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N. Oshima,12 D. Owen,22 P. Padley,33 M. Pang,17 A. Para,12 C. H. Park,12 R. Partridge,4 M. Paterno,34 A. Peryshkin,12

M. Peters,14 B. Pi,22 H. Piekarz,13 D. Pizzuto,36 A. Pluquet,35 V. M. Podstavkov,31 B. G. Pope,22 H. B. Prosper,13
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We present new results on the search for the top quark inpp̄ collisions at
p

s ­ 1.8 TeV with an
integrated luminosity of13.5 6 1.6 pb–1. We have consideredtt̄ production in the standard model
using electron and muon dilepton decay channels (tt̄ ! em 1 jets, ee 1 jets, andmm 1 jets) and
single-lepton decay channels (tt̄ ! e 1 jets andm 1 jets) with and without tagging ofb quark jets.
From all channels we have nine events with an expected background of3.8 6 0.9. If we assume that
the excess is due tott̄ production, and assume a top mass of 180 GeVyc2, we obtain a cross section of
8.2 6 5.1 pb.

PACS numbers: 14.65.Ha, 13.85.Qk, 13.85.Rm
op

in-
pti-
nd
In the standard model (SM), the top quark is the we
isospin partner of theb quark. Precision electroweak
measurements indirectly constrain the SM top quark ma
to be178 6 11118

219 GeVyc2 [1]. The D0 Collaboration re-
cently published a lower limit on the mass of the to
quark of 131 GeVyc2, at a confidence level of 95% [2].
ak

ss

p

The CDF Collaboration has presented evidence for t
quark production of mass174 6 10113

212 GeVyc2 with a
cross section of13.916.1

24.8 pb [3]. The present analysis,
which is based on the same data sample as Ref. [2],
cludes three additional top quark decay channels, reo
mizes the event selection criteria for higher mass top, a
2423
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provides a background-subtracted estimate of the top p
duction cross section [4].

We assume that the top quark is pair produced and
cays according to the minimal SM (i.e.,tt̄ ! W1W2bb̄),
and subsequently theW decays into leptons (W ! ,n̄,
where , ­ e, m, or t) or quarks. We searched for the
following distinct decay channels: (a)tt̄ ! ,1,̄2n̄1n2bb̄,
the dilepton channels, with branching fractions 2y81 for
em 1 jets and 1y81 each foree 1 jets andmm 1 jets,
and (b) tt̄ ! ,n̄qq̄0bb̄, the single-lepton channels
e 1 jets andm 1 jets, each with a branching reaction o
12y81. The latter were further subdivided intob-tagged
and untagged channels according to whether or no
soft muon was observed. We denote the soft-m-tagged
channels bye 1 jetsym andm 1 jetsym. The probability
that at least one of the twob quarks in att̄ event will
decay to a muon, either directly or through a casca
sb ! c ! md, is approximately 40% [5].

The D0 detector and data collection systems are
scribed in Ref. [6]. The basic elements of the trigger a
reconstruction algorithms for jets, electrons, muons, a
neutrinos are given in Ref. [2].

Muons were detected and momentum analyzed us
an iron toroid spectrometer outside of a uranium-liqu
argon calorimeter and a nonmagnetic central tracking s
tem inside the calorimeter. Muons were identified b
their ability to penetrate the calorimeter and the spe
trometer magnet yoke. Two distinct types of muon
were defined. “High-pT ” muons, which are predomi-
nantly from gauge boson decay, were required to be i
lated from jet axes by distanceDR . 0.5 in h-f space
[h ­ pseudorapidity­ tanh21scosud; u, f ­ polar, az-
imuthal angle], and to have transverse momentumpT .

12 GeVyc. “Soft” muons, which are primarily fromb, c,
or pyK decay, were required to be within distanceDR ,

0.5 of any jet axis or, alternatively, to have apT less than
the minimum of a high-pT muon. The minimumpT for
soft muons was 4 GeVyc and the maximumh for both
kinds of muons was 1.7.

