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We presenameasurementf themassof thetop quark,mop, in dilepton nal statesfrom top pairproduction.
We utilize expectedheutrinorapidity distributionsto solve the otherwiseunderconstrainekinematic t. A data
sampleof approximately370pb ! of D@ Run|l datain the ey, eg andpp channelds usedfor this analysis.
Thetop quarkmassextractedfrom 21 dileptoncandidatesventsis measuredo be:

Mep = 1756 107(stat) 6:0(syst) GeV:
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I. INTRODUCTION

In thestandardnodel,massis generatedrom the spontaneoubreakingof electraveaksymmetryvia the Higgs mechanism.
A precisionmeasuremertf the massof the top quarkprovidesinformationaboutthe Higgs bosonmassvia correctiongo the
W bosonmass.In this analysisthetop quarkmassis measuredn dileptondecay=f tt events;thatis, eventsin which eachtop
guarkdecayso ab quarkandaW boson,andin which eachw bosonin turn decaydeptonically

Thetop quarkmassis measuredor eventscollectedat D@ betweenApril 2002and August2004of Runll atthe Tevatron,
comprisingapproximately860pb ! of data.The D@ detectoiis describedn detailin [1]. Themassis measuredrom candidate
eventsin thedielectron(eg, electron+muorfe}), anddimuon(up) channels.

Il. METHOD

In dileptondecaysthe nal stateconsistsof six particles:two leptonstwo jetsfrom b quarks,andtwo neutrinos.The mass
of eachnal particleis known a priori, sothisresultsin 18independenkinematicquantitiesin the nal state.Fourteerof these
parameters- the momentaof the leptonsand jets andthe transverseenegy component®of the neutrinopair — are measured
directly in the detector Threeadditionalconstraintsareaddedby requiringthatthe invariantmassof eachleptonandneutrino
pair equaltheW massandthatthe massof the top andanti-topquarksbe equal. This leadsto a total of seventeenconstraints,
whichis oneconstraintshortof allowing a solutionfor the system.

A solutionis found by ignoring the obsened missingtranserseenegy (&) from the neutrinosand insteadassuminga
top quarkmassanda pseudorapidityf2] for eachneutrino. From this information, the four-momentumof eachneutrinomay
be determined.The measurednissingenegy is thenusedto assigna weightto the solution, basedon the agreemenbf the
calculatedrans\ersemomentunof the neutrinoswith the obsenedmissingtrans\erseenengy (&v):
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This procedurds repeatedor 10 pseudorapiditychoicesof eachneutrinoat the assumedop quarkmass,anda weight is
formed by summingover the weightsfor eachneutrinochoice. At eachmass,the jets andlepton momentaare smearedL50
timeswithin detectoresolutionsandthe solutionalgorithmis repeatedor eachsmearing.The weightsfor all smearingsare
summedogetherto form a total eventweightat the assumedop quarkmass.Weightsaregeneratedn 2 GeV incrementgor
top quarkmassedetweerB0 and330 GeV. Whentheseweightsaresummedover a large numberof Monte Carlo events,they
producea peakneartheinputtop quarkmassasshavn in Figurel.
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FIG. 1: Sumof eventweightsfor afew thousandt Monte Carloeventswith top quarkmassof (a) 150, (b) 175,and(c) 200GeV. Thedashed
verticallinesindicatethe massof the Monte Carlotop quarks.

lll.  EVENT SELECTION

Dileptoneventsfrom the360pb ! datasetaresortedaccordingo thetypeof leptonsfoundin theevent(ey, ee or pup) Events
arerequiredto passa Level 1 dileptontrigger aswell asa Level 2 (uu) or Level 3 (eg el trigger. All eventsarerequiredto
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passtheselectiorcriteriaof thedileptoncrosssectionanalyseslescribedn [3]. Theseanalysesequiretwo oppositely-chaged
leptonswith pr > 15 GeV andtwo jetswith pr > 20 GeV, aswell assigni cant total enegy from the jetsandleadinglepton
(H}) in theevent. Channel-dependentutsareappliedto reducephysicsandinstrumentabackgrounds.

