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Abstra
tWe present a measurement of the t�t produ
tion 
ross se
tion using events with one 
hargedlepton and jets from p�p 
ollisions at a 
enter-of-mass energy of 1:96TeV. In these events, heavy
avor quarks from top quark de
ay are identi�ed with a se
ondary vertex tagging algorithm. From162 pb�1 of data 
olle
ted by the Collider Dete
tor at Fermilab, a total of 48 
andidate eventsare sele
ted, where 13:5 � 1:8 events are expe
ted from ba
kground 
ontributions. We measure at�t produ
tion 
ross se
tion of 5:6+1:2�1:1(stat:)+0:9�0:6(syst:) pb.PACS numbers: 13.85.Ni, 13.85.Qk, 14.65.Ha

7



I. INTRODUCTIONThe top quark is pair-produ
ed in p�p 
ollisions through quark-antiquark annihilation andgluon-gluon fusion. The measurement of the t�t 
ross se
tion tests the QCD 
al
ulations forthe pair produ
tion of a massive 
olored triplet. These 
al
ulations have been performedin perturbation theory to next-to-leading order [1, 2℄. Re
ent work on 
orre
tions for softgluon emission show that their e�e
t on the 
ross se
tion is small, and that they redu
e thetheoreti
al un
ertainty arising from the 
hoi
e of renormalization and fa
torization s
alesto less than 5% over the expe
ted range of top masses and parton distribution fun
tions(PDFs). The leading theoreti
al un
ertainties are in the PDFs, arising mostly from theunderstanding of the gluon distributions at large parton x. The total theoreti
al un
ertaintyis approximately 15% [2℄. At ps=1.96 TeV, the predi
ted t�t produ
tion 
ross se
tion is�t�t = 6:7+0:7�0:9 pb at mt = 175GeV=
2 [2℄. For every 1GeV=
2 in
rease in the top mass overthe interval 170 < mt < 190GeV=
2, the t�t 
ross se
tion de
reases by 0.2 pb.The Standard Model top quark de
ays to a W boson and a b quark almost 100% ofthe time. Top quark pair produ
tion thus gives rise to two W bosons and two \b jets"from b quark fragmentation. When exa
tly one W de
ays leptoni
ally, the t�t event typi
ally
ontains a high transverse momentum lepton, missing transverse energy from the undete
tedneutrino, and four high transverse momentum jets, two of whi
h originate from b quarks.This mode is labelled \W plus jets" or \lepton plus jets." Sin
e the �nal state bran
hingratio is dire
tly related to the W bran
hing ratios, the t�t rate into a parti
ular �nal statemeasures both the produ
tion and de
ay properties of the top quark. An unexpe
ted result
ould thus indi
ate either a non-standard sour
e of top-like events, or a modi�
ation of thetop de
ay bran
hing ratios.The p�p 
ollisions for this measurement of t�t produ
tion were produ
ed during Run IIof the Fermilab Tevatron. The data were re
orded at CDF II, a general purpose dete
torwhi
h 
ombines 
harged parti
le tra
king, sampling 
alorimeters, and �ne-grained muon de-te
tion. Isolating the lepton plus jets de
ay mode of the top quark builds on the detailedunderstanding of in
lusive leptoni
 W boson de
ays in CDF II [3℄. The t�t signature is mim-i
ked by pro
esses in whi
h a W boson is produ
ed in asso
iation with several hadroni
 jetswith large transverse momentum. To separate the t�t events from this ba
kground we usepre
ision sili
on tra
king to b-tag jets 
ontaining a se
ondary vertex from a b hadron de
ay.8



Ba
kground 
ontributions from fake W s, mis-identi�ed se
ondary verti
es and heavy 
avorprodu
tion pro
esses su
h as Wb�b are estimated using a 
ombination of Monte Carlo 
al
u-lations and independent measurements in 
ontrol data samples. An ex
ess in the numberof events whi
h 
ontain a lepton, missing energy, and three or more jets with at least oneb-tag is the signal of t�t produ
tion and is used to measure the produ
tion 
ross se
tion �t�t.The dataset de�ned by this analysis forms the basis for other measurements of top quarkproperties, su
h as the top quark mass and the heli
ity ofW bosons produ
ed in top de
ays.This measurement builds on the b-tagging te
hniques employed by CDF at the TevatronRun I. Then, at ps=1.8 TeV, a similar analysis of lepton+jets events with b-tags gave a t�t
ross se
tion of �t�t = 5:1� 1:5 pb [4℄, 
ompared to an expe
ted value of �t�t = 5:2+0:5�0:7 pb atmt = 175GeV=
2 [2℄. Here, using a larger dataset 
olle
ted at higher 
enter-of-mass energyas well as improved Monte Carlo tools and dete
tor simulations, we have re-analyzed theheavy 
avor fra
tion in W events and improved our understanding of b-tagging eÆ
ien
ies,in
luding the 
ontribution of material intera
tions to fake b tags. In addition, the signi�
an
eof the measurement is optimized by requiring a large s
alar sum of the transverse energiesof all obje
ts in the event (HT ), whi
h improves the reje
tion of ba
kground events.Our analysis 
omplements other re
ent t�t 
ross se
tion determinations at CDF II usingdilepton events [5℄, using lepton plus jets events with b-tags and a kinemati
ally derivedestimate of the b-tagged ba
kgrounds [6℄, using lepton plus jets events with b's identi�ed bytheir semi-leptoni
 de
ays [7℄ or using lepton plus jets events and kinemati
 dis
riminationwithout b-tagging [8℄. The work of Referen
e [6℄ is parti
ularly relevant to the measure-ment des
ribed here, in that it uses the same b-tagged event sample, but 
al
ulates theba
kgrounds by appealing to a data 
ontrol sample available only in the W plus jets sele
-tion. Our te
hnique for ba
kground estimation is signi�
antly more general, and this paperestablishes the ability to use b-tagging in many other kinds of measurements at CDF in thefuture. We 
omment further on this matter at the end of Se
tion III.The organization of this paper is as follows. Se
. II reviews the dete
tor systems andevent re
onstru
tion te
hniques relevant to this measurement. The trigger and sample se-le
tions are des
ribed in Se
. III. The b-tagging algorithm, its eÆ
ien
y for tagging b jets,and the understanding of its fake rate are dis
ussed in Se
. IV. The means for estimatingba
kgrounds from pro
esses whi
h produ
e a W in asso
iation with heavy 
avor are de-s
ribed in Se
. V. In Se
. VI our understanding of mistags and ba
kgrounds is applied to9




ollate a 
omprehensive estimate of all tagged 
ontributions to the lepton + jets sample,and this estimate is 
ompared with the data. A 
ross-
he
k of the ba
kground estimation,using the Z + jets sample, is presented in Se
. VII. In Se
. VIII an optimization using thetotal transverse energy in the event to improve the 
ross se
tion measurement un
ertainty isdes
ribed, along with the a

eptan
e asso
iated with this event sele
tion. The t�t produ
tion
ross se
tion measured in events with at least one b-tagged jet is presented in Se
. IX; theresult in events with at least two b-tagged jets is presented in Se
. X. The �nal results aresummarized in Se
. XI.II. EVENT DETECTION AND RECONSTRUCTIONThe CDF II dete
tor is des
ribed using a 
ylindri
al 
oordinate system with the z 
o-ordinate along the proton dire
tion, the azimuthal angle �, and the polar angle � usuallyexpressed through the pseudorapidity � = � ln(tan(�=2)). The re
tangular 
oordinates xand y point radially outward and verti
ally upward from the Tevatron ring, respe
tively.The dete
tor is approximately symmetri
 in � and �.A. Charged Parti
le Tra
kingDrift 
ell and sili
on mi
rostrip systems provide 
harged parti
le tra
king information inthe region j�j � 1:0 and j�j � 2:0, respe
tively. The tra
king systems are 
ontained in a3.2 m diameter, 5 m long super
ondu
ting solenoid whi
h produ
es a 1:4T magneti
 �eldaligned 
oaxially with the p�p beams, allowing measurement of 
harged parti
le momentumtransverse to the beamline (pT ).The Central Outer Tra
ker (COT) is a 3.1 m long open 
ell drift 
hamber whi
h performs96 tra
k measurements in the region between 0.40 and 1.37 m from the beam axis [9℄. Sensewires are arranged in 8 alternating axial and �2Æ stereo \superlayers" with 12 wires ea
h.The position resolution of a single drift time measurement is approximately 140�m.Charged parti
le traje
tories are found �rst as a series of approximate line segmentsin the individual axial superlayers. Two 
omplementary algorithms are used to asso
iatesegments lying on a 
ommon 
ir
le, and the results are merged to yield a �nal set of axialtra
ks. Tra
k segments in the stereo superlayers are asso
iated with axial tra
k segments10



to re
onstru
t tra
ks in three dimensions. COT tra
ks used in this analysis are required tohave at least 3 axial and 3 stereo superlayers with 7 hits per superlayer.The eÆ
ien
y for �nding isolated high momentum tra
ks is measured using ele
trons fromW ! e�� whi
h are identi�ed in the 
entral region j�j � 1:1 using only the 
alorimetri
information for the ele
tron shower and the missing transverse energy (see below). In theseevents, the eÆ
ien
y for �nding the ele
tron tra
k is found to be 99:93+0:07�0:35% [10℄, and thisis typi
al for high momentum isolated tra
ks from either ele
troni
 or muoni
 W de
ayswhi
h are 
ontained in the COT. For high-momentum tra
ks, the transverse momentumresolution is found to be ÆpT=pT � 0:1% � pT (GeV), the tra
k position resolution at theorigin is Æz � 0:5 
m in the dire
tion along the beamline and the resolution on the tra
kimpa
t parameter, or distan
e from the beamline at the tra
k's 
losest approa
h in thetransverse plane, is Æd0 � 350�m.A road-based hardware pattern re
ognition algorithm runs online in the eXtremely FastTra
ker (XFT) to provide tra
k information for triggering [11℄. Drift times partitioned intotwo time bins are used to �nd the axial segments whi
h are mat
hed in their positions andslopes. An \XFT tra
k" is one whi
h has four mat
hing axial segments on a traje
tory. TheXFT eÆ
ien
y is measured in a set of well measured COT tra
ks whi
h pass through all 4axial superlayers. The XFT is found to have an average eÆ
ien
y of 96:7�0:1% for 
hargedparti
les with momenta greater than 25GeV=
.Inside the inner radius of the COT, a �ve layer double-sided sili
on mi
rostrip dete
tor(SVX) 
overs the region between 2.5 to 11 
m from the beam axis [12℄. Three separate SVXbarrel modules are juxtaposed along the beamline to 
over a length of 96 
m, approximately90% of the luminous beam interse
tion region. Three of the �ve layers 
ombine an r � �measurement on one side and a 90Æ stereo measurement on the other, and the remainingtwo layers 
ombine r�� with small angle stereo at �1:2Æ. The typi
al sili
on hit resolutionis 11�m. Additional Intermediate Sili
on Layers (ISL) at radii between 19 and 30 
m in the
entral region link tra
ks in the COT to hits in SVX.Sili
on hit information is added to re
onstru
ted COT tra
ks using a progressive\Outside-In" (OI) tra
king algorithm. COT tra
ks are extrapolated into the sili
on de-te
tor, asso
iated sili
on hits are found, and the tra
k is re�t with the added information ofthe sili
on measurements. The initial tra
k parameters provide a width for a sear
h road ina given layer. Then, for ea
h 
andidate hit in that layer, the tra
k is re�t and used to de�ne11



the sear
h road into the next layer. The stepwise addition of the pre
ision SVX informationat ea
h layer progressively redu
es the size of the sear
h road, while also properly a

ountingfor the additional un
ertainty due to multiple s
attering in ea
h layer. The sear
h uses thetwo best 
andidate hits in ea
h layer to generate a small tree of �nal tra
k 
andidates, fromwhi
h the tra
ks with the best �2 are sele
ted. The eÆ
ien
y for asso
iating at least threesili
on hits with an isolated COT tra
k is 91 � 1%. The extrapolated impa
t parameterresolution for high momentum OI tra
ks is 30�m, in
luding the un
ertainty in the beamposition.B. Calorimetry for Ele
trons and JetsOutside of the tra
king systems and the solenoid, segmented 
alorimeters with proje
tivegeometry are used to re
onstru
t ele
tromagneti
 (EM) showers and jets in the rapidityinterval [13{15℄. The EM and hadroni
 
alorimeters are lead-s
intillator and iron-s
intillatorsampling devi
es, respe
tively. The 
alorimeter is segmented into \towers", ea
h 
overinga small range of pseudo-rapidity and azimuth; the full array 
overs 2� azimuth over thepseudo-rapidity range j�j < 3:6. The transverse energy ET = E sin � is measured in ea
h
alorimeter tower, where the polar angle is 
al
ulated using the measured z position of theevent vertex. Proportional and s
intillating strip dete
tors measure the transverse pro�le ofEM showers at a depth 
orresponding to the shower maximum.High momentum jets, photons, and ele
trons leave isolated energy deposits in small
ontiguous groups of 
alorimeter towers whi
h 
an be identi�ed and summed together intoan energy \
luster." For the purpose of triggering, online pro
essors organize the 
alorimetertower information into separate lists of 
lusters for the ele
tromagneti
 
ompartments aloneand for the ele
tromagneti
 and hadroni
 
ompartments 
ombined. Ele
trons are identi�edin the 
entral ele
tromagneti
 
alorimeter (CEM) as isolated, mostly ele
tromagneti
 
lusterswhi
h mat
h with an XFT tra
k, in the pseudorapidity range j�j < 1:1.The ele
tron transverse energy is re
onstru
ted from the ele
tromagneti
 
luster witha pre
ision �(ET )=ET = 13:5%=qET=(GeV) � 2% [16℄. Jets are identi�ed as a group ofele
tromagneti
 and hadroni
 
