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G. Gomez-Ceballos,11 M. Goncharov,51 O. Gonźalez,46 I. Gorelov,36 A.T. Goshaw,15 Y. Gotra,45

K. Goulianos,48 A. Gresele,42 M. Griffiths,29 S.Grinstein,21 C. Grosso-Pilcher,13 U. Grundler,23

J.GuimaraesdaCosta,21 C. Haber,28 S.R.Hahn,16 K. Hahn,43 E. Halkiadakis,47 A. Hamilton,32

B.-Y. Han,47 R. Handler,57 F. Happacher,18 K. Hara,53 M. Hare,54 S.Harper,41 R.F. Harr,56

R.M. Harris,16 K. Hatakeyama,48 J. Hauser,8 C. Hays,15 H. Hayward,29 A. Heijboer,43

B. Heinemann,29 J.Heinrich,43 M. Hennecke,25 M. Herndon,57 J.Heuser,25 D. Hidas,15

C.S.Hill, 10 D. Hirschbuehl,25 A. Hocker,16 A. Holloway,21 S.Hou,1 M. Houlden,29 S.-C.Hsu,9

B.T. Huffman,41 R.E.Hughes,38 J.Huston,34 K. Ikado,55 J. Incandela,10 G. Introzzi,44 M. Iori,49

Y. Ishizawa,53 A. Ivanov,7 B. Iyutin,31 E. James,16 D. Jang,50 B. Jayatilaka,33 D. Jeans,49

H. Jensen,16 E.J.Jeon,27 M. Jones,46 K.K. Joo,27 S.Y. Jun,12 T.R.Junk,23 T. Kamon,51 J.Kang,33

M. Karagoz-Unel,37 P.E. Karchin,56 Y. Kato,40 Y. Kemp,25 R. Kephart,16 U. Kerzel,25

V. Khotilovich,51 B. Kilminster,38 D.H. Kim,27 H.S.Kim,27 J.E.Kim,27 M.J.Kim,12 M.S. Kim,27

S.B.Kim,27 S.H.Kim,53 Y.K. Kim,13 M. Kirby,15 L. Kirsch,6 S.Klimenko,17 M. Klute,31

B. Knuteson,31 B.R. Ko,15 H. Kobayashi,53 K. Kondo,55 D.J.Kong,27 J. Konigsberg,17

K. Kordas,18 A. Korytov,17 A.V. Kotwal,15 A. Kovalev,43 J.Kraus,23 I. Kravchenko,31 M. Kreps,25

A. Kreymer,16 J.Kroll,43 N. Krumnack,4 M. Kruse,15 V. Krutelyov,51 S. E. Kuhlmann,2

Y. Kusakabe,55 S.Kwang,13 A.T. Laasanen,46 S.Lai,32 S.Lami,44 S.Lammel,16 M. Lancaster,30

R.L. Lander,7 K. Lannon,38 A. Lath,50 G. Latino,44 I. Lazzizzera,42 C. Lecci,25 T. LeCompte,2
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Abstract

We presenta searchfor 
��
 eventswith a tauleptonin thefinal state.Thedatasamplecorrespondsto an

integratedluminosityof 
���� pb��� collectedwith theCDFII detectorfrom � �� collisionsatacenterof mass

energy of 1.96TeV. We observe two eventswith anexpectedsignalof 
������������ eventsanda background

of 
��� !������ events.Wedeterminea 95%confidencelevel upperlimit on "�# , theratio of themeasuredrate

of 
%$'&)(	* to theexpectation, of +,��� .

PACSnumbers:14.65.Ha,14.60.Fg
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An experimentalinvestigationof theinteractionsamongthemassivefermionsof thethird gen-

eration- the top andbottomquarks,the tau leptonandtau neutrino- hasthe potentialto yield

powerful insightsinto thepuzzlesof flavor andfermionmass.Thereis no adequateexplanation

for thecomparatively largemassesof thethird generationparticles[1], andwe do not understand

why thereappearto be threeandonly threegenerations.A significantdeviation in the number

of observed -/. 0�132 candidatesfrom theratepredictedby thestandardmodelcould indicatean

anomalouscouplingamongthethird generationparticles.Extensionsof thestandardmodelcould

leadto alternative modesof top quarkdecaythatenhancethe top branchingfraction to this final

state. Oneexampleis the minimal supersymmetricstandardmodel [2–4], wherethe top quark

coulddecayinto a 4 -quarkandachargedHiggsbosonwith subsequentdecayinto atauleptonand

tau neutrino. Otherpossibilitiesinclude 5 -parity violating SUSY decaysof top [5] andnew 687
bosonswith non-generationuniversalcouplings[6].

