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I present a comprehensive search for electroweak production of single top quarks in Run II at
the Fermilab Tevatron at

√
s =1.96TeV. Using 230 pb−1 of data collected with the DØ experiment,

searches for s-channel and t-channel single top quark production have been carried out in the
electron+jets and muon+jets decay channels using secondary-vertex b-quark tagging to select signal-
like events. A binned likelihood has been constructed from the outputs of neural networks in order
to maximize the sensitivity to single top quark production. No evidence for a single top quark signal
is found. However, the 95% con�dence level upper limits on the production cross section of 6.4 pb
in the s-channel and 5.0 pb in the t-channel are improvements over previous limits by a factor of
two and are approaching the cross section region predicted by the standard model.

INTRODUCTION

The top quark is by far the heaviest and most elu-
sive fermion in the standard model (SM). Its large mass,
and coupling strength to the Higgs boson of order unity,
suggests a connection between the top quark and the
physics of electroweak symmetry breaking (the origin of
mass). In particular, the electroweak interaction of the
top quark with the W boson is the key to predicting the
Higgs boson mass within the SM. However, very little
is currently known experimentally about the electroweak
interaction of the top quark or the Wtb vertex. Signif-
icant advances in our understanding of the Wtb vertex
can be made in the near future by studying the elec-
troweak production of single top quarks at the Tevatron.
In fact, observing and studying this interaction is one of
the most important subjects for the Fermilab Tevatron
proton-antiproton collider in Run II. Moreover, even be-
fore the observation of electroweak single top quark pro-
duction, setting su�ciently tight limits on the production
cross section will serve to constrain several extensions to
the SM that would enhance the single top quark produc-
tion cross section. The analysis described here is the �rst
to be able to do this in a meaningful way. The advanced
analysis methods employed here also set the stage for
future searches on larger datasets.

The top quark was discovered by the CDF and DØ
collaborations [1, 2] in 1995 at the Fermilab Tevatron
proton-antiproton colliders as top-antitop pairs. The SM
predicts that the top quark is also produced singly at
hadron colliders through the electroweak charged current
interaction, but this production process has not yet been
observed. A measurement of the single top quark pro-
duction cross section will provide the �rst direct mea-
surement of the CKM matrix element Vtb because the
production cross section is proportional to |Vtb|2. By
contrast, all of the existing constraints on Vtb have been
derived indirectly, assuming three quark generations and
unitarity of the CKM matrix. Once single top quark pro-
duction has been observed, a study of spin correlations
in single top quark production can be used to test the

V − A structure of the top quark charged-current weak
interaction. The single top quark �nal state is also pre-
dicted by several di�erent models of new physics, and
studying single top quark production is a sensitive probe
to new physics [3], making it possible to rule out many
models of new physics even before reaching sensitivity
to the standard model cross section. It is also a signi�-
cant background to SM Higgs searches at the Tevatron in
the associated production process qq̄′ → WH with decay
H → bb̄ [4�6] and other new physics searches [7].

Shown in Fig. 1 are the s-channel decay of a virtual
W boson, leading to the �nal state of a top quark and
a bottom quark (tb̄), and the t-channel exchange of a
virtual W between a light quark and a bottom quark,
leading to a �nal state of a top quark and a light quark
(tq). Single top quarks are also produced in association
with a W boson (tW−), but with a cross section too small
to be observed at the Tevatron.

Of the single top quark production processes, the one
with the largest production cross section at the Tevatron
at
√

s = 1.96 TeV is due to the t-channel exchange, for
which calculations at next-to-leading order (NLO) in the
strong coupling constant (αs) yield a production cross
section of 1.98pb [8, 9]. The next largest cross section is
from the s-channel, for which NLO calculations predict
a cross section of 0.88pb [8, 9].

In Run I at the Tevatron, searches for single top quark
production were performed by both CDF [10] and DØ
[11]. At the 95% con�dence level, the CDF limit on the
s-channel production cross section is 18 pb and that of
DØ is 17 pb. At the same con�dence level, the CDF
limit on the t-channel production cross section is 13 pb
and that of DØ is 22 pb. Recent searches for single top
quark production in Run II at the Tevatron have yielded
limits from CDF of 13.6 pb in the s-channel and 10.1 pb
in the t-channel [12].

This paper presents a �rst comprehensive search for
single top quark production at DØ, optimized separately
for the s-channel and the t-channel. It is organized as
follows: First, an analysis of the s-channel and t-channel
single top quark processes at the parton level at NLO
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Figure 1: Feynman diagrams for single top quark production
and decay for the s-channel (a) and the t-channel (b). The b̄
quark from initial state radiation in the t-channel is included
in the diagram (b).

is presented. Second, the DØ detector and the single
top quark event selection are described. That is followed
by an overview of the variables discriminating signal and
background and their combination in neural networks. A
description of the statistical analysis of the neural net-
work outputs is then followed by a summary of the result.

PARTON LEVEL STUDY

This section discusses the �nal state signature of single
top quark interactions at the parton level. The s-channel
�nal state (Fig. 1 (a)) consists of the lepton and neutrino
from the W boson arising from the top quark decay, the
b quark from the top quark decay, and the b̄ quark pro-
duced together with the top quark. The t-channel �nal
state (Fig. 1 (b)) consists of the same top quark decay
products (lepton, neutrino, b quark) and a light quark
produced with the top quark. Furthermore, since the t-
channel has an initial state b quark, there is also a b̄ quark
produced from initial state radiation, although this quark
typically appears at low transverse momentum and high
pseudo-rapidity.

