quark—leptonsymmetryor the existenceof threegenerations
of fermions and their massspectrumremainunexplainedby the model. New

statesthat are not containedin the StandardModel particle spectrumwould
strongly influence the constructionof new theoriesexplaining thesefacts. A
searchfor new particlesis thereforea priority task at anynew accelerator.

The ep collider HERA is an ideal machineto look for leptoquarksand lep-
togluonsthat couldbe producedass-channelresonancesin the electron—parton
system.Colouredleptoquarkbosonsappearnaturally in many theoriesthat ex-

tend the symmetry of the StandardModel in order to unify the known forces
(e.g. grandunified theories [1]. superstringinspired models [2]), or models
postulatinga newinteraction(e.g.technicolour[3] ), or in somecompositemod-
els [4]. Leptogluonsarepredicted in thosecompositemodelswherethe weak
gaugebosonsandtheleptonsareboundstatesof colouredconstituents[5]. The

searchfor excitedelectronsis an obviousfield of interestin electronscattering
experiments.Excitedstatesof known leptonsarea naturalingredientof compos-
ite models[6]. If found, theywould constitutea strongprooffor the existenceof
a new layerof structurein leptons.HERA providesdirectaccessto a newregion
of possiblevaluesfor the massesandcoupling constantsof theseparticles.

Although leptoquarks,leptogluonsandexcitedleptonsarise in very different

theoreticalmodelsthey havea basicfeaturein commonfrom a phenomenolog-
ical point of view. All statesdiscussedin this paperare formedas a resonance
betweenthe incomingelectronanda constituentof the proton or a gaugeboson
radiatedoff theproton. In the narrow-widthapproximationandto lowest order,
theepcrosssectionfor the productionof a heavystateH decayinginto a specific
final statewith a branchingratio 8 is given by

4m2 F
a(ep—*H + X) = —(2J+ l)-~8f~/~(M2/s),

whereJ, Mare theangularmomentumandthemassof H, and\/~is thecentreof

massenergy.The term f~’,,(x) denotesfor examplethe quarkdensityfunctions
or the numberof photons./~/p(x)radiatedoff the proton - as appropriate. The

1 Deceased
2 Supportedby the Bundesministeriumfür Forschungund Technologie,Germany

Supportedby the UK Scienceand Engineering ResearchCouncil
~ Supportedby IISN-IIKW, NATO CRG-890478

Supportedin part by USDOE grantDE F603 91ER40674
6 Supportedby the Swedish Natural ScienceResearchCouncil

Supportedby the SwissNational ScienceFoundation
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widths F andthe branchingratios 8 containthe dependenceon the couplings
of the new particles.

In this paper,we presenta searchfor directsingleproduction of new particles
basedon an integratedluminosity of £ = 24±2 nb~collectedduring 1992 at

= 296 GeV. Early resultsfrom HERA havealreadybeenpresented[7].

2. Experimental set-up

A detaileddescriptionof the HI detectorcan be found elsewhere[8]. Here
we briefly describethe componentsrelevantfor the presentanalysis.

Theinteractionverticesalongthe :-axis aredistributedsymmetricallyaround
the centreof the H 1 coordinatesystem* and—i 90% of ep eventsarecontained
within the interval z~ < 50 cm. The tracksof the emergingchargedparticles
aremeasuredin anarrayof centralandforwarddrift andproportionalchambers
coveringthe angularrange7°~ 0 ~ 176°.

The trackingsystemis surroundedby a finely segmentedliquid argon (LAr)
samplingcalorimetercovering 4° s~0 ~ 155°with a thicknessvarying be-
tween20and30 radiationlengthsfor thelead/argonelectromagneticsectionand
from 4.5 up to 8 interaction lengthsin total including the stainless-steel/argon
hadronicsection.A lead/scintillatorelectromagneticbackwardcalorimeterex-
tendsthe coverageat largerangles (155°~ 0 ~ 176°).In the LAr calorimeter,
electronenergiesare measuredwith a resolutionof o(E)/E 11 %/v”~and
hadronenergieswith a(E)/E z~50 %/v”~after softwareenergyweighting.

Thetrackingchambersandcalorimetersaresurroundedby asuperconducting
solenoidcoil providinga uniform field of 1.2 T parallelto the z-axiswithin the
trackingvolume.The returniron yokesurroundingthiscoil is fully instrumented
to measureleakageof hadronicshowersand to recognizemuons. Muon tracks
aremeasuredin layersof streamertube chambersbetween5°~ 0 ~ 170°.The
systemis completedby a forward muon spectrometerin the region 3°~ 0 ~
17°.

The luminosity is determinedfrom the rateof the Bethe—Heitlerep —~ epy
processmeasuredin a luminosity monitoras describedin ref. [9].

