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\ye presert a measuremen of the top quark pair (tt) production cross section in pp collisions
at = s = 1:96 TeV using events with ee, e or nal states. This analysis utilizes an integrated
luminosity of approximately 1fb ! collected with the D detector at the Fermilab Tevatron collider.
The crosssections measured separately in each of the three a vor channels as well asthe combined
crosssection are:

ee : it = 9:6"%7 (stat) "3 (syst)  0:6 (lumi) pb;
6:175 (stat) "% (syst)  0:4 (lumi) pb;

e .
tt
. - 6.5+4 :0 (Stat) +1:1 (S . ; .
: tt = 6o 52 o:e (Syst)  0:4 (lumi) pb;
dilepton : tt = 6:8"5 (stat) *%3 (syst)  0:4 (lumi) pb:
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. INTR ODUCTION

The top quark is the heaviest fermion, and its masscould allow it to decay into exotic particles, e.g. a chargedHiggs
boson[1]. The inclusive top pair (tt) production crosssection( ) canbe computed from individual tt decay channels
and their predicted standard model branching ratios. Exotic top decays would lead to di erent valuesof the inclusive
top pair production crosssectionin the di erent channels. It is therefore important to precisely measure  in all
channelsand comparethe results with the standard model predictions. Within the standard model eat top quark of
a tt pair is expectedto decay approximately 99.8% of the time to a W bosonand a b quark [2]. Dilepton nal states
arisewhenboth W bosonsdecay leptonically and occur along with two energeticjets resulting from the hadronization
of the b quarks. The detector signature includes missing transverseenergy (E1) from the high transversemomertum
(pr) of the W bosons'daughter neutrinos. The standard model tt branching fractions are 1.58%,3.15%,and 1.57%(2]
forthe e'e , e and *  channels,respectively.

The tt production crosssectionin pp collisionshasbeenmeasuredin dilepton nal statesusingthe datasetsprovided
by Run Il of the Tevatron [3]. The updated D measuremets preserted here are basedon data taken in the period
between between April 2002 and February 2006 which corresponds, after data quality selection,to a measuremen
luminosity [4] of 1.04fb 1, 1.05fb ! and 1.05fb ! inthee'e , e and *  channels,respectively.

Il. LEPTON AND JET IDENTIFICA TION

The D detector has a silicon microstrip tracker and a certral b er tracker located within a 2 Tesla(T) supercon-
ducting solenoidalmagnet[5]. Surrounding the tracker is a liquid-argon/uranium sampling calorimeter consisting of a
certral cryostat covering pseudo-rapidities( ) upto 1:1[6], and two end cryostats extending coverageto j j 4 [7].
A muon system[8] residesbeyond the calorimeter, and consistsof a layer of tracking chambersand scirtillation trigger
counters before 1:8 T toroidal magnets, followed by two more chamber layers. Luminosity is measuredusing plastic
scirtillator arrays located in front of the end cryostats. p

Electrons are identi ed as clusters of ernergy in calorimeter cells in a cone of size R 2+ 2= 04.
Electron candidates are required to have a large fraction of their energy deposited in the electromagnetic layers of
the calorimeter. The clusters are required to be isolated from hadronic energy deposition, to have a cluster-matched
chargedtrack in the certral tracking systemand to have a showver shape consistert with that of an electron. Before
the shower shape requiremert, electron candidatesare referedto as\lo oseelectrons". We useboth certral (j j < 1:1)
and forward (1:5< j j < 2:5) electron candidates. In addition, we require the electronsto be selectedby a likelihood
discriminant that combines information both from the certral tracking systemand from the calorimeter in order to
selectprompt electrons. Electrons that meet all of theserequiremerts are referred to as\tigh t electrons".

Muons begin as a track segmet in the inner muon layer which has been matched to segmei formed from hits in
the outer two muon layers. A track in the certral tracking system must also match the muon identi ed in the muon
system track, and the chi-squared of the overall track r ( 2) must be smaller than 4. To reject cosmic muons we
apply cuts on the time of arrival of the muon track at the dierent layers of scirtillators in the muon system. All
muons must be found within j j < 2:0. Muons supposedly originating from W (or Z) decay are identi ed using two
isolation criteria: (i) the energy deposited in the calorimeter in a hollow cone around the muon track direction is
smaller than 10% of the energy of the muon itself (this fraction is referedto as\calorimeter isolation"), and (ii) the
scalarsum of the momernta of the chargedtracks surrounding the muon track in the certral tracking systemis smaller
than 10% of the muon track pr (this fraction is refered to as \trac ker isolation"). In the e channel both the
calorimeter isolation and the tracker isolation criteria are relaxed to 15%. To select prompt muons we also require
that the distance of closestapproach of the muon track with respect to the primary vertex is smaller than 0.02cm
for a muon track with a hit in the silicon microstrip tracker and smaller than 0.2 cm for a muon track without a hit
in the silicon microstrip tracker.

