
Measurements of Top quark pair production cross
section and Search for Resonances at Tevatron

Roberto Rossin
� †

Universityof Florida - Fermilab- P.O.Box500- MS318
60510,BataviaIL (USA)
E-mail: rossin@fnal.gov

We presentthemeasurementof thetop pair productioncross-sectionat Tevatronin p-pbarcolli-
sionsat 1.96TeV. We alsocompareselectedkinematicaldistributionswith thepredictionsof the
StandardModel.
In thedileptonmode,we selecteventswith two chargedleptons,high missingtransverseenergy
andat least2 jets.
In thelepton+jetsmode,weselecteventswith onechargedlepton,highmissingtransverseenergy
andat least3 jets.We presentseveralcomplementarymeasurementsusingkinematicdiscrimina-
tion and/orb-tagging.
In theall-hadronicchannel,weselecteventswith

�
6 jetsand � 8 jets.Wepresentameasurement

usinganoptimizedkinematicselectionandeventswith oneor moredisplacedsecondaryvertices.

We alsoreporton thesearchfor non-standardmodelresonancestatesin theinvariantmassspec-

trumof toppairsin lepton+jetsevents.Wepresenttwo complementarymeasurements,oneadopts

aneventreconstructiontechniquethatusesmatrixelementinformationsto increasethesensitivity

for discovery, theotherperformsa constrainedkinematicfit andrequiresb-tagging.

InternationalWorkshopon Top QuarkPhysics
January12-15,2006
Coimbra, Portugal

�
Speaker.

†OnBehalfof theCDF andDO� collaborations

c
�

Copyrightownedby theauthor(s)underthetermsof theCreative CommonsAttribution-NonCommercial-ShareAlikeLicence. http://pos.sissa.it/



tt productioncrosssectionandsearch for resonancesat Tevatron RobertoRossin

1. Introduction

Sincethe discovery of the top quark in 1995by CDF andDO� collaborations[1] an exten-
sive programto characterizethis particle is underway. The top is by far the heaviest amongthe
quarkfamily andoffersa new testinggroundfor thestandardmodel,includingquantumchromo-
dynamics;due to its large massthe top quark is the entity that is moststrongly coupledto the
symmetry-breakingdynamicsandthenplayasapowerful probein thisphysicssector.

The top quarkproductioncrosssectionmeasurementsby CDF andDO� experimentscanbe
consideredasthefirst steptowardexploiting this sectorbut alsoprovide a testbenchfor toolsand
techniqueswhichwill beusefulfor physicsanalysisat theLHC.

Accordingto thestandardmodel,top quarkpair productionat theTevatron( � s � 1 	 96 TeV)
proceedsvia quark-antiquarkannihilation(85%)andgluonfusion(15%),with aNLO crosssection
of 6 	 7
 0 � 9� 0 � 7 pb for Mtop � 175GeV� c2.

Besidesthestandardmodeltt̄ production,otherproductionmechanismshave beenproposed.
Theexistenceof anarrow vectorresonancesdecayingto tt̄ hasbeenpredictedby theoreticalmodels
like thetop-color-assistedtechnicolor[2, 3]. Thismodelaccountsfor thespontaneouselectroweak
symmetrybreakingby introducinganew strongdynamicswhichwouldexplain thelargetopquark
mass.

Unitarity constraintson theCKM matrix requirethetop quarkto decayto a W bosonanda b
quark,sotheW decays(eitherW �� ν or W  qq̄� ) definethesignaturefor thett̄ events.

Figure1 shows the breakdown of eachtype of final state;
the final statescontainingτ leptonshave beenkept sepa-
ratedsincetheτ immediatelydecaysandcannotbeeasily
identified.Thethreemainfinal statesavailablefor theanal-
ysisarethus: dilepton,leptonplus jets,all hadronic;all of
themhave jets in thefinal state,dileptonicandleptonplus
jets channelshave alsoisolatedhigh-pT leptonsandlarge
missingtransverseenergy (ET� ) dueto theescapingneutri-
nos.While theisolatedtracksarereliably identifiedandre-
constructedby thetrackingandcalorimetricapparatus,the
jet reconstructionand energy measurement,the ET� mea-
surementandthe identificationof the b-jets (b � tagging)
requiresophisticatedtools developed[4, 5] to obtainpre-
ciseevent reconstruction,backgroundrejectionanddeter-
minationof thedatasamplecomposition.

Figure 1: tt̄ decaychannels.

