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Wepresentameasurementof themassof thetopquark,mtop, in dilepton�nal statesfrom toppairproduction.
Weutilize expectedneutrinorapiditydistributionsto solve theotherwiseunderconstrainedkinematic�t. A data
sampleof approximately370pb� 1 of DØ Run II datain theeµ, ee, andµµ channelsis usedfor this analysis.
Thetop quarkmassextractedfrom 21dileptoncandidateeventsis measuredto be:

m``
top = 175:6� 10:7(stat:) � 6:0(syst:) GeV:

PreliminaryResultsfor Winter 2006Conferences



2

Contents

I. Intr oduction 3

II. Method 3

III. Event Selection 3

IV. Templates 5

V. Maximum Lik elihood 6

VI. Results 7
A. StatisticalUncertainties 8
B. SystematicUncertaintiess 9

References 11



3

I. INTR ODUCTION

In thestandardmodel,massis generatedfrom thespontaneousbreakingof electroweaksymmetryvia theHiggsmechanism.
A precisionmeasurementof themassof thetop quarkprovidesinformationabouttheHiggsbosonmassvia correctionsto the
W bosonmass.In this analysis,thetopquarkmassis measuredin dileptondecaysof t t̄ events;thatis, eventsin whicheachtop
quarkdecaysto ab quarkandaW boson,andin whicheachW bosonin turn decaysleptonically.

Thetop quarkmassis measuredfor eventscollectedat DØ betweenApril 2002andAugust2004of Run II at theTevatron,
comprisingapproximately360pb� 1 of data.TheDØ detectoris describedin detailin [1]. Themassis measuredfrom candidate
eventsin thedielectron(ee), electron+muon(eµ), anddimuon(µµ) channels.

II. METHOD

In dileptondecays,the�nal stateconsistsof six particles:two leptons,two jetsfrom b quarks,andtwo neutrinos.Themass
of each�nal particleis known a priori , sothis resultsin 18 independentkinematicquantitiesin the�nal state.Fourteenof these
parameters– the momentaof the leptonsandjets andthe transverseenergy componentsof the neutrinopair – aremeasured
directly in thedetector. Threeadditionalconstraintsareaddedby requiringthat the invariantmassof eachleptonandneutrino
pair equaltheW massandthat themassof thetop andanti-topquarksbeequal.This leadsto a total of seventeenconstraints,
which is oneconstraintshortof allowing asolutionfor thesystem.

A solution is found by ignoring the observed missingtransverseenergy (6ET) from the neutrinosand insteadassuminga
top quarkmassanda pseudorapidity[2] for eachneutrino. From this information,the four-momentumof eachneutrinomay
be determined.The measuredmissingenergy is thenusedto assigna weight to the solution,basedon the agreementof the
calculatedtransversemomentumof theneutrinoswith theobservedmissingtransverseenergy (6ET ):
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This procedureis repeatedfor 10 pseudorapiditychoicesof eachneutrinoat the assumedtop quarkmass,anda weight is

formedby summingover the weightsfor eachneutrinochoice. At eachmass,the jets andleptonmomentaaresmeared150
timeswithin detectorresolutions,andthesolutionalgorithmis repeatedfor eachsmearing.Theweightsfor all smearingsare
summedtogetherto form a total eventweightat theassumedtop quarkmass.Weightsaregeneratedin 2 GeV incrementsfor
top quarkmassesbetween80 and330GeV. Whentheseweightsaresummedover a largenumberof MonteCarloevents,they
producea peakneartheinput topquarkmass,asshown in Figure1.

(a) (b) (c)

FIG. 1: Sumof eventweightsfor a few thousandtt̄ MonteCarloeventswith top quarkmassof (a)150,(b) 175,and(c) 200GeV. Thedashed
vertical linesindicatethemassof theMonteCarlotopquarks.

III. EVENT SELECTION

Dileptoneventsfrom the360pb� 1 datasetaresortedaccordingto thetypeof leptonsfoundin theevent(eµ, ee, or µµ) Events
arerequiredto passa Level 1 dileptontrigger aswell asa Level 2 (µµ) or Level 3 (ee, eµ) trigger. All eventsarerequiredto
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passtheselectioncriteriaof thedileptoncrosssectionanalysesdescribedin [3]. Theseanalysesrequiretwo oppositely-charged
leptonswith pT > 15 GeV andtwo jetswith pT > 20 GeV, aswell assigni�cant total energy from the jetsandleadinglepton
(H`