In this letter, we searchfor -�. 0�132 decaysin 194 9�:�: pb��� of ;!<; collisionscollectedby the

CDF collaborationat the = > =1.96TeV Tevatroncollider at Fermilab. Thetop quark,discovered

at Fermilabby theCDF and ?A@B experimentsin 1995[7, 8], is predominantlyproducedvia pair

production,wherethenext to leadingorderquantumchromodynamics(QCD) theoreticalpredic-

tion [9, 10] for thecrosssectionis C3DFE,GIHKJ L� HKJ M pb . In thestandardmodel,the top quarkis expected

to decaywith a branchingfractionof almost100%into a N bosonanda 4 -quark.Thebranching

fractionfor thedecayof a N bosonto 0O1 is measuredto be10.74 9 0.27% [1]. Usingtheproce-

duredescribedin this letterwe interprettheresultsof theonly previoussearchfor -8. 0�132 in - <-
production[11] to excludeanomalousratesabove18 timesthatexpectedin thestandardmodelat

95%confidencelevel.

In this search,we select- <- candidateswhereonetop decaysto 0O1P4 , andidentify thetaulepton

by its semi-hadronicdecay. Wedonotsearchfor tauleptondecaysto electronsandmuons,asthese

aredifficult to distinguishfrom electronsandmuonsdirectly from N bosondecay. Werequirethe

othertopto decayto either QR1P4 or to ST1P4 in orderto utilize theefficienthigh ;PU [12] electron/muon

triggersandto reducethebackgroundfrom multi-jet production.We requiresignificantmissing

transverseenergy from theneutrinos,andat leasttwo jetswith high VWU [12], thoughwemakeno

requirementon theheavy flavor contentof thejets.Finally, we applyseveralnovel kinematicand

topologicalrequirementsdesignedto rejectspecificbackgrounds.

Thedatausedfor this analysiswerecollectedby theCDF Collaborationfrom March2002to

September2003. The CDF II detector[13] is an azimuthallyandforward-backward symmetric
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apparatusbuilt to studythe physicsof ;!<; collisionsat = > of :�DYX�C TeV. The detectorcontainsa

charged-particletrackingsysteminsidea :,DYZ T field generatedby a solenoidcoaxialwith the ;
and <; beams.A silicon microstripdetectorprovidestrackmeasurementsbetween:�DF[ and \,] cm

in radiusfrom thebeamaxisfor chargedparticleswith pseudorapidity, ^ _%^)`a\ [12]. A b3Dc: m long

opencell drift chambermeasurestrackpositionat X,C pointsat radii betweenZ�d and :eb	E cm for

particleswith ^ _f^)`g: .
Segmentedelectromagneticandhadronicsamplingcalorimeterssurroundthetrackingvolume

andcover therange ^ _f^	`hbPDiC . Thecentral( ^ _%^Tjk : ) calorimeters,in which 0 decaysareidentified

in thisanalysis,aredividedinto towerswith segmentationin azimuthalangleof :R[ degreesandin

pseudorapidityof about dPDl: . Thecentralelectronshower detector(CES)consistsof proportional

chamberswith wires and cathodestrips arrangedorthogonallywith pitch varying from :�D�Z to

\3DYd cm locatedat a depthof 6 radiationlengthswithin the electromagneticcalorimeter, at the

positionwherethe lateralprofile of theshower is maximum. This fine segmentationof theCES

measureselectromagneticshower positionwith mnb mm resolutionandallows reconstructionof

theboostedo H . pOp producedin taudecays.A setof drift chamberslocatedoutsidethehadron

calorimetersanda secondsetoutsidea C�d cm iron shielddetectmuoncandidateswith ^ _f^�`qdPDYC .
Additional chambersandscintillatorcountersextendthis muoncoveragein dPDYCr`s^ _f^t`u:�DYd for

mostazimuthalangles.Theluminosity is determinedto anaccuracy of 6% usinggasCherenkov

counterscovering bPDiE�`s^ _%^%`vZIDFE which measuretheaveragenumberof inelastic;�<; collisions

perbunchcrossing.