2. Top Pair Production Cross Section

BoththeCDFandDO� experiments[6, 7, 8] measurethett̄ productioncrosssectionin all three
final stateseitherperformingcountingexperimentsorby fitting thedatato kinematicaldistributions
thatcandiscriminatesignalfrom background.
Performingtheanalysesin the threechannelsallows to reducetheuncertaintyby combiningthe
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measurements,but also provides a consistency checkacrossthe channeland then testsfor the
presenceof physicsbeyondthestandardmodel(e.g.t  H 
 b) whichmodifiesthebalanceamong
thechannels.

2.1 Dilepton channel

Topdileptonevents,in whichbothW’sdecayto anelectronor muonandaν , arecharacterized
by two high-pT leptons,largemissingtransverseenergy (ET� ) dueto theescapingneutrinos,and
two jets from theb quarks.This channelis thecleanest(S� B � 1 	 5 � 3) but alsotheonewith the
smalleststatistics(5%branchingratio for thee/µ analyses)amongthethreefinal states.Themain
contributionsto backgroundscomefrom Drell-Yanproduction,W �� ν � jets eventswherea jet
is misidentifiedasa leptonanddiboson(WW, WZ andZZ) production.Differentapproachesare
adoptedto measurethecrosssectionin thischannel.

DO� collaborationperformedacountingexperimentin adatasampleof approximately370pb
� 1.

After requiringtwo oppositecharge leptonsandtwo jets,differentsetsof cutshave beenapplied
to rejectthebackgroundsfor thethreechannels(e
 e

���
e� µ � � µ 
 µ � ). ThelargeET� is usedto dis-

criminatethe( ��� ) signalfrom theZ � γ � ���� backgroundswhile on thee� µ � channelthelargest
background,whicharisesfromZ  τ 
 τ � , is suppressedby requiringlargescalartransverseenergy
(H �T � p� 1

T
� ∑ p j

T
, wherep� 1

T
denotesthepT of theleadinglepton).Thecrosssectionmeasurement

hasbeenperformedin thethreechannelsby countingthebackgroundsubtractedsignalandcorrect-
ing for thedetectoracceptanceandreconstructionefficiencies(Fig. 2). Theaveragecrosssection
obtainedis σtt̄ � 8 	 6
 2 � 3� 2 � 0 � stat� 
 1 � 2� 1 � 0 � syst��� 0 	 6 � lumi � pb.

Giventhelimited statisticsof thedileptonsample,anaturalchoiceis to increaseacceptanceby
loosingtheselectioncuts.Following this ideaCDF performedacountingexperimentanalysisin a
360pb

� 1 datasample.Two opposite-charged,high pT leptoncandidatesarerequired,thefirst one
hasto passstrict trackingandcalorimetricrequirements,while for the secondoneonly tracking
selectionsareapplied.Thisallowsto recoveracceptancefrom partially instrumentedregionsof the
detectorandto acceptalsosingleprongτ hadronicdecay. Eventswith zeroor onejetsarestudied
to testthebackgroundpredictionsandeventswith two or morejetsareusedto calculatethecross
section(Fig. 3). Themeasuredcrosssectionis: σtt̄ � 10	 1� 2 	 2 � stat��� 1 	 4 � syst� pb.

A differentapproachwith respectto thecountingexperimentstake advantageof thedifferent
kinematicbehavior of thett̄ eventsif comparedto thebackgroundprocessesin thetwo-dimensional
ET� and jet multiplicity space. Data arefit to extract the contributions from tt̄ , WW and Z 
ττ . The strengthof this approachlies in the very different regionsof ET� � Njet spaceoccupied
by the standardmodelprocessescontributing to the high-pT dileptonsample.The measurement
carriedout at CDF with 200 pb

� 1 of datagives: σtt̄ � 8 	 6
 2 � 5� 2 � 4 � stat� � 1 	 1 � syst� pb and σWW �
12	 6
 3 � 2� 3 � 0 � stat� � 1 	 3 � syst� pb, σZ ! ττ � 233
 45� 42 � stat�"� 17� syst� pb for the two fitted background
crosssections,whicharein goodagreementwith thetheoreticalexpectations[9].