3. Leptoquarks

3.1. PHENOMENOLOGY

Leptoquarksarecolour-tripletbosonscarryingafractionalelectricchargeand
both leptonicandbaryonicquantumnumbers.Theymaycoupleto electroweak

The positive z-coordinate (i.e. forward direction) from which 0 polar anglesare measuredis
definedto coincide with the direction of the incident proton.
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TABLE 1

Isospin multiplets T of scalar (~ST)and vector (QVr) leptoquarkswith electric charge Q,
branchingratio 13, and fermion numberF = 2 or F = 0, and the allowed productionand decay
channelsfor first generationleptoquarksatHERA ( e beam).A couplingvalue~L(R) ~ 0 allows

for processeswith incident ej~(~).

F = 2 T
3 prod, decay 8 F = 0 T3 prod, decay 8

0 ej~uL —‘ e u 1/2
2/3V

0 0 e~’ ‘R e d 1/2

—+ v~d 1/2 — ‘Ic ~ 1/2
e~UR —‘ e u 1 e~aL ~. e d I

0 e~dR — e~d 1
5/3f’

0 0 e~ÜL e ü 1
413Si —1 ej~dL — e d I 5/3~

1 —l ej~u~— e U0 ej~ uL — e u 1/2 —
2/3V

1 0 e~idR — e d 1/2

— ii~ d 1/2 ‘Ie ü 1/2
+2/35k 1 None +i/

3V~ 1 None

_4/3V
112 1/2 e~dL —‘ e d 1 ~ — 1/2 e~

0L — e U I
e~dR —~ e d 1 e~1’~R C U 1

i/3 V
1~2 + 1/2 e1~uL — e u , _~

273~l/2 + 1/2 e~dR — e d I

— 1/3~“i/2 — 1/2 ej uR — e u 1 2~3S~
12 — 1/2 ej dL -~ e d I

+2/3 ~/2 + 1/2 None + ‘/‘S11, + 1/2 None

bosons,gluons and electron—quark(e—q) pairs, whereasat accessiblemasses
their couplingto q-pairsmustvanishto avoid fastproton decay.In ep collisions
at HERA, thedominantproductionmechanismcouldbeby directresonanteqfu-
sionin thes-channel.This is unlike thesituationat othercurrentcolliderswhere
theproductionwould bedominatedby pairproductioneithervias-channelelec-
troweakgaugebosonexchange(in e+e— collisions) or via gluon—gluon fusion

or q~annihilation (in pp collisions).
At HERA, besidesthe dependenceon the electric charge,the spin and the

weak isospin, leptoquarkproduction also dependson the strengthof unknown
Yukawacouplings,~to thee—q pairs.In this paper,weconsiderthe mostgeneral

effectivelagrangian[101 for baryonand lepton numberconservingscalarand
vectorleptoquarkbosonshavingdimensionless,SU(3) ®SU(2)®U (1) invariant
couplingsto fermions.The isospinfamilies of allowedleptoquarksaregiven in
table 1 wherewe adoptthe nomenclaturefrom ref. [11].

Given the severe low-energy experimentalconstraintson flavour-changing
transitions[12], weassumethatintergenerationalmixing is forbiddenandthat
first generationleptoquarksareonly allowedto decayinto fermionsof the same
generation.Moreover,therearelimits andprecisionmeasurementson branching
ratiosof pseudoscalarmesondecaysthat constrainmostleptoquarkswith masses
M of 0(100) GeVto havesizeablecouplingsonly to either left-handedorright-
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handedleptons[12].
In the following, we considerthe fixed branchingratios B into the e + X and

v + X final statesgiven in table 1. We do not distinguishbetweenthe various
chargestatesof a given isospinfamily andassumemassdegeneracywithin each
family. Hencewe are left with 10 typesof leptoquarksthat would all have, to
lowest order,a final stateconsistingof a spectatorjet from the proton remnant
togetherwith a lepton anda jet from the decayof the resonancebalancingeach
otherin transversemomentumP1. This signatureis indistinguishablefrom that
of the neutral- andcharged-currentmodesin deepinelasticscattering(DIS).
Thereforetheseprocessesrepresentthe mostseveresourcesofbackgroundevents
andcanonly be subtractedstatistically.

To lowestorderandin the narrow-widthapproximation,thetotal leptoquark
productioncrosssectionsonly dependon the squareof the dimensionlesscou-
pling constantA andthe quarkdensityof the quark flavour(s) involved in the
process.The partial decaywidths are given by Fs = (,~

2/l62T)M for scalar
and .rv = (A2/24m) M for vector leptoquarks.For the smallestcouplingsac-
cessiblehere (seesubsect.3.3) the decaywidths areas smallas 3 MeV for
M 50 GeVbut reach~ 2 GeV at M 200 GeV. Hence,exceptfor the high-
estmasses,leptoquarksof massM would appearas narrowresonanceswith an
observedwidth dominatedby detectorresolution andcenteredat a value of
Bjorken scaling variablex given by 1k!’ = \/(Pe + pq)2 ~ wherePe, Pq

denotethe four-momentaof the beamelectronandthe incomingquark. For
the couplingsandresolutionsexpectedin this analysis,the contributionof the
interferencewith DIS diagramsto the crosssectionin a [M ±3UM] bin centered
on the resonanceis lessthan±1% for F = 2 and±5% for F = 0 leptoquarks
up to the highestmassconsideredandis henceforwardneglected.