Electrons were identified by their longitudinal an
transverse shower profile in the calorimeter, and we
required to have a matching track in the central tracki
chambers. The background from photon conversions w
reduced relative to that in Ref. [2] by the imposition o
an ionization sdEydxd criterion on the chamber track
Electrons were required to havejhj , 2.5 and transverse
energyET . 15 GeV.

Jets were reconstructed using a cone algorithm of rad
R ­ 0.5 with a minimumET of 8 GeV. The minimum
ET for jets to be included in the top analysis was either
or 20 GeV (see Table I).

The presence of neutrinos in the final state was inferr
from missing transverse energysEyT d. The calorimeter-
only EyT sEy cal

T d was determined from energy depositio
in the calorimeter for jhj , 4.5. The total EyT was
determined by correctingEy cal

T for the measuredpT of
detected muons.
2424
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TABLE I. Selection criteria for the seven top channels.

em 1 jets $1 electron (ET . 15 GeV, jhj , 2.5)
$1 high-pT muon (pT . 12 GeVyc, jhj , 1.7)
DRse, md . 0.25
$2 jets (ET . 15 GeV, jhj , 2.5)
Ey cal

T . 20 GeV, EyT . 10 GeV

ee 1 jets $2 electronssET . 20 GeV, jhj , 2.5d
$2 jets sET . 15 GeV, jhj , 2.5d
Ey cal

T . 25 GeV
Ey cal

T . 40 GeV if jmee 2 mZ j , 12 GeV

mm 1 jets $2 high-pT muonss pT . 15 GeVyc, jhj , 1.1d
$2 jets sET . 15 GeV, jhj , 2.5d
mmm . 10 GeVyc2

Dfmm , 140± if EyT , 40 GeV
DfsEy cal

T , pmm

T
d . 30±

e 1 jets 1 electronsET . 20 GeV, jhj , 2.0d
No soft muons
$4 jets sET . 15 GeV, jhj , 2.0d
Ey cal

T . 25 GeV
A . 0.05, HT . 140 GeV

m 1 jets 1 high-pT muon s pT . 15 GeVyc, jhj , 1.7d
No soft muons
$4 jets sET . 15 GeV, jhj , 2.0d
Ey cal

T . 20 GeV, EyT . 20 GeV
A . 0.05, HT . 140 GeV

e 1 jetsym 1 electronsET . 20 GeV, jhj , 2.0d
$1 soft muonspT . 4 GeVyc, jhj , 1.7d
$3 jets sET . 20 GeV, jhj , 2.0d
Ey cal

T . 20 GeV
Ey cal

T . 35 GeV if DfsEy cal
T , md , 25±

m 1 jetsym 1 high-pT muon s pT . 15 GeVyc, jhj , 1.7d
$1 soft muons pT . 4 GeVyc, jhj , 1.7d
$3 jets sET . 20 GeV, jhj , 2.0d
Ey cal

T . 20 GeV, EyT . 20 GeV
For highestpT muon:DfsEyT , md , 170±

and jDfsEyT , md 2 90±jy90± , EyT ys45 GeVd

The acceptance fortt̄ events was calculated for severa
top masses using theISAJET event generator [7] and a
detector simulation based on theGEANT program [8].

Physics backgrounds (those having the same final st
particles as the signal) were estimated by Monte Car
simulation or from a combination of Monte Carlo and
data. The instrumental background from jets misidentifie
as electrons was estimated entirely from data usi
the measured jet misidentification probability (typically
2 3 1024). Other backgrounds for muons (e.g., hadron
punchthrough and cosmic rays) were found to be neg
gible for the signatures in question.

The signature for dilepton channels was defined
having two high-pT isolated leptons, two jets, and large
EyT . The selection criteria are summarized in Table I.