The selectionfor the eeandpp channelds identicalto the cross-sectiomnalysisselectionfor thosechannels The dominant
backgroundn bothchannelsomesromzZ > ™ decaysn whichextrajetsarepresentaindin whichthereis signi cant “f ake”
missingtrans\erseenegy (Et) from instrumentabourcesThesebackgroundsirereducedy applyingcutsto thedileptonmass
(M-) in eachchannel.In the ee channel,eventsmustalsohave a sphericitygreaterthan0.15, wheresphericityis de ned as
in [4]. This senesto reducebackgroundslueto gluonradiation. In the pu channeleventsin which the muon pr is severely
mismeasuredreremovedby applyinga contourcuton By. This cuteliminatesaventsin whichtheazimuthalanglebetweerthe
leadingmuonandgr is greateithan175 . Theremainingeventsmusthave &1 betweer85 GeV and85 GeV, dependingn the
separatiorin azimuthbetweertheleadingmuonand&y. The shapeof thesecontourcutsis shovn in Figure?2.
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FIG. 2: Bt contourcut (in black)appliedto Monte Carlo (a) tt signaland(b) WWijj backgroundn the ppchannel.

In theepchannelacutonthe“electronlik elihood”is usedin placeof theelectronlikelihood t describedn [3]. Theelectron
likelihoodfor a candidateelectronis formedfrom a combinationof:

fem, thefractionof the candidates enegy depositedn the electromagneticalorimeter,

ac? t onthematchbetweerthe calorimeterclusteranda centraltrack,

thedistanceof closestapproactof the candidateo thebeamline,

theratio of trarverseenegy in the calorimeterclusterto thetranversemomentunof the matchectcentraltrack,and
the sizeandnumberof tracksin a conearoundthe electroncandidate.

This likelihood variabledistinguishesetweenelectronsfrom physicsprocesgwhich have a likelihood valuenearl), and
“fake” electronsignalsfrom pions(which have a valuenear0).

Electronswith electronlikelihoodvalueslessthan0.25arerejectedfor the epmassanalysis. This dramaticallyreduceghe
backgroundrom fake electronsyhile only minimally reducingthe selectioref ciency onrealelectronsasshavnin Figure3.
A missingtrarverseenegy cut of 25 GeV is alsoapplied,andthe cut on the combinedH from the jetsandleadingleptonis
increasedrom 122 GeVto 140GeV in orderto reducebackgroundrom physicsevents.

Eventswhich passall selectioncutsarethenrequiredto have atleastonesolutionin the event-weightingschemedetailedin
Sectionl. In thatschemeeachneutrinomomentunis obtainedrom thesolutionto aquadraticequation.Thus,it is possiblethat
the solvedmomentunfor oneor bothneutrinoss imaginary In someevents,thereis no choiceof top massor neutrinorapidity
thatyieldsarealsolutionfor both neutrinos.This happensarelyfor MC top events,atthelevel of 0.2%or so. It happensnore
frequentlyfor backgroundevents,androughly 4% of backgroundeventsarefoundto yield no realsolution. Therequiremenbf
atleastonerealeventweightsolutionactsasa defactoadditionalcut onthe selectedvents furtherreducingthe expectedevent
yield. Of the 22 eventsthatpassthe kinematicselectioncuts, 1 event(in the pu channel)fails to produceary realsolution. The
distribution of theremaining21 eventsis shavn in Tablel, alongwith the expectednumberof signalandbackgroundventsin
eachof thedileptonchannels.
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FIG. 3: Ef ciency on electroncandidategrom (unshaded)t and(shaded)QCD eventsasa functionof electronlik elihood.

TABLE I: Expectecandobsenedyieldsfor signalandbackgroundn theep, eg andup decaychannelsafterall selectioncutsareapplied.

el ee ML
Source |Expected |[Source |Expected |Source Expected
Yield Yield Yield
tt! en [9.79 tt! ee [3.49 tt! pp 2.53
Z! ee 0:43 0:14 |Z!' pp 0:91 0:13
zZ' tt  |070 016 (2! tt |0:29°51 |zt 0:.06 0:02
WWMWZ (071 0:26 (WWMWZ [0:19°31  (wwmwz  |0:19 0:03
EM fakes [0:31 0:28 |[EM fakes [0:09 0:03 [Muonfakes |0:13 0:03
Total 11:32 0:41 |Total 449521 |Total 3:82 0:16
Observed |15 Observed |5 Observed 1

IV. TEMPLATES

Eachselectedevent hasan event weight distribution generatedrom the weightedneutrinosolutions. The widths of these
distributionsindicatethat they may be re-binnedinto coarse 25-GeV bins with no lossof information,asshavn in Figure4.
Thisreduceshenumberof binsfrom 125to 10. Normalizingthetotal eventweightof eacheventto unity addsanotherconstraint,
allowing eacheventto be characterizethy a 9-dimensionalectorof eventweights.
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FIG. 4: Sumof eventweightdistributionsfor Monte Carlosampleftt!  epeventswith top massof 175GeV. Eventweightdistributionsare
shawvn before(black) andafter(red)re-binning.

