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Abstract
We presenta searchfor ¢t eventswith atauleptonin the final state. The datasamplecorrespondso an
integratediuminosity of 194 pb~! collectedwith the CDF Il detectorfrom pp collisionsata centerof mass
enegy of 1.96 TeV. We obsene two eventswith anexpectedsignalof 1.0 £+ 0.2 eventsanda background
of 1.3 £ 0.3 events.We determinea 95% confidencdevel upperlimit onr,, theratio of the measuredate

of t — Tvq to theexpectationof 5.2.

PACSnumbers:14.65.Ha14.60.Fg



An experimentainvestigationof theinteractionsamongthe massve fermionsof thethird gen-
eration- the top and bottom quarks,the tau leptonandtau neutrino- hasthe potentialto yield
powerful insightsinto the puzzlesof flavor andfermion mass. Thereis no adequatexplanation
for thecomparatrely large masse®f thethird generatiorparticles[1], andwe do not understand
why thereappearto be threeandonly threegenerations.A significantdeviation in the number
of obseredt — 7vq candidatesrom therate predictedby the standardnodelcould indicatean
anomalougouplingamongthethird generatiorparticles.Extensionf the standardnodelcould
leadto alternatve modesof top quarkdecaythatenhancehe top branchingfractionto this final
state. One exampleis the minimal supersymmetristandardnodel [2—4], wherethe top quark
coulddecayinto ab-quarkandachagedHiggsbosonwith subsequerdecayinto atauleptonand
tau neutrino. Otherpossibilitiesinclude R-parity violating SUSY decaysof top [5] andnew Z’
bosonswith non-generatiomniniversalcouplings|6].

In this letter, we searchfor ¢ — 7vq decaysn 194411 pb ! of pp collisionscollectedby the
CDF collaborationatthe /s =1.96 TeV Tevatroncollider at Fermilab Thetop quark,discovered
at Fermilabby the CDF andD © experimentsn 19957, 8], is predominantlyproducedvia pair
production,wherethe next to leadingorderquantumchromodynamic$QCD) theoreticalpredic-
tion [9, 10] for the crosssectionis 6.71)% pb . In the standardnodel, the top quarkis expected
to decaywith a branchingfractionof almost100%into a W bosonanda b-quark. The branching
fractionfor thedecayof a W bosonto v is measuredo be 10.74+ 0.27% [1]. Usingthe proce-
duredescribedn this letterwe interpretthe resultsof the only previous searchfor ¢ — Tvq in tt
production[11] to excludeanomalousatesabove 18 timesthatexpectedn the standardnodelat
95% confidencdevel.

In this searchwe selecttt candidatesvhereonetop decayso rvb, andidentify thetaulepton
by its semi-hadroniclecay We donotsearcHor tauleptondecaygo electronsandmuons asthese
aredifficult to distinguishfrom electronsandmuonsdirectly from W bosondecay We requirethe
othertopto decayto eitherevb or to uvb in orderto utilize theefficienthighpr [12] electron/muon
triggersandto reducethe backgroundrom multi-jet production. We requiresignificantmissing
trans\erseenegy from the neutrinosandatleasttwo jetswith high £ [12], thoughwe make no
requiremenbn the heavy flavor contentof thejets. Finally, we apply severalnovel kinematicand
topologicalrequirementslesignedo rejectspecificbackgrounds.

The datausedfor this analysiswere collectedby the CDF Collaborationfrom March 2002to
Septembel003. The CDF Il detector{13] is an azimuthallyandforward-backvard symmetric



apparatusuilt to studythe physicsof pp collisionsat /s of 1.96 TeV. The detectorcontainsa
chaged-particletracking systeminsidea 1.4 T field generatedy a solenoidcoaxialwith the p
andp beams.A silicon microstripdetectomprovidestrack measurementsetweenl .5 and28 cm
in radiusfrom the beamaxisfor chagedparticleswith pseudorapidity|n| < 2 [12]. A 3.1 mlong
opencell drift chambemeasuresrack positionat 96 pointsat radii betweerd0 and137 cm for
particleswith |n| < 1.