Jets are reconstructedwith a xed coneof radius, R = 0:5[9] and must be recognizedas suc by the independert
calorimeter trigger readout. Jet energy calibration is applied to the jets [10]. The Et is equal in magnitude and
opposite in direction to the vector sum of the transverse energiesin all calorimeter cells for which the energy is
signi cantly above the noise. The transverse momerta of electrons and isolated muons, as well as the jet energy
calibration are taken into accourt in the calculation of Bt.

I1l.  EVENT SELECTIONS

We selectevents requiring that they passa dielectron trigger for the " e channel, an electron-plus-muon trigger
for the e channel or a single muon trigger for the * channel. O ine, we selectevents with at least two jets
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FIG. 1: (a) Distributions of betweenB+ and the leading muon 1; (b) the 2 computed from the t of the di-muon mass
to a Z-masshypothesisfor * + 2jet events. The data (points) are compared to the MC expectation; (¢) The color code
of the di eren t contributions for plots (a) and (b).

for the ete and *  channelsand at least one jet in the e channel. Each of the qualifying jets must have
transversemomertum p; > 20 GeV and j j < 2:5 [6]. We also require two charged leptons * with p; > 15 GeV.
Muons are acceptedif in the regionj j < 2:0, while electrons must be within j j < 1:1or 1.5< j j < 2.5. The two
leptons are required to be of opposite charge in all three channels. The large missing transverseenergy due to the
neutrinos in the tt events is a powerful discriminant against background processeswithout high pr neutrinos, such

asZ= ! " wherethe " is either an electron or a muon. In the e* e channel, we veto events with a dielectron
invariant massMge 15GeVor80 Mg 100GeV andrequireBtr > 35GeV (Bt > 40GeV) for M > 100GeV
(15 < Mg < 80 GeV). In the e channel we do not apply any cut on the Bt , while in the * channel, we

accept events with Bt > 35 GeV. The Bt cut is tightened when the azimuthal distance between the leading pr
muon ( 1) direction and the direction of the B+ ( By; 1) is large or small. Events with ( Br; 1) > 175 are
removed. Figure 1 (left) shaws the predicted and obsened ( Er; i) distribution in * + 2 jet events.

The nal selectionin the e channel requiresH! = p}l + ( p;) to be greater than 115GeV, where p}l denotes
the pr of the leading lepton. This cut e ectiv ely rejects the largest badkgrounds for this nal state, which arise from
zZ= ! * and diboson production. The e* e analysis usesa cut on sphericity S = 3( 1 + 2)=2 to be greater
than 0.15,where ; and ; arethe two leading eigervaluesof the normalized momertum tensor[11]. This requiremert
rejects events in which jets are producedin a planar geometry through gluon radiation that is typical of background

processes.
The nal selectionappliedinthe *  channelfurther rejectsthe Z= | *  badkground. We compute for each
* evert the 2ofat tothez! * hypothesis given the measuredmuon momerta and known resolution.

Figure 1 (middle) shows the predicted and obsened 2 distribution in * + 2 jet everts. Selectingevents with
2> 8is more e ectiv e than selectingon the dimuon invariant massfor this channel.

IV.  SIGNAL EFFICIENCY

In order to compute the acceptancesand e ciencies for the signal, we generate tt events at p§ = 1:96 TeV
using the alpgen [12] matrix elemen generator assuminga top massmy,, of 175GeV. These events are processed
through pythia [13] to simulate fragmertation, hadronization and decays of short-lived particles. evtgen [14]is
used to model the decays of b hadrons and TAUOLA [15] is usedto model decays. The two W's are made to
decay to two lepton-neutrino pairs, including all  nal states. These events are processedthrough a full detector
simulation using GEANT [16], which providestracking hits, calorimeter cell energyand muon hit information. Extra
pp interactions “noise' (from data gathered with no trigger bias) is overlayed on all MC events, with the amount
of activity determined by Poissonstatistics given the instantaneous luminosities typically obsened in the run. The
samereconstruction processis then applied to both data and Monte Carlo (MC) events to determine various cut
e ciencies.
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FIG. 2: Fake Bt rates observed in data ( + 2 jets) and MC (Z ! eein the massrange 60-130GeV) samples.