Further separationfrom the DIS backgroundwill be possiblein particular
for scalarleptoquarksthat decayisotropically andcorrespondinglyyield a flat
distribution in y which distinguishesthem from the l/y2 spectrumyieldedby
standardvectorbosonexchange.

Direct searchesfor scalarleptoquarkshavebeencarriedout by e+e collider
experimentsat PETRA [13,14], TRISTAN [15] andLEP [16], as well as at
pf collidersby the UA 1 andUA2 experimentsat CERN [171 andby CDF at
Fermilab’sTevatron [181. In mostcases,the rejectionlimits wereobtainedfor
somescalarswith specificquantumnumbers.Nevertheless,theselimits should
only weaklydependon thesechoices.At 95% confidencelevel (CL), the LEP
experimentsexclude the domain 5 ~ Ms ~ 45 GeV while UA2 and CDF
(preliminaryresults) exclude30 ~ Ms ~ 82(113)GeV for a 50% (100%) B
into e + X, almostindependentlyof the couplingA.

Finally, it shouldbe noted that an indirect limit of AL ~ M/ 1.7 TeV has
beenderived [12] from the universalityof the Fermi constantmeasuredin
pt-decaysand J’3-decays.Leptoquarkexchangewith left-handedcouplingscould
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contributeto the latter. This limit would howeverbeweakenedif the Standard
Model prediction for the thesedecaysis modified, for instance,by additional
Higgsscalars.

3.2. EVENT SELECTIONAND KINEMATICS

A high transverseenergyET in the final stateis a basicfeaturefor leptoquark
eventsat large massessince E.~-for e + X decaysand E~’for ii + X form a
jacobianpeakat M/2. In contrast,the backgroundfrom photoproductionis
concentratedat low ET.

Hence,for e + X final states,a relatively clean sampleof candidateevents
(mostly from high Q2 neutralcurrent DIS) is obtainedby searchingfor a high-
ET electronin thefinal state.Theeventsare requiredto havebeenregisteredby
LAr triggersbasedon themeasuredtotal or transverseenergy.All the relevant
hardwaretriggerswere simultaneouslyoperationalfor 85% of the integrated
luminosity. We requirethat an electroncandidatewith E~> 10 GeV is found
in the fiducial volume of the LAr calorimeterandat Oe> 10°.The e.m. shower
musthaveat least 90% of its energydepositedin the e.m. section.In addition

the showermustbe isolated in the sensethat thereshouldbe lessthan 10% ad-
ditional hadronicenergywithin a coneof azimuthalangleç~andpseudorapidity
i~of opening \/(Ai~)2 + (z~ç~)2< 0.5 centeredon the candidateelectronand
viewedfrom the interactionvertex. Theacceptedeventsare requiredto havea
reconstructedvertex.In eventswhereseveral“electron” candidateswerefound,

the one with the highestET wasassumedto originate from the decay (i.e. to
be the scatteredelectron in caseof DIS) andwaskept for further kinematical
analysis.To furtherreducecontaminationfrom cosmicmuon inducedshowers,
we requirethat therebe no trackandno energy(> 1 GeV) within the isolation
conein the instrumentediron behindthe electron.

The leptoquarkmassis calculatedusingM = /~. The Bjorken x measured
from the final stateelectron is given by

— EeE~cos2(6e/2)
C — Ep°[Er° — Eesin2(Oe/2)]’

whereE~°is the incident electronbeamenergy (26.7GeV) andE~°is the proton
beamenergy(820 GeV). TheelectronenergyEe andthe angleOe arecalculated
entirely from energydepositionin the LAr calorimeterviewed from the interac-
tion vertex. The angularresolutionthusobtainedis of abouta

0 0.7°/v”~(E
in GeV). The methodof calculatingthe massis well suitedto the leptoquark
massreconstructionatlarge v, ourregion of interest.

We require a matchingbetweenthe Bjorken Ye variablemeasuredwith the
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electronandYh measuredvia the hadronicflow, Ye — Yh 1< 0.3 where

Ee - Pz,e
Ye~ 2E~°

and
Eh -

Yh 2Ee°

Here the subscripth denotesthe sumover all particlesmeasuredin the LAr
calorimeterexcludingthe electroncandidate.Besidesremovingeventswherea
hard undetectedphotonwas radiatedfrom the initial stateelectron,the main
purposeof this cut is to reject photoproductionevents with a misidentified
“electron” candidatein the LAr calorimeterandfor whichthe scatteredelectron
usually escapesundetectedat low scatteringangle in the beampipe. The re-
mainingeventsamplewasvisually scannedandonefurthercosmicmuonevent
was identified andrejected.Although we imposeno explicit matchingrequire-
ment of the electronshowerwith an inner centralor forwardtrack,all electron
candidatesof the final samplewereaccompaniedby at leastonereconstructed
trackwithin the isolationcone.After all selectionshavebeenapplied,43 events
remainwith reconstructed“leptoquark”massesabove35 GeV.