The CDF triggersusedin this analysisselectsampleswith at leastonehigh ;3U centralelec-

tron or muoncandidate.Theelectrontriggerrequirescandidatesto have VWU greaterthan :e] GeV,

andthe muontrigger requiresa candidatewith ;PUgwx:e] GeV/c [14]. Furtheridentificationre-

quirementsareplacedto selecta puresampleof electronsandmuonsandaredescribedin detail

elsewhere[15, 16]. Neutrinosescapethecalorimeterundetectedandresultin missingtransverse

energy ( @V�U ) which is measuredby balancingthecalorimeterenergy in the transverseplane. We

require @V�Urwa\,d GeVaftercorrectionsfor identifiedmuons.

Semi-hadronicdecaysof tausproducedin N decayhave a distinctive signatureof narrow,

isolatedjetswith low chargedtrackmultiplicity. Thecalorimetermeasuresthevisible energy of

the tau jet, while the centraltracker andCESdeterminethe narrownessandmultiplicity. A tau

candidaterequiresa tau calorimeterclusteranda COT track with a minimum ;PU of ZIDF[ GeV/c

pointingto thecluster. A taucalorimeterclusterrequiresa tower with V�UzygC GeV andno more

8



thanfiveadjacenttowerswith VWU{w|: GeV.

After leptoncandidateselection,we imposeadditionalrequirementson theisolationof thetau

leptonto reducebackgroundsfrom jets. A coneis formedaroundtheseedtrackwith a variable

angularradius,}�~��������g��������d3Dc:RE��R��[/�������K��V�������~� ¡��¢c�c��£�¤ rad.Thetaucandidateis requiredto have

oneor threetracksin thesignalconeto beconsistentwith thedominantdecaymodesof thetau.

If therearethreetracksthesumof the electricchargesmustbe equalto 9�: . Candidateo H s are

identifiedin thecalorimeterfrom clustersof energy observedin theCES.Thetau ;PU is estimated

to be the sumof the seedtrack ;3U plus the sumof the o H VWU¥�,¦ . The tau ;PU is requiredto be

greaterthan :R[ GeV/c,andtheinvariantmassof the o H s andthetracksis requiredto belessthan

:�DY] GeV to be consistentwith the massof the tau. An isolationannulusis definedaroundthe

tauconeextendingfrom theconeedge, }�~������ , to 0.52radiansin which no tracksor o H candidates

may be present. Calorimetertowerswithin the isolation annulusare requiredto have V�U less

than6%of thetau VWU . Additional requirementsareimposedto rejecttaucandidatesthatresemble

electronsor muonsbasedontrackandcalorimetercharacteristics.To removeelectrons,theenergy

in thehadroniccalorimeterdividedby thetrackmomentumsumof thetaucandidate,V/§�¨ª©«��¬­; ,

is requiredto be greaterthan dPDl:R[ . To remove muons,the VWU of the calorimeterclusterenergy

associatedwith the tau candidatedivided by the ;PU of the seedtrack, VWU¥��;PU , is requiredto be

greaterthan d3DF[ . Thecombinedtauidentificationandisolationefficiency is 35%.

In additionto the electronor muon,the tau candidateandthe missingtransverseenergy, we

requireat leasttwo jets, correspondingto the expectednumberof 4 quarksproducedin the - <-
decays.We requirethat thesejetshave ^ _f^O` 2 andthat thefirst andsecondhighestjetshave VWU
greaterthan \�[ GeV and :e[ GeV, respectively. The event ®¯U , definedasthe scalarsumof the

electronVWU or muon ;PU , the tau ;PU , the @VWU andthe V�U of the jets,mustexceed\,d	[ GeV. These

jet and ®°U requirementsreducethebackgroundsfrom N bosonsproducedin associationwith jets

by mg]	[�± , while removing only m²[�± of the - <- signal.