alorimeter 
lusters whi
h fall within a 
one of radius �R =p��2 +��2 � 0:4 [17℄. Jet energies are 
orre
ted for 
alorimeter non-linearity, losses inthe gaps between towers [18℄, and multiple primary intera
tions. The jet energy resolution12



is approximately (0:1(ET=(GeV) + 1:0) GeV [19℄.C. Muon Dete
tion and Re
onstru
tionFor this analysis, muons are dete
ted in three separate subdete
tors. Dire
tly outsideof the 
alorimeter, four-layer sta
ks of planar drift 
hambers (CMU) dete
t muons withpT > 1:4 GeV/
 whi
h penetrate the �ve absorption lengths of the 
alorimeter [20℄. Fartherout, behind another 60 
m of steel, an additional four layers (CMP) dete
t muons withpT > 2:0 GeV/
 [21℄. The two systems 
over the same part of the 
entral region j�j � 0:6,although the CMU and CMP have di�erent stru
tures and their geometri
al 
overages donot overlap exa
tly. Muons between 0:6 � j�j � 1:0 pass through at least four drift layerslying on a 
oni
 se
tion outside of the 
entral 
alorimeter; this system (CMX) 
ompletes the
overage over the full �du
ial region of the COT tra
ker [21℄. The presen
e of a penetratingmuon is re
onstru
ted as a line segment or \stub" in one of the four-layer sta
ks. Muon
andidates are then identi�ed as isolated tra
ks whi
h extrapolate to the stubs. A tra
kwhi
h is linked to both CMU and CMP stubs is 
alled a CMUP muon.D. Beam Positions and the Primary Intera
tion VertexThe event sele
tion depends on re
onstru
ting se
ondary verti
es from b hadron de
ays.The identi�
ation of these de
ay verti
es requires a pre
ise measurement of the primaryvertex, the point from whi
h all prompt tra
ks originate. The primary vertex lo
ation in agiven event 
an be found by �tting well-measured tra
ks to a 
ommon point of origin.The lo
us of all primary verti
es de�nes the \beamline," the position of the luminousregion of the beam-beam 
ollisions through the dete
tor. The beamline 
an be used as a
onstraint to re�ne the knowledge of the primary vertex in a given event. The �rst estimateof the primary verti
es (xV ; yV ; zV ) is binned in the z 
oordinate. A linear �t to (xV ; yV )vs. zV yields the beamline of ea
h run se
tion.The luminous region is long, with �z = 29 
m. The transverse 
ross se
tion is 
ir
ular,with a width of approximately 30�m at z = 0, rising to � 50 � 60�m at jzj = 40 
m.The beam is neither parallel to nor 
entered in the dete
tor. At z = 0, the beamline is at(xV ; yV ) � (�2:0; 3:9) mm, and has a slope of � 5:0�m/
m in the horizontal plane and13



� 1:7�m/
m in the verti
al plane. These parameters are rather stable, varying from theirmean positions by no more than � 20% during periods of 
ontinuous data taking.At high luminosities, more than one 
ollision 
an o

ur on a given bun
h 
rossing; theprimary verti
es of the 
ollision are typi
ally separated in the z 
oordinate. For the dataanalyzed here, there are an average of 1.4 re
onstru
ted verti
es per event. The z position ofea
h vertex is 
al
ulated from the weighted average of the z 
oordinates of all tra
ks within1 
m of a �rst iteration vertex, with a typi
al resolution of 100�m.A �nal determination uses all of the information above to re
al
ulate a best primaryvertex in ea
h 
andidate event for the b-tagging pro
edure. This pre
ise 
al
ulation, usinga beam 
onstraint and OI tra
ks, is des
ribed fully in Se
. IV. As part of the lepton + jetsevent sele
tion, the events are required to have the re
onstru
ted primary vertex lo
atedinside the luminous region (jzj < 60 
m).III. DATA SAMPLES AND EVENT SELECTIONA. Colliding Beam DataThe 
olliding beam data used in this analysis were re
orded during the period Mar
h2002 - August 2003, when the instantaneous Tevatron luminosity ranged from 0.5 to4.0 �1031 
m�2s�1.Cherenkov light dete
tors in the very forward region (j�j � 3:7) re
ord information onthe instantaneous and total integrated luminosity of the Tevatron [22℄. The total integratedluminosity for this period is 193.5 pb�1; after quality requirements on the sili
on tra
king,the data sample used for this analysis amounts to 162 pb�1 for CEM ele
trons and CMUPmuons, and 150 pb�1 for CMX muons.For the primary data samples used in this analysis, the dete
tor is triggered on highmomentum ele
trons and muons. The ele
tron hardware triggers require an XFT tra
k withpT � 8 GeV=
 mat
hed to an EM 
luster with ET � 16 GeV and the ratio of hadroni
 toele
tromagneti
 energy less than 0.125. The muon hardware triggers require an XFT tra
kwith pT � 8 GeV=
 mat
hed to muon stubs in the joint CMUP 
on�guration or in theCMX. A 
omplete version of the o�ine lepton sele
tion is performed online in the last stageof triggering, and repeated in o�ine pro
essing with updated 
alibration 
onstants. Other14



se
ondary datasets des
ribed in Se
. IV use a jet trigger with a 
ertain ET threshold or anele
tron trigger with relaxed ET requirements.B. Monte Carlo SamplesThe understanding of a

eptan
es, eÆ
ien
ies, and ba
kgrounds relies on detailed sim-ulation of physi
s pro
esses and the dete
tor response. Most measurements of a

eptan
eand eÆ
ien
y rely on pythia v6.2 [23℄ or herwig v6.4 [24, 25℄. These generators employleading order matrix elements for the hard parton s
attering, followed by parton shower-ing to simulate gluon radiation and fragmentation. Ea
h generator is used in 
onjun
tionwith the CTEQ5L parton distribution fun
tions [26℄. For heavy 
avor jets, we interfa
e toqq v9.1 [27℄ to provide proper modeling of b and 
 hadron de
ays.The estimate of the b-tagging ba
kgrounds due to higher order QCD pro
esses su
h asWb�b requires spe
ial 
are. This study of ba
kgrounds in the b-tagged sample uses thealpgen program [28℄, whi
h generates high multipli
ity partoni
 �nal states using exa
tleading-order matrix elements. The parton level events are then passed to herwig and qqfor parton showering and b and 
 hadron de
ay. Further dis
ussion of alpgen 
an be foundin Se
. V.The CDF II dete
tor simulation reprodu
es the response of the dete
tor to parti
lesprodu
ed in p�p 
ollisions. The same dete
tor geometry database is used in both the simu-lation and the re
onstru
tion, and tra
king of parti
les through matter is performed withgeant3 [29℄. Charge deposition in the sili
on dete
tors is 
al
ulated using a simple geo-metri
al model based on the path length of the ionizing parti
le and an unrestri
ted Landaudistribution. The drift model for the COT uses a parameterization of a garfield simula-tion, with the parameters tuned to mat
h COT data [9℄. The 
alorimeter simulation usesthe gflash [30℄ parameterization pa
kage interfa
ed with geant3. The gflash parame-ters are tuned to test beam data for ele
trons and high-pT pions, and they are 
he
ked by
omparing the 
alorimeter energy of isolated tra
ks in the 
ollision data to their momenta asmeasured in the COT. Further detail on the CDF II simulation 
an be found elsewhere [31℄.
15



C. W + Jets Sele
tionThe sele
tion identi�es events 
onsistent with the W + jets signature 
ontaining a high-momentum ele
tron or muon (hereafter referred to as \lepton," `), large missing transverseenergy, and hadroni
 jets. Parts of this sele
tion, espe
ially the lepton identi�
ation andmissing transverse energy 
al
ulations, are shared with other t�t 
ross se
tion analyses (seein parti
ular Ref. [8℄). The event sele
tion is summarized below.The o�ine ele
tron sele
tion requires an EM 
luster with ET � 20 GeV mat
hed to atra
k with pT � 10GeV=
. The 
luster is required to have an ele
tromagneti
 fra
tion andshower shape 
onsistent with an ele
tron deposit. The extrapolated tra
k is required tomat
h the shower lo
ation as measured in the shower maximum strip dete
tor, and to havea momentum 
onsistent with the shower energy. Finally, sin
e the ele
tron from W de
ayis expe
ted to be isolated from other energy deposits in the 
alorimeter, the energy in a
one of radius �R = 0:4 around the ele
tron 
luster, but not in
luding the 
luster itself, ismeasured, and the isolation ratio of the energy in the 
one to the energy of the ele
tron isrequired to be less than 0.1.Photon 
onversions in the dete
tor material are a sour
e of ele
tron ba
kgrounds. A
onversion is de�ned as a pair of tra
ks (one of them the ele
tron) satisfying the following
uts:� oppositely 
harged,� j�(xy)j < 2mm, and� j�(
ot �)j < 0:04,where �(xy) is the distan
e between the tra
ks in the r � � plane at the point where theyare parallel in that plane, and �(
ot �) is the di�eren
e between the 
otangents of the polarangles of the two tra
ks. Ele
trons that are part of an identi�ed 
onversion pair are not
onsidered further in the ele
tron sele
tion.The o�ine muon sele
tion requires a COT tra
k with pT � 20GeV=
 mat
hed to aCMUP or CMX muon stub. The mat
hing is based on the extrapolated tra
k position atthe 
hambers, a

ounting for the e�e
ts of multiple s
attering. The energy in the 
alorimetertower 
ontaining the muon is required to be 
onsistent with the deposition expe
ted froma minimum ionizing parti
le. Ba
kgrounds from 
osmi
 rays are removed by requiring that16



the tra
k extrapolates to the origin, and that the minimum ionizing tower energy deposit iswithin a narrow timing window around the beam 
rossing.In these high momentum lepton samples, the signal of the neutrino from W ! `� islarge missing transverse energy, E/T . The E/T is 
al
ulated as the ve
tor sum of the energyin ea
h 
alorimeter tower multiplied by the azimuthal dire
tion of the tower. If isolatedhigh momentum muons are found in the event, the E/T is 
orre
ted by subtra
ting the muonenergy in the 
alorimeter and adding the muon pT to the ve
tor sum. The sele
tion �nallyrequires E/T � 20GeV.In addition to the dire
t t ! e�eb and t ! ���b modes, this event sele
tion has a smalla

eptan
e for top �nal states with W ! �� and a subsequent leptoni
 � de
ay, or withhigh momentum semi-leptoni
 b quark de
ays. These are in
luded in the signal a

eptan
es
al
ulated in Se
. IX.Z bosons and top dilepton de
ays that 
ontribute to the in
lusive high pT lepton datasetare removed by 
agging the presen
e of a se
ond lepton. Any event with two leptonssatisfying the lepton identi�
ation is removed, as well as those events where the se
ondlepton is an ele
tron in the plug 
alorimeter or a muon that fails the CMUP requirement,but has one CMU or CMP muon segment. Finally, we attempt to remove Z bosons withouta well identi�ed se
ond lepton by eliminating events with one lepton and 
ertain se
ondobje
ts whi
h form an invariant mass between 76 and 106 GeV/
2 with the primary lepton.For primary muons the other obje
t is an opposite-signed isolated tra
k with pT > 10 GeV/
.For primary ele
trons the se
ond obje
t may be su
h a tra
k, an ele
tromagneti
 
luster, or ajet with ET > 15 GeV and j�j � 2:0 that has fewer than three tra
ks and an ele
tromagneti
energy fra
tion greater than 95%. The 
orre
tion for the residual Z boson 
ontribution tothe W + jets sample is des
ribed in Se
tion VII. Small 
ontributions from Z ! � �� wherea � is tagged are treated as a separate ba
kground, and des
ribed in Se
tion VI.The number of jets produ
ed in asso
iated with the leptoni
ally de
aying W in the eventis measured by sele
ting jets of 
one radius �R = 0:4, with ET � 15GeV and j�j � 2:0.The jets are 
lustered after removing towers asso
iated with the sele
ted isolated ele
tronfrom the leptoni
W de
ay, and after 
orre
ting the tower ET for the lo
ation of the primaryvertex z 
oordinate. The number of events in ea
h jet multipli
ity bin is shown in Table I.The overall a

eptan
e� eÆ
ien
y of this sele
tion for t�t events in the lepton+jets 
hannelwith three or more jets, in
luding the leptoni
 bran
hing ratios, is roughly 4% for the ele
tron17
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FIG. 1: Transverse mass of the identi�ed lepton and inferred neutrino, 
onsistent with W bosonprodu
tion (162 pb�1 data sample).TABLE I: Number of events sele
ted, before b-tagging, for ea
h jet multipli
ity.W + 1 jet W + 2 jets W + 3 jets W + 4 jets W + 3 jets W + 4 jetsHT > 0 HT > 200 GeVEle
trons 8828 1446 241 70 117 63Muons 6486 1002 146 37 63 28
hannel, 2% for muons in the CMUP, and 1% for muons in the CMX.The presen
e of theW boson in the sele
ted events is veri�ed by 
al
ulating the transversemass of the lepton and the missing energy: MT = q(ET (`) + ET (�))2 � (�!PT (`) +�!PT (�))2.The distribution of this variable for all events passing the requirement of a lepton, missingenergy, and at least one jet is shown in Fig. 1, and displays the Ja
obian edge asso
iatedwith W produ
tion and de
ay.As a �nal optimization step, the sele
tion will in
orporate an additional 
ut on the totaltransverse energy HT of all obje
ts in the event. Events from t�t produ
tion have, on average,a signi�
antly greater total transverse energy than ba
kground events. The optimization ofthis requirement and a