2.2 Lepton plus jets channel

Thelepton+ jetssignaturerepresentsthegoldenchannelfor topcrosssection(andmass)mea-
surements.It benefitsfrom high leptontriggerefficiency combinedwith largebranchingfraction
(almost30% for e� µ plus jets) but suffers from higherbackgroundwith respectto the dilepton
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channel.Themostsignificantbackgroundcontribution is fromW � jets events,importantarealso
multi-jet eventswith onejet misidentifiedasa lepton,dibosonandsingletop production.These
backgroundscan be estimatedby fitting kinematicdistributions like the total transverseenergy
or/andreducedby requiringat leastonejet to beb � tagged (S� B � 2 � 4 with singletaggingand
S� B # 10 with doubletagging).Differenttaggingalgorithmhave beendevelopedat Tevatron[5].
The secondaryvertex taggerand the jet probability taggerexploit the capabilitiesof the silicon
microstripdetectorsto reconstructtracksdisplacedwith respectto the primary vertex. The soft
leptontaggeridentifiesthesoftmuonfrom thesemileptonicb-decay.

Both CDF and DO� collaborationsperformedcountingexperimentmeasurementsapplying
secondaryvertex taggers.Theseanalyses,performedwith 320 pb

� 1 and365 pb
� 1 for CDF and

DO� respectively, representright now the mostprecisett̄ crosssectionmeasurements,eachwith
a total uncertaintycloseto 15%. Eventsare selectedby requiring one (and only one) isolated
high-pT electronor muon,ET� # 20 GeV andthreeor morejets with ET # 15 GeV (with $η $&%
2 at CDF and with $ y $�% 2 	 5 at DO� ), lower jet multiplicity eventsare still usedto checkthe
backgroundestimations.Thedatasetselectedaboveis dominatedby realW bosonswith associated
light flavor production,a backgroundthat can be strongly suppressedby requiring at leastone
b � jet in the event. The samplealso includescontributions from multi-jet events in which a
jet is misidentifiedas an electronor in which a muon originating from the semileptonicdecay
of a heavy quark appearsisolated. In addition, significantET� can arise from fluctuationsand
mismeasurementsof the jet energies. Theestimationof thesamplecompositionis basedbothon
MonteCarlosimulationsanddataandrepresentsoneof themainsourcesof systematicuncertainty
togetherwith theuncertaintyon theb-taggingandtheleptonreconstructionefficiency. To measure
the crosssectionDO� performeda fit to eight differentchannels:e� µ+jetswith 3 or ' 4 jetsand
with one or two or more tags. The result is: σtt̄ � 8 	 1
 1 � 3� 1 � 2 � stat� syst� � 0 	 5 � lumi � pb (Fig. 4).
CDF measuredthecrosssectionin theone(andmore)andtwo (andmore)tagssamplesobtaining
respectively: σtt̄ � 8 	 9 � 0 	 9 � stat� 
 1 � 2� 0 � 9 � syst� pb andσtt̄ � 10	 4
 1� 6� 1� 4 � stat� 
 2 � 1� 1 � 4 � syst� pb.

AnotheranalysisperformedatDO� exploitsonly thekinematicpropertiesof theeventsto sep-
aratesignalfrom background,with nouseof theb-taggingrequirements.To extractthefractionof
tt̄ eventsin thesampleadiscriminantfunctionhasbeenconstructed.Thisfunctionmakesuseof the
differencesbetweenthekinematicpropertiesof the tt̄ eventsandthebackgrounds.Thevariables
have beenselectedin orderto provide thebestseparationbetweensignalandbackgroundandthe
leastsensitivity to thejet energy calibrationwhichin theendrepresentsthe90%of thetotalsystem-
atic uncertainty. Themeasurementof the tt̄ crosssectionhasbeenperformed(230pb

� 1) in each
leptonchannelseparatelyandthencombinedyielding: σtt̄ � 6 	 7
 1 � 4� 1 � 3 � stat� 
 1 ( 6� 1 � 1 � syst�)� 0 	 4 � lumi � pb
(Fig. 5).

An innovativeapproachthelepton+jetschannelis actuallyto look at theeventswith no recon-
structedleptonin thedatasamplecollectedby themulti-jet triggerdesignedfor theall-hadronictop
analyses.TheET� +jets+b-tagsanalysisperformedatCDF in factrejectseventswith agood,high-
pT electronormuonto avoid overlapswith theotherlepton+jetsanalyses.Theaimis to recoverpart
of e� µ � jets samplewith undetectedleptonbut especiallyto includeτ � jets eventsby requiring
significantET� andexploiting thegeometricalpropertiesto discriminatethequarkpair production
from backgroundprocesses.Theeventselectionrequiresfour or morejets(ET ' 15GeV) with at
leastoneb � tag, largemissingtransverseenergy significance(ET�*�,+ ∑ET ' 4GeV1- 2) andlarge
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total transverseenergy (∑E jets
T