A searchfor final stateswith v + X is madeby requiringa missingtransverse
momentumof ~ E5) + (~Ei,) > 20 GeV

measuredby thecalorimeters.Any eventwith anelectroncandidate(asdefined
above)with E.~-> 10 GeV are rejected.Cosmicmuon inducedshowerswere
recognizedandrejectedon thebasisof back-to-backtracks in themuon system.
Five eventswith clearcosmic inducedpatternswere finally rejectedata visual
scanning.One eventwith a PTmiss = 37 GeV remained,showingthe expected
signatureof ahigh-PT currentjet togetherwith the energyflow from the proton
remnant.The leptoquarkmassfor this eventwas calculatedvia the Bjorken x
variablecomputedfrom the hadronicenergyflow, M = ~,/iT~with

Xh=
(1 — Yh) Yh ~

Thecalculatedmassof this v + X candidateis 93 GeV.

3.3. RESULTS

We first compareour e + X datasamplewith a MonteCarlosimulation.For
the DIS neutralcurrentbackground,we usedtheDJANGOeventgenerator[191
which providesan interfaceto HERACLES [20] for the standardelectroweak
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Fig. 1. P,~?~lSSdistribution (a) and massspectrum (b) for .11 = ~/7~T> 35 GeV before (open
points) andafter (closedpoints) the final kinematicalcut on ic’ The histogramcurves show the
absoluteprediction of a DIS Monte Carlo simulation basedon DJANGO before (dashed)and

after the (solid) kinematicalcut.

interactionsincluding first orderQED radiativecorrections,andLEPTO [21]
for QCD corrections(leading-logparton showers).The Lund string model is
usedfor fragmentationanddecay.The eventswerepassedthroughthe full Hl
simulationandreconstructionchain.Thetriggerefficiencies,monitoredby using
tracktriggers, were folded in.

Fig. la showsthe measured~~PiSSfor the 43 eventscomparedto theDIS event
simulation.The eventsare well balancedin the transverseplane andthe DIS
Monte Carlo reproduceswell the tail of the P40’S’ distribution which is dueto
detectorresolution andenergylosses.The electronET extendsup to 50 GeV
and was found to be very well correlatedwith the total ET flow. The electron
carries on averageabout 45% of the total ET, as one might anticipatefor a
e + jet final stategiven the broadeningof the jet causedby parton showerand
fragmentationeffects.Themassdistribution is shown in fig. lb beforeandafter
a final kinematical cut of Ye > 0.25. This cut was chosenas a compromise
to optimisethe signal-to-backgroundratio for scalarleptoquarksearcheswhile
maintainingefficient detectionof vector leptoquarks.It also safely rejectsthe
low-y regionwherebothYe andXe arebadly measured.In fig. 1, boththeabsolute
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TABLE 2

Detection efficiency within [M + 3 ~M] after all selection and kinematicalcuts,and including
trigger efficienciesfor scalar (S) andvector (V) leptoquarksin e + X and u + X decaymodes

aswell asfor chargedleptogluons (e
8).

Type M( GeV) 50 100 150 200

S e eff. (%) 48 54 50 45
u eff. (%) 19 52 61 64

V eeff(%) 30 34 29 21
ii eff. (%) 16 50 61 51

e8 e eff. (%) 40 44 42 29

numberof eventsand the shapeof the massspectraarewell reproducedby a
DIS MonteCarlosimulationbeforeandafter theYe cut.

Forv + X final states,we apply no additionalkinematicalcutscomparedto
thosedescribedin subsect.3.2.UsingDJANGOasthebasisfor eventsimulation
andreconstructionand folding in the LAr trigger efficienciesfor the hadronic
flow, onepredictsa meannumberof chargedcurrent eventsof 0.66.

We nowderiverejectionlimits for the hypothesisthatall observedeventsare
standardDIS background.To computeefficienciesfor the various leptoquark
typeswe makeuseof the COMPOSevent generator[11] which implements
the differentialcrosssectionscalculatedin ref. [10] andwhich includesradia-
tive correctionsin the electroninitial state in the collinear approximation.It
should be notedthat the parton showering (here also generatedthrough the
Lund model) is only appliedto the final statequark (i.e. after leptoquarkde-
cay) and to the “diquark” remnantof the proton. This is despitethe fact that
for low massesandcouplings (e.g. M5 ~ 100 GeV, A ~ 0.1), the lifetime of
the leptoquarkis such (t ~ 3 x 10

23s) that it must itself participate~inthe
fragmentationbefore decaying.Sucha crudeapproximationis justified if one
considersthat leptoquarksmayhave“hard” fragmentationfunctionsnot unlike
thoseof heavyquarks.Themassresolutionsas,vroughlyscalewith massatsmall
coupling values (e.g.A ~ 0.3) for which the intrinsic width of the resonance
canbe neglected.We find that 0S = 1. 1 GeV + 9.6 x 1 O~M

5 for scalarsand
av = 1.9GeV + 9.0 x lO

3Mv for vector leptoquarksin the chargeddecay
modewhile in the neutralmodewe find as = 4.9 GeV + 5.7 x 10—2 Ms and
av = 3.9 GeV + 4.4 x 10—2 Mv. The global efficienciesaregiven in table2 for
bothdecaymodes.