eptan
e 
orre
tions and un
ertainties will be dis
ussed in Se
. VIII.18



Be
ause the t�t signal is expe
ted to 
ontribute signi�
antly to the sample of events withW + 3 jets or W + � 4 jets, an ex
ess of observed events over the expe
ted ba
kgroundwith those jet multipli
ities is assumed to be entirely due to t�t produ
tion. The observedresults for events withW + 1 jet orW + 2 jets, where the t�t 
ontribution is negligible, serveas a 
he
k of the ba
kground predi
tion.In Referen
e [6℄, the momentum spe
trum of the leading jets in theW + 1 and 2 jet eventsis shown to be a reasonable model of the ba
kgrounds in theW + 3 or 4 jet events, and is usedin deriving a 
ompletely independent estimate of the b-tag ba
kgrounds to top produ
tion inthe W + 3 or 4 jet 
hannels. The estimated ba
kground, 18�4 events, is in good agreementwith our overall estimate of 23 � 3 (for HT > 0), derived from an expli
it 
al
ulation forea
h 
ontributing ba
kground pro
ess (see Se
.VI). The independen
e of these ba
kgroundestimates allows for a 
ombined 
ross se
tion 
al
ulation whi
h will appear in a future paper.We note here that the te
hnique of Referen
e [6℄ will work only in the study of top quarksin the W plus jet mode, and we 
onsider it a 
ross-
he
k on our more general te
hnique for
al
ulating b-tag ba
kgrounds, whi
h will be employed in other b-tagging analyses at CDF.The �nal 
ross se
tion 
al
ulation, �t�t = (Nobs�Nbkg)=(�t�t�L), depends on the produ
t�t�t of signal a

eptan
e and sele
tion eÆ
ien
y, the expe
ted number of non-t�t ba
kgroundevents Nbkg, and the integrated luminosity L.IV. SECONDARY VERTEX b-TAGGINGIn this Se
tion we des
ribe and dis
uss the performan
e of an algorithm to identify jetsresulting from heavy quark (b,
) fragmentation. This \Se
Vtx" algorithm is based upon thealgorithm used to dis
over the top quark [4℄. Most of the non-t�t pro
esses found in the W+ jets sample do not 
ontain heavy quarks in the �nal state. Requiring that one or moreof the jets in the event be tagged by Se
Vtx keeps more than half of the t�t events whileremoving approximately 95% of the ba
kground.A. Des
ription of the Se
Vtx AlgorithmThe Se
Vtx algorithm relies on the displa
ement of se
ondary verti
es relative to theprimary event vertex to identify b hadron de
ays. The Run II algorithm is essentially19



un
hanged from Run I [4℄, but the tra
k sele
tion 
uts have been re-tuned for the CDF IIdete
tor.In order to sele
t displa
ed tra
ks 
oming from de
ays of long-lived hadrons, pre
iseknowledge of the 
ollision point is ne
essary. To �nd an event-by-event primary vertex,we �rst identify whi
h of the verti
es des
ribed in Se
tion II is nearest the identi�ed high-momentum ele
tron or muon. For other datasets without high-momentum leptons, we usethe vertex whi
h has the highest total s
alar sum of transverse momentum of asso
iatedtra
ks. The position of the primary vertex is then determined by �tting together the tra
kswithin a �1 
m window in z around this vertex. The pro
edure starts by �tting a vertexusing all tra
ks within the z window and with impa
t parameter signi�
an
e (relative tothe beamline) jd0=�d0 j < 3, where �d0 in
ludes the un
ertainty on both the tra
k and thebeamline positions. The transverse pro�le of the beamline at the z of the original vertexestimate is also used as a 
onstraint in the �t. A pruning stage removes tra
ks whi
h
ontribute �2 > 10 to the �t (or the tra
k with the largest �2 
ontribution if the total �tredu
ed 
hi-squared per degree of freedom �2=ndf > 5). After the initial pruning, the �tis repeated using only the remaining tra
ks until a vertex with no tra
ks over the �2 
utis found. If no tra
ks survive the pruning stage then the beamline pro�le is used for theprimary vertex position estimate. In the event sample used for these results the un
ertaintyin the �tted transverse position ranges from 10 � 32�m depending upon the number ofre
onstru
ted tra
ks and the topology of the event.Se
ondary vertex tagging operates on a per-jet basis, where only tra
ks within the jet 
oneare 
onsidered for ea
h jet in the event. A set of 
uts involving the transverse momentum,the number of sili
on hits atta
hed to the tra
ks, the quality of those hits, and the �2=ndfof the �nal tra
k �t are applied to reje
t poorly re
onstru
ted tra
ks. Only jets with atleast two of these good tra
ks 
an produ
e a displa
ed vertex; a jet is de�ned as \taggable"if it has two good tra
ks. Displa
ed tra
ks in the jet are sele
ted based on the signi�
an
eof their impa
t parameter with respe
t to the primary vertex and are used as input to theSe
Vtx algorithm. Se
Vtx uses a two-pass approa
h to �nd se
ondary verti
es. In the �rstpass, using tra
ks with pT > 0:5 GeV/
 and jd0=�d0 j > 2:5, it attempts to re
onstru
t ase
ondary vertex whi
h in
ludes at least three tra
ks (at least one of the tra
ks must havepT > 1GeV=
). If the �rst pass is unsu

essful, it performs a se
ond pass whi
h makestighter tra
k requirements (pT > 1GeV=
 and jd0=�d0 j > 3) and attempts to re
onstru
t a20



two-tra
k vertex (one tra
k must have pT > 1:5GeV=
).On
e a se
ondary vertex is found in a jet, the two-dimensional de
ay length of the se
-ondary vertex L2D is 
al
ulated as the proje
tion onto the jet axis, in the r � � view only,of the ve
tor pointing from the primary vertex to the se
ondary vertex. The sign of L2D isde�ned relative to the jet dire
tion, spe
i�
ally by the absolute di�eren
e j�j between thejet axis and the se
ondary vertex ve
tor (positive for < 90Æ, negative for > 90Æ). Se
ondaryverti
es 
orresponding to the de
ay of b and 
 hadrons are expe
ted to have large positiveL2D while the se
ondary verti
es from random mis-measured tra
ks are expe
ted to be lessdispla
ed from the primary vertex. To redu
e the ba
kground from the false se
ondary ver-ti
es (mistags), a good se
ondary vertex is required to have L2D=�L2D > 3 (positive tag) orL2D=�L2D < �3 (negative tag), where �L2D , the total estimated un
ertainty on L2D in
ludingthe error on the primary vertex, is estimated vertex-by-vertex but is typi
ally 190�m. Thenegative tags are useful for 
al
ulating the false positive tag rate, as detailed in Se
tion VIB.A tagged jet is de�ned to be a jet 
ontaining a good se
ondary vertex (the Se
Vtx algorithmwill �nd at most one good vertex per jet).B. Measurement of Tagging EÆ
ien
yThe results des
ribed in this paper require a knowledge of the tagging eÆ
ien
y for t�tevents, i.e., how often at least one of the jets in a t�t event is positively tagged by Se
Vtx.Be
ause it is not possible to measure this dire
tly in t�t events we have adopted a di�erentstrategy. A sample of jets whose heavy 
avor fra
tion 
an be measured is used to derivethe per-jet tagging eÆ
ien
y in the data for that sample. Be
ause the jets in t�t events willin general have di�erent energies, pseudorapidities, and tra
k multipli
ity than the jets inthe 
alibration sample, the measured eÆ
ien
y 
annot be used dire
tly. Instead, a mat
hingsample of Monte Carlo jets is used to determine the tagging eÆ
ien
y in the simulationfor jets like those in the 
alibration sample, and the ratio of eÆ
ien
ies between data andsimulation (s
ale fa
tor) is then used to 
orre
t the tagging eÆ
ien
y in t�t Monte Carlosamples. In other words, the geometri
al a

eptan
e and energy dependen
e of the taggerare taken from the simulation, with the overall normalization determined from the data.To measure the eÆ
ien
y for tagging heavy 
avor hadrons, we use a sample of low-pT in
lusive ele
tron data whi
h is enri
hed in semileptoni
 de
ays of bottom and 
harm21



hadrons. For the mat
hing Monte Carlo sample we use the herwig [24℄ program to generate2!2 parton events, whi
h are passed through a �lter requiring an ele
tron with pT >7GeV=
 and j�j < 1:3. Events passing this �lter are pro
essed using the dete
tor simulationdes
ribed in Se
tion II.Ele
trons in the events are identi�ed using the sele
tion in Se
tion III, ex
ept with lowerthresholds ET > 9GeV and tra
k pT > 8GeV=
. Further di�eren
es from Se
tion III arethat the ele
trons are required to be non-isolated and 
onversions are not removed. Theele
tron tra
k must also pass through every layer of the SVX dete
tor.Along with the ele
tron we require two jets, the \ele
tron jet" and the \away jet." Theele
tron jet is required to have ET > 15 GeV (in
luding the energy of the ele
tron) and to bewithin 0.4 of the ele
tron in �� � spa
e (in other words the ele
tron is within the jet 
one),and is presumed to 
ontain the de
ay produ
ts of a heavy 
avor hadron. The away jet isrequired to have ET > 15 GeV and j�j < 1:5, and it must be approximately ba
k-to-ba
kwith the ele
tron jet (�� > 2 rad). A total of 481,301 events of the data sample pass theseevent sele
tion requirements. Figures 2 and 3 show that the Monte Carlo is an adequaterepresentation of the data sample for relevant event sele
tion and tagging variables. Thedi�eren
es 
an be attributed to the presen
e of fake ele
trons in the data whi
h are not
ompletely removed even after requiring a Se
Vtx tag, and whi
h are not present in theMonte Carlo due to the generator-level ele
tron �lter. The dis
repan
y in Figure 3 on thenegative side of the pseudo-
� plot shows that the Monte Carlo underestimates the mistagrate observed in the data.In order to measure the tagging eÆ
ien
y for ele
tron jets, it is �rst ne
essary to 
har-a
terize their heavy 
avor 
ontent. Two methods are used to measure the fra
tion Fb ofele
tron jets whi
h 
ontain a b hadron. The �rst method is to re
onstru
t D0 ! K��+de
ays within the ele
tron jet and use the invariant mass sidebands to subtra
t ba
kground;this method yields Fb = 0:139� 0:021. The se
ond method involves sear
hing for se
ondarymuons within the ele
tron jet resulting from 
as
ade 
 de
ays using the same-sign rate toestimate the ba
kground; this method gives Fb = 0:228 � 0:037. Be
ause the agreementis only at the 2� level, the un
ertainty on the weighted average is in
ated by 2.09 basedon the �2 of the two determinations. The 
ombined result of the two measurements isFb = 0:161� 0:038.The fra
tion F
 of ele
tron jets whi
h 
ame from a 
harm quark also 
ontributes to the22
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omparison of some quantities of tagged ele
tron jets (L2D > 0, iden-ti�ed 
onversions have been removed for plotting purposes). Histograms are normalized to unitarea. From top-left, 
lo
kwise: ele
tron ET , ele
tron-jet ET , away-jet ET , ele
tron pT . (The lastbin in
ludes all over
ow entries.)total heavy 
avor fra
tion FHF = Fb+F
. An estimate of the amount of 
 relative to b in theele
tron jet is derived from a �t to the invariant mass spe
trum of the tra
ks in the positivetags found in the ele
tron jets. Templates for b, 
, and light-
avor jets taken from the MonteCarlo (and also from the data for light-
avor) were �tted to the distribution, as shown inFigure 4, to obtain the ratio of 
 to b after requiring a positive tag. The result of this �t isF tag
 =F tagb = 0:118� 0:017, where the un
ertainty is dominated by the systemati
 error dueto varying the light-
avor template. A value for F
=Fb before any tagging is obtained bymultiplying this result by the ratio of tagging eÆ
ien
ies �b=�
 = 5:2� 0:4 predi
ted by theMonte Carlo, resulting in F
=Fb = 0:61� 0:10. Therefore the total heavy 
avor fra
tion ofele
tron jets FHF is 0:259� 0:064.To measure the tagging eÆ
ien
y of the heavy 
avor ele
tron jets we employ a double-tagte
hnique, requiring that the away jet be tagged by Se
Vtx. This enhan
es the heavy 
avorfra
tion of the ele
tron jets and redu
es the dependen
e on FHF, whi
h we were only able to
onstrain at the 25% level. Another bene�t of the double-tag is to redu
e the in
uen
e ofthe 
harm 
omponent, so that the resulting heavy 
avor tag eÆ
ien
y is more representative23
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omparison of some quantities of tagged ele
tron jets (identi�ed 
on-versions have been removed for plotting purposes). Histograms are normalized to unit area. Fromtop-left, 
lo
kwise: number of good tra
ks in the jet, number of tra
ks in the tagged vertex, vertexmass of positively tagged ele
tron-jets; pseudo-
� of (positively or negatively) tagged ele
tron-jets.
of the b-tagging eÆ
ien
y. Tagging the away jet redu
es the 
harm from 61% of the bottom
omponent down to around 10%. The di�eren
e in the tag eÆ
ien
y for semileptoni
 de
ays,whi
h we measure, and generi
 heavy hadron de
ays is used later to estimate a systemati
error.The tagging eÆ
ien
y for heavy 
avor jets 
ontaining an ele
tron, derived from the num-bers of double- and single-tags, is" = (N e+a+ �N e�a+)� (N e+a� �N e�a�)(Na+ �Na�) � 1F aHF ; (1)where Na+ and Na� are the numbers of positive and negative tagged away jets, and N e+a+ ,for example, is the number of events where both ele
tron and away jet are positive tagged.The fa
tor F aHF is the fra
tion of ele
tron jets 
ontaining heavy 
avor for events wherethe away jet is tagged. This number is less than one due to events where the away jetis mistagged or 
ontains heavy 
avor due to gluon splitting or 
avor ex
itation, and theele
tron is either a fake or part of a photon 
onversion pair. In order to estimate these24
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ontributions to the vertex tag mass distribution.Templates for the di�erent 
avors are derived from simulation (and the data in the 
ase of light
avor). The error bars for the data are 
ontained within the markers.e�e
ts we use identi�ed 
onversions (see Se
tion III) to probe the light 
avor 
ompositionof the ele
tron jets. In this way we write F aHF asF aHF = 1� �Na+
 �Na�
Na+�Na� � �0
�N
N � �0
 � (1� FHF); (2)where N is the number of events passing the sele
tion, �0
 = Ne+
 �Ne�
Ne+�Ne� , and the 
 subs
riptrefers to events where the ele
tron was identi�ed as a 
onversion. A full derivation of thisexpression 
an be found in the Appendix.To illustrate the e�e
tiveness of the 
onversion �nder, Figure 5 shows the estimatedradius of the 
onversion point for identi�ed pairs. Peaks 
orresponding to known dete
torstru
tures are 
learly visible.We use the FHF value derived above for data, a value of FMCHF = 0:861 for the MonteCarlo (found by 
ounting jets whi
h are mat
hed to a heavy quark), and Equations 1 and 2(see Appendix) to 
al
ulate the eÆ
ien
ies to tag a heavy 
avor jet 
ontaining an ele
tronin data and Monte Carlo. The resulting values averaged over jet ET are given in Table II.The eÆ
ien
ies as a fun
tion of the ET of the jet are shown in Figure 6. The ratio of datato Monte Carlo eÆ
ien
ies (s
ale fa
tor) is also shown as a fun
tion of ET . Additionally,a sample of jet data with one jet having ET > 50 GeV and a 
orresponding 2!2 PythiaMonte Carlo sample have been used to determine that the ratio of jet tag rates is 
at overa wider jet ET range than that spanned by the ele
tron 
alibration sample. These samplesare also used to estimate a systemati
 un
ertainty for extrapolating the s
ale fa
tor to thehigher-ET jets (typi
ally 40-120 GeV) 
hara
teristi
 of top quark de
ays.25
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FIG. 5: Radius of identi�ed 
onversions in data, with lo
ation of the sili
on dete
tor layers (L00,SVX and ISL), readout system, and ISL and COT main me
hani
al stru
tures.TABLE II: EÆ
ien
y to tag a heavy 
avor ele
tron jet in data and Monte Carlo, and the data/MCratio (s
ale fa
tor). Un
ertainties on the eÆ
ien
ies are statisti
al only; systemati
 un
ertaintieson the s
ale fa
tor are summarized in Table III."(Data) 0:240 � 0:007"(MC) 0:292 � 0:010S
ale Fa
tor 0:82 � 0:06Several sour
es of systemati
 un
ertainty have been 
onsidered and are summarized inTable III. The F aHF method un
ertainty a