T ) in theevent.Channel-dependentcutsareappliedto reducephysicsandinstrumentalbackgrounds.
Theselectionfor theeeandµµ channelsis identicalto thecross-sectionanalysisselectionfor thosechannels.Thedominant

backgroundin bothchannelscomesfrom Z� > `` decaysin whichextra jetsarepresentandin which thereis signi�cant “f ake”
missingtransverseenergy (6ET) from instrumentalsources.Thesebackgroundsarereducedby applyingcutsto thedileptonmass
(M`` ) in eachchannel. In the eechannel,eventsmustalsohave a sphericitygreaterthan0.15,wheresphericityis de�ned as
in [4]. This servesto reducebackgroundsdueto gluonradiation. In theµµ channel,eventsin which themuon pT is severely
mismeasuredareremovedby applyingacontourcuton6ET . Thiscuteliminateseventsin whichtheazimuthalanglebetweenthe
leadingmuonand6ET is greaterthan175� . Theremainingeventsmusthave6ET between35GeV and85 GeV, dependingon the
separationin azimuthbetweentheleadingmuonand6ET . Theshapeof thesecontourcutsis shown in Figure2.

(a) (b)

FIG. 2: 6ET contourcut (in black)appliedto MonteCarlo(a)tt̄ signaland(b) WWjj backgroundin theµµchannel.

In theeµchannel,acutonthe“electronlikelihood” is usedin placeof theelectronlikelihood�t describedin [3]. Theelectron
likelihoodfor a candidateelectronis formedfrom acombinationof:

� fEM, thefractionof thecandidate'senergy depositedin theelectromagneticcalorimeter,

� ac2 �t on thematchbetweenthecalorimeterclusteranda centraltrack,

� thedistanceof closestapproachof thecandidateto thebeamline,

� theratioof tranverseenergy in thecalorimeterclusterto thetranversemomentumof thematchedcentraltrack,and

� thesizeandnumberof tracksin a conearoundtheelectroncandidate.

This likelihoodvariabledistinguishesbetweenelectronsfrom physicsprocess(which have a likelihoodvaluenear1), and
“f ake” electronsignalsfrom pions(whichhavea valuenear0).

Electronswith electronlikelihoodvalueslessthan0.25arerejectedfor theeµmassanalysis.This dramaticallyreducesthe
backgroundfrom fake electrons,while only minimally reducingtheselectionef�ciency on realelectrons,asshown in Figure3.
A missingtranverseenergy cut of 25 GeV is alsoapplied,andthecut on thecombinedH `

T from the jetsandleadingleptonis
increasedfrom 122GeVto 140GeVin orderto reducebackgroundfrom physicsevents.

Eventswhich passall selectioncutsarethenrequiredto have at leastonesolutionin theevent-weightingschemedetailedin
SectionI. In thatscheme,eachneutrinomomentumis obtainedfrom thesolutionto aquadraticequation.Thus,it is possiblethat
thesolvedmomentumfor oneor bothneutrinosis imaginary. In someevents,thereis nochoiceof topmassor neutrinorapidity
thatyieldsa realsolutionfor bothneutrinos.This happensrarelyfor MC top events,at thelevel of 0.2%or so. It happensmore
frequentlyfor backgroundevents,androughly4%of backgroundeventsarefoundto yield no realsolution.Therequirementof
at leastonerealeventweightsolutionactsasadefactoadditionalcutontheselectedevents,furtherreducingtheexpectedevent
yield. Of the22 eventsthatpassthekinematicselectioncuts,1 event(in theµµchannel)fails to produceany realsolution.The
distribution of theremaining21 eventsis shown in TableI, alongwith theexpectednumberof signalandbackgroundeventsin
eachof thedileptonchannels.
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FIG. 3: Ef�ciency onelectroncandidatesfrom (unshaded)tt̄ and(shaded)QCD eventsasa functionof electronlikelihood.

TABLE I: Expectedandobservedyieldsfor signalandbackgroundin theeµ, ee, andµµ decaychannels,afterall selectioncutsareapplied.

