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Abstract

We present a measurement of the top quark pajrgroduction cross section ipp collisions aty/s = 1.96 TeV using
events with two charged leptons in the final state. This analysis utilizes an integrated luminosity of 224=24®pzted
with the D@ detector at the Fermilab Tevatron Collider. We observe 13 events in"#e, ex and ™ channels with
an expected background of23t 0.7 events. For a top quark mass of 175 GeV, we measurependuction cross section of
o= 8.6fg:$(stab + 1.1(sysbh + 0.6(lumi) pb, consistent with the standard model prediction.

0 2005 Elsevier B.V. All rights reserved.

PACS 13.85.Lg; 13.85.Qk; 14.65.Ha

The top quark was discoverdd] in 1995 at the increased luminosity and higher collision energy of
Fermilab Tevatron Collider i p collisions at/s = /s =1.96 TeV at the Run Il of Tevatron permit sub-
1.8 TeV. Its observation completed the third quark stantially more accurate measurement,gin all final
weak isospin doublet suggested by the absence of fla-states.
vor changing neutral current interactidi2} and mea- In the U (2) x U (1) electroweak model with one
surement of thé quark weak isospiti3]. By virtue Higgs doublef6], each top quark of & pair is ex-
of its large massrg; = 1780+ 4.3 GeV [4]), the top pected to decay approximately 99.8% of the time
quark could decay into exotic particles, e.g., acharged to a W boson and ab quark [7]. Dilepton final
Higgs boson5]. Such decays would lead to a mea- states arise when botW bosons decay leptonically.
suredrz production cross sectiow ) apparently de-  These occur along with two energetic jets resulting
pendent on ther final state. It is therefore necessary from the hadronization of thé quarks and missing
to precisely measure,; in all decay channels and transverse energy¢) from the high transverse mo-
compare it with the standard model prediction. The mentum {7) neutrinos. In this Letter, we present a

measurement of,; with 224-243 pb' of pp col-

E-mail address: clement@fnal.goyC. Clément). lider data at\/s = 1.96 TeV collected with the up-
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andp T~ final states. The electrons and muons may
originate either directly from aV boson or indi-
rectly from aW — rv decay. The corresponding
branching fractiongB) are 1.58%, 3.16%, and 1.57%
[7] for the ete™, en, and u™u~ channels, respec-
tively.

The D@ detector has a silicon microstrip tracker
and a central fiber tracker located within a 2 T su-
perconducting solenoidal magr8i. The surrounding
liquid-argon/uranium calorimeter has a central cryo-
stat covering pseudo-rapiditi¢ up to 11,2 and two
end cryostats extending coverage|ig ~ 4 [9]. A
muon systenfil0] resides beyond the calorimetry, and

D@ Collaboration / Physics Letters B 626 (2005) 55-64

The electrons used in the analysis are defined as
clusters of calorimeter cells for which (a) the frac-
tion of energy deposited in the electromagnetic section
of the calorimeter has to be at least 90% of the to-
tal cluster energy, (b) the energy is concentrated in a
narrow cone and isolated from further calorimeter en-
ergy, (c) the shape of the shower is compatible with
that of an electron, (d) the electron matches a charged
track in the tracking system. In order to further re-
move backgrounds we use (e) a discriminant that se-
lects prompt isolated electrons based on the tracking
system and calorimeter informatidil]. Electrons
which fulfill criteria (a) to (e) are referred to as “tight”