Wedeterminetheefficiency of theselectioncutsbysimulatingstandardmodel- <- detectionwith

thePYTHIA [17] eventgenerator, theTAUOLA [18] taudecaysimulationanda GEANT-based

model[19] of theCDF detectorandtrigger response.We independentlydeterminetheelectron,

muonandtauidentificationandtriggerefficiencies.Electronandmuonefficienciesaredetermined

using 6³. Q G Q � and 6³. S G S � eventsrespectively with oneof theelectrons(muons)required

to passtight identificationcutsand the otherelectron(muon)usedto determinethe efficiency.

The tau identificationefficiency is determinedby comparingnumbersof observed N . 0O1 to

9
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FIG. 1: Thenumberof tracksin thereconstructedtauin ëì$í&)( candidates

thepredictionof thesimulation.Wheretherearedifferencesbetweenthedataandthesimulation,

we derive correctionfactors( `³[,± in mostcases)which areappliedto resultsof thesimulation.

Figure1 comparesthedistributionof thenumberof tracksin thetauconefor N .î0�1 candidates

to thesimulationwith theadditionof expectedbackgroundsfrom N . QR1 , determinedfrom the

data,and 6ï. 030 , determinedfrom MonteCarlo. In thecaseof tau identification,we find that

theratio of theefficiency in datato that in simulationis dPDYX�dð9ñdPDid,C . In additionto contributions

from theuncertaintyin leptonidentificationefficiency, therearesignificantuncertaintiesfrom the

modelingof thejet energy responsein thecalorimeterandin thesimulationof initial andfinal state

QCDradiation.TableI summarizesthesystematicuncertaintiesin theefficiency for detectingthe

signalprocess.

Ourdominantbackgroundis N bosonsproducedin associationwith jets,wherethe N decays

to QR1 or S%1 andoneof thejetsis misidentifiedasatau.Wedeterminethenumberof sucheventswe

expectfrom thedata.Wefirst find asampleof relaxedtaucandidatespassingall tauidentification

requirementsexcepttheisolation,massandtrackquality requirements.Thissampleis dominated

by jetsratherthantauleptons.To thatsample,weapplyarelativefakerate,whichis theprobability

that thoserelaxed tau candidateswill passall identificationrequirements.The relative fake rate

of jets to identifiedtaucandidatesis measuredin four independentjet datasamples;threeof the

sampleswere selectedwith different jet VWU thresholdrequirementsand the fourth samplewas

10



Source signalpredictionuncertainty

JetEnergy Scale � 6ò
ElectronandMuon Identification � 5ò
TauIdentification � 6ò
TopProductionModel � 7ò
Initial StateRadiation � 7ò
Final StateRadiation � 7ò
PartonDistribution Functions � 1ò
Total � 16ò

TABLE I: Summaryof systematicuncertaintiesin theidentificationof 
 �
 (signal)events

selectedusinga requirementon the sumof the V�U of all calorimetertowers in the event. The

relativefakerateis parameterizedasafunctionof jet VWU andisolationof thejet in thecalorimeter.

Thefull spreadin themeasuredfake ratesof thefour differentsamplesis 26%,which we take as

our estimateof thesystematicuncertaintyin this procedure.

Eventswith electronsor muonsthat fake tau candidatesare anothersignificantbackground

source.Theseeventsoriginateprimarily from theproductionof 6 bosons,decayingto Q G Q � or

S G S � , in associationwith extra jets. In thecaseof electrons,theeventcanbeabackgroundwhen

the electronenergy is poorly reconstructed;in the caseof muons,a muoncanfake a tau if the

muonsuffersa catastrophicenergy lossin thecalorimeter. To estimatetheelectronbackground,

we first measureanelectronto taufake rateusing 6ó. Q G Q � events.We thenscalethenumber

of eventswith taucandidatesthatfail theelectronrejectionrequirementbut passall otheranalysis

requirementsby the electronto tau fake rate. An ALPGEN [20] interfacedwith HERWIG [21]

simulationof 6ó. S G S � eventswith extra jets is usedto predictthemuonbackground,andwe

confirmthemodelingof themuonenergy responsein thecalorimeterusing 6g. S G S � eventsin

thedata.