ounts for assumptions made in the 
al
ulationof F aHF about the tagging eÆ
ien
y of heavy 
avor ele
tron jets 
ontaining a 
onversionele
tron pair. The mistag subtra
tion un
ertainty is due to the asymmetry in negative tagsvs. fake positive tags des
ribed in the next subse
tion. ET dependen
e was des
ribed earlier,and the B-de
ay un
ertainty allows for a possible di�eren
e in the s
ale fa
tor due to thelower 
harged parti
le multipli
ity of semileptoni
 B de
ays 
ompared to all possible de
aymodes. Combining all systemati
 and statisti
al errors we obtain a data to Monte Carlotagging eÆ
ien
y s
ale fa
tor of 0:82� 0:06.A variation of the double-tag te
hnique has also been studied whi
h uses the single-tagrate of ele
tron jets rather than the measurements of FHF. First we write the eÆ
ien
ies inthe data as � = SF � �MC and �single = SF � �singleMC , where � is de�ned in Equation 1 and26
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FIG. 6: EÆ
ien
y to tag a b-jet as a fun
tion of jet ET in data and Monte Carlo (top), anddata/MC s
ale fa
tor (bottom). The s
ale fa
tor is 
onsistent with being 
onstant over the ETrange investigated.TABLE III: Relative un
ertainties on the data to Monte Carlo tagging eÆ
ien
y s
ale fa
tor, inper
ent.Sour
e un
ertainty (%)FHF 3.5F aHF method 3.0mistag subtra
tion 3.0ET dependen
e 2.5B-de
ay 1.2total systemati
 error 6.2data statisti
s 3.2MC statisti
s 3.6total un
ertainty 7.827



�single = (N e+ � N e�)=(FHFN) is the net single-tag eÆ
ien
y for heavy-
avor ele
tron jets.Although both � and �single are tag eÆ
ien
ies for heavy-
avor jets, they generally di�erbe
ause the requirement of an away jet tag suppresses the 
harm 
ontent of the samplerelative to bottom.Substituting for � and FHF (using the relation between FHF and SF � �singleMC ) into Equa-tions A.15 and A.16 allows solution for the eÆ
ien
y s
ale fa
tor SF dire
tly in terms ofthe data tag and 
onversion rates, and of the MC tag eÆ
ien
ies �MC and �singleMC . A resultof SF = 0:81 is obtained, 
onsistent with the method des
ribed above and with similarsystemati
 and statisti
al errors.C. Measurement of the Mistag RateA \mistag" is de�ned to be a jet whi
h did not result from the fragmentation of a heavyquark, yet has a Se
Vtx se
ondary vertex. Mistags are 
aused mostly by random overlap oftra
ks whi
h are displa
ed from the primary vertex due to tra
king errors, although there are
ontributions from KS and � de
ays and nu
lear intera
tions with the dete
tor material (thebeampipe or the inner sili
on layers) as well. Contributions from these e�e
ts are measureddire
tly from jet data samples without relying on the dete
tor simulation.Be
ause the Se
Vtx algorithm is symmetri
 in its treatment of d0 and L2D signi�
an
e, thetra
king-related mistags should o

ur at the same rate for L2D > 0 and L2D < 0. Therefore,a good estimate of the positive mistag rate due to resolution e�e
ts 
an be obtained fromthe negative tag rate. However, some of the negative tags o

ur in jets whi
h do 
ontainheavy 
avor, so that part must be subtra
ted. In addition, the negative rate will not re
e
tthe mistags due to lifetime or intera
tions with the dete
tor material. Corre
tions for all ofthese e�e
ts are determined using �ts to the pseudo-
� spe
tra of tagged verti
es, des
ribedin Se
tion VC. The sum of these 
orre
tions is found to be 20 � 10% of the negative tagrate, 
onsisting of a subtra
tion of 20% for removal of the heavy 
avor negative tags, andan addition of 40% to a

ount for the mistags due to lifetime and material intera
tions.The rate of negative tags for taggable jets is measured in an in
lusive sample of jet triggers.The rate is parameterized as a fun
tion of four jet variables { ET , tra
k multipli
ity, �, and� { and one event variable �ET , the s
alar summed ET of all jets in the event with ET > 10GeV and j�j < 2:4. These parameterized rates are used to obtain the probability that a28



given jet will be negatively tagged.The full �ve-dimensional tag rate matrix was determined using in
lusive 20 GeV, 50 GeV,70 GeV, and 100 GeV jet trigger samples, for a total of 11.5 million events. Figure 7 showsthe negative tag rate per taggable jet as a fun
tion of jet ET and tra
k multipli
ity (andintegrated over the other variables) for all the events in the in
lusive jet sample. These rateshave not been s
aled by the 1:2� 0:1 
orre
tion dis
ussed above whi
h is applied to 
onvertto an estimate of the positive mistag rate.
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FIG. 7: Se
Vtx negative tag rate as a fun
tion of jet ET and tra
k multipli
ity in the in
lusive jetdata.Detailed 
ross 
he
ks were performed on the tag rate matrix to verify its self-
onsisten
yand to 
he
k predi
tability and sample dependen
e. Both the total tag rates and the tagrates as fun
tions of various quantities were used to 
he
k how well the matrix predi
tsthe observed data and to estimate systemati
 errors. Table IV summarizes the di�eren
esbetween the matrix predi
tions and the observed tag rates in various validation samples. Thefour jet trigger samples des
ribed above were used, along with an independently-triggered29



sample requiring four jets with ET > 15GeV and �ET > 125GeV, referred to as the\SumEt" sample. The table is divided into two se
tions. Ea
h row in the table 
omparesthe tag rate predi
ted from one sample with the observed rate in a se
ond, di�erent sample.TABLE IV: Di�eren
es in predi
ted and observed negative tagging rates for various samples. The�rst four rows with labels of the form Sample1-Sample2 
ompare observed tag rates in Sample 2to the rates predi
ted by a matrix made from Sample 1. The last three rows 
ompare the observedtag rates for trigger jets, non-trigger jets, and jets in the SumEt sample with predi
tions from thestandard mistag matrix derived from all four jet samples.Observed Negative Tag Rate (%) Predi
ted Negative Tag Rate (%) Obs./Pred.Jet20-Jet50 0.728� 0.008 0.677�0.046 1.08� 0.08Jet50-Jet70 0.958� 0.009 0.930�0.013 1.03� 0.02Jet50-Jet100 1.219� 0.009 1.151�0.044 1.06� 0.04Jet50-SumEt 0.730� 0.005 0.712�0.015 1.03� 0.02Trigger Jet 0.565� 0.005 0.587�0.005 0.96� 0.01Non-Trigger Jet 0.659� 0.005 0.640�0.006 1.03� 0.01SumEt 0.712� 0.006 0.726�0.007 0.98� 0.01The di�eren
es in the tag rates of trigger jets and non-trigger jets are well predi
ted bythe matrix. This is mostly due to the in
lusion of the jet ET , �, and � into the matrixbinning. The remaining residual di�eren
e is taken as a systemati
 error in the �nal result.The systemati
 un
ertainties assigned to the tag rate matrix predi
tions are summarizedin Table V. We assume that the various 
ontributions are un
orrelated and add them inquadrature to �nd a total systemati
 un
ertainty of 8% on the negative tag rates, whi
h
ombined with the un
ertainty on the 
orre
tion fa
tor 1:2� 0:1 yields a total mistag raterelative un
ertainty of 11%.V. HEAVY FLAVOR CONTRIBUTIONS TO W+JETSHeavy 
avor produ
tion in asso
iation with a ve
tor boson (e.g. Wb�b, W
�
, W
) 
on-tributes signi�
antly to the non-t�t ba
kground in the b-tagged lepton + jets sample, eventhough W + light 
avor jet produ
tion dominates the pretag sample. Several Monte Carlo30



TABLE V: Systemati
 un
ertainties assigned to the negative tag rate matrix predi
tions.Sour
e Un
ertaintyTrigger jet bias 4%Sample bias 7%Statisti
s 1%Total 8%generators are 
apable of performing matrix element 
al
ulations for W=Z + jets, even tohigh jet multipli
ity, but these generators use leading-order 
al
ulations. As a result, theoverall normalization of these 
al
ulations has a large theoreti
al un
ertainty, even thoughthe relative 
ontributions of the important diagrams are well-de�ned.For this reason, the relative fra
tion of W + heavy 
avor produ
tion is 
al
ulated ina matrix element Monte Carlo program, and the overall normalization of the W + jetsprodu
tion is measured with 
ollider data. The two results 
an be 
ombined to estimate theW + heavy 
avor ba
kground.For this analysis, we use a new event generator, alpgen [28℄, whi
h 
al
ulates exa
tmatrix elements at leading order for a large set of parton level pro
esses in QCD and ele
-troweak intera
tions. All heavy quark masses, spins and 
olor 
ows are treated properlyinside alpgen. Heavy 
avor fra
tions 
al
ulated using alpgen are 
alibrated against fra
-tions measured from jet data.The totalW + heavy 
avor 
ontribution is estimated by multiplying the number of pretagW + jets events in data, given in Table I, by the 
al
ulated W + heavy 
avor fra
tion andthe tagging eÆ
ien
y in Monte Carlo (in
luding the Se
Vtx eÆ
ien
y s
ale fa
tor betweendata and Monte Carlo). Be
ause the event tagging eÆ
ien
y depends on the number ofheavy 
avor jets in the �du
ial region j�j < 2:4, we 
al
ulate results separately for the 
aseof 1 and 2 heavy 
avor jets.A. Heavy Flavor Monte Carlo SamplesParton-level events from the alpgen matrix element 
al
ulation are fed to the herwigparton shower program whi
h generates additional jets from gluon radiation. The matrix31



element gives a good des
ription of the produ
tion of a few, widely separated partons,whereas parton showers are better suited to model the emission of soft 
ollinear gluons.Following a matrix element 
al
ulation with a parton showering algorithm provides a bettermodel of the data than does either approa
h separately.One outstanding issue for su
h a 
ombined approa
h is how to avoid double 
ounting inthe region of phase spa
e populated both by higher order matrix elements and the partonshower. Spe
i�
ally, the radiation from the parton shower in a W + n parton Monte Carlosample 
an produ
e jets whi
h 
over the part of the phase spa
e also des
ribed by the W+ (n + 1) parton Monte Carlo. Although a rigorous 
ombination pres
ription has beenproposed to avoid su
h double 
ounting, it has not yet been fully implemented in any of thematrix element Monte Carlo programs [32, 33℄.A simple pro
edure deals with the possible double 
ounting by mat
hing �nal state par-tons to re
onstru
ted jets and reje
ting events where the showering algorithm has produ
eda hard parton [34, 35℄. Events are reje
ted if there are extra jets whi
h fail to mat
h to thelight partons generated at the matrix element level or if there are missing jets. In the spe
ial
ase of heavy 
avor partons, the stri
t mat
hing 
riteria are relaxed be
ause two partonsmay be merged into one jet due to the parton mass. Although it minimizes double 
ountingof generated events, this pro
edure introdu
es a new type of systemati
 un
ertainty whi
hdepends on the mat
hing 
riteria and the jet de�nition.The mat
hing algorithm is applied at the stable generated parti
le level, before anydete
tor simulation. Stable parti
les after the parton shower are required to have pT >0:4(0:0)GeV=
 for 
harged (neutral) parti
les and j�j < 3. The jet 
lustering is a simple
one 
lustering s
heme where the number of �nal jets (parti
les) is redu
ed by joining thetwo 
losest jets (parti
les) within a 
one of radius �R = 0:4 into one. On
e all possiblemerging is 
ompleted, the jet four-momentum is re
al
ulated using all of the parti
les insidethe jet 
one. A stable-parti
le jet is required to have ET > 10GeV and j�j < 2:4, and themat
hed parton must fall within a 
one radius of 0.4.The following requirements redu
e event double 
ounting after the parton shower: 1)reje
t events in whi
h an extra jet failed to mat
h any parton from the matrix element
al
ulation, 2) ignore mat
hing requirement for heavy 
avor partons be
ause the e�e
t oftheir masses has been in
luded in the matrix element 
al
ulation, and 3) keep only the eventswhi
h pass the stri
t jet-light parton mat
hing.32
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FIG. 8: Observed W + jets 
ross se
tion 
ompared with the alpgen W + jets predi
tion as afun
tion of number of jets. (Only statisti
al errors are shown, and the results are not 
orre
ted fora