Eventweightvectorsarealsogeneratedor Monte Carlosamplef tt to dileptondecaydor varioustop quarkmassesEach
Monte Carlo samplecontainseventsthat were generatedvith ALPGEN [5]. Fragmentatiorand hadronizationvere modeled
with PYTHIA [6], asweredecaysf short-livedparticles.A full detectorsimulationwasprovidedwith GEANT [7].

NineteenindependenMonte Carlo samplesexist, for top quarkmassegangingfrom 120 GeV to 230 GeV. Eventweight
vectorsaregeneratedor all eventsthat passthe selectioncriteriadescribedn Sectionll. The collectionof all weightvectors



for agivenmassconstitutesa “template”to which weightvectorsfrom datamay be compared.

Event weight vectorsare generatedor backgroundeventsaswell asfor signal events. Monte Carlo eventsare usedfor
physicsbackgroungrocessesyhile fake processearemodeledrom dataeventswith loosenedselectiorcriteria. Thenumber
of eventsselectedrom backgroungrocessegndsto below, solargersamplesiregeneratedisingafastparameterizedetector
simulation. Thesesamplesareusedfor anestimateof systematierror, asdescribedn sectionVI A.

V. MAXIMUM LIKELIHOOD

Eachindividual eventweightvectorwe, from datais comparedo weightvectorsw; from the MC templates An estimateof
the signalprobabilitydensity fs is madeby placinga Gaussiarkernelof width h atthe eventweightof eachMC event,sothat:

2
1 Mg g
Nmc(m) i=1 j:lRe[ (Wzr\:;i;j)z]dw

fs(Wey j M) = )

0

A similar estimateis madeof the backgroundprobability density In the casewherethereare multiple backgroundsources,

eachsourceis scaledby arelative weightvectorb, whichis de ned by the expectednumberof backgroundeventsny for each
backgroundk andthe numberof Monte Carloweightvectorsfor eachbackground:

kaIL\/'C _ ﬁb;k (3)
BT DN 8L
TheprobabilitydensityestimatgPDE) for the backgroundnay thusbewritten as:
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A likelihoodfunctionis formedat eachmasspoint by combiningthe signalandbackground®DEswith the numberof signal
(ns) and background(n,) events. A Gaussiarconstraintg(ny; np; Sp) forcesconsisteng betweenthe obsened and expected
numberof backgroundvents,anda Poissorconstraintp(ns+ np; N) ensuresgreemenbetweertheobsenednumberof events
N andthe sumof ng andn,. Thecombinedikelihoodfunctionis thus:

N) 5 Nsfs(wi j m) + np fio(wh)

L(Wey; Np; N j m; ns; Np) = g(Np; Np; Sp) P(Ns+ Np;
i=1 Ns+ Ny

2 ®)

The valuesof ng and n, at eachMonte Carlo top massare allowedto uctuate, andthe likelihood function is minimized
with respecto thesevariablesat eachmass.A quadratict is performedon the minimizedpoints,andanoverall minimumis
determinedrom the t. It canbe shawvn that,in the limit of in nite statistics,the 68% con denceintenval is de ned by the
regionin which the negative logarithmof thelik elihoodvariesby lessthanhalf a unit from its minimumvalue[8].