Figure2 shows evidenceof fake taubackgroundfrom jetsandelectronsin theelectron+ tau

candidatedatawith relaxed tau identificationrequirements.The tau contribution to the region

shown outsideof thesignalrequirementsis expectedto beasmallfractionof thatinside.

Anotherclassof backgroundeventsresultsfrom processesotherthan - <- productionthatcreate
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FIG. 2: Evidencefor fake taubackground.For eventswith a taucandidate,anelectron, ûü U andtwo jets,

we show theratio of energy in thetaucalorimeterisolationconedividedby tau � U (“tau isolation”) vs. the

“electronveto” variable,theenergy in thehadroniccalorimeterdividedby thetrackmomentumsumof the

taucandidate,
ü §�¨ª©«ý ¬ � . Eventswith fake tau candidatesfrom jets areat high tau isolation;di-electron

eventsappearat low isolationandlow
ü §�¨�©«ý ¬ � . The analysisrequirementsareshown by lines on the

plots. The triangularmarkersidentify eventswhich fail the tau identificationrequirementsof no þ H s and

tracksin theisolationannulus.

tau leptonsin associationwith electronsor muons. The largestof thesebackgroundsis from 6
bosonproductionin associationwith jetswhere 6a.î0 G 0 � with onefully leptonicandonesemi-

hadronictau decay. In this process,the energy spectraof the leptons,jets andthe @VWU aresofter

thanthepredictionsfrom - <- production.As a result,our ®¯U requirementreducesthis background

by about40%. However, evenwith sucha requirementthe previoussearchfor this decaychain

at CDF [11] predicteda highernumberof 6í. 0 G 0 � backgroundeventsthan - <- signalevents.

Therefore,we developeda selectionthat targetsthis backgroundexclusively. 6ÿ. 0 G 0 � decays

thatpassthe ®¯U and @VWU requirementshavea 6 bosonwith significant;PU . In theseevents,onecan

reconstructthe 6 massfrom theobservedtaudecayproductsby assumingthatthe @V�U in theevents

resultsentirelyfrom neutrinosproducedin 0 decaysandthatthoseneutrinosarecollinearwith the

other 0 decayproducts. In this case,thereis a uniqueassignmentof the energy of unobserved

neutrinosfrom eachtau candidatebasedon the directionof the @V�U . For thereto be a sensible

solution,the @VWU mustbeableto bedecomposedinto componentsparallelto thedirectionof both

12



Process Numberof expectedevents

��� ý�� $í&	&�� jets 0.25 � 0.06 � 0.05

W/Z + jetswith jet $í& fake 0.75 � 0.12 � 0.20

� � ý�� $��	� + jetswith � $'& fake 0.08 � 0.03 � 0.02

� � ý�� $�
�
 + jetswith 
 $í& fake 0.05 � 0.03� 0.01

ëhë 0.14 � 0.02 � 0.03

ë�� 0.02 � 0.02� 0.01

Total expectedbackgroundevents 1.29 � 0.14 � 0.21

Expectedsignal 1.00 � 0.06 � 0.16

TABLE II: Summaryof backgroundandsignalpredictions.Thefirst erroris from simulationstatistics,and

thesecondis from systematicuncertainties.Theexpectedsignalassumesa 
K�
 cross-sectionof 
,��� pb.

the electronor muonand the tau candidate,i.e. the @VWU must point in a directionbetweenthe

transversemomentaof theelectronor muonandthetaucandidate.For - <- events,this is mostoften

not thecase,andtheassignmentof @V�U to aneutrinowouldresultin theneutrinocarryingnegative

momentumfrom thetaudecay. For eventswherethisreconstructionis possible,weremoveevents

in awindow aroundthe 6 mass.This resultsin anadditional]�]	± reductionof 6|.ì0 G 0 � events

while removing only Z)± of - <- signal.