eptan
e.)Fully ex
lusive mat
hed events in ea
h matrix element Monte Carlo sample are summed,weighting by the appropriate 
ross se
tions. Be
ause the double-
ounted events have beenremoved by the mat
hing pro
edure, this 
ombined sample should reprodu
e the W + jetsdata. These results are stable in terms of di�erent mat
hing algorithms, 
one size, and jetET requirement. The predi
ted W + jets 
ross se
tion, without any a

eptan
e 
orre
tion,is plotted in Figure 8 with the measurement in the ele
tron and muon 
hannels. The non-W and diboson ba
kgrounds as well as the expe
ted 
ontribution from t�t produ
tion aresubtra
ted for this measurement. Even though the overall normalization of the Monte Carlodoes not reprodu
e the data very well, the jet multipli
ity dependen
es in data and MonteCarlo are in good agreement.B. Heavy Flavor Fra
tion in Simulated W + jets EventsThe heavy 
avor fra
tions for W + jets events, 
omputed using an alpgen/herwigMonte Carlo sample, are de�ned to be the ratio of the observed W + heavy 
avor and W+ jets 
ross se
tions.The mat
hing algorithm operates with parti
le-level jets, but jets from a full 
alorimetersimulation provide better agreement with jets in data. A dete
tor-level jet is required tohave ET > 15GeV and j�j < 2, and a heavy 
avor jet is required to mat
h to any b or 
parton inside a 
one with �R = 0:4. 33



TABLE VI: Summary of systemati
 un
ertainties in the heavy 
avor fra
tion determination.Sour
e Un
ertaintyFra
tions Wb�b W
�
 W
Mat
hing 
riteria 15% 15% 10%Q2 s
ale (2M2W to 0:5M2W ) 4% 4% 5%PDF 5% 5% 10%Jet energy s
ale 5% 5% 10%ISR/FSR 10% 10% 10%b; 
 masses (4:75; 1:55 � 0:3GeV=
2) 6% 10%Total 21% 22% 21%A summary of systemati
 un
ertainties inherent in this heavy 
avor fra
tion measurementis presented in Table VI. The mat
hing un
ertainty is estimated by re
omputing the heavy
avor fra
tion after varying the mat
hing 
one sizes (0.4, 0.7) and ET from 10 to 15 GeV.We take half of the di�eren
e in the 4-jet bin as the mat
hing systemati
 un
ertainty.Un
ertainties due to the intera
tion energy s
ale Q2, PDFs, and heavy quark masses are
al
ulated by 
omparing the ratio of the Wb�b + 1 parton and W + 3 partons 
ross se
tionsfrom alpgen and estimating the variation by 
hanging the Q2 (between 2m2W and 0.5m2W ),parton distribution fun
tions (among the 20 eigenve
tor pairs from CTEQ6M[36℄), and theheavy quark mass (�0:3GeV). The relative systemati
 un
ertainties in Table VI are appliedto all jet multipli
ity bins. The �nal measured heavy 
avor fra
tions for W + jets events
an be found in Table VIII.C. Calibration of Heavy Flavor Fra
tion Using Jet DataWith the 
urrent data sample and a limited number of Se
Vtx-tagged W + jets dataevents, it is diÆ
ult to verify the alpgen heavy 
avor fra
tions in W + jets events dire
tlywith data. Fortunately, an in
lusive jet sample, without identi�ed W bosons, is a large re-lated 
lass of events whose produ
tion pro
esses are des
ribed by Feynman diagrams similarto those of W + jets events. In parti
ular, gluon splitting to heavy quark pairs a

ountsfor part of the heavy 
avor produ
tion in both samples. The in
lusive QCD jet sample 
an34
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FIG. 9: Pseudo-
� distribution for jet data, in
luding �tted 
ontributions for the di�erent 
ompo-nents of heavy 
avor and se
ondary intera
tions in light 
avor jets.be used to 
ompare the heavy 
avor fra
tions 
al
ulated in Monte Carlo with results fromdata. Any dis
repan
y between heavy 
avor fra
tions in data and Monte Carlo 
ould thenbe used to adjust the 
al
ulated heavy 
avor fra
tions in W + jets events.Heavy 
avor fra
tions are 
al
ulated in both pythia and alpgen+herwigMonte Carlojet samples. Events are required to have 2 or 3 jets with ET > 15 GeV and j�j < 2:0 and atleast one jet with ET > 20 GeV to satisfy trigger requirements. Events from the alpgensample must also pass the mat
hing algorithm des
ribed in Se
tion VA.Contributions to the jet data sample from heavy and light partons are determined by�tting the pseudo-
� distribution for tagged jets, thereby dis
riminating between jets fromb, 
, and light partons or gluons on a statisti
al basis. Pseudo-
� is de�ned as L2D�Mvtx=pvtxT ,whereMvtx is the invariant mass of all tra
ks in the se
ondary vertex and pvtxT is the transversemomentum of the se
ondary vertex four-ve
tor. Even though the L2D distribution is similarfor b and 
 quarks, the pseudo-
� is very di�erent for the two 
avors.The �t is made more robust by subtra
ting the 
ontribution from negative Se
Vtx tagsand �tting the di�eren
e only, as shown in Fig. 9. Template distributions of the pseudo-
� forb and 
 jets are derived by mat
hing jets to partons in Monte Carlo, and a separate templateis 
reated for se
ondary intera
tions in light quark jets, in
luding material intera
tions andlong-lived � and K0s parti
les.If the signed de
ay length distribution of se
ondary verti
es in light 
avor jets and fromtra
king 
ombinatori
s were symmetri
 about zero, then the number of fake positive tags35



TABLE VII: Fitted 
ontributions from b, 
 jets and se
ondary intera
tions or long-lived light 
avorparti
les in data events. The un
ertainties on the b and 
 fra
tions are total un
ertainties in
luding5% and 10% un
ertainties due to the templates. The ratio �N=N estimates the ex
ess of positiveover negative tags in data events, due to se
ondary intera
tions and long-lived light 
avor parti
les.ET (GeV) ET < 25 25 < ET < 35 35 < ET < 45 ET > 45 AllTaggable 858,643 415,373 128,994 77,632 1,480,642Pos. - Neg. 12,208 7131 2511 1596 23,446Negative 3283 1999 803 697 6782Fitted bs 7937 � 483 4412 � 312 1609 � 131 843� 102 15; 147 � 507Fitted 
s 3040 � 427 1858 � 276 520 � 110 407 � 93 5589 � 451Se
ondary 1284 � 142 900� 102 379 � 50 324 � 39 2836 � 171�N 482� 224 431� 144 230 � 59 227 � 44 1336 � 365�N=N(%) 15� 7 22� 7 29 � 7 32� 7 20� 5bs/Jets (%) 0:92 � 0:08 1:06� 0:10 1:25 � 0:12 1:09 � 0:14 1:02 � 0:06
s/Jets (%) 0:35 � 0:06 0:45� 0:08 0:40 � 0:10 0:52 � 0:13 0:38 � 0:05from light 
avor 
ould be simply estimated by 
ounting the number of negative tags. Un-fortunately, se
ondary verti
es from material intera
tions or long-lived light 
avor parti
lesare more likely to have positive de
ay lengths than negative de
ay lengths, and there aresome real heavy 
avor jets with negative de
ay lengths. The heavy 
avor 
ontribution withnegative de
ay lengths is �rst estimated from Monte Carlo, and then s
aled by a fa
tor of1:6� 0:3 to a

ount for a larger overall observed negative tag 
ontribution in data than inMonte Carlo events.The net ex
ess of se
ondary intera
tions on the positive side, �N , is 
omputed from these
ondary 
ontribution �t results, after subtra
ting the heavy 
avor 
ontributions on thenegative side. The resulting average 
orre
tion fa
tor �N=N needed to s
ale the number ofnegative tags to obtain the 
orre
t number of fake positive tags is 1:2� 0:1.The heavy 
avor fra
tion as a fun
tion of jet ET is stable, as shown in Table VII, wherean un
ertainty of 5% (10%) for the b (
) fra
tion is in
luded due to template un
ertainties.These results in
lude the e�e
t of the eÆ
ien
y s
ale fa
tor between data and simulation.Measured heavy 
avor fra
tions from the data are 
onsistently 50% higher than the alpgen36
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FIG. 10: Distribution of 
losest jets in �� for tagged 3-jet data events with fake tag predi
tion(top) and for double-tagged events in whi
h the tagged jets are also the two 
losest jets (bottom).predi
tion, for both b and 
 jets, although the pythia 
al
ulation seems to mat
h the datamore 
losely. These heavy 
avor fra
tions are 
ompared with the heavy 
avor fra
tions
al
ulated using alpgen in
lusive jet Monte Carlo with the mat
hing pres
ription. Onaverage the data/alpgen ratio is 1:5 � 0:4, where the un
ertainty is dominated by thesystemati
 un
ertainties asso
iated with the alpgen heavy 
avor 
al
ulations (Table VI).From these �ts alone, it is not 
lear if the dis
repan
y is 
onsistent for all produ
tiondiagrams or only for some subsets of gluon splitting to heavy 
avor partons.Be
ause jets with gluon splitting have a small opening angle, the distribution of ��between the two 
losest jets in an event highlights the 
ontribution from gluon splitting. Asample of events with 2 tagged jets is sele
ted from the 3-jet sample and 
ompared to MonteCarlo. The mistag 
ontribution is removed from the double-tagged samples by subtra
tingevents with one or more negative tag. The good agreement, shown in Fig. 10, indi
ates thatthe gluon splitting 
ontribution relative to other produ
tion me
hanisms is well-modelled.Another sample with gluon splitting 
ontributions, this time of single-tagged 3-jet events,
an be used to 
he
k the dependen
e of the data/alpgen normalization fa
tor. When the37
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FIG. 11: The positive tag ex
ess rate in data and alpgen Monte Carlo as a fun
tion of ��.ex
ess tag rate, interpreted as the heavy 
avor fra
tion, is plotted as a fun
tion of minimum�� between jets (Fig. 11), the fra
tions are 
at as a fun
tion of �� even though the heavy
avor fra
tions in data are still 1.5 times the heavy 
avor fra
tions in Monte Carlo. This
onsisten
y disfavors the hypothesis of missing or under-represented heavy 
avor produ
tiondiagrams.The measured ratio of 1:5�0:4 between the heavy 
avor fra
tions in the alpgen/herwigsamples and the data is not in
onsistent with other re
ent studies, whi
h indi
ate that aK-fa
tor may be ne
essary to a

ount for higher-order e�e
ts [37℄. Based on this 
alibrationwith the jet data sample, we s
ale the expe
ted Wb�b and W
�
 ba
kground 
ontributionsderived from alpgen by a fa
tor of 1:5�0:4. Sin
e theW
 ba
kground is produ
ed througha di�erent diagram, that 
ontribution is not res
aled.Table VIII summarizes the one and two b (
) fra
tions as a fun
tion of jet multipli
ity,as well as the 
orresponding Se
Vtx tagging eÆ
ien
ies, where the eÆ
ien
y s
ale fa
tor,as 
al
ulated in Se
tion IV, has already been applied. The 1B (1C) fra
tions are for eventswith exa
tly one jet mat
hed to a b (
) parton, and the 2B (2C) fra
tions are for events withexa
tly two jets mat
hed to b (
) partons. These values are used in Se
tion VIC to predi
tthe ba
kground 
ontribution from W + heavy 
avor produ
tion
38



TABLE VIII: Ratio of W + heavy 
avor produ
tion to total W + jet produ
tion, for di�erent jetmultipli
ities. The heavy 
avor ratios in
lude the 
orre
tion fa
tor 1:5� 0:4 as measured from jetdata, and the Se
Vtx event tagging eÆ
ien
ies in
lude the s
ale fa
tor des
ribed in Se
tion IV.These values are used in Se
tion VIC to predi
t the ba
kground 
ontribution from W + heavy
avor produ
tion.Jet multipli
ity 1 jet 2 jets 3 jets �4 jetsHT (GeV) HT > 0 HT > 200 HT > 0 HT > 200W + HF fra
tions (%)1B 1:0� 0:3 1:4� 0:4 2:0 � 0:5 2:4� 0:6 2:2 � 0:6 2:2� 0:62B 1:4� 0:4 2:0 � 0:5 2:3� 0:6 2:6 � 0:7 2:6� 0:71C 1:6� 0:4 2:4� 0:6 3:4 � 0:9 3:8� 1:0 3:6 � 1:0 3:5� 1:02C 1:8� 0:5 2:7 � 0:7 2:9� 0:8 3:7 � 1:0 3:7� 1:0W
 4:3� 0:9 6:0� 1:3 6:3 � 1:3 6:0� 1:3 6:1 � 1:3 5:9� 1:3Se
Vtx tagging eÆ
ien
ies (%)1B(� 1tag) 26:8 � 2:0 27:8 � 2:2 29:3 � 2:5 30:9 � 2:9 24:2� 3:3 27:4 � 3:82B(� 1tag) 48:6 � 3:2 50:0 � 3:8 52:6 � 4:5 50:3� 4:9 50:0 � 5:12B(� 2tags) 9:1� 1:4 9:5 � 1:5 10:4 � 1:6 8:1 � 1:4 8:6� 1:51C(� 1tag) 6:2� 0:9 6:7� 1:0 6:1 � 1:1 6:6� 1:3 7:7 � 1:9 7:5� 2:02C(� 1tag) 12:3 � 1:9 11:6 � 2:0 12:6 � 2:5 10:1� 2:3 9:6� 2:42C(� 2tags) 0:5� 0:2 0:4 � 0:1 0:5� 0:2 0:8 � 0:4 0:9� 0:4W
 (� 1tag) 5:8� 0:9 6:1� 0:9 7:1 � 1:2 7:6� 1:5 5:6 � 1:6 5:8� 1:8VI. BACKGROUNDS IN THE TAGGED W + JETS SAMPLEThe non-t�t events in the W + jets sample are from dire
t QCD produ
tion of heavy
avor without an asso
iated W boson, mistags of light quark jets in W + jets events, W +heavy 
avor produ
tion, and other low rate ele
troweak pro
esses with heavy 
avor su
h asdiboson and single top produ
tion. The estimation of ea
h of these ba
kgrounds is des
ribedin turn.
39