Sgmentecelectromagnetiandhadronicsamplingcalorimetersurroundthe trackingvolume
andcovertherange|n| < 3.6. Thecentral(j| ~ 1) calorimetersin which r decaysareidentified
in thisanalysisaredividedinto towerswith segmentatiorin azimuthalangleof 15 degreesandin
pseudorapidityf about0.1. The centralelectronshover detector{ CES)consistof proportional
chamberswith wires and cathodestrips arrangedorthogonallywith pitch varying from 1.4 to
2.0 cm locatedat a depthof 6 radiationlengthswithin the electromagneticalorimetey at the
positionwherethe lateral profile of the shaver is maximum. This fine segmentationof the CES
measureglectromagnetishaver positionwith ~ 3 mm resolutionandallows reconstructiorof
theboostedr? — ~~ producedn taudecays.A setof drift chamberdocatedoutsidethe hadron
calorimetersanda secondsetoutsidea 60 cm iron shielddetectmuoncandidatesvith |n| < 0.6.
Additional chambersandscintillator countersextendthis muoncoveragein 0.6 < |n| < 1.0 for
mostazimuthalangles.Theluminosityis determinedo anaccurag of 6% usinggasCherenkv
counterscovering3.7 < |n| < 4.7 which measurehe averagenumberof inelasticpp collisions
perbunchcrossing.

The CDF triggersusedin this analysisselectsampleswith at leastonehigh p; centralelec-
tron or muoncandidate Theelectrontriggerrequirescandidateso have Er greaterthan18 GeV,
andthe muontrigger requiresa candidatewith pr > 18 GeV/c[14]. Furtheridentificationre-
guirementsareplacedto selecta puresampleof electronsandmuonsandaredescribedn detail
elsavhere[15, 16]. Neutrinosescapdhe calorimeterundetectecdndresultin missingtrans\erse
enegy (A7) which is measuredy balancingthe calorimeterenegy in the trans\erseplane We
requireFr > 20 GeV aftercorrectiondor identifiedmuons.

Semi-hadroniaecaysof tausproducedin W decayhave a distinctive signatureof narraw,
isolatedjets with low chagedtrack multiplicity. The calorimetermeasureshe visible enegy of
the tau jet, while the centraltracker and CES determinethe narravnessand multiplicity. A tau
candidaterequiresa tau calorimeterclusteranda COT track with a minimum p of 4.5 GeV/c

pointingto thecluster A taucalorimeterclusterrequiresatower with E > 6 GeV andno more



thanfive adjacentowerswith Er > 1 GeV.

After leptoncandidateselectionwe imposeadditionalrequirement®n theisolationof thetau
leptonto reducebackgrounddgrom jets. A coneis formedaroundthe seedtrack with a variable
angularadius,fcone = Min{0.17, (5 GeV)/Eiau custer } Fad. Thetaucandidatas requiredto have
oneor threetracksin the signalconeto be consistenwith the dominantdecaymodesof the tau.
If therearethreetracksthe sumof the electricchagesmustbe equalto 1. Candidater’s are
identifiedin the calorimeterfrom clustersof enegy obsenedin the CES.Thetaupy is estimated
to be the sumof the seedtrack p; plus the sumof the 7° E;/c. Thetaup; is requiredto be
greaterthan15 GeV/c,andtheinvariantmassof the 7’s andthetracksis requiredto be lessthan
1.8 GeV to be consistentwith the massof the tau An isolation annulusis definedaroundthe
tau coneextendingfrom the coneedge 0., to 0.52radiansin which notracksor 7° candidates
may be present. Calorimetertowers within the isolation annulusare requiredto have Er less
than6% of thetau E. Additional requirementareimposedo rejecttaucandidateshatresemble
electronor muonsbasedntrackandcalorimetercharacteristicsTo remove electronstheenepgy
in the hadroniccalorimeterdivided by the trackmomentumsumof thetaucandidate Ey,.q/ > p,
is requiredto be greaterthan0.15. To remove muons,the E7 of the calorimeterclusterenegy
associatedvith the tau candidatedivided by the pr of the seedtrack, Er/pr, is requiredto be
greaterthan(.5. Thecombinedauidentificationandisolationefficiengy is 35%.