eµ ee µµ

Source Expected
Yield

Source Expected
Yield

Source Expected
Yield

tt̄ ! eµ 9.79 tt̄ ! ee 3.49 tt̄ ! µµ 2.53

Z! ee 0:43� 0:14 Z! µµ 0:91� 0:13

Z! tt 0:70� 0:16 Z! tt 0:29+ 0:10
� 0:13 Z! tt 0:06� 0:02

WW/WZ 0:71� 0:26 WW/WZ 0:19+ 0:11
� 0:14 WW/WZ 0:19� 0:03

EM fakes 0:31� 0:28 EM fakes 0:09� 0:03 Muon fakes 0:13� 0:03

Total 11:32� 0:41 Total 4:49+ 0:41
� 0:47 Total 3:82� 0:16

Observed 15 Observed 5 Observed 1

IV. TEMPLA TES

Eachselectedevent hasan event weight distribution generatedfrom the weightedneutrinosolutions. The widths of these
distributionsindicatethat they may be re-binnedinto coarse,25-GeVbins with no lossof information,asshown in Figure4.
Thisreducesthenumberof binsfrom 125to10. Normalizingthetotaleventweightof eacheventto unityaddsanotherconstraint,
allowing eacheventto becharacterizedby a9-dimensionalvectorof eventweights.

FIG. 4: Sumof eventweightdistributionsfor MonteCarlosamplesof tt̄! eµeventswith topmassof 175GeV. Eventweightdistributionsare
shown before(black)andafter(red)re-binning.

Eventweightvectorsarealsogeneratedfor MonteCarlosamplesof t t̄ to dileptondecaysfor varioustopquarkmasses.Each
Monte Carlosamplecontainseventsthat weregeneratedwith ALPGEN [5]. Fragmentationandhadronizationweremodeled
with PYTHIA [6], asweredecaysof short-livedparticles.A full detectorsimulationwasprovidedwith GEANT [7].

NineteenindependentMonte Carlo samplesexist, for top quarkmassesrangingfrom 120 GeV to 230 GeV. Event weight
vectorsaregeneratedfor all eventsthatpasstheselectioncriteriadescribedin SectionII. Thecollectionof all weightvectors
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for agivenmassconstitutesa “template”to whichweightvectorsfrom datamaybecompared.
Event weight vectorsare generatedfor backgroundeventsas well as for signal events. Monte Carlo eventsare usedfor

physicsbackgroundprocesses,while fakeprocessesaremodeledfrom dataeventswith loosenedselectioncriteria.Thenumber
of eventsselectedfrom backgroundprocessestendsto below, solargersamplesaregeneratedusingafastparameterizeddetector
simulation.Thesesamplesareusedfor anestimateof systematicerror, asdescribedin sectionVI A.

V. MAXIMUM LIKELIHOOD

Eachindividual eventweightvector~wev from datais comparedto weightvectors~wi from theMC templates.An estimateof
thesignalprobabilitydensity fs is madeby placinga Gaussiankernelof width h at theeventweightof eachMC event,sothat:
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1
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A similar estimateis madeof thebackgroundprobabilitydensity. In thecasewheretherearemultiple backgroundsources,
eachsourceis scaledby a relative weightvector~b, which is de�ned by theexpectednumberof backgroundeventsn̄k for each
backgroundk andthenumberof MonteCarloweightvectorsfor eachbackground:
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Theprobabilitydensityestimate(PDE)for thebackgroundmaythusbewrittenas:
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A likelihoodfunctionis formedat eachmasspoint by combiningthesignalandbackgroundPDEswith thenumberof signal
(ns) andbackground(nb) events. A Gaussianconstraintg(nb; n̄b;sb) forcesconsistency betweenthe observed andexpected
numberof backgroundevents,andaPoissonconstraintp(ns+ nb;N) ensuresagreementbetweentheobservednumberof events
N andthesumof ns andnb. Thecombinedlikelihoodfunctionis thus:

L( ~wev; n̄b;N j mt ;ns;nb) = g(nb; n̄b;sb)p(ns+ nb;N)
N

Õ
i= 1

ns fs(~wi j mt ) + nb fb(~wi )
ns+ nb

: (5)

The valuesof ns andnb at eachMonte Carlo top massareallowed to �uctuate, and the likelihoodfunction is minimized
with respectto thesevariablesat eachmass.A quadratic�t is performedon theminimizedpoints,andanoverall minimumis
determinedfrom the �t. It canbe shown that, in the limit of in�nite statistics,the 68% con�denceinterval is de�ned by the
region in which thenegative logarithmof thelikelihoodvariesby lessthanhalf a unit from its minimumvalue[8].