A. Non-W QCD Ba
kgroundThe non-W QCD ba
kground is a mixture of events where the lepton does not 
omefrom the de
ay of a W or Z boson. These in
lude lepton and missing energy fakes as wellas semileptoni
 b hadron de
ays. Sin
e several ba
kgrounds are 
al
ulated by normalizingto the number of W + jets events before tagging, it is ne
essary to understand the level ofQCD 
ontamination in the pretag sample. In addition, some of these non-W QCD eventsmay be b-tagged. Both the pretag and tagged 
ontributions are measured dire
tly from dataevents.In a leptoni
 W de
ay, the lepton is isolated and there is large E/T due to the neutrino,while in non-W events this is not ne
essarily true. We de�ne the lepton isolation, Isol, asthe ratio of energy (not due to the lepton) in the 
alorimeter in a 
one around the leptondire
tion to the measured ele
tron (muon) energy (momentum). Isolated leptons will havesmall values of Isol. Sideband regions for lepton isolation and E/T in the high-pT leptonsample 
ontain mostly non-W events and are used to extrapolate QCD expe
tations in thesignal region. The sideband regions are de�ned as follows:1. Region A: Isol > 0.2 and E/T< 15 GeV2. Region B: Isol < 0.1 and E/T< 15 GeV3. Region C: Isol > 0.2 and E/T> 20 GeV4. Region D (W signal region): Isol < 0.1 and E/T> 20 GeVFor the QCD ba
kground these two variables are assumed to be mostly un
orrelated: theratio of non-W events at low and high Isol values in the low E/T region is the same as in thehigh E/T region. The number of non-W events in the signal region is estimated byQCDD = NB �NCNA : (3)The 
ontribution of trueW and t�t events in the sideband regions is estimated using MonteCarlo samples to determine the ratio of W and t�t in the signal and sideband regions, andnormalized to the observed number of events in the pretag signal region. The 
orre
tion is5-30% depending on the lepton type and event jet multipli
ity.40



1. Pretag Ba
kgroundsThe non-W QCD ba
kground is 
al
ulated separately for the ele
tron and muon 
hannels,as well as for di�erent jet multipli
ities. Table IX gives the predi
ted QCD ba
kgroundfra
tion in the signal region. The main sour
e of systemati
 un
ertainty is the underlyingassumption that the lepton isolation and E/T are un
orrelated for this ba
kground. A studyof non-isolated leptons indi
ates that this assumption adds a 25% systemati
 un
ertainty tothe non-W QCD ba
kground estimate.2. Tagged Ba
kgroundsSome of the non-W QCD events are b-tagged and end up in the �nal event 
ount. Oneestimate of this 
ontribution applies Equation 3 to the tagged event sample, but this methodis limited by the tagged sample size. To in
rease the number of events, regions A and Care rede�ned by lowering the isolation boundary to the edge of the signal region, Isol > 0:1.The pre
ision on this estimate is limited by the number of tagged events in the sidebandregions.A se
ond method s
ales the pretag QCD fra
tion by the average tagging rate for QCDevents. This method has the advantage of normalizing the ba
kground with the largerstatisti
s of the pretag sample, but requires a reliable estimate of the tag rate. The taggingrate in region B for events with two or more jets is applied to the number of taggable jetsin the signal region times the pretag QCD ba
kground fra
tion.Both ba
kground estimates 
ontribute to the weighted average shown in Table IX.B. MistagsMistag ba
kground events are W + jets events where the tagged jet does not resultfrom the de
ay of a heavy quark. As des
ribed in Se
. IVC, the mistag rate per jet isparameterized as a fun
tion of the number of tra
ks, the raw jet ET , the � and � of thejet, and the sum of the ET for all jets in the event with ET > 10 GeV and j�j < 2:4. Toestimate the size of the mistag ba
kground, ea
h jet is weighted with its mistag rate in thepretag sample. The sum of the weights over all jets in the sample is then s
aled down bythe fra
tion of pretag events whi
h are due to QCD ba
kground, as in Se
. VIA1, sin
e41



TABLE IX: non-W QCD ba
kground estimate. Results from the tag rate method and the tagsample method are the number of events expe
ted in the b-tagged lepton + jets sample.HT > 0 HT > 200 GeVJet multipli
ity 1 jet 2 jets 3 jets � 4 jets 3 jets � 4 jetsEle
tronsPretag non-W QCD Fra
tion 0.14 � 0.04 0.17 � 0.04 0.20 � 0.05Tag Rate Method 16.3 � 4.7 7.4 � 2.2 3.2 � 1.0 2.1 � 0.6Tag Sample Method 21.8� 3.8 10.0� 2.2 4.9 � 1.3 2.6 � 0.8Combined Tag Estimate 19.6 � 3.0 8.7 � 1.6 2.7 � 0.6 1.1 � 0.2 1.3 � 0.3 1.0 � 0.3MuonsPretag non-W QCD Fra
tion 0.034 � 0.010 0.043 � 0.011 0.075 � 0.023Tag Rate Method 4.0 � 1.3 1.2 � 0.6 0.7 � 0.3 0.5 � 0.1Tag Sample Method 4.8� 1.1 1.8� 0.5 1.3 � 0.4 1.0 � 0.3Combined Tag Estimate 4.5 � 0.8 1.5 � 0.4 0.7 � 0.2 0.2 � 0.1 0.3 � 0.1 0.3 � 0.1Ele
tron+Muon 24.3� 3.5 10.5� 1.9 3.4� 0.7 1.3� 0.3 1.6� 0.4 1.2� 0.4these have already been 
ounted in the pro
edure of Se
. VIA2. The low mistag rate perjet means that a negligible number of events have more than one mistagged jet; therefore,the number of mistagged jets is a good approximation of the number of events with at leastone mistagged jet. This method is tested by 
omparing the negative Se
Vtx tags observedand predi
ted for the pretag sample as a fun
tion of the jet ET , plotted in Figure 12. Thereis reasonable agreement in the shape and normalization of the predi
tion.For the estimate of the number of fake positive tags, the mistag 
orre
tion fa
tor of 1.2 �0.1 des
ribed in Se
. VC is applied to a

ount for additional mistags of light quark jets dueto material intera
tions or long lived light quark hadrons. The �nal results for the mistagestimate are shown in Table XIII. The error in
ludes statisti
al un
ertainties from the pretagsample, in
luding the small e�e
t of 
orrelation between mistag weights that 
ome from thesame bin. In addition, an 11% total systemati
 un
ertainty in
ludes un
ertainty due to thesample dependen
e of the mistag rate parameterization and the un
ertainty on the mistag
orre
tion fa
tor of 1.2 for the positive/negative mistag asymmetry.42
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FIG. 12: Comparison of observed and predi
ted negative Se
Vtx tags vs. jet ET in the lepton +jets sample.C. W + Heavy Flavor Ba
kgroundsThe produ
tion ofW bosons asso
iated with heavy 
avor in the pro
esses Wb�b,W
�
, andW
 is a signi�
ant part of the ba
kground for the tagged sample. The te
hniques des
ribedin Se
. V are used to estimate the fra
tion of the in
lusive W + jets events whi
h haveWb�b, W
�
, and W
. The number of Wb�b, W
�
, and W
 events is given by multiplying theheavy 
avor fra
tions by the pretag event 
ount, after subtra
ting the non-W ba
kgrounds.Estimates of the tagged ba
kground are then obtained by multiplying the tagging eÆ
ien
iessummarized in Table VIII.The pretag W + jets sample in
ludes some 
ontribution from misidenti�ed Z ! �+��events. The heavy 
avor fra
tion for that pro
ess is twi
e as large as for the W events. Theextra 
ontribution of heavy 
avor from Z events is des
ribed in Se
tion VII and given inTable X. Corre
tions due to t�t 
ontributions in the pretag events are dis
ussed in Se
tion IX.
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D. Other Ba
kgroundsA number of ba
kgrounds are too small to be measured dire
tly, thus we use the MonteCarlo to predi
t their 
ontribution to the sample. The diboson produ
tion pro
esses WW ,WZ, and ZZ, in asso
iation with jets, 
an mimi
 the t�t signal when one boson de
aysleptoni
ally and the other de
ays to a taggable b or 
 quark jet. The pro
ess Z ! �+��,in asso
iation with jets, 
an mimi
 the signal when one � de
ays leptoni
ally and the otherhadroni
ally. Top quarks are expe
ted to be produ
ed singly with a t�b �nal state throughs-
hannel q�q annihilation, and t-
hannel W -gluon fusion pro
esses.We use Monte Carlo samples to measure the a

eptan
e and tagging eÆ
ien
y. TheMonte Carlo a

eptan
e is 
orre
ted for the lepton identi�
ation and trigger eÆ
ien
ies asis done for the t�t a

eptan
e as des
ribed in Se
tion VIII. The tagging eÆ
ien
y is s
aledby the MC/data tagging s
ale fa
tor, with double the un
ertainty for tagging 
harm jetsas in W ! 
�s. The normalization is based on the measured integrated luminosity and thefollowing theoreti
al 
ross se
tions �(single top) = 2:86�0:09 pb, �(WW ) = 13:25�0:25 pb,�(WZ) = 3:96� 0:06 pb, and �(ZZ) = 1:58� 0:02 pb [38, 39℄.E. Ba
kground SummaryA 
omplete summary of all of the ba
kground 
ontributions is given in Table XIII. Fig-ure 13 shows the 
ontribution of the di�erent ba
kgrounds for ea
h jet bin 
ompared to thenumber of data events satisfying all of the sele
tion 
riteria and having at least one positivelytagged jet. We �nd good agreement between ba
kground and data in the one and two jetbins, validating our ba
kground 
al
ulation. The ex
ess of tags in the three and four jetbins is attributed to t�t. We have already des
ribed how the estimates for Wb�b, W
�
, W
and mistags, whi
h depend on the number of W pretag events in the data, are 
orre
ted forthe 
ontribution of QCD ba
kgrounds to the pretag sample. A similar 
orre
tion needs tobe made to a

ount for the real t�t in the pretag sample. This is done as part of the 
rossse
tion measurement as des
ribed in Se
tion IX. We �nd the pretag sample to be 10-15%t�t in the three jet bin and 40-50% t�t in the four jet bin.
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≥FIG. 13: Number of events passing the sele
tion 
riteria with at least one tagged jet, and theba
kground predi
tion for the same sele
tion. The HT requirement has not been applied.VII. CROSS CHECK USING THE Z + JETS SAMPLESAn investigation into the Z + jets sample provides a good 
ross 
he
k on our ba
kground
al
ulations sin
e the t�t and non-W QCD 
ontamination in these samples is small.The heavy 
avor 
ontribution in Z + jets is expe
ted to be 
lose to that in W + jets interms of gluon splitting. However, there is an additional diagram gg ! Zb�b, whi
h is notpresent in W + jets. We use the same pro
edures des
ribed in previous se
tions to estimatethe heavy 
avor fra
tions using the Z + jets alpgen Monte Carlo samples. The fra
tionof Z
�
 events (in
luding Z
) is approximately twi
e the fra
tion of W
�
 events, and thefra
tion of Zb�b events is approximately twi
e the fra
tion of Wb�b events. The heavy 
avorfra
tions in Z + jets are therefore estimated by multiplying the above fa
tors with the heavy
avor fra
tions in W + jets listed in Table VIII.Events with a Z boson are sele
ted by identifying oppositely 
harged e+e� and �+��pairs with an invariant mass between 75 and 105 GeV/
2. Both leptons are required to passthe tight lepton sele
tion used for the W + jets analysis in order to 
olle
t a pure sample ofZ 
andidates.Table X lists the yield of Z 
andidates and the number of tagged events observed as afun
tion of jet multipli
ity. The ba
kground predi
tions are also given and are 
al
ulatedin the same way as in the previous se
tions for the W + jets sample: 14:0� 1:9 events arepredi
ted and 18 are observed in the Z + jets sample (Fig. 14).Some Z + jets events whi
h fail the standard Z removal 
ontribute to the W + jets45