consists of a layer of tracking detectors and scintilla- electrons. For background calculations we introduce
tion trigger counters before 1.8 T toroids, followed by “loose” electrons for which only (a) and (b) are re-
two similar layers after the toroids. Luminosity is mea- quired. The muons considered in the analysis are de-
sured using plastic scintillator arrays located in front fined as tracks reconstructed in the three layers of the
of the end cryostats. The trigger and data acquisition muon system, with a matching track in the tracking
systems are designed to accommodate the high lumi-system. The energy deposited in the calorimeter inside
nosities of Run Il. The data used in this analysis were a hollow cone around the muon must be less than 12%
collected by requiring two leptons 6r 1) in the hard- of the muonpr. To further remove background, the
ware trigger and one or two leptons in the software sum of the charged track momenta in a cone around
triggers[8]. the muon track has to be smaller than 12% of the muon
To extract therr signal, we select events with two  pr. Muons that fulfill all these criteria are referred to
high-pr isolated leptons, larg€r, and at least two  as “tight” muons. For background calculations, we in-
jets. We further improve the signal to background ratio troduce “loose” muons for which the isolation criteria
by selecting events with kinematics compatible with are relaxed.
tt events. To derive the cross section we determine  Jets are reconstructed with a fixed cone of radius
the overall efficiency (including trigger, geometrical, AR = 0.5° and must be confirmed by the indepen-
and event selection efficiencies) forand the number  dent calorimeter trigger readout. Jet energy calibration
of expected background events. We distinguish two is applied to the jet$13]. The £ is equal in mag-
categories of backgrounds: “physics” and “instrumen- nitude and opposite in direction to the vector sum of
tal”. Physics backgrounds are processes in which the all significant calorimeter cell transverse energies. It
charged leptons arise from electroweak boson decaysis corrected for the transverse momenta of all isolated

and thef 1 originates from highpr neutrinos. This
signature arises i /y* — "t~ where ther leptons
decay leptonically, andv W/ W Z (diboson) produc-

muons, as well as for the corrections to the electron
and jet energies.
Event selections for each channel are optimized to

tion. Instrumental backgrounds are defined as eventsminimize the expected statistical uncertainty on the

in which (a) a jet or a lepton within a jet fakes the iso-
lated lepton signature, or (b) ther originates from
misreconstructed jet or lepton energies or from noise
in the calorimeter.

2 Rapidity y and pseudo-rapidityy are defined as func-
tions of the polar angle9 and parameterg as y(6,p8) =
% In[(1+ BcosH)/(1— BcosH)]; n(@) =y, 1), whereg is the ra-
tio of a particle’s momentum to its energy.

cross section. We select events with at least two jets
with p% > 20 GeV andy| < 2.5 (see footnot&) and

two leptons WithpKT > 15 GeV. Muons are accepted
in the region|n| < 2.0, while electrons must be within
Inl <1.1 or L5< |n| < 2.5. The two leptons are re-

3 Jets are defined using the iterative seed-based cone algorithm

with AR = /(A$)2 + (An)2 = 0.5 (Whereg is the azimuthal an-
gle), including mid-points as described in Section 3.5 (p. 47)2F.
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quired to be of opposite signs in thge™ andu ™t~ and momentum smearings are applied to MC events to
channels. ensure the simulated samples provide an accurate de-
A cut on £7 is crucial to reduce the otherwise scription of the data. The jet reconstruction efficiency,
large Z/y* background. This background is partic- jet energy resolution ani; resolution in the MC are
ularly severe in thete™ and ™~ channels. Due  adjusted to their measured values in data.
to different resolutions in electron energies and muon  To calculate the expected number of events from
momenta, the optimization leads to different selec- physics backgrounds, we uge'y* — ™t~ and di-
tions in the three channels. In thge channel, we boson MC samples generated with PYTHIA and ALP-
requirefr > 25 GeV andA¢ (Fr, u) > 0.25, where GEN, respectively. Th& /y* — t+ ¢~ contribution is
A¢(E7, ) is the azimuthal angle between tifer normalized to the cross section measured by[R@.
and the muon. The latter gives additional rejection For the diboson processes, diboser jets events are
againstZ/y* — tt background in events with two  generated at leading order (LO) and are scaled by the
jets. In thee™e™ channel, we veto events with dielec- ratio of the next-to-leading order to LO inclusive cross
tron invariant mass 8& M,, < 100 GeV and require  sections derived for diboson inclusive productjaf].
Fr > 35 GeV {1 > 40 GeV) for M,, > 100 GeV Instrumental backgrounds are determined from the
(M., < 80 GeV). In thepu™u~ channel, we accept data. Fake electrons can arise from jets comprised es-
events withf 7 > 35 GeV. This cut is tightened at low  sentially of a leadingz®/n and an overlapping or
and high values oA¢ (E 7, u1) whereu denotes the  conversion-produced track. We estimate this back-