Physics backgrounds to the dilepton channels ste
mainly from Z and continuum Drell-Yan production
(Z, gp ! ee, mm, andtt), vector boson pairssWW , WZd,
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n
unds,
TABLE II. Efficiency 3 branching fractions´ 3 Bd and the expected number of eventsskNld in the seven channels, based o
the central theoreticaltt̄ production cross section of Ref. [12], for four top masses. Also given are the expected backgro
integrated luminosity, and the number of observed events in each channel.

mtsGeVyc2d em 1 jets ee 1 jets mm 1 jets e 1 jets m 1 jets e 1 jetsym m 1 jetsym All

´ 3 B s%d 0.31 6 0.04 0.18 6 0.02 0.15 6 0.02 1.1 6 0.3 0.8 6 0.2 0.6 6 0.2 0.4 6 0.1
140 kNl 0.71 6 0.12 0.41 6 0.07 0.25 6 0.04 2.5 6 0.7 1.3 6 0.4 1.4 6 0.5 0.7 6 0.2 7.2 6 1.3
´ 3 B s%d 0.36 6 0.05 0.20 6 0.03 0.15 6 0.02 1.5 6 0.4 1.1 6 0.3 0.9 6 0.2 0.5 6 0.1
160 kNl 0.40 6 0.07 0.22 6 0.04 0.12 6 0.02 1.7 6 0.5 0.9 6 0.3 1.0 6 0.3 0.4 6 0.1 4.7 6 0.8
´ 3 B s%d 0.39 6 0.05 0.21 6 0.03 0.14 6 0.02 1.6 6 0.4 1.1 6 0.3 1.1 6 0.2 0.7 6 0.1
180 kNl 0.22 6 0.04 0.12 6 0.02 0.06 6 0.01 0.9 6 0.3 0.5 6 0.1 0.6 6 0.1 0.3 6 0.1 2.7 6 0.4
´ 3 B s%d 0.40 6 0.05 0.30 6 0.04 0.14 6 0.02 1.8 6 0.4 1.3 6 0.3 1.4 6 0.1 0.8 6 0.2
200 kNl 0.12 6 0.02 0.09 6 0.02 0.03 6 0.01 0.5 6 0.1 0.3 6 0.1 0.4 6 0.1 0.2 6 0.1 1.7 6 0.3

Background 0.27 6 0.06 0.16 6 0.07 0.33 6 0.06 1.3 6 0.7 0.7 6 0.5 0.6 6 0.2 0.4 6 0.1 3.8 6 0.9R
Ldt spb21d 13.5 6 1.6 13.5 6 1.6 9.8 6 1.2 13.5 6 1.6 9.8 6 1.2 13.5 6 1.6 9.8 6 1.2

Data 1 0 0 2 2 2 2 9
t.

op,
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s)

s),
and heavy flavor (bb̄ and cc̄) jet production. The
em 1 jets andee 1 jets channels have additional back
grounds from jets misidentified as electrons. The bac
ground estimates obtained with the new selection crite
are more than a factor of 2 lower than those of Ref. [2
whereas the acceptance for thett̄ signal in the high mass
region (mt . 130 GeVyc2) is similar. Table II shows the
acceptances and the expected number oftt̄ events for four
values of the top mass, the total expected background, a
the number of observed events. Theem event that passes
all selections was discussed in Ref. [2].

The signature of the single-lepton channels was defin
as having one high-pT lepton, largeEyT , and a minimum of
three jets (with softm tag) or four jets (without tag). For
the untagged channels, additional background rejecti
was achieved through event shape criteria based on
aplanarity of the jets in the laboratory frame,A [9],
and on the scalar sum of theET ’s of the jets, which we
call HT . The criteria used for selecting the single-lepto
channels are shown in Table I. Only the jets that pass
the criteria of Table I were used in calculatingA andHT .

The main backgrounds to the single-leptontt̄ channels
were from W 1 jets, Z 1 jets (for m 1 jetsym, and
multijet events where one jet was misidentified as a
isolated lepton. The latter do not normally have largeEyT .
We estimated the multijet background directly from dat
based on the joint probability of multijet events havin
largeEyT and a jet being misidentified as a lepton.