V. BA CKGROUND PR OCESSES

Sevweral badckground processegan ful ll the preselectioncriteria designedto selecttt. We distinguish two categories
of badkgrounds: \ph ysics" and \instrumen tal". Physicsbadkgrounds are processesn which the charged leptons arise
from electrowveakbosondecay andthe Bt originates from high pr neutrinos. This signaturearisesfromz= 1 *
where the leptons decay leptonically, and from WW=WZ (diboson) production. Instrumental badkgrounds are
de ned as everts in which (i) a jet or a lepton within a jet is misidentied as an isolated lepton (known as a “fake'
isolated lepton), or (i) the Bt originates from misreconstructedjet or lepton energiesor from noisein the calorimeter.

A. Physics backgrounds

The selection e ciencies for the physics badkgrounds Z= ! * I " Owith ;"% = eor are estimated
using Monte Carlo samplesgeneratedby alpgen and processedby pythia while for WW=WZ they are estimated
using pythia . The ZzZ= ! * and diboson+ 2 jets processesare generatedat leading order (LO) and are
scaledby the factor of the next-to-next-to-leading order (NNLO) inclusive crosssection divided by the LO inclusive
crosssections[17, 18]. The correction leadsto a crosssectionincreaseof 38%forthe Z= ! *  and of 40%for the
dibosonprediction. As the Z bosonpr is not properly describedin the alpgen simulation, we reweighted the Z-boson
pr distribution for dierent jet multiplicit y binsusingZ ! e*e data events. We consenatively quote the ratio of
the NNLO to LO diboson crosssectionsas the systematic uncertainty on the dibosonbadkground. The systematic
uncertainty on the Z=  contribution is estimated by varying the reweighting function within its uncertainties.

B. Fake missing Et in Z= | ee€;

Intheete and * channelsone primary badkground arisesfrom fake B+ in Z= | ee; events. Detector
resolutions can give rise to obsened E1 imbalancesin events which look like evidenceof neutrinos. A contribution
also arisesfrom multijet production where both the “lepton' and the B+ are the result of mismeasuremets rather
than signatures from real leptons and neutrinos. Once the jet, electron, muon and scalar E1 resolutions of the
Monte Carlo simulation have beenadjusted to match the measuredresolutionsin data, we obsere in both the e* e
and the * channelsthat the Monte Carlo Bt spectrum agreeswell with that of the data when selectinga pure
sampleof Z= | ee; evens in data.

In the e"e channel, we determine the probability that processeswithout real high pt neutrinos passthe Bt
selection by measuring the ratio of the number of events above and below certain Bt threshold in  + 2 jets
candidate events. This sampleis obsened to have the sameBt distribution asZ= | eeMonte Carlo. The fake
Er ratesobsenedin + 2 jets data and in MC are shown in Fig. 2. This probability is multiplied by the number of
data everts that fail the Bt selectionsbut passall other selectionsto get the number of fake missing Et badkground
everts in the nal selectedsample.
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FIG. 3: (a) Electron likelihood distribution for electronsin Z ! eedata evernts; (b) Misidenti ed electron likelihood distribution
from the background data; (c) After the nal selection cuts.

C. Misiden tied electron background

Misidenti ed electrons can arise from instrumental e ects. Jets comprised essetially of a leading °= and an
overlapping or conversion-produced track, for example, can mimic an isolated high-pr electron. In the e e and

e analysesthe amount of misidentied electron badkground is tted to the obsened distribution of electron
likelihood in the data. To this end we rst determine the shape of the electron likelihood for real electronsin a pure
Z= | e*e sample. The shape of the electron likelihood for the misiderti ed electron background is determined

using a sample dominated by misidenti ed electronsand selectedin the following way:

for the " e analysis, the event should contain a non-isolated EM cluster with bad track matching and poor
shower shape, and a looseelectron. The looseelectron was usedto study the electron likelihood shape;

for the e analysis, the muon is required to be anti-isolated (both calorimeter and tracker isolation greater
than 20%) and the event must have Bt < 15 GeV. The number of misidenti ed electronsin the selectede
sampleis obtained by performing an extended unbinned likelihood t to the obsened distribution of electron
likelihood in data. The likelihood is given by:

e (NetNmsa )