# 125GeV). To suppressthemultijet contaminationtheET� is re-
quirednot to bealignedwith thejetsdirections(∆Φ � ET� �

jets��' 0 	 4rad). Backgroundcontribution
yieldsareestimatedfrom thedata.Thecrosssectionmeasurementthenis performedby counting
taggedjets in the 4 . Njet . 8 sample. The measuredcrosssectionvalue in a 310 pb

� 1 data

sampleis foundto be: σtt̄ � 6 	 1 � 1 	 2 � stat� 
 1 � 4� 1 � 0 � syst� pb (Fig. 6).

2.3 All hadronic channel

Theall hadronicchannelprovidesa very largeeventsample(branchingfraction � 45%)and
allows to fully reconstructthe tt̄ system.Neverthelessit is themostchallengingdueto theover-
whelmingmulti-jet QCDbackground.After aspecificallydesignedtriggerthesignalto noiseratio
is about1 : 3000;thebulk of thebackgroundis rejectedby therequirementof at leastoneidenti-
fied b � jet in theeventandfurthersuppressedby cuttingon a setof kinematicalandeventshape
variables.

In theCDFanalysisthekinematicalrequirementsaimto maximizetheS� � B � Sby applying
selectionson thenumberof jets, the total transverseenergy, thecentrality, theaplanarityandthe
sub-leadingenergy � ∑3ET / ∑ET � E1

T � E2
T � obtainedby removing thetwo jetswith thehighest

ET . After theserequirementsand the requestfor at leastoneb � jet the signal to noiseof the
sampleincreasesto about1 : 5. The crosssectionmeasurementis thenperformedby counting
b � tags in theeventswith 6 to 8 jets.Onadatasampleof 310pb

� 1 themeasurementfor thecross
sectionis: σtt̄ � 8 	 0 � 1 	 8 � stat� 
 3 � 5� 2 � 4 � syst� pb(Fig. 7).

In theDO� analysisthekinematicalselectionis implementedvia anartificial neuralnet(ANN).
After optimization,six variableshave beenchosento discriminatesignalfrom background.The
selectionof thesetof variablesis drivenby therequirementthattheexpectedstatisticalsignificance
of the crosssectionshouldstaycomparableto whena larger numberof input variablesis used.
Also, theusageof variablethatareknown to behighly dependentonthejet energy hasbeenlimited
asmuchaspossiblesinceuncertaintiesin the jet energy calibrationareby far the largestsource
of systematicuncertaintyin the all hadronicchannel.Thefinal selectionto enrichthesamplein
tt̄ signal is appliedby cutting on the ANN discriminantoutput (D # 0 	 9). The tt̄ crosssection
measurementis thenperformedasacountingexperimentandin adatasampleof 350pb

� 1 yields:
σtt̄ � 5 	 2
 2� 6� 2� 5 � stat� 
 1 � 5� 1 � 0 � syst��� 0 	 3 � lumi � pb (Fig. 8).

3. Resonant tt̄ production search

The very large top quark masssuggeststhat it may play a specialrole in the dynamicsof
the electroweak symmetrybreaking. Oneof the variousmodelsincorporatingthis possibility is
topcolorwherethe large top quarkmasscanbegeneratedthrougha dynamicaltt̄ condensate,X,
which is formed by a new stronggaugeforce preferentiallycoupledto the third generationof
fermions. In one particularmodel, topcolor-assistedtechnicolor, X couplesweakly to the first
andthesecondgenerationsandstronglyto thethird generationof quarks,andhasno couplingto
leptons.CDF andDO� collaborationsperformedmodelindependentsearchesfor a narrow-width
heavy resonanceX decayinginto tt̄ , only thelepton+jetsfinal statehasbeenconsidered.