By moving a masswindow of ±3as,varoundthe nominal centralvalue we
obtaincrosssectionlimits for scalarandvector leptoquarks.In the massregion
wherewe observeno events(e.g.M ~ 76 GeV when consideringleptoquarks
havingcouplingsonly to e + X final states),we excludecrosssectionsfor lepto-
quarkproductionofaep..sv~ 3/(L x e) at 95%CL, wheree is anefficiencyde-
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rived from table2. We exclude,for example,aep ~ 247pb at 95%CL. From
the crosssectionlimits we derive coupling limits for all leptoquarks.Whenever
possible,neutralandchargedlepton decaymodeshavebeencombined.The re-
sultsin themassversuscoupling-constantplaneareshownin fig. 2. Forcouplings
of A = 0.3 which correspondsto an electromagneticcoupling, i.e. ~t = A2/4,r,
the masslimits at 95% CL rangefrom 145 GeV to 192 GeV for F = 2 and
from 98 to 121 GeV for F = 0 leptoquarks.The best limits areobtainedfor

the St-, M ~ 192 GeV and ~~l~2’ M ~ 190 GeV. For the isosingletscalarsS~
andS~which appearin particularin superstringmotivated E

6 models [2], we
obtainatA = 0.3 masslimits of M ~ 181 GeVandAl ~ 178 GeV respectively
at 95% CL. We havethereforeimprovedon the currentlimits from p~experi-
mentsafter only a few monthsdatataking on HERA (for theS1~(S1~)which has
8 = 50% (100%) into e + X, the CDFlimit at 95% CL is 82GeV (113 GeV)
almostindependentlyof the couplingA).

TheS117, for whichwe find Al ~ 98 GeV at 95% CL forA = 0.3, only couples
to e—d andhasbeenproposedin a recent[22] extensionof minimal SU(5).The
couplinglimits for S112 may alsobe interpretedin R-parityviolating supersym-
metry [23] as limits on the couplingof scalartop squark (stop) providedthat
a masseigenstateof the stopexistswhich is lighterthan the top quarkandthat
the total decaywidth is dominatedby R-parity violating decays.

Thereis an uncertaintyon the limits in fig. 2 dueto ambiguitiesin the struc-
ture function used in the calculationof leptoquarkcrosssections.The results
presentedherehavebeenobtainedusingthe MT-B 1 parametrisationandwere
comparedwith thoseobtainedusing MT-B2, MRS-DO andD— [24]. The dif-
ferencesfor the limits on the couplingconstantsamountto 7% for leptoquarks
coupling to quarksand to 12% for thoseinteractingwith anti-quarks.For the
QCD scaleat which quark densitiesare evaluatedwe chose Q

2. Alternative
choiceslike P-? and,~j2yield an additionaluncertaintyof 7%.

4. Leptogluons

Leptogluonsarecolour-octetstatescarryinglepton numberwhich canhavedi-
mensionlessrenormalizablecouplingsonly to gluons. At HERA, we essentially
studytheir couplingto electron—gluonpairs for which aninteractionlagrangian,
for a magnetic-typecoupling, is given in ref. [25] * where spin 1/2 leptoglu-
onswereconsidered.For suchan electron-typeleptogluone

8, chiral protection
mustbe imposedto avoid the stringent indirectmasslimits from (g —

2)emea-

surements[26] valid for any reasonablescaleA. We perform the analysisfor
couplingswith left-handedelectrons.For the dominants-channelcontribution,
thefinal-stateangulardistributionis independentof this assumption.At HERA,

* This lagrangianhasbeenmultiplied by 1/2 to beconform with the morecommon definition.
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Fig. 2. Rejection limits at the 95% CL for the coupling ALR as a function of massfor scalar
and vector leptoquarkswith fermion number F = 2 (a). (b) and F = 0 (c), (d). The regions
above the curvesare excluded.The limits on ~L for SO~SI,V~andV1 combinechargedand neutral

decays.

leptogluonswould be producedas narrows-channelresonancesthroughthedi-
rect fusion of a lepton anda gluon from the proton. To lowestorder,the cross
sectiondependsonly on the gluon densityg (X, Q

2) in the protonatX = M2/s
andon (M/A)2, whereM is the leptogluonmassandA is a scaleparameter.
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~
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Fig. 3. Rejectionlimits at the 95%CL for the inverseof the scaleparameterA versusM for e8
leptogluons.Valuesabovethe curve areexcluded.