Theutility of this likelihood�tter is testedby performingensembletestsfrom samplesof MonteCarlosignalandbackground
weight vectors.For eachdileptonchannel,a setof N weight vectorsis chosen,whereN is thenumberof observedeventsin
thegivenchannel.Theweightvectorsarechosenrandomlyfrom MonteCarlosignalor backgroundtemplate�les, sothat the
averagenumberof backgroundeventspersourcematchestheexpectedaveragebackground.Likelihoodsarecalculatedfor the
setsof eventsin eachchannel,anda parabolic�t is thenperformedover the negative logarithmof the combinedlikelihoods
(� ln L). An estimationof thestatisticaluncertaintyis madeby calculatingthemassesat which the � ln L valueis half a unit
aboveits maximum.Figure5 showsthegoodagreementbetweentheoutputminimaandinputmass,andthatthewidthsof pull
distributionsareneartheir expectedvalueof 1.0. The�t line in Figure5ais usedasa calibrationtool on theresultsfrom data,
mappingtheoutputminimumto aninput topquarkmass.

Theparameterh is a freeparameterthatsetsthewidth of theGaussiankernel. Thevalueof h in this analysisis determined
apriori from ensembletests.Furtherensembletestsarealsoperformedon differing �t rangesaroundtheminimum,asshown
in Figure6. Theresultsof thesetestsshow thebestagreementbetweenoutputminimaandinput massesfor a valueof h = 0:15
anda �t rangeof � 20 GeV aboutthe �t minimum. Ensembletestswere also performedusing �ts that were cubic rather
thanquadratic,but it wasfoundthatthose�ts reducedthenumberof �ts with goodsolutionswithout improving theagreement
betweenoutputandinput.
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(a) (b)

FIG. 5: Ensembletestsof averagelikelihoodminimumvs. input topmass.Eachpoint consistsof 1000ensemblesof 21 dileptoneventseach,
with 15 eventsfrom theeµsample,5 from theeesample,and1 from theµµ sample.Thedashedline in plot (a) representsperfectagreement
betweentheinputmassandoutputminimum,while thesolid line in plot (b) representstheaveragepull width over all masses.

(a) (b)

FIG. 6: Resultsof ensembletestson the (a) slopeand(b) offset of linear �ts to the likelihoodminima for variousvaluesof �t rangeand
smearingparameterh, usingensemblesof 15 eµevents,5 eeevents,and1 µµ event.Theboxedvaluesindicatetheslopeandoffsetvaluesfor
the�t rangeandh valueusedin theanalysis.Thehighlightedvaluesdiffer slightly from thosein Figure5 dueto ensemble�uctuations.

VI. RESULTS

Theresultsof the likelihood�ts for theee, eµ, andµµ channelsareshown in Figure7. At eachtop quarkmasspoint, data
eventweightdistributionsarecomparedto MonteCarlobackgroundevent templatesandtheMonteCarlosignaltemplatefor
that particularmass.Prior to MC event selection,a correctionfactorof 1.034is appliedto all jets to accountfor differences
betweenMonteCarloanddata[10].

Theminimaof the likelihoodsfor thethreeindividual channeslare148� 11GeV for theeµchannel,194� 17 GeV for the
eechannel,and183� 34GeV for theµµ channel.Thewidthsincludestatisticaleffectsonly andaredeterminedby �nding the
pointsatwhichthequadratic�t to thelikelihoodpointsrisesby half aunit from its minimum.Thelargewidth for theµµchannel
is dueto thefactthatonly aasingleeventpassestheselectionfor thatchannel,while theexpectednumberof backgroundevents
for thatchannelis greaterthanone. Whenthe likelihoodsfor all threechannelsarecombined,theminimumis at 178GeV, as
shown in Figure8. Convertingthepositionof themiminumto a topquarkmassmeasurementby applyingthelinearcalibration
from Figure5 yieldsa resultof 175:6� 10:7 (stat)GeV.
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(a) (b) (c)

FIG. 7: -ln (Likelihood)minimavs. massfor the(a) eµ, (b) ee, and(c) µµchannels.

FIG. 8: -ln (Likelihood)minimavs. massfor thecombineddileptonchannels.

A. Statistical Uncertainties

Thestatisticaluncertaintiesquotedabove arecalculatedfrom thequadratic�t to the likelihoodminima. Thedistribution of
expectedstatisticalerrorsfor the ee, eµ, andcombineddileptonchannelsareshown in Figure9. Seventy-� ve percentof the
ensembletestsover thecombinedchannelsproducedstatisticalerrorslessthantheobservedstatisticalerrorof 110.7GeV.