W
L = (neS(Xi) + Nmisia B(Xi)) N ;

i=1

where i is an index that runs over all selectedeverts, x; is the corresponding obsened value of the electron
likelihood, N is the total number of selectedevents, ne is the number of events with an isolated electron,
Nmisia 1S the number of everts with a misiderti ed electron, S is the signal probability distribution function
determined using real electrons, and B is the background probability distribution function derived from the
sampledominated by misiderti ed electrons. Figure 3 shows the shapesof the electron likelihood discriminant
distributions in the real electron and misidenti ed electron samples,and in the analysis data.

D. Fake isolated muon background

An isolated muon can be impersonatedby a muon in a jet when the jet is not reconstructed. We measurethe
fraction of muons (f ) that appear asisolated in a di-muon control sample dominated by fake isolated muons. To
suppressphysics processeswith real isolated muons the leading pr muon is required to fail the muon criteria. This
eciently cutsz= | * events but also cuts W ! events where a secondhigh pr muon might arise from
amuonin ajet. Inthe * channel, the number of evernts with a fake isolated muon cortributing to the nal



samplesampleis estimated using the "matrix method' [19] using two samples:the “tight' samplerequirestwo isolated
muons; the \lo ose" samplerequiresonly oneisolated muon. In the e channel the contribution from events where
both leptons are fake leptons is already accourted for when computing the misidenti ed electron badkground. The
remaining cortribution (from events with a real electron and a fake isolated muon) is computed from the number
of everts in a sample where the electron and the muon have the same sign and where there is no muon isolation
requiremen, times the previously measuredfraction f

VI. PREDICTION AND OBSER VATION

In Table 1 we summarize the predicted and obsened number of events. The prediction for Z=  badkground,
misidenti ed leptons, and diboson backgrounds are also provided. We obsene a total of 73 events after the nal
selectionswith an expectedbadkground of 23.5everts. Predicted and obseneddistributions for various event variables
are shown in Fig 4.

Category ee e ( 2jets)|le (1 jet)
integrated luminosity (pb *){|1036 1046 |1046 1046
Z= 24705 |2.774]3.670 55705
WW=WZ and other MC 0.4%:2 0.5 |1.49:8 3.4%%
Instrumental background 0.2%:2 10.4%5(1.8"%2 1.2%4
Total background 3.09%2 [3.6%z2]6.753 10.27 %
Signal e ciency (%) 8.3 % |5.17%212.4°% 3.1°%3
Exp ected signal 9.5"% |5.8%:2(28.6%; 7.1°%:8
Total Sig. + Bkg. 12552947 7135373 17.257
Selectedevents [[16 [9 [32 [[16

TABLE 1: Expected background and observed and expected signal event yields. The expected signal yield is derived assuming
it = 7 pb. The error on the ead yield is the quadratic sum of the statistical and systematic uncertainties. For the e e
(* )channel,the Z= ! ee(Zz= ! ) background, respectively, enters into the Z=  contribution.

VII. RESUL TS

The tt crosssectionin the individual dilepton channelsis extracted by minimizing a negative log-likelihood function
basedon the Poissonprobability of observinga number of events (Nj"bs) giventhe luminosity (L; ), branching fraction
(BR;), eciency (j) and a number of badkground everts (ijkg): logL( ,—;fNjObS; ijkg ;BRj;Lj;"j9), while the
combined crosssectionis measuredby minimizing the sum of the negative log-likelihood functions for ead individual
channel (see[20] for more details on the method).

The preliminary tt production crosssectionsat = s = 1:96 TeV in dilepton channelsfor the top quark massof 175
GeV are measuredto be:

ee : it = 9:6"%:2 (stat) "2 (syst)  0:6 (lumi) pb;

e it = 6:1"%3 (stat) "8 (syst)  0:4 (lumi) pb;

: it = 6:5"%9 (stat) "5 (syst)  0:4 (lumi) pb;

dilepton : 1t = 6:8747 (stat) "33 (syst)  0:4 (lumi) ph:

The measuredcrosssectionsare in good agreemei with the standard model prediction of 6:77 0:42pb [21]. Fig.5
shows the variation of the measuredcombined crosssection as a function of top quark mass.