The decaywidth is given by F = ct,M
3/4A2, where cs, is the strongcoupling

constant.
Limits on e

8 leptogluonswere derivedby JADE [14,25] from the t-channel
contributionto the total hadroniccrosssection,Me, ~ (240 GeV)

3/4A2 and
from direct productionvia onephotonexchange,Me, ~ 20 GeV. A masslimit
of Al > 0(110GeY) from direct pair productionvia colourgaugeinteractions
hasalsobeenderivedfrom pp collider data [27].

The final stateof a lepton anda gluonjet (insteadof a quarkjet) only differs
from theoneexpectedfor leptoquarksin thedetailsof thejet fragmentation.The
analysispresentedin the previoussectionis insensitiveto thedetailedtopology
of the hadronicfinal state.Hence,we makeuseof the eventselectionpresented
therefor e + X final statesandthe correspondingmassdistributionpresented
in fig. 1. We also use COMPOS [11] eventgeneratorfor thisanalysistogether
with the full Hi simulation to estimateleptogluondetectionefficiencies after
the final e + X kinematicalcuts. Forleptogluons,the massresolutionac, scales
like aeg = 0.6 GeV + 1.7 X 102Meg.Theseefficienciesaregiven in table2 asa
functionof mass.

Assumingthatall theobservedeventsarestandardDISbackground,weobtain
rejectionlimits atthe 95% CL following the proceduredescribedin theprevious
section.The limits in theA~ versusMe, planeareshownin fig. 3. We exclude
at 95% CL scaleparametersA ~ 1.8 TeV for aleptogluonatM 100 GeYand
A ~ 200 GeY at M 200 GeY.
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5. Excitedleptons

5.1.

Strongevidencefor a structureof the known fermionswouldbe providedby
the direct observationof their excitedstates.If they exist, suchfirst generation
leptonexcitedstatescould beproducedat HERA in a collisionbetweenthe in-
coming electronanda gaugebosonradiatedfrom the proton (quark). Excited
electrons(e0) would begenerateddominantlyvia the exchangeof low-Q2 pho-
tonswhereasexcitedneutrinos(v’) wouldbeformedatmuchhigherQ2 through
the interchangeof aW gaugeboson.

Thecurrentmaximumavailablecentre-of-massenergyfor the direct produc-
tion of excitedleptonsat HERA is 296 GeV. This allows a massrangeto be
exploredfor the first timewherethe decayof the e* andthe V into heavygauge
bosons (W, Z) anda light fermion maybecomedominant.To date, searches
for e* andV havebeenpursuedusingthe decaychannelwith a photonin the
final state.Thebestcurrentrejectionlimits for the direct singleproductionof
excitedleptonswereobtainedby LEP experiments[28—311andexcludemasses
Me* ~ 90 GeValmostindependentlyof thecompositescaleA forA ~ 2.5 TeV.

Althoughthereisno predictivemodelfor compositedynamics,theexistenceof
heavyexcitedstatescanstill betested.We makeuseof aneffectiveSU(2)®U (1)
invariantlagrangian[32] for spin 1/2 excitedstates.In thismodelthetransition
magnetic-typecouplingsof anordinarylepton (~)andanexcitedlepton (~*)to
avectorboson(V) with the four-momentumq arestudied:— i (e/A) an,.q” (1 —

y5 )cv,*,~.Here, e is the electric chargeand all the coupling constantscv,,, are
explicitly given by

Cye~e= (f + f)/4,
~ = (f—f’)/4,
CZe*e = —(fcotOw—f’tan0w)/4,

CZ,,.*v = (fcot0w+f’tan0w)/4,

CWu*e = CWe.’I = f/(2’/~sin0w),

whereOw is the weak mixing angleandf and f’ are free parametersassoci-
ated with the gaugegroupsSU(2) and U (1). The production of the excited
leptonsdependsmainly on the couplingsCye* e andCW~.e while for the decayof
the excitedstatesthe othercouplingshaveto be considered,too. The width F

introducedin sect. 1 is given by F = sM3c~,,
0/A

2.
The branchingratios,given in refs. [33,34] areapriori unknownsincethey

dependcrucially on the ratio of the free couplingparametersf and f’. If one
setsf = = 1, the e* at low massesdecaysdominantly into a photonand
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TABLE 3

Branching ratios (in %) of the threedecay channelsfor the excited electronand neutrino. The
first number in the columnsrefers to a settingoff’ =,f’ = 1, the secondto ,f = —f’ = I.

.l1(GeV) e*_e, e*_eZ e*_,00W v*_,Jy v*_VZ 1I*_eW

100 73 / 0 1 / 14 26 / 86 0 / 73 14 / 1 86 / 26
150 40/0 8/34 52/66 0/40 34/8 66/52
200 34 / 0 ID / 37 56 / 63 0 / 34 37 / 10 63 / 56

an electronwhile at highermassesthe contributionof the chargedweakboson
is mostsignificant (seetable 3). However,for this choiceof the parametersthe

v’ can only decayinto a W+ or a Z°.Forf = —f’ = 1, the e* hasthe photon
channelcompletely suppressedwhile in this channelthe jj* has its maximal
branchingratio. This complementarybehaviourtogetherwith the arbitrariness

off and 1’ motivatesa searchfor both the e* andthe V andsuggeststhat as
manydecaychannelsas possibleshouldbe studied.