In additionto the electronor muon, the tau candidateandthe missingtrans\erseenegy, we
requireat leasttwo jets, correspondingo the expectednumberof b quarksproducedin the ¢t
decays.We requirethatthesejetshave |n| < 2 andthatthefirst andseconchighestjets have Er
greaterthan25 GeV and15 GeV, respectrely. The event Hr, definedasthe scalarsumof the
electronE; or muonpy, thetaupr, the £ andthe E of the jets, mustexceed205 GeV. These
jetand Hy requirementseducethebackground$rom W bosongproducedn associatiowith jets
by ~ 85%, while remaving only ~ 5% of thett signal.

We determingheefficiengy of theselectiorcutsby simulatingstandardnodeltt detectiorwith
the PYTHIA [17] eventgeneratarthe TAUOLA [18] tau decaysimulationanda GEANT-based
model[19] of the CDF detectorandtrigger responseWe independentlhdeterminethe electron,
muonandtauidentificationandtriggerefficiencies.Electronandmuonefficienciesaredetermined
usingZ — ete andZ — utu~ eventsrespectrely with oneof the electrondmuons)required
to passtight identificationcuts and the other electron(muon) usedto determinethe efficiency.

The tau identificationefficiengy is determinedoy comparingnumbersof obsened W — 7v to



500i
i —4$— Data
4001 —— W-1tv MC + BGs
2z i W— ev
§ - /-1t
3300
|
200/
100
ot

0o 1. 2 3 4 5 6 7
Tau Candidate Track Multiplicity

FIG. 1: Thenumberof tracksin thereconstructedauin W — 7v candidates

the predictionof the simulation.Wheretherearedifferencedetweerthe dataandthe simulation
we derive correctionfactors(< 5% in mostcaseswhich areappliedto resultsof the simulation.
Figurel compareshedistribution of thenumberof tracksin thetauconefor W — v candidates
to the simulationwith the additionof expectedbackground$rom W — ev, determinedrom the
data,andZ — 77, determinedrom Monte Carlo. In the caseof tauidentification,we find that
theratio of theefficiencgy in datato thatin simulationis 0.90 4 0.06. In additionto contrikutions
from the uncertaintyin leptonidentificationefficiengy, therearesignificantuncertaintiegrom the
modelingof thejet enegy responsén thecalorimetemndin thesimulationof initial andfinal state
QCDradiation.Tablel summarizeshe systematiaincertaintiesn the efficiencgy for detectinghe
signalprocess.

Ourdominantbackgrounds W bosongroducedn associatiorwith jets,wherethe W decays
to ev or uv andoneof thejetsis misidentifiedasatau. We determinghenumberof sucheventswe
expectfrom the data.We first find a sampleof relaxedtau candidatepassingall tauidentification
requirement&xcepttheisolation,massandtrack quality requirementsThis sampleis dominated
by jetsratherthantauleptons.To thatsampleweapplyarelativefake rate,whichis theprobability
thatthoserelaxed tau candidatesvill passall identificationrequirements.The relative fake rate
of jetsto identifiedtau candidatess measuredn four independenet datasamplesthreeof the

sampleswere selectedwith differentjet £ thresholdrequirementsand the fourth samplewas

10



Source signalpredictionuncertainty

JetEnegy Scale +6%
ElectronandMuon Identification +5%
Tauldentification +6%
Top ProductionModel +7%
Initial StateRadiation +7%
Final StateRadiation +7%
PartonDistribution Functions +1%
Total +16%

TABLE I: Summaryof systematiaincertaintiesn theidentificationof ¢£ (signal)events

selectedusing a requirementbon the sum of the E of all calorimetertowersin the event. The
relative fake rateis parameterizedsa functionof jet £ andisolationof thejetin thecalorimeter
Thefull spreadn the measuredake ratesof thefour differentsampless 26%, which we take as
our estimateof the systematiaincertaintyin this procedure.