Theutility of thislikelihood tter is testedby performingensemblaestsfrom sampleof Monte Carlosignalandbackground
weightvectors. For eachdileptonchannel,a setof N weight vectorsis chosenwhereN is the numberof obsened eventsin
the given channel. The weight vectorsarechoserrandomlyfrom Monte Carlo signalor backgroundemplate les, sothatthe
averagenumberof backgroundeventsper sourcematcheghe expectedaveragebackgroundLik elihoodsarecalculatedor the
setsof eventsin eachchannel,anda parabolic t is thenperformedover the negative logarithmof the combinedlik elihoods
( InL). An estimationof the statisticaluncertaintyis madeby calculatingthe massest whichthe In L valueis half a unit
aboveits maximum.Figure5 showvs the goodagreemenbetweerthe outputminimaandinput massandthatthewidths of pull
distributionsareneartheir expectedvalueof 1.0. The t line in Figure5ais usedasa calibrationtool on the resultsfrom data,
mappingthe outputminimumto aninputtop quarkmass.

The parametenh is afree parametethat setsthe width of the Gaussiarkernel. The valueof h in this analysisis determined
apriori from ensembléests. Furtherensembldestsarealsoperformedon differing t rangesaroundthe minimum, asshovn
in Figure6. Theresultsof thesetestsshav the bestagreemenbetweeroutputminimaandinput massegor avalueof h= 0:15
anda t rangeof 20 GeV aboutthe t minimum. Ensembletestswere also performedusing ts that were cubic rather
thanquadraticbut it wasfoundthatthose ts reducedhe numberof ts with goodsolutionswithoutimproving theagreement
betweerputputandinput.
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FIG. 5: Ensemblaestsof averagelik elihoodminimumvs. inputtop mass.Eachpoint consistsof 1000ensemblesf 21 dileptoneventseach,
with 15 eventsfrom the epsample 5 from the eesample and1 from the yu sample.The dashedine in plot (a) representperfectagreement
betweertheinput massandoutputminimum,while the solid line in plot (b) representshe averagepull width over all masses.
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FIG. 6: Resultsof ensemblegestson the (a) slopeand (b) offset of linear ts to the likelihood minima for variousvaluesof t rangeand
smearingparameteh, usingensemblesf 15 epevents,5 eeevents,andl pp event. Theboxed valuesindicatethe slopeandoffsetvaluesfor
the t rangeandh valueusedin theanalysis.The highlightedvaluesdiffer slightly from thosein Figure5 dueto ensembleuctuations.

VI. RESULTS

The resultsof the likelihood ts for the e ey, andyu channelsareshowvn in Figure7. At eachtop quarkmasspoint, data
eventweightdistributionsare comparedo Monte Carlo backgroundceventtemplatesandthe Monte Carlo signaltemplatefor
that particularmass. Prior to MC event selection,a correctionfactorof 1.034is appliedto all jetsto accountfor differences
betweerMonte Carloanddata[10].

The minima of the likelihoodsfor thethreeindividual channesbhre148 11 GeV for theeuchannel, 194 17 GeV for the
eechanneland183 34 GeV for the yuchannel. The widthsincludestatisticaleffectsonly andaredeterminedy nding the
pointsatwhichthequadratict to thelikelihoodpointsrisesby half a unit from its minimum. Thelargewidth for the ppchannel
is dueto thefactthatonly aasingleeventpasseshe selectiorfor thatchannelwhile the expectechumberof backgroundaents
for thatchannels greaterthanone. Whenthe likelihoodsfor all threechannelsarecombinedthe minimumis at 178 GeV, as
shawvn in Figure8. Corvertingthe positionof the miminumto atop quarkmassmeasuremerty applyingthelinearcalibration
from Figure5 yieldsaresultof 1756 10:7 (stat)GeV.
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FIG. 7: -In (Likelihood)minimavs. masdor the (a) ey (b) ee and(c) ppchannels.

FIG. 8: -In (Likelihood)minimavs. massfor the combineddileptonchannels.

A. Statistical Uncertainties

The statisticaluncertaintiegjuotedabove are calculatedrom the quadratict to the likelihoodminima. Thedistribution of
expectedstatisticalerrorsfor the eg ey, and combineddileptonchannelsare shavn in Figure 9. Seventy- ve percentof the
ensembldestsoverthe combinedchannelgproducedstatisticalerrorslessthanthe obsenedstatisticalerrorof 110.7GeV.
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FIG. 9: Distribution of expectedstatisticalerrorsfrom 1000ensembldestson the (a) el (b) ee and(c) combinedee+ ep+ puchannelsThe
distribution of errorsfor a singlepp eventvarieswildly, andis not shavn here. The arrows indicatethe statisticalerrorfrom the t over data
in eachof thechannels.