Therefore,as well ase* e + ;‘, the weakbosondecaychannelsalsohaveto
be consideredfor both e* and v~,leading to signatureswith electrons,photons
or muonsin the final state.Table4 summarizesthe decaychannelswhich are
studiedwith the Hl detector.The productionanddecayof heavyexcitedleptons
consideredhere,is characterizedby oneor moreenergetice.m.clusterswith high
ET in the final state.In addition in somechannelsa signaturewith oneor two
muonsand/ormissingvisible energyshouldoccur.

5.2. EVENT SELECTION

The candidatesamplefor excitedleptonswas selectedby requiring isolated
e.m. clustersin the Hl calorimeter.We searchedfor eventtopologieswith one,
two or threesuch clustersin the final states,and for two muon candidatesto-
getherwith onecluster.

Candidatesfor eventswith one-electronor one-photonmust haveat least
oneisolatede.m. clusterwith more than 15 GeV. The quantityET + P40ISS was
requiredto be greaterthan 30 GeV and P40” shouldbe above 16 GeV. Events
with a single clusterin the backwardregion areexcludedto eliminatethe DIS
ep scatteringat low Q2. For backgroundsuppression,we demandonetrack in
thecentraldrift chambers(with P

1 > 0.2 GeV) or forward trackingsystem.The
reconstructionefficiency for thesetracksis determinedfrom isolatedtracks in
a DIS datasamplewith the scatteredelectronin the LAr calorimeterandfrom
muonscrossingthe forward chambers.The efficienciesagreewith thosefound
in Monte Carlocalculations.

To selectcandidatesfor the decay channelswith two electronsor with one
electronandonephoton,two isolatede.m. clustersaredemandedwith energies
above30 GeV and 1 5 0eV. At least onecluster hasto be in the barrel region
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(1 50 ~ 0 ~ 150°).No eventsareexpectedwith both clustersin the forward
andbackwardpart of the detectorfrom excitedleptondecays.

Candidatesfor e* —* eee are selectedrequiringthreeisolatedclusterseach
havingan energyabove10 GeV. Hereagainoneclustershouldbe in the barrel
region andonly oneclustermaybe below 10°.

The searchfor muoneventcandidatesrequirestwo reconstructedmuon tracks
in the muon systemlinked to tracksof the forwardor centraltrackingsystem.
Eventswith two muoncandidateswhereboth tracksarein the forwardpart of
the detectorbelowaradiusof 100cm from thebeampipearediscarded.This cut
rejectsmainly hadroninducedbackgroundin the forwarddirection. In addition
an isolated clusterwith more than 5 GeV abovea 0-angleof 10°is required
and events with a cluster in the backwardregion are rejected.The track link
efficiency asdeterminedfrom cosmicmuonsis 95 ±2% which is in agreement
with Monte Carloexpectations.

Applying the abovecuts, which weremotivatedby MonteCarlo studiesand
allow for a high detectionefficiency for the expectedsignal, we finally obtain
a datasample with no candidate,after rejecting contaminationfrom cosmic
andhalo muonswith showerson their tracksby a visual scan.Eventsin the
“two-cluster” classwould be candidatesfor e* ey decaysor for the Compton
processep —~ eyp(X) which is the natural backgroundsourcefor that decay
channel.For a total luminosity of 24 nb’ less than 0. 1 events are expected
from the Comptonprocessfor invariantmassesof the ey systemabove75 GeV
ascalculatedusingformulaeof ref. [35]. Furtherstudiesarerestrictedto masses
above75 0eV, sincea signalat smallermassesis alreadyruled outby existing
data.

We thendeterminethe detectoracceptancefor excitedleptonsas a function
of the mass.This requiresknowledgeof the geometricalacceptance,the trig-
gerefficiencyandthe event-selectionefficiency. For detailedstudies,the event
generatorCOMPOS [11] is used.This generatoris basedon the crosssection
calculatedin ref. [32] andmakesuseof the samestructurefunction as for the
leptoquarkanalysis.

The transverseandtotal energyLAr trigger efficiency for the clusteranalysis

is determinedfrom datatriggeredby cosmicandhalo muons.The efficiencyfor
triggering the decay channele’ —~ e,u~iis fixed by Monte Carlo studieswhere
the muon trigger is completelysimulated.The total efficiency for an event to
triggerandto survive the selectionstepsis thenderivedfrom the Monte Carlo
simulationwhich includesthe trigger study results.In table4, values for total
efficiencies are summarizedfor various decaychannelsand masses.Typical
valuesfor the totaldetectionefficienciesareabout80%.