(a) (b) (c)

FIG. 9: Distributionof expectedstatisticalerrorsfrom 1000ensembletestson the(a)eµ, (b) ee, and(c) combinedee+ eµ+ µµ channels.The
distribution of errorsfor a singleµµ eventvarieswildly, andis not shown here.Thearrows indicatethestatisticalerrorfrom the�t over data
in eachof thechannels.
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B. SystematicUncertaintiess

Systematicuncertaintiesdueto objectresolutionuncertaintiesarefoundby varyingtheobjects'momentaby � 1s, repeating
theeventselectionfor thenew objects,andcomparingensemblesof thenew objecteventdistributionswith templatesmadefrom
theoriginalevents.Thisapproachis alsousedto estimatesystematicuncertaintiesfrom uncertaintiesin jet energy scaleandthe
modelingof gluonradiation.A summaryof all suchsystematicsis givenbelow.

� Jetenergy scale.Systematicuncertaintiesin jet energy scalearisefrom thefollowing factors:

– A 3.4%uncertaintyin light quarkjet energies[9],

– An additionaluncertaintyof 2.1%dueto light quark/b-quarkcorrections[10],

– pT -dependentuncertaintiesof 1%,and

– h-dependentcorrectionuncertaintiesof 1.4%.

Theseuncertaintiesareaddedin quadratureto give an overall jet energy uncertaintyof 4.4%. Jetsin eachMonteCarlo
sampleareraisedandloweredby this amount,andthechangein topquarkmassfor aninputmassof 175.6GeV is found
to be+ 5:3

� 3:4 GeV. Thelargerof thesetwo valuesis takenasthejet energy scalesystematicuncertainty.

� Jet resolution. Jetsfrom a Monte Carlo samplewith mtop=175GeV aresmearedby � 1s, wheres is the width of the
measuredjet resolutiondistribution. Eventselectionis performedon thesmearedevents,andeventweightsaregenerated
for theselectedevents.Theseweightsarecomparedto theoriginalMonteCarlotemplates.

� Muonresolution. As with the jets,muonsfrom a MonteCarlosamplewith mtop=175GeV aresmearedby � 1s of their
resolution.Again, eventweightsaregeneratedfrom eventsselectedfrom thesmearedsamples,andarecomparedto the
originalMonteCarlotemplates.

� Gluonradiation. Eventswith anextra jet areselectedfrom a signalMonteCarlosampleof t t̄+1 jet eventswith mtop=175
GeV. Only eventswith exactly threejetsarechosenfrom this sample.Theseeventsarecomparedwith templatesfrom a
subsetof theoriginalMonteCarlotemplatescontainingonlyeventswith exactlytwo jets.Theresultingdifferencebetween
2-jet and3-jet eventsis thenscaledby 32%,which is theexpectedfractionof eventswith anextra jet. Uncertaintiesdue
to eventswith two extra jetsareestimatedby doublingthedifferencebetweenthe2-jetand3-jetsamples,andscalingthat
differenceby the8%expectedcontributionof tt̄+2 jet events.

� Parton distribution function (PDF). Templatesare generatedfrom a variety of mtop=175 GeV samplescreatedwith
leading-orderandnext-to-leading-orderPDFs,aswell asthenominalCTEQ5MPDFusedfor MonteCarloeventgenera-
tion. Basiceventselectionis appliedby cuttingon jet andleptonenergy andon 6ET . Ensembletestsareperformedusing
thenew samples,andthesystematicerroris estimatedby takinghalf thelargestoutput�t differencebetweentwo samples.

� Backgroundshape. Uncertaintiesdueto thelow statisticsin thebackgroundtemplatesaremeasuredby creatingseparate
largesampleswith a fastparameterizeddetectorsimulation,andrepeatingthe ensembletestswith the large samplesin
placeof theoriginalbackgroundtemplates.

A �nal systematicdueto the�nite statisticsof thesignaltemplatesis estimatedby breakingthesignaltemplatesinto smaller
sub-templates,andcomparingan ensembleof eventsto eachof the sub-templates.The varianceof outputminima from �ts
performedwith eachof thesub-templatesis usedasanestimateof this uncertainty.

A list of all evaluatedsystematicuncertaintiesappearsin TableII. Thesystematicuncertaintiessaredominatedby jet energy
scaleuncertainties.The combinedsystematicuncertaintyis � 6:0 GeV, and the measuredmasson the dilepton channelsis
175:6� 10:7 (stat.)� 6:0 (syst.)GeV.
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TABLE II: Summaryof systematicuncertaintiesfor a combinedmeasurementacrossall dileptonchannels.

Source Error (GeV)

Jetenergy scale � 5:3

Jetresolution � 0:5

Muonresolution � 0:4

tt̄+jets � 2:0

PDFvariation � 0:7

Backgroundtemplateshape � 1:3

Template�t statistics � 0:9

Total systematicUncertainty � 6:0
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