leading pr muon. Events withA¢ (F7, u1) > 175 ground by calculating the fractiof, of loose elec-

are removed. trons which appear as tight electrons in a control sam-
The final selection in thex channel require&l!. = ple dominated by fake electrons. In thgée™ channel

pf;l + Z(Pé) > 140 GeV, wherq;‘}l denotes ther the control sample consists of events that satisfied the

of the leading lepton. This cut effectively rejects the trigger and have two loose electrons. In the chan-
largest backgrounds for this final state which arise nel the events in the control sample must satisfy the
from Z/y* — t+t~ and diboson production. The trigger and have one tight muon and one loose elec-

ete™ analysis uses a cut on sphericify= 3(e1 + tron. Contributions from processes with real electrons
€2)/2 > 0.15, wheree; and e, are the two leading (W — ev andZ/y* — ete™) are suppressed by re-
eigenvalues of the normalized momentum terjd. quiring £7 < 10 GeV in bothe™e™ andey channels

This requirement rejects events in which jets are pro- and|M., — Mz| > 15 GeV in thee* e~ channel only.
duced in a planar geometry through gluon radiation. We also veto events in which both loose electrons have

The final selection applied in thet .~ channel fur- a matching track. We observe thAt measured in the
ther rejects the /y* — u* .~ background. We com- ete™ andeu control samples agree within statistical
pute for eachut .~ event they? of a fit to theZ — errors. The predicted number of events with a fake
e~ hypothesis given the measured muon momenta €léctron in the final sample is obtained by multiply-
and known resolutions. Selecting events wjith> 2 ing the number ok"e™ (en) events with one loose
is more effective than selecting on the dimuon invari- €lectron and one tight electron (muon) Jiy _
ant mass for this channel. An isolated muon can be mimicked by a muon in

Signal acceptances and efficiencies are derived @ jet when the jet is not reconstructed. We measure
from a combination of Monte Carlo simulation (MC) the fraction f,, of loose muons that satisfy the tight
and data. Top quark pair production is simulated us- Muon criteria in a control sample dominated by fake
ing ALPGEN([15] with m, = 175 GeV. PYTHIA[16] muons. In the.* ™ channel the control sample is de-
is used for fragmentation and dec@_ hadron and fined as events that have two loose muons. To suppress
7 lepton decays are modeled via EVTGEN] and physics processes with real isolated muons the leading
TAUOLA [18], respectively. A full detector simula- ~pr muon is required to fail the tight muon criteria.
tion using GEANT[19] is performed. Lepton trigger ~ This cuts efficientlyZ/y* — p*u~ events but also
and identification efficiencies as well as lepton mo- W — v events where a second-leading muon might
mentum resolutions are derived frofyy* — ¢T¢~ arise from a muon in a jet. The number of events with a

(¢ = e, ) data. These per-lepton normalization factors fake muon contributing to the final sample is estimated
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by counting the number of events with one tight muon Table 1

and a loose muon and multiplying it bf,. In theep Expected signal (assumingz+= 175 GeV ando,; = 7 pb) and

channel the contribution from events where both lep- Packground event yields far"e ", ey, andp™p~ channels. In-

tons are fake leptons is alreadyv accounted for by usin strumental backgrounds mcIuc;/éT and fake lepton backgrounds.
. _p . . y . y gTotal uncertainties are given