In summary,after applyingselectioncriteria which are motivatedby Monte
Carlo studies,no candidatesare left in any of the channelsunderstudy.
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TABLE 4

Total efficiencies(in %) for differentdecaychannelsand massesof the excited leptons e* and v~

M( GeV) 75 100 150 200 250

e* —~e;’ 71 82 87 88 87
e* — vW/W—*ev — 66 67 72 75
e* — eZ/Z — ee — 72 89 90 85
e* —~ eZ/Z — pa — 47 68 85 88
e*_eZ/Z~*v,, — — 68 84 87

11* — 0~, 65 73 79 83 85
— eW/W — ev — 63 75 81 83
— eW/W pv — 25 62 76 84

— vZ/Z—.ee — 75 81 87 91

5.3. RESULTS

With a typical efficiency of 80%, crosssectionsabove160 pb areruled out
with 95% CL for eachchannelunderstudy. This result dependsonly weaklyon

the usedmodel.
We havecalculatedcoupling limits as a function of the parameter~ the

scaleparameterA and the squareroot of the branchingratios of the excited
leptonsintroducedin subsect.5. 1. Theselimits areshownin fig. 4 for different
decaychannels(see table4) as a function of the massof the excitedlepton.

In principle, couplinglimits canbecalculatedup tothe maximumofthecentre-

of-massenergyof the collisions for the direct searchof excitedleptons.But the
calculationsare limited in this analysisto massesandcoupling valueswhere
the decaywidth is below 30 GeV. This ensuresthat the width is alwaysmuch
less than the correspondingmass.For f = 0, f’ = 1 this width is reachedat
Al = 21 5 GeV for theexcitedelectronandat 165 0eV for theexcitedneutrino.
If it shouldhappenin naturethat f = = I then the width of 30 GeV would
be obtainedat 175 GeV for the et, whereasif f = 1, f’ = —1 shouldbe true,
then limits for the V can only be derivedup to 125 GeV.

The dominantuncertaintyon theselimits is dueto the possiblechoiceof the
differentproton structurefunctions.Using the samefunctionsas in subsect.3.3
we obtain uncertaintieson the limits up to 10%.

At 100 GeV the value for c~e*~~/’~/Ais 7 x iO~GeV’. Valuesat LEP ex-
perimentsat a centre of mass energy of 90 GeV for c~e e ~ /A are about
2 x l0~GeV’ for the channel e* —~ e y. In order to reach this magnitude
for a massof 100 GeVat HERA, an integratedluminosityof 0(50 pb’) hasto
be collected.In the scatteringprocesse~e —~ ~‘ y indirect limits for Cye*e\/~/ A

exist [28—30], andare in the orderof 10—2 GeV’ up to massesof 127 GeV.
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Fig. 4. Rejection limits with a CL of
95% for the e and the V. Regions above the curves are

excluded.For massesabove 120 GeV the main contribution in the decaychannele~—~ eZ stems
from the decayZ —. vv. For lower massesthetrigger efficiency for this channeldecreasesand in

that regionthe limits are determinedby the decaysZ —* ee(pp).

6. Conclusions

Wehavesearchedwith theHi detectorfor directproductionof scalarandvec-

tor leptoquarks,leptogluons,excitedelectrons(e*) andexcitedneutrinos(v*)
in a massrangeextendingup to ‘~ 250GeV. This massrangeis not accessible
directly at otherexistingcolliders.

Scalarandvector leptoquarksof all possibleSU(2) ® U(1) multiplet assign-
mentswere searchedfor. No evidencewas found for the production of such
statesandcouplinglimits werecalculatedasa functionof mass.For acoupling
valueofA = 0.3 weobtain masslimits at 95% CL rangingfrom M ~ 145 GeV

to Al ~ 192 GeVfor leptoquarksresultingfrom the fusion of an electronanda
quarkandfrom 98 to 121 0eV for leptoquarksformedwith an antiquark.We
obtain,e.g.,Al> 192 GeVfor S~-andAl> 190GeVfor V,~

2at95% CL. Finally
we found no evidencefor leptogluonsandat 95% CL excludethe scaleregion
A ~ l.8TeVforM~ 100GeV.

Theanalysisofthee* and,i” includedaninvestigationof severaldecaytopolo-
gies.Thissearchfor channelswith electroweakbosonsin thefinal stateispossible
owing to the availablecentre-of-massenergyandis necessarybecausedepending
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on the modelssomechannelsaresuppressedwhile othersare enhanced.No evi-
dencewasfound for the productionof e* or V. Crosssectionsabove160 pb are
ruled out with 95% CL for a detectionefficiency of 80%. For this direct search,
limits on couplingshavebeenpresentedin a new accessiblemassdomain.

We are verygrateful to the HERA machinegroup whoseoutstandingefforts
madethisexperimentpossible.We wishto acknowledgethe supportof theDESY
technicalstaff. We appreciatethe manycontributionsof ourengineersandtech-
nicians who constructedandmaintainedthe detector.We thank the funding
agenciesfor financial supportof this experiment.The non-DESYmembersof
the collaboration alsowish to thank the DESY directoratefor the hospitality
extendedto them.
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