The other physicsprocessesthat can reproducethe final statewith tausare N³N and N³6
bosonscreatedin associationwith jets.Theproductof thetheoreticalcross-sectionandbranching

ratiosfor theseprocessesis muchsmallerthanthatof - <- , andthey arealsoremovedpreferentially

by the ®°U requirement.We predictthebackgroundbasedon a simulationof dibosonproduction

from theHERWIG generator[21]. An additionalsourceof -!. 0O1�2 signaleventsin electroweak

singletop productionis expectedto contribute fewer than d3DidP: events. We summarizeall back-

groundsin TableII.

Weuseanindependentcontrolsampleto testour calculationof backgrounds.Theselectionof

theelectrons,muons,tausand @V�U is identicalto oursignalselection,but thenumberof jetsin the

sampleis restrictedto belessthantwo. Also, in orderto increasethestatisticsfor thiscomparison

wedonot imposethe ®¯U requirementor the 6 massremoval on theseevents.TableIII showsthe

comparisonsof predictedandobservedevents.Wecategorizetheresultsbasedon jet multiplicity,
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channel # jets predicted# events measured# events

e+ & oppsign 0 23.7� 3.6 17

e+ & oppsign 1 4.6� 0.9 5

e+ & samesign 0 7.3� 1.8 8

e+ & samesign 1 1.9� 0.6 3


 + & oppsign 0 21.3� 3.3 11


 + & oppsign 1 2.7� 0.6 4


 + & samesign 0 5.6� 1.5 3


 + & samesign 1 0.8� 0.3 0

TABLE III: Comparisonbetweenthepredictedandmeasurednumberof eventsfor low jet multiplicities

electronor muonfinal state,andthecasesof thesameor oppositechargein thetwo leptons.

Thedatain TableIII canbeusedasa control experimentto checktheaccuracy of our back-

groundpredictions.A priori , wechoseasthestatisticof thecontrolexperimentthejoint probabil-

ity of theobservednumberof eventsgiventhepredictionfor theeightsamplesin this table. The

expecteddistribution of thesejoint probabilitiesis measuredvia simulatedpseudo-experiments

which accountfor theuncertaintiesin thepredictionsandthePoissonfluctuationsfrom the lim-

ited statisticsin the data. We find the datain TableIII have a joint probability which is higher

than41% of our pseudo-experimentsandconcludethat this control dataareconsistentwith our

expectedbackgroundpredictions.

The theoretical - <- productioncross-sectionis CPDiE GIHKJ L� HKJ M pb [9, 10] for a top quark massof

:RE�[ GeV/c� , and the acceptance,including all branchingfractions in the decaychannel, is

dPDYd	E,C 9vdPDYd�d	[I����������Di�/9vdPDYdP:ebI����������Di�K± . For a - <- cross-sectionof CPDFE pb we thereforeexpect

:�DYd�d 9 dPDc:eE signaleventsin :eX,Z pb��� , in additionto thebackgroundexpectationof :�Di\,X 9 dPDF\,[
events.Weobserve2 events.Botheventsarein theelectron+ tauchannel,andpropertiesof these

two eventsarelistedin TableIV.

Wedefinetheratio
� #��

� � - .ì0O132,����� ��- . 0�132��
asa measureof a possibleanomalousenhancementin the rate. Using the methodof Rolke et

alia [23], we set an upperlimit on � # of [3Di\ at the 95% confidencelevel. The previous result

from CDF RunI [11] would yield a limit of � # `ó:e] at the95%confidencelevel usingthesame
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Candidate#1 Candidate#2

tau � U (GeV/c) 39 20

electron� U (GeV/c) 40 79

# of tautracks 1 3
! U (GeV) 286 239

Numberof jets 3 2

jet1
ü U (GeV) 73 " 35

jet2
ü U (GeV) 40 34

jet3
ü U (GeV) 35 n/a

ûü U (GeV) 59 72

TABLE IV: Propertiesof thecandidateevents.Thejet markedwith the " is taggedasa # by thepresenceof

asecondaryvertex [22].

statisticalmethods.

In summary, we have searchedfor top decayinto 0O1�2 by identifying semi-hadronicdecaysof

tau leptonsin - <- events. We observe two candidateevents,consistentwith the standardmodel,

and set an upperlimit on the ratio of observed productionof - . 0�132 to the standardmodel

expectation.
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