fe- The remaining contribution from events with a real

X X e +,— +,—
electron and a fake muon, is determined by combining "™ — or rE
f. and a fake ratg,, obtained on a control sample that 'ntegrated luminosity (pb™) 243 228 224
satisfies theu trigger. Physics backgrounds B+01 07402 02401
The processe¥/y* — e (€ = e, u), while Instrumental backgrounds 0+01 02+01 l.l‘fg:g
lacking high p7 neutrinos, might have a significant ~ Total background ©+01 09+£02 14404
amount of measurefi; due to limitedf 7 resolution. € x B (10793) 11791 32124 10401
In the eJ_fe‘ chanl_flel, this background is estimated by Eypected signal ﬁ%% 5,1jg:g 16402
measuring & r misreconstruction rate on data and ap- o 06
Total prediction B+03 617,¢ 29+06

plying it to the simulation. We observe that tife-
spectrum inete™ events with 80< M., < 100 GeV Observed S 8 0
agrees well with thgf 7 spectrum observed ip + 2
jets candidate events. We obtain tiig misrecon-
struction rate in data as the ratio of the numbey af2
jets events passing thr selection divided by the

Table 2
Summary of systematic uncertaintiesgn

i . . Aoy;
number failing the selection. ThE; misreconstruc- Source — %7 (Pb)
tion rate is also consistent witfy/y* — ete~ +2jets  Jetenergy calibration +08-07

. . . . L Jet identification +0.3-06
simulation. Thls rate is mu_ltlphed by the number of ;.01 identification 4+ 05-04
events that fail the¢ + selections but pass all other se-  Electron identification 403
lections. In theu™ .~ channel, the expected contribu-  Trigger +0.3-02
tionof Z/y* — utu~ backgroundin the final sample ~ Other +0.2-03
is derived from events simulated with ALPGEN. Good Total +11

agreement is observed between the data and the sim-

ulation in the variablegr and A¢ (£ 7, i11). This al- _ )
lows us to obtain the probability for&/y* — utu~ To compute the cross section, we calculate in each

event to pass thé; selection from the simulation. channel the probability to observe the number of

The sample is normalized to the number of observed €Vents seen in the data as a functiorsgfgiven the
Z/y* — utp~ events in the data with 7 M, < number of background events and the signal efficien-

110 GeV before thé selection. cies. The combined cross section is the valuerpf
The number of observed events and estimated that maximizes the product of the likelihoods in the
physics and instrumental backgrounds in the dilep- three channels. The resulting top quark pair produc-
ton + 2 jets sample, the integrated luminosities and tion €ross section ay/s = 1.96 TeV in dilepton final
the e x B for the t7 signal are given irTable 1for states is
each channel. We observe 5, 8 and 0 events in the =~ , 32 .
ete™, epw andput ™ channels, respectively. We esti- o7 =8.6757(sta & 1.1(sys + 0.6(lumi) pb
mate the probability to observe5, >8, and exactly 0  for m; = 175 GeV, within errors of the standard model
events in theete™, en, andu™ ™ channels as 22%, theoretical prediction of .87 + 0.42 pb[22] and in
43%, and 5%, respectively, using the measurednd agreement with the recent result in RgX3]. We find
taking into account systematic uncertainties. By gen- o,; also consistent with measurements carried out in
erating pseudo-experiments we estimate that 20% of different final state$11,24] The total systematic un-
the possible outcomes have lower likelihoods than that certainty is obtained by varying the background pre-
of our observation. The significance of the observed diction and signal efficiencies within their uncertain-
tt signal over the background is 3.8 standard devia- ties and taking into account correlations. The domi-
tions. nant systematic uncertainties are givertable 2 In
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Fig. 1. Predicted and observed (a) number of events with 0, 1 and 2 or more jets with all other selections apﬂ]@ed,r(dblc) leading lepton
pr in dilepton events after all selections. THgy* contribution includeg™e™, 7t~ — eu, andu™ ™~ final states. Thef prediction is
shown foro,; = 7 pb.
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