TheCDF approachis to usematrix elementinformationto helpwith theMtt̄ reconstruction.
Its basicidea is to usethe theoreticaldifferential crosssectionof the consideredprocessas an
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input for theevent reconstructionandis particularsuitablefor topologieswith missing(neutrino)
or degraded(jets)information.Thea priori probabilitydensityfor producingaparticulartt̄ parton
level final state0"1p 2 relativeto otherfinal statesis simply its normalizeddifferentialcrosssection,
denotedby P1 � 0"1p 23� . The apriori probability densityfor the partonlevel final state 0"1p 2 and the
measuredjet quantities0 1j 2 is givenby theproductP2 � 0"1p 2 � 0 1j 23�4� P1 � 051p 23�56 T � 1j1 $71p1 �56 T � 1j2 $81p2 �56
T � 1j3 $71p3 �)6 T � 1j4 $71p4 � wheretheT � 1j i $81pi � denotethepartonto jet transferfunction, i.e. theprobability
thatapartonof momentum051p2 is measuredasajet of momentum0 1j 2 . FromP2 � 0"1p 2 � 0 1j 23� onecan
build P � 051p 2)$90 1j 23� , theposteriorprobabilityof having thepartonmomenta051p 2 giventheobserved
quantities0 1j 2 . Having thatdistribution it is possibleto deriveprobabilitydistribution for any other
variablefunctionof 051p 2 , in particularMtt̄ ; themeanof suchdistribution is finally definedasthe
reconstructedMtt̄ valuefor theevent. Thereconstructionalgorithmshows excellentperformances
whenthepartonarecorrectlyassociatedto thejets;whenappliedto resonancesampleeventswith
incorrectlyjet associationalow massshoulderin theMtt̄ distribution iscreated,reducingtheoverall
resolutionon thesignalreconstruction.Finally, theMtt̄ spectrumfor thedata(320pb

� 1) hasbeen
reconstructedandfit for thepresenceof resonanttt̄ contamination.Tendifferentresonancemass
hypothesisfrom 450to 900GeV� c2 hasbeentestedandfor eachof thema 95%C.L. upperlimit
hasbeencalculatedsincenoevidencefor thesignalhasbeenfound(Fig. 10).

TheDO� collaborationperformedtheanalysisusinga constrainedkinematicfit to reconstruct
thett̄ invariantmass.This recipehasbeensuccessfullyusedin RunI for thetop quarkmassmea-
surement.The following constraintsareusedin thefit: two jetsmustform the invariantmassof
the W boson(MW � 80	 4 GeV� c2), the leptonandthe ET� , taking into accountthe longitudinal
momentumof theneutrino,mustform theinvariantmassof theW boson,themassesof therecon-
structedtopquarkshave to beequal,andaresetto Mt � 175GeV� c2. Only thefour highestpT jets
areconsideredin thekinematicfit. Fromtheresultingtwelve possiblejet-partonassignments,the
onewith the lowestχ2 is chosen.This is found to give thecorrectsolutionin about65% of the
tt̄ events. Finally, theMtt̄ spectrumfor thedata(365pb

� 1) hasbeenreconstructedandfit for the
presenceof resonanttt̄ contamination.Tendifferentresonancemasshypothesisfrom 350to 1000
GeV� c2 hasbeentestedandfor eachof thema95%C.L. upperlimit hasbeencalculated(Fig. 11).

4. Summary and Conclusions

In this article measurementsof the top pair productioncrosssectionat Tevatronwere pre-
sented.All themeasurementsfrom bothCDF andDO� experimentsareconsistentwith eachother
andwith theStandardModelprediction(Fig.9). A searchfor anarrow resonancedecayingto tt̄ has
alsobeenreviewed.As theamountof RunII datacollectedincreasesandthesystematicuncertain-
tiesdeterminedfrom datadecreases,theTevatronexperimentswill be ableto achieve evenmore
precisemeasurementsof thetoppropertiesandprobefor physicsbeyondtheStandardModel.
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ThebandsrepresenttheNLO theorycalculationfor a175GeV: c2 topmass.
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Figure 10: CDF resonanttt̄ search.Left: reconstructedMtt̄ spectrumvs thestandardmodelexpectationin
thesearchregionabovethe400GeV � c2 cut. Grey pointsshow datadistribution below 400GeV � c2. Right:
expectedandexperimentalupperlimits for a resonancein 320 pb� 1 of CDFdatatogetherwith leptophobic
topcolorZ � crosssectionprediction.Greenandyellow areasdefinethecentral68%and95%frequentistic
bandsfor theexpectedlimits.
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Figure 11: DO� resonanttt̄ search.Left: resultingmassdistribution for thecombined¥ +jetschannels.The
error barson top of the StandardModel backgroundindicatethe total systematicuncertainty, which has
significantbin-to-bincorrelations.Right: Expectedandobserved95%C.L. upperlimits on σX ¦ Br § X ¨ tt̄ ©
comapredwith the predictedtopcolor-assistedtechnicolorcrosssectionfor a Z’ bosonwith a width of
ΓZ ª¬« 0  012MZ ª asa functionof resonancemassMX.
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