Eventswith electronsor muonsthat fake tau candidatesare anothersignificantbackground
source. Theseeventsoriginateprimarily from the productionof Z bosonsdecayingto ete™ or
wtp~, in associatiomwith extrajets. In the caseof electronsthe eventcanbeabackgroundvhen
the electronenegy is poorly reconstructedin the caseof muons,a muoncanfake a tauif the
muonsuffers a catastrophie@negy lossin the calorimeter To estimatethe electronbackground,
we first measurean electronto taufake rateusingZ — e*e~ events. We thenscalethe number
of eventswith taucandidateshatfail theelectronrejectionrequiremenbut passall otheranalysis
requirementdy the electronto tau fake rate. An ALPGEN [20] interfacedwith HERWIG [21]
simulationof 7 — p*u~ eventswith extrajetsis usedto predictthe muonbackgroundandwe
confirmthe modelingof themuonenegy responsén the calorimeterusing”Z — p+u~ eventsin
thedata.

Figure 2 shavs evidenceof fake tau backgroundrom jets andelectronsn the electron+ tau
candidatedatawith relaxed tau identificationrequirements.The tau contribution to the region
showvn outsideof the signalrequirementss expectedo be a smallfractionof thatinside.

Anotherclassof backgroundeventsresultsfrom processestherthantt productionthatcreate
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FIG. 2: Evidencefor fake tau background.For eventswith atau candidatean electron, £ andtwo jets,
we shav theratio of enepgy in thetau calorimeterisolationconedivided by taupr (“tau isolation”) vs. the
“electronveto” variable theenegy in the hadroniccalorimeterdivided by thetrackmomentunmsumof the
tau candidate Ep,.4/ > p. Eventswith fake tau candidatedrom jets areat high tauisolation; di-electron
eventsappearat low isolationandlow Ej.4/ > p. The analysisrequirementsre shavn by lines on the
plots. The triangularmarkersidentify eventswhich fail the tau identificationrequirementof no 7%s and

tracksin theisolationannulus.

tau leptonsin associatiorwith electronsor muons. The largestof thesebackgroundss from 7

bosonproductionin associatiomwith jetswhereZ — 7+7~ with onefully leptonicandonesemi-
hadronictau decay In this processthe enegy spectraof the leptons jets andthe £ aresofter
thanthe predictionsfrom ¢¢ production.As aresult,our Hy requirementeduceshis background
by about40%. However, evenwith sucha requirementhe previous searchfor this decaychain
at CDF [11] predicteda highernumberof Z — 7+7~ backgroundeventsthantt signalevents.
Therefore we developeda selectionthattametsthis backgroundexclusively. Z — 77~ decays
thatpasshe Hy and £ requirementdave a Z bosorwith significantpr. In thesesvents,onecan
reconstructhe Z massrom theobseredtaudecayproductsy assuminghatthe £ in theevents
resultsentirelyfrom neutrinogoroducedn 7 decaysandthatthoseneutrinosarecollinearwith the
otherr decayproducts. In this case,thereis a uniqueassignmenbf the enegy of unobsered
neutrinosfrom eachtau candidatebasedon the direction of the ;. For thereto be a sensible

solution,the £ mustbe ableto be decomposethto componentparallelto the directionof both
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Process Numberof expectedevents

v*|Z — TT+ jets 0.25+0.06+0.05
WI/Z + jetswith jet — T fake 0.75+0.12+0.20
v*/Z — ee +jetswith e — 7 fake 0.08+0.03+0.02
v*|Z — pp + jetswith p — 7 fake 0.05+0.03+0.01
wWw 0.14+0.02+0.03
WZ 0.02+0.02+0.01

Total expectedbackgroundbvents 1.29+40.14+0.21

Expectedsignal 1.00+0.06+0.16

TABLE II: Summaryof backgroundandsignalpredictions.Thefirst erroris from simulationstatisticsand

the seconds from systematiaincertaintiesThe expectedsignalassumes ¢t cross-sectiowof 6.7 ph.

the electronor muon andthe tau candidatej.e. the £, mustpointin a direction betweenthe
trans\ersemomenteof theelectronor muonandthetaucandidate For ¢¢ events thisis mostoften
notthe caseandtheassignmenof £ to aneutrinowould resultin the neutrinocarryingnegative
momenturnrfrom thetaudecay For eventswherethisreconstructionis possible we remove events
in awindow aroundthe Z mass.Thisresultsin anadditional88% reductionof Z — 777~ events
while removing only 4% of ¢t signal.