TABLE X: The predi
ted number of Z + jets events and the observed number, along with theZ + jets 
ontribution left in the W + jets sample and the estimate of the resulting extra b tagsin that sample. (The predi
tion of extra b-tagged events is in
luded in the predi
ted ba
kgroundsummary for the W + jets sample.)Jet multipli
ity Z+1 jet Z+2 jets Z+�3 jetsZ ! e+e� 410 48 10Z ! �+�� 402 59 15Z ! `+`� 812 107 25Mistags 2:4� 0:2 0:49 � 0:06 0:23 � 0:04Zb�b 1:6� 0:4 0:8� 0:2 0:26 � 0:08Z
�
 4:4� 1:3 2:3� 0:7 0:8� 0:2top (�t�t = 5:6� 1:4) 0:08 � 0:02 0:5� 0:1 0:13 � 0:03Pred. Total 8:5� 1:7 4:1� 0:9 1:4� 0:3Observed Events 12 3 3Pretag W+jets 289 � 35 42� 7 11� 3Tagged in W+jets 1:1� 0:3 0:6� 0:2 0:2� 0:1sample. The fra
tion of Z ! �+�� events left in the W sample is about 72 � 8% of thenumber of events observed in Z ! �+�� de
ay. The 
ontribution of Z ! e+e�, on the otherhand, is negligible. Sin
e those Z events left in the W sample have a higher heavy 
avorfra
tion than the W events, a 
orre
tion fa
tor a

ounts for the additional tagged eventsexpe
ted in the W + jets sample.VIII. EVENT SELECTION OPTIMIZATION AND ACCEPTANCEThe event sele
tion des
ribed in Se
tion III, 
ombined with the requirement that at leastone jet be positively b-tagged, yields a 
lean sample of top de
ays in the lepton plus jets
hannel; the expe
ted signal over ba
kground ratio is of the order of 2:1. Several ways ofoptimizing the event sele
tion were studied in order to maximize the signi�
an
e of the
ross se
tion measurement, and an in
lusive event variable was found to have the greatestpower to dis
riminate t�t signal from ba
kground events. The following se
tion dis
usses46
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≥FIG. 14: Comparison of the observed and predi
ted number of events in the b-tagged Z + jetssample.event sele
tion optimization using the HT variable.A. Optimization with the HT variable.The event quantity HT is de�ned as the s
alar sum of the transverse energy of all thekinemati
 obje
ts in the event (transverse momentum for muons), in
luding all jets withET > 8 GeV and j�j < 2:5:HT = �all jetsET + E/T + Eele
tronT or pmuonTBe
ause of the large mass of the top quark, HT , whi
h is representative of the hards
atter of the event, tends to be signi�
antly larger for t�t events than for the ba
kgrounds.Figure 15 shows the distribution of the HT variable after all sele
tion 
uts have been applied,in
luding b-tagging, for t�t Monte Carlo, and for the main ba
kgrounds: W + heavy 
avor,non-W QCD, and mistags. The W + heavy 
avor distributions are taken from alpgenMonte Carlo, but all other ba
kground shapes are estimated from data; the features visibleat high HT in the non-W QCD and mistags distributions are due to poor statisti
s in the
ontrol samples.The HT distributions for the three major ba
kgrounds are estimated using methods de-s
ribed in Se
tion VI. The alpgen Monte Carlo generator is used to estimate the shape ofthe distribution for the W + heavy 
avor ba
kground. The non-W QCD ba
kground shape47
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FIG. 15: Distribution of the HT variable for t�t Monte Carlo, and for various ba
kgrounds normal-ized to an integrated luminosity of 107 pb�1.is evaluated by sele
ting pretag events where the lepton is not isolated (isolation > 0:2),while all other kinemati
 
uts remain un
hanged. This subsample is presumably dominatedby QCD events with kinemati
 properties identi
al to the QCD ba
kground events thatsatisfy the event sele
tion (isolation< 0:1). Ea
h event in the sub-sample is then weightedby the total positive tagging rate measured from the jet sample (see Se
tion VIB). Themistag ba
kground shape is estimated from the pretag sample, where ea
h event is weightedby the negative tag rate measured from the jet sample. Other ba
kgrounds (whi
h a

ountfor less than 10% of the total ba
kground) are in
luded in the overall normalization, withthe impli
it assumption that their shape is not signi�
antly di�erent from the others. Thet�t 
ontribution is normalized to the theoreti
al 
ross se
tion.Figure 15 shows that signal and ba
kground 
an be separated by the use of the HTvariable. Figure 16 shows the signal over ba
kground ratio and 
ross se
tion sensitivity as afun
tion of an HT 
ut, 
omputed from �gure 15. The statisti
al sensitivity (S=pS +B) is
ompared to the total sensitivity (S=qS +B + �(B)2, where �(B) is the absolute systemati
error on the ba
kground estimate). Systemati
 un
ertainties arising from the HT 
ut itselfare des
ribed in Se
tion IX; they are small enough to be negle
ted in the optimizationpro
ess. A 
ut requiring HT > 200 GeV is found to be optimal: su
h a 
ut keeps 96% of thesignal and reje
ts 39% of the ba
kground; this improves the signal over ba
kground ratiofrom 2 to 3 and the total signi�
an
e on the t�t 
ross se
tion measurement by 6%.
48
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FIG. 16: Estimate of S/B, statisti
al and total signi�
an
e for 107 pb�1 integrated luminosity, asa fun
tion of HT 
ut.B. A

eptan
eThe a

eptan
e is de�ned as the fra
tion of produ
ed t�t events that satisfy all triggerand sele
tion 
riteria. It in
ludes trigger eÆ
ien
y, re
onstru
tion eÆ
ien
y, as well as theeÆ
ien
y of the kinemati
 
uts, and of the b-tagging algorithm. The bran
hing ratios ofthe various de
ay modes of the t�t pair are in
luded as well. The details of the a

eptan
eestimate, in parti
ular its systemati
 un
ertainties, are des
ribed elsewhere [8℄, but the partsspe
i�
 to this analysis { the b-tagging eÆ
ien
y, and the HT variable { are detailed here.The 
ontributions to the a

eptan
e are divided as follows:�t�t = �trig � �z0 � �veto � �MCt�t � klep�id � �tag�event (4)where �z0 is the eÆ
ien
y of the jz0j � 60
m 
ut, �MCt�t is the fra
tion of Monte Carlo t�t eventswhi
h pass all the sele
tion 
uts (ex
ept for b-tagging), �veto is the 
ombined eÆ
ien
y of thevarious vetoes (
onversion removal, 
osmi
 removal, dilepton and Z0 reje
tions), �trig is thetrigger eÆ
ien
y for identifying high pT leptons, and �tag�event is the eÆ
ien
y to tag at leastone jet in a t�t event. klep�id is a fa
tor that 
orre
ts for the lepton identi�
ation eÆ
ien
ydi�eren
e between data and Monte Carlo.The eÆ
ien
y of the z0 
ut is measured from data and found to be �z0 = 0:951�0:005. Thetrigger eÆ
ien
y �trig is di�erent for ea
h type of lepton trigger: �CEMtrig = 0:9656 � 0:0006,�CMUPtrig = 0:887 � 0:007, and �CMXtrig = 0:954 � 0:006. The fa
tor klep�id is evaluated by
omparing a data sample of Z + jets events with a pythia Z sample, and found to be 1.0049



TABLE XI: Summary table of the t�t a

eptan
e, for a top quark mass of 175GeV=
2.CEM CMUP CMX TotalSample (total) 344,264 344,264 344,264 344,264# Events w/o b-tag 15,893 9791 3617 29301A

. w/o b-tag (%) 4.09�0.03�0.36 2.13�0.02�0.19 0.959�0.016�0.085 7.18�0.04�0.61# Tagged Events 8490 5202 1965 15657Tag EÆ
ien
y (%) 53.4�0.4�3.2 53.1�0.5�3.2 54.3�0.8�3.3 53.4�0.3�3.2A

. with b-tag (%) 2.19�0.02�0.23 1.14�0.01�0.12 0.512�0.009�0.054 3.84�0.03�0.40Integ. Lumi. (pb�1) 162�10 162�10 150�9for ele
trons, 0.95 for CMUP muons, and 0.99 for CMX muons; be
ause there are few Z +jets events at high jet multipli
ity, we assign a 5% relative systemati
 un
ertainty on klep�id.The eÆ
ien
y �MCt�t is evaluated using a sample of pythia t�t Monte Carlo events with topquark mass mt = 175GeV=
2. Table XI summarizes the event sele
tion a

eptan
e for ea
htype of lepton. The b-tagging eÆ
ien
y is measured from the same Monte Carlo sample,and takes into a

ount the b-tagging s
ale fa
tor (se
tion IV) by randomly keeping only82% of all the tags, and dis
arding the others. We �nd the eÆ
ien
y for tagging at leastone jet in a t�t event (after all other 
uts have been applied, in
luding HT > 200GeV) to be53.4�0.3(stat.)�3.2(syst.)%; the systemati
 un
ertainty 
omes from the measurement of theb-tagging s
ale fa
tor, des
ribed in Se
tion IV. An important sour
e of un
ertainty 
omesfrom the measurement of the jet energy, whi
h also a�e
ts the E/T and HT measurements(energy s
ale): un
ertainties relative to the �-dependent dete
tor response, overall energys
ale, non-linearity, fra
tion of energy lost outside the re
onstru
ted jet 
one, and multi-ple intera
tions are added in quadrature. Multiple intera
tions are soft intera
tions that
an 
ontribute to the jet energy measurement. They are not in
luded in the simulation;instead, a small average 
orre
tion is applied to ea
h jet in the data. The energy of ea
hjet is then shifted up and down in the MC by the un
ertainty, and half of the di�eren
ein the a

eptan
e (4.9%) is taken as a systemati
 un
ertainty. The overall a

eptan
e is3.84�0.03(stat.)�0.40(syst.)%, in
luding all systemati
 e�e
ts. Table XII summarizes thedominant sour
es of un
ertainty for the a

eptan
e.50



TABLE XII: Relative systemati
 un
ertainties on the signal a

eptan
e whi
h are 
ommon to alllepton types.Quantity Relative error (%)�z0 0.5Tra
king EÆ
ien
y 0.4Energy S
ale 4.9PDF 2.0ISR/FSR 2.6MC modelling 1.4Lepton ID 5.0b-tagging 6.0IX. CROSS-SECTION FOR SINGLE-TAGGED EVENTS (� 1 B-TAGS)The produ
tion 
ross se
tion follows from the a

eptan
e measurement and the ba
k-ground estimate: �t�t = Nobs �Nbkg�t�t � L ; (5)where Nobs and Nbkg are the number of total observed and ba
kground events, respe
tively,in the W + � 3 jet bins (see Table XIII); �t�t is the signal a

eptan
e (see Table XI); and Lis the integrated luminosity. Many of the predi
ted ba
kgrounds are based on the numberof pretag data events, but that number in
ludes a signi�
ant 
ontribution from t�t events.After subtra
ting this 
ontribution from the pretag sample, the dependent ba
kgrounds arere
al
ulated. The �nal ba
kground 
ontributions for the single-tag sele
tion are summarizedin Table XIII and represented in Figure 17.The properties of the sele
ted 
andidate events are 
onsistent with the expe
tations fort�t pair produ
tion and ba
kground 
ontributions. Figures 18 and 19 show the distributionof the event HT and the tagged jet ET , and Figure 20 shows the pseudo-
� of the taggedjets.For the optimized sele
tion with the HT requirement, and for a top quark mass mt =175GeV=
2, �t�t = 5:6+1:2�1:1(stat:)+0:9�0:6(syst:)pb: (6)51



TABLE XIII: Ba
kground summary for the single-tag sele
tion. The total ba
kgrounds are givenbefore and after the 
orre
tion for t�t events in the pretag W+jets sample.HT > 0 GeV HT > 200 GeVJet multipli
ity W + 1 jet W + 2 jets W + 3 jets W + � 4 jets W + 3 jets W + � 4 jetsPretag 15314 2448 387 107 179 91Mistags 40:9� 6:1 17:0 � 2:4 5:2 � 0:7 2:6� 0:4 3:3� 0:4 2:3� 0:3Wb�b 37:0 � 11:2 22:5 � 6:5 5:0 � 1:3 1:6� 0:5 2:8� 0:8 1:4� 0:4W
�
 13:7� 3:4 8:0� 2:2 1:6 � 0:5 0:6� 0:2 0:9� 0:3 0:5� 0:2W
 34:5� 9:0 7:7� 2:0 1:4 � 0:4 0:3� 0:1 0:7� 0:2 0:3� 0:1WW/WZ/ZZ,Z ! �� 2:2 � 0:4 2:5� 0:4 0:6 � 0:1 0:1� 0:0 0:3� 0:1 0:1� 0:0non-W QCD 24:3� 3:5 10:5 � 1:9 3:4 � 0:7 1:4� 0:4 1:7� 0:4 1:2� 0:3single top 2:6 � 0:3 4:6� 0:5 1:1 � 0:1 0:2� 0:0 0:8� 0:1 0:2� 0:0Z+HF 1:1 � 0:3 0:6� 0:2 0:2 � 0:1 0:10 � 0:05Total 156:3 � 19:1 73:4 � 9:8 18:5� 2:2 6:9� 0:9 10:5 � 1:3 6:0� 0:8Corre
ted Total 156:3 � 19:1 73:4 � 9:8 23:1 � 3:0 13:5 � 1:8Data 160 73 29 28 21 27TABLE XIV: Measured 
ross se
tion for di�erent top quark mass assumptions.mt(GeV=
2) � (pb)170 5:8+1:2�1:1(stat:)+0:9�0:6(syst:)175 5:6+1:2�1:1(stat:)+0:9�0:6(syst:)180 5:4+1:1�1:0(stat:)+0:9�0:6(syst:)The systemati
 un
ertainty is due to un
ertainties on the signal a

eptan
e (10% relative),luminosity measurement (6%), and ba
kground estimate (5%). The a