B. SystematicUncertaintiess

Systematiancertaintieslueto objectresolutionuncertaintiearefound by varyingthe objects'momentaby 1s, repeating
theeventselectiorfor thenew objectsandcomparingensemblesf thenew objecteventdistributionswith templatesnadefrom
theoriginal events.This approachis alsousedto estimatesystematiaincertaintie§rom uncertaintiesn jet enegy scaleandthe
modelingof gluonradiation.A summaryof all suchsystematicss givenbelow.

Jetenepy scale.Systematiancertaintiesn jet enegy scalearisefrom thefollowing factors:

— A 3.4%uncertaintyin light quarkjet enegies[9],

— An additionaluncertaintyof 2.1%dueto light quarkb-quarkcorrectiong10],
— pr-dependentincertaintie®f 1%, and

— h-dependentorrectionuncertaintie®f 1.4%.

Theseuncertaintiesareaddedin quadraturdo give an overall jet enegy uncertaintyof 4.4%. Jetsin eachMonte Carlo
sampleareraisedandloweredby this amount,andthe changean top quarkmassfor aninput massof 175.6GeV is found
tobe™ gﬁ GeV. Thelargerof thesetwo valuesis takenasthejet enegy scalesystematiaincertainty

Jet resolution Jetsfrom a Monte Carlo samplewith myp=175GeV aresmeareddy 1s, wheres is the width of the
measureget resolutiondistribution. Eventselectionis performedon the smearedvents,andeventweightsaregenerated
for the selectedbvents. Theseweightsarecomparedo the original Monte Carlotemplates.

Muonresolution As with thejets, muonsfrom a Monte Carlo samplewith myp=175GeV aresmearedy 1s of their
resolution.Again, eventweightsaregeneratedrom eventsselectedrom the smearedamplesandare comparedo the
original Monte Carlotemplates.

Gluonradiation. Eventswith anextrajet areselectedrom asignalMonte Carlosampleof tt+1 jet eventswith myp=175
GeV Only eventswith exactly threejets arechoserfrom this sample.Theseeventsarecomparedvith templatefrom a

subsebdf theoriginal Monte Carlotemplategontainingonly eventswith exactlytwo jets. Theresultingdifferencebetween
2-jetand3-jet eventsis thenscaledby 32%, which is the expectedfraction of eventswith anextrajet. Uncertaintiesdue

to eventswith two extrajetsareestimatedy doublingthedifferencebetweerthe 2-jetand3-jet samplesandscalingthat

differenceby the 8% expectedcontribution of tt+2 jet events.

Parton distribution function (PDF). Templatesare generatedrom a variety of myp=175 GeV samplescreatedwith

leading-ordeandnext-to-leading-ordePDFs,aswell asthenominal CTEQ5MPDF usedfor Monte Carloeventgenera-
tion. Basiceventselectionis appliedby cuttingon jet andleptonenegy andon &7. Ensembldestsare performedusing
thenew samplesandthe systemati@rroris estimatedy takinghalf thelargestoutput t differencebetweertwo samples.

Badgroundshape Uncertaintieslueto the low statisticsin the backgroundemplatesaremeasuredby creatingseparate
large sampleswith a fastparameterizedietectorsimulation,andrepeatingthe ensembldestswith the large samplesn
placeof the original backgroundemplates.

A nal systematicueto the nite statisticsof the signaltemplatess estimatedyy breakingthe signaltemplatesnto smaller
sub-templatesand comparingan ensembleof eventsto eachof the sub-templatesThe varianceof outputminimafrom ts
performedwith eachof the sub-templates usedasanestimateof this uncertainty

A list of all evaluatedsystematiaincertaintiegappearsn Tablell. The systematiancertaintiesaredominatecby jet enegy
scaleuncertainties. The combinedsystematicuncertaintyis  6:0 GeV, andthe measurednasson the dilepton channelsis
1756 10:7(stat.) 6:0(syst.)GeV.



TABLE II: Summaryof systematiaincertaintiegor acombinedmeasuremerdcrossall dileptonchannels.

Source Error (GeV)
Jetenepgy scale 5:3
Jetresolution 0:5
Muonresolution 0:4
ti+jets 2.0
PDFvariation 0:7
Backgroundemplateshape 13
Templatet statistics 0:9
Total systematidJncertainty 6:0
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