Figure 1 shows the number ofZ- and multijet-
background-subtractedW 1 jets events, for electrons
and muons combined, as a function of the minimum j
multiplicity, with and without softm tag. TheEyT and
jet ET criteria were those of Table I for the untagged an
tagged analyses respectively. Also shown is a predicti
of the number of soft-m-taggedW 1 jets events derived
from the number of untagged events folded with taggin
rates obtained from multijet data. The multijet taggin
probability was observed to increase linearly with th
number of jets, being approximately 1.5% per event fo
events with three or more jets, and 2.0% per event f
-
k-
ria
],

nd

ed

on
the

n
ed

n

a,
g

et

d
on

g
g
e
r

or

events with four or more jets. In contrast, the soft-m-
tagging probability for top quark events is calculated
by Monte Carlo simulation to be about 20% per even
An admixture of a top signal inW 1 jets events could
appear in high jet multiplicities (three or four jets) as
excess untagged or tagged events. In the absence of t
the number ofW 1 jets events is expected to decreas
exponentially as a function of the jet multiplicity [10].
The observed number of tagged events is higher than t
number expected from background, but the significanc
of the excess is low.

The untagged single-lepton analysis made use of t
distribution of events in theA-HT plane. Figure 2
shows scatter plots ofA vs HT for (a) expected mul-
tijet background, (b) expectedW 1 4 jet background,
(c) 180 GeVyc2 top, and (d) the observed distribution
for untagged lepton1 4 jet events. The multijet back-
ground was calculated from data by the method describ
above. The points in Fig. 2(a) are data points with
loosened electron requirement, excluding real electron
The prediction for the untaggedW 1 4 jet background
[Fig. 2(b)] was calculated using theVECBOS Monte Carlo

FIG. 1. The observed number of untagged (solid square
and soft-m-tagged (solid circles)W 1 jets events, afterZ and
multijet background subtraction, and the number of soft-m-
tagged events expected in the absence of top (open circle
as a function of the minimum number of jets.
2425
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FIG. 2. A vs HT for single-lepton events for (a) multijet
background from data (effective luminosity­ 60 3 data lumi-
nosity), (b) background fromW 1 4 jet VECBOS Monte Carlo
simulations580 pb21d, (c) 180 GeVyc2 top ISAJET Monte Carlo
simulation (2200 pb–1), and (d) data (13.5 pb–1). The dotted
lines represent the event shape cuts used in the analysis.

program [11]. The absolute normalization of the latter
not well known due to theoretical uncertainties. We no
malized theW background directly from the data by two
independent methods. The first method was exponen
extrapolation from one and two jets to four jets. The se
ond method was to fit the observed distribution of even
in the entireA-HT plane [Fig. 2(d)] to a linear combi-
nation of signal and background [Figs. 2(a)–2(c)]. Th
backgrounds and errors determined by the two metho
agree (1.9 6 0.7 vs 2.1 6 0.8). Our final background es-
timate is the average of the two methods.

Table II summarizes the results for all seven channe
Adding all seven channels together, there are nine o
served events with an expected background of3.8 6 0.9
events. In the absence of top, we calculate the prob
bility of an upward fluctuation of the background to nine
or more events to be 2.7%.

If we assume that the observed excess is due tott̄ pro-
duction, we can calculate the top cross section accord
to the equationstt̄ ­

P7
i­1sNi 2 Bidy

P7
i­1 ´iBiLi , where

Ni is the number of observed events for decay chann
i, Bi is the expected background,´i is the detection ef-
ficiency for a particular top mass,Bi is the branching
fraction, andLi is the integrated luminosity. The results
are plotted in Fig. 3. For the 180 GeVyc2 (160 GeVyc2)
top mass hypothesis, the top production cross section
8.2 6 5.1 pb (9.2 6 5.7 pb). This cross section is con-
sistent with theoretical expectations for the SM top qua
[12]. Our measurement, although consistent with the CD
result [3] and of comparable sensitivity, does not demo
strate the existence of the top quark.
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