The other physicsprocesseshat can reproducethe final statewith tausare WW and W2
bosonsreatedn associatiomwith jets. The productof thetheoreticakross-sectiomndbranching
ratiosfor theseprocessess muchsmallerthanthatof ¢¢, andthey arealsoremaved preferentially
by the Hy requirementWe predictthe backgroundasedon a simulationof dibosonproduction
from theHERWIG generatof21]. An additionalsourceof t — 7vq signaleventsin electraveak
singletop productionis expectedto contribute fewer than0.01 events. We summarizeall back-
groundsin Tablell.

We useanindependentontrolsampleto testour calculationof backgroundsThe selectionof
the electronsmuonstausand £ is identicalto our signalselectionbut the numberof jetsin the
samplés restrictedo belessthantwo. Also, in orderto increasehe statisticsfor this comparison
we do notimposethe H; requiremenbr the Z massremoval ontheseevents.Tablelll shovsthe

comparison®f predictedandobsenedevents.We cateorizetheresultshasedn jet multiplicity,
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channel #jets predicted# events measuredf events

e+ 7 oppsign 0 23.4+3.6 17
e+ T oppsign 1 4.6+0.9 5
e+7samesign O 7.3t1.8 8
e+ 7 samesign 1 1.9+0.6 3
W+ 7 oppsign 0 21.3+3.3 11
W+ 7 oppsign 1 2.71+0.6 4
u+ 7 samesign 0 5.6+1.5 3
u+ 7 samesign 1 0.8+0.3 0

TABLE llI: Comparisorbetweerthe predictedandmeasureshumberof eventsfor low jet multiplicities

electronor muonfinal state,andthe casef the sameor oppositechagein thetwo leptons.

The datain Tablelll canbe usedasa control experimentto checkthe accurag of our back-
groundpredictions.A priori, we choseasthe statisticof the controlexperimentthejoint probabil-
ity of the obserednumberof eventsgiventhe predictionfor the eightsamplesn thistable. The
expecteddistribution of thesejoint probabilitiesis measurediia simulatedpseudo-gperiments
which accountfor the uncertaintiesn the predictionsandthe Poissorfluctuationsfrom the lim-
ited statisticsin the data. We find the datain Tablelll have a joint probability which is higher
than41% of our pseudo-gperimentsand concludethat this control dataare consistentwith our
expectedbackgroundoredictions.

The theoreticalt? productioncross-sectioris 6.7757 pb [9, 10] for a top quark massof
175 GeV/¢&, and the acceptancejncluding all branchingfractionsin the decaychannel is
0.076 £+ 0.005(stat.) = 0.013(syst.)%. For a ¢t cross-sectiorof 6.7 pb we thereforeexpect
1.00 & 0.17 signaleventsin 194 pb1, in additionto the backgroundexpectationof 1.29 4 0.25
events.We obsene 2 events.Both eventsarein the electront tauchannelandpropertiesof these
two eventsarelistedin TablelV.

We definetheratio
['(t — Tvq)

"= Tsult — )

asa measureof a possibleanomalousnhancemenn the rate. Using the methodof Rolke et
alia [23], we setan upperlimit on r, of 5.2 at the 95% confidencdevel. The previous result

from CDF Runl [11] would yield alimit of r, < 18 atthe 95% confidencdevel usingthe same
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Candidatetl Candidatet2

taupr (GeV/c) 39 20
electronpr (GeV/c) 40 79
# of tautracks 1 3
Hy (GeV) 286 239
Numberof jets 3 2
jetl Er (GeV) 731 35
jet2 Er (GeV) 40 34
jet3 Er (GeV) 35 n/a
Er (GeV) 59 72

TABLE |V: Propertieof the candidateevents. Thejet markedwith the} is taggedasab by the presencef

asecondaryertex [22].

statisticalmethods.

In summarywe have searchedor top decayinto rvg by identifying semi-hadronicecaysof
tau leptonsin ¢t events. We obsene two candidatesvents,consistentwith the standardnodel
and setan upperlimit on the ratio of obsened productionof t — 7rq to the standardmodel

expectation
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