The systematic uncertainty on the dilepton crosssection measuremet is obtained by varying the e ciencies and
badkground cortributions within their errors, taking all the correlations betweenthe channelsand betweenthe di erent
classesof badkground into accourt. The dominant systematic uncertainties are summarizedin Table 2. The following
main systematicshave beenstudied:
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FIG. 4: Observed and predicted distributions for various backgrounds and the signal after the nal selection cuts for the three
dilepton channels. From top to bottom and left to right: leading lepton pr; missing transverseenergy (MET or Bt); jet pr;
number of jets (the last bin is inclusive); sphericity; Hy (scalar sum of leading lepton and two jet pr).
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FIG. 5: Variation of the combined tt production crosssection as measuredin the dilepton channels (point) asa function of top
quark mass (blue line). Red line shows the theoretical prediction from [21].

Jet energy calibration: The measuredjet energiesin the calorimeter are corrected for the response of the
calorimeter, for jet shawering outside the jet reconstruction coneand for energyfrom underlying activity in the
evert [10]. The uncertainty on the jet energy calibration is propagatedto the predicted badkground yields and
to the e ciency for the tt signal.

Jet identication and resolution: Jet reconstruction e ciency and jet resolution are determined in data
and applied to Monte Carlo. Uncertainties related to the methods are propagated to signal and badkground
predictions.

Primary vertex identication: This uncertainty takesinto accourt the di erence obsened in vertex distri-
butions betweendata and Monte Carlo.

Lepton identication: The lepton identi cation e ciencies are measuredin the data using well understood
processes. They are studied in various detector regions and various jet environments. Residual deviations
from unity of the ratio of data to Monte Carlo e ciencies are used as systematic uncertainties. The electron
identi cation systematic uncertainty is mainly due to the dependencyon the number of jets and is consenativ ely
estimated to be around 5.5%.

Trigger eciency:  Trigger e ciencies are derived from the data. They have uncertainties due to limited
sample statistics. Various sourcesof bias are investigated, and the resulting variations in trigger e ciencies are
included as systematic errors.

Fake electron background in the e channel: In the electron channel the shape of the electron likelihood
discriminant is usedto t the number of fake electronsin the nal selectedsample. The shape itself is found to
be dependent on the electron pr and the detector occupancy (number of jets). The number of fake electron is
tted with the various shapesto extract this systematic uncertainty on the badkground.

MC background normalization: The ratio of the NNLO crosssectiondivided by the LO crosssectionwhich
was usedto scalethe pythia WW=WZ=ZZ Monte Carlo crosssectionsis taken as the systematic uncertainty
for the diboson badkground. The systematic uncertainty on the Z=  badkground normalization is estimated
varying the Z-bosonpr reweighting function.

Table 2 summarizesthe systematic uncertainties in the crosssection measuremets. The Monte Carlo and fake
badkgrounds statistical uncertainties are treated asuncorrelated betweenchannels. All other sourcesof systematic un-
certainties are treated ascorrelated betweenchannels. The jet energyscaleuncertainty dominatesthe total systematic
error.



Systematic Uncertainty Source (pb) ee e ( 1ljet)

Jet energy calibration +0.4 04| +0.3 0:3 |[+0.7 0:2|+0.3 0:3
Jet identi cation +0.1 0.0 +0.1 0:1 |(+0.1 0:3{+0.1 0:1
Primary vertex identi cation +0.3 0:3] +0.3 0:2 |+0.2 0:2|+0.3 0:2
Muon identi cation +0.2 02 (+0.5 0:4|+0.2 0:2
Electron identi cation +1.4 12| +0.5 04 +0.6 05
Trigger +1.0 0:8| +0.2 0:2 |+0.3 0:3|+0.2 0:2
Fake background +0.1 01| +0.3 0:3 |+0.3 0:3{+0.2 0:2
MC normalization +0.3 0:3| +0.3 0:3 |+0.4 0:4|+0.3 0:3
Other +0.5 04| +0.2 01 |(+0.4 0:4(+0.2 0:2
Total +1.9 1.6/ +0.8 0.7 |[+1.1 0:9|+0.9 08

TABLE 2: Summary of the systematic uncertainties on the tt ! " crosssection measuremers in pb.
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