eptan
e, and there-fore the measured 
ross se
tion, 
hanges with the top quark mass as shown in Table XIV.
52
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FIG. 17: Ba
kground and t�t signal expe
tation (based on measured t�t 
ross se
tion) as a fun
tionof jet multipli
ity. Events with three or more jets are required to have HT > 200GeV.
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FIG. 18: HT distribution of the 57 tagged events with three or more jets, 
ompared to the expe
tedba
kground and t�t signal (normalized to the theoreti
al 
ross-se
tion of 6.7 pb).X. CROSS CHECK USING DOUBLE-TAGGED EVENTS (� 2 b-TAGS)Ea
h t�t event 
ontains two energeti
 b quarks, making it likely that two jets in the eventwill be tagged. Of the 57 tagged events in the three and four jet bins before the HT 
ut,8 of these are double-tagged events. The double-tag sample provides a 
leaner t�t samplein whi
h to 
ross-
he
k the 
ross se
tion with a signi�
antly smaller systemati
 un
ertaintydue to the ba
kground estimate, although with de
reased statisti
al pre
ision.
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FIG. 19: ET distribution of the tagged jets in the 57 
andidate events, 
ompared to the expe
tedba
kground and t�t signal (normalized to the theoreti
al 
ross-se
tion of 6.7 pb).
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FIG. 20: Pseudo-
� distribution of the tagged jets in the 57 
andidate events, 
ompared to theexpe
ted ba
kground and t�t signal (normalized to the theoreti
al 
ross-se
tion of 6.7 pb).1. Double-Tag Ba
kgroundsThe ba
kground estimate for the double-tag sele
tion uses the methods des
ribed inSe
tion VI, ex
ept for a few additional issues whi
h are spe
i�
 to the double-tag estimate.The mistag estimate for double-tags is dominated by events with one real tag of a heavy
avor jet with the se
ond tag 
oming from the mistag of an additional jet. The mistagestimate is obtained by applying the mistag matrix to the jets in the tagged sample, in
ontrast to the pretag sample used for the in
lusive estimate. Sin
e the tagged sample withthree or more jets is dominated by t�t events, applying the mistag matrix to the entire tagged54



sample gives an overestimate of the mistag ba
kground. Additionally, Wb�b and W
�
 eventswith two heavy 
avor jets are not 
ounted as part of the mistag estimate; rather, the mistagestimate is s
aled by the fra
tion of in
lusive tagged events whi
h are from mistags, W
,and non-W QCD ba
kground.The largest ba
kground 
omes from Wb�b events, where both b quark jets are tagged.This ba
kground estimate uses the same heavy 
avor fra
tions and tagging eÆ
ien
ies givenin Se
tion V, and is normalized to the pretag sample of W + jet events. There is a smalladditional 
ontribution of double-tags in Wb�b events where the se
ond tag is from mistagsof light quark jets, so the mistag matrix is applied to light quark jets in the Monte Carlosample to a

ount for this additional 
ontribution to the Wb�b event double-tag eÆ
ien
y.The W
�
 ba
kground is treated in the same way as Wb�b.The non-W QCD ba
kground estimate uses the same lepton isolation and E/T sidebandregions des
ribed in Se
tion VIA to estimate the double-tag ba
kground from dire
t pro-du
tion of heavy 
avor jets. There are zero double-tagged events with two or more jets inregion B (Isol < 0.1 and E/T< 15 GeV) 
ompared to 133 single-tagged events, implying aPoisson upper limit of 1.8% at 90% C.L. for a single-tagged QCD event to be double-tagged.This is applied to the in
lusive tag QCD ba
kground estimate given in Table XIII, and thelimit is quoted as the un
ertainty on the ba
kground estimate of zero double-tagged QCDevents.The double-tag ba
kgrounds for the ele
troweak and single top pro
esses follow dire
tlyfrom the same Monte Carlo 
al
ulations dis
ussed in Se
tion VID. The only signi�
ant
ontributions 
ome from the s-
hannel single top pro
ess and WZ with Z ! b�b. The totaldouble-tag ba
kground estimate is given in Table XV.2. Double-Tag A

eptan
e and Cross Se
tionFor the double-tag analysis the ba
kgrounds are suÆ
iently low that we do not applya 
ut on HT . The pretag a

eptan
e uses the same MC sample and lepton identi�
ationand trigger eÆ
ien
y 
orre
tions des
ribed in Se
tion IX. The pretag eÆ
ien
ies are 4.32 �0.35% for CEM ele
tron, 2.24 � 0.22% for CMUP muon and 1.01 � 0.13% for CMX muont�t events with three or more jets. The eÆ
ien
y to double-tag t�t events with three or morejets is measured from Monte Carlo to be 0.11 � 0.02 after 
orre
ting for the di�eren
e in55



TABLE XV: Predi
tion for the number of double-tagged events. Corre
ted total 
omes from thet�t 
ross se
tion measurement where the pretag sample is 
orre
ted for the t�t 
ontribution. Theexpe
ted number of t�t events is 
al
ulated using the measured 
ross se
tion of 5.0 pb.Jet multipli
ity 2 jets 3 jets � 4 jetsSingle top 0.40� 0.08 0.15� 0.03 0.04� 0.01WZ 0.15� 0.04 0.02� 0.01 0.01� 0.01Wb�b 2.76� 0.86 0.64� 0.18 0.21� 0.06W
�
 0.20� 0.08 0.05� 0.02 0.03� 0.01Mistag/QCD 0.14 � 0.04 0.16 � 0.04 0.11 � 0.03Total 3.65 � 0.97 1.02 � 0.23 0.40 � 0.09Corre
ted Total 3.6� 1.0 1.3 � 0.3t�t (5.0 pb) 1.0 2.6 4.1Data 8 3 5tagging eÆ
ien
y between data and Monte Carlo.The total double-tag ba
kground estimate is given in Table XV. The 
ross se
tion forthe double-tagged sample is measured using the events in the three and four jet bins as forthe in
lusive tagged sample, and 
orre
ting the pretag sample for the t�t 
ontribution fromdouble-tags. Eight double-tag events are observed on a ba
kground of 1.3 events, implyinga 
ross se
tion of �t�t = 5:0+2:4�1:9(stat)+1:1�0:8(syst)pb: (7)The systemati
 error is due to the following 
ontributions: tagging eÆ
ien
y (15%),a

eptan
e (7%), luminosity (6%) and ba
kgrounds (5%).This result gives a 
onsistent 
ross se
tion measurement in an almost ba
kground-freesample. With a larger data sample, this double-tag sele
tion may o�er an improved mea-surement of the t�t 
ross se
tion. In addition, the double-tagged sample may prove useful inestimating relative 
ontributions of the di�erent W + jets produ
tion diagrams, espe
iallygluon splitting to heavy 
avor quark pairs.
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XI. CONCLUSIONSThe t�t produ
tion 
ross se
tion has been measured with vertex-tagged lepton + jetsevents from 162 pb�1 of data 
olle
ted at ps = 1:96TeV. The sele
tion yields a sample of48 
andidate events with one lepton, large missing transverse energy, large total transverseenergyHT , and three or more jets, where at least one jet has a displa
ed se
ondary vertex tag.A total of 13:5� 1:8 events are expe
ted from non-t�t pro
esses. The measured produ
tion
ross se
tion, assuming a top quark mass of 175GeV=
2, is�(p�p! t�t) = 5:6+1:2�1:1(stat:)+0:9�0:6(syst:) pb:Applying the same sele
tion, ex
ept for the large transverse energy requirement, to a double-tagged sample (8 observed events with expe
ted ba
kground of 1:3 � 0:3 events) yields a
ross se
tion of 5:0+2:4�1:9(stat:)+1:1�0:8(syst:) pb. Both results are 
onsistent with the theoreti
alpredi
tions of 6:7+0:7�0:9 pb, again assuming mt = 175GeV=
2 [1, 2℄.APPENDIX: DERIVATION OF FORMULAE FOR DOUBLE-TAGMETHOD OFDETERMINING EFFICIENCY SCALE FACTORThe measurement of the tagging eÆ
ien
y in data employs the double-tag method anduses identi�ed 
onversions to estimate the 
ontribution of ele
trons whi
h are fakes or partof a 
onversion pair. This appendix summarizes the detailed 
al
ulation of the taggingeÆ
ien
y.Most of the ele
trons in the in
lusive ele
tron data sample (ele
tron ET > 8GeV withno E/T requirement) are from 
onversions or fakes in light 
avor jets. Away jet taggingenhan
es the heavy 
avor fra
tion in the ele
tron side, but it still needs a signi�
ant light
avor 
orre
tion. In general, the heavy 
avor produ
tion in the jets 
omes from threesubpro
esses: dire
t produ
tion, 
avor ex
itation and gluon splitting. For simpli
ity, the�nal data sample 
an be divided into the following four sub
lasses:� NHH : the number of events where both sides 
ontain a heavy quark, either 
 or b (itin
ludes the 
ontributions of gluon splitting in both sides),� NHL: the number of events where the ele
tron side is heavy 
avor and the away sideis light 
avor, 57



� NLH : the number of events where the ele
tron is 
oming from fakes and 
onversionsand the away side 
ontains heavy 
avor,� NLL: the number of events where both sides are light 
avors.By 
onstru
tion, we have NHH +NHL +NLH +NLL = Nwhere N is the total number of events passing the �nal sele
tion. The heavy 
avor 
ontribu-tions in the ele
tron side 
an be determined using the measurement of heavy 
avor fra
tion(see Se
tion IV). NHH +NHL = FHF �NThe NLH 
ontribution 
an be determined using the away tags in the 
onversion ele
tronsample. Finally, the 
ontribution of NLL is estimated using the mistags in the negative side.Let us use the following notation to help the derivation of eÆ
ien
y measurement.� �0H : tagging eÆ
ien
y of heavy 
avor in the ele
tron jet,� �H : tagging eÆ
ien
y of heavy 
avor in the away jet,� �0L: mistag eÆ
ien
y in the ele
tron jets,� �L: mistag eÆ
ien
y in the away jets,� Na+, Na�, Ne+ and Ne�: are the number of positive, negative tags in the away jetsand in the ele
tron jets,� N e+a+ , N e�a+ , N e+a� and N e�a� : are the number of double-tags in the 
ombination of positiveor negative tags in ele
tron jet when the away tag is present, either positive or negative.Applying the tag in the away jets, the numbers of positive and negative tags are:�H �NHH + �L �NHL + �H �NLH + �L �NLL = Na+ (A.1)�L �NHH + �L �NHL + �L �NLH + �L �NLL = Na�: (A.2)By subtra
ting Equation A.2 from Equation A.1 , we get(�H � �L) � (NHH +NLH) = Na+ �Na�: (A.3)58



Applying the se
ond tag on the ele
tron side, the numbers of double-tags are�0H � (�H � �L) �NHH + �0L � (�H � �L) �NLH = N e+a+ �N e+a� (A.4)�0L � (�H � �L) �NHH + �0L � (�H � �L) �NLH = N e�a+ �N e�a� : (A.5)Subtra
ting Equation A.5 from Equation A.4, we get(�0H � �0L) � (�H � �L) �NHH = (N e+a+ �N e�a+)� (N e+a� �N e�a�): (A.6)From Equation A.3, we get(�H � �L) �NHH = (Na+ �Na�)� (�H � �L) �NLH (A.7)Substituting Equation A.7 into Equation A.6 and rearranging terms, the heavy 
avortagging eÆ
ien
y on the ele
tron jet is�0H � �0L = (N e+a+ �N e�a+)� (N e+a� �N e�a�)(Na+ �Na�)� (�H � �L) �NLHIn order to determine NLH , we sele
t the events where the ele
tron is identi�ed as a
onversion partner and the away side is tagged. The heavy 
avor 
ontribution in the awayjets should not depend on whether the ele
tron originated from a photon 
onversion or afake.Let us denote the following quantities� f : the fra
tion of ele
trons originating from 
onversions in no-heavy 
avor jets in theele
tron side,� f 0: the fra
tion of ele
trons originating from 
onversions in heavy 
avor jets in theele
tron side,� �
: the eÆ
ien
y of the 
onversion �nding algorithm,� �o: the error rate of �nding a real ele
tron as a part of 
onversion, whi
h is determinedusing the same sign,� n
: the number of identi�ed 
onversion ele
trons.59



Applying the 
onversion �nding algorithm to the data sample, the number of 
onversionele
trons is(f 0 � �
 + (1� f 0) � �o) � (NHH +NHL) + (f � �
 + (1� f) � �o) � (NLH +NLL) = n
 (A.8)f � (�
 � �o) � (NLH +NLL) = n
 �N � �o � f 0 � (�
 � �o) � (NHH +NHL): (A.9)By looking for 
onversions in the tagged ele
tron jets, we have(�0H � �0L) � (�
 � f 0 + �o � (1� f 0)) � (NHH +NHL) = n
e+ � n
e�:Sin
e (�0H � �0L) � (NHH +NHL) = Ne+ �Ne� , we get�o + f 0 � (�
 � �o) = �
0 (A.10)where �
0 = (n
e+�n
e�)(Ne+�Ne�) .Substituting Equation A.10 into Equation A.8 , we havef � (�
 � �o) = n
=N � (�o + (�
0 � �o) � FHF )1� FHF (A.11)We apply the tag to the ele
tron jet in Equation A.8 and the ex
ess of tags isf 0 � (�
 � �o) � (�0H � �0L) � (NHH +NHL) = n
e+ � n
e� � (Ne+ �Ne�) � �o: (A.12)If we then apply the tag to the away jet in Equation A.8 the ex
ess of tags isf �(�
��o)�(�H��L)�NLH = n
a+�n
a��(Na+�Na�)��o�f 0 �(�
��o)�(�H��L)�NHH : (A.13)Substituting Equations A.7 and A.10 into Equation A.13:f �(�
��o)�(�H��L)�NLH = n
a+�n
a��(Na+�Na�)��o�(�
0��o)�((Na+�Na�)�(�H��L)�NLH)(A.14)From Equation A.11 and Equation A.14, we get(�H � �L) �NLH = (Na+ �Na�) � n
a+�n
a�Na+�Na� � �
0n
=N � �
0 � (1� FHF ):Finally, the eÆ
ien
y 
an be expressed as�0H � �0L = (N e+a+ �N e�a+)� (N e+a� �N e�a�)(Na+ �Na�) � F aHF (A.15)where F aHF = 1� n
a+�n
a�Na+�Na� � �
0n
=N � �
0 � (1� FHF ): (A.16)60
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