Calculations have been performed at next-to-leading
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Figure 2: Transverse energy (a) and pseudo-rapidity (b) dis-
tribution of �nal state jets at NLO for the s-channel, after
selection cuts.

order in the strong coupling constant αs[8, 9, 13] that
include the corrections to the top quark decay as well as
preserve spin correlations[14�16]. Figures 2 and 3 show
the transverse energy (ET ) and pseudo-rapidity (η

∗) dis-
tributions of the �nal state jets, for both the s-channel
and the t-channel. The events in these histograms have
passed selection cuts similar to those used in the exper-
imental analysis below: exactly one lepton with ET >
15 GeV, missing transverse energy 6ET > 15 GeV, and at
least two jets with ET > 15 GeV. Only events in which
a t quark (not t̄) is produced are included in the plots,
and only the electron decay mode of the W boson.

It can be seen from Fig. 2 that the s-channel �nal state
jets all appear in the central pseudo-rapidity region, and
that all, except for the gluon jet, are at high transverse
energy. This gluon jet is not present at tree level but
only in the O(αs) correction with real emission. About
a third of the events in the s-channel contain such a jet

∗ Pseudo-rapidity is de�ned as η = − ln(tan θ
2
), where θ is the

polar angle with origin at the primary vertex.
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Figure 3: Transverse energy (a) and pseudo-rapidity (b) dis-
tribution of �nal state jets at NLO for the t-channel, after
selection cuts.

for the given set of cuts.

Figure 3 shows the same kinematic distributions for
the t-channel process. Again, the b quark jet from the
top quark decay appears at central rapidities and high
ET . The light quark jet, produced with the top quark, is
also at high ET , but it appears at more forward pseudo-
rapidities, roughly following the initial state light quark.
The additional radiation in the t-channel consists either
of a gluon jet radiated o� the b or light quark, or of a
b̄ quark jet from initial state gluon splitting into a bb̄
quark pair, as shown in Fig. 1 (b). This additional ra-
diation is at low ET and spreads out to higher pseudo-
rapidities than the top quark decay products. About 40%
of the t-channel events contain such an additional jet for
the given set of cuts.

Figures 2 and 3 show that in order to maximize the
acceptance for single top quark events, the ET and η
cuts on the jets have to be kept as loose as possible. They
also show, however, that at these low ET thresholds, the
O(αs) correction have a large impact on single top quark
events and in particular, not only 2-jet events, but also
3-jet events should be included in the analysis.

DØ DETECTOR

The DØ detector has a central-tracking system, con-
sisting of a silicon microstrip tracker (SMT) and a central
�ber tracker (CFT), both located within a 2 T supercon-
ducting solenoidal magnet [17], with designs optimized
for tracking and vertexing at pseudo-rapidities |η| < 3
and |η| < 2.5, respectively. A liquid-argon/uranium
calorimeter has a central section (CC) covering pseudo-
rapidities |η| up to ≈ 1.1, and two end calorimeters (EC)
that extend coverage to |η| ≈ 4.2, with all three housed
in separate cryostats [18]. An outer muon system, at
|η| < 2, consists of a layer of tracking detectors and scin-
tillation trigger counters in front of 1.8 T toroids, fol-
lowed by two similar layers after the toroids. Luminos-
ity is measured using plastic scintillator arrays placed in
front of the EC cryostats. Trigger and data acquisition
systems are designed to accommodate the high luminosi-
ties of Run II. Based on preliminary information from
tracking, calorimetry, and muon systems, the output of
the �rst level of the trigger is used to limit the rate for
accepted events to ≈ 2 kHz. At the next trigger stage,
with more re�ned information, the rate is reduced fur-
ther to ≈ 1 kHz. These �rst two levels of triggering rely
mainly on hardware and �rmware, with the second level
also employing software algorithms for event reconstruc-
tion and trigger decisions. The third and �nal level of
the trigger, with access to all the event information, uses
software algorithms and a computing farm, and reduces
the output rate to ≈ 50 Hz, which is written to tape.

SINGLE TOP QUARK EVENT SELECTION

The search for single top quark production is per-
formed using a dataset of 230pb−1 collected with the
DØ detector. Signal-like events are selected containing
a high-ET lepton, 6ET , and at least two jets. The anal-
ysis is separated by W boson decay mode into the elec-
tron channel and the muon channel, and by b-quark tag
multiplicity into single-tagged and double-tagged events,
resulting in four independent analysis datasets each for
the s-channel and t-channel searches.

Event Selection at the Trigger Level

At the trigger level, electron channel events are se-
lected by requiring at least one electromagnetic (EM)
object and at least one jet object at each trigger level.
Muon channel events are selected by requiring at least
one muon object and at least one jet at each trigger level.
Details about the trigger conditions at each trigger level
are shown in Table I.
The e�ciency for single top quark events to pass these

trigger conditions is identical for the s-channel and the t-
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Table I: Trigger selection for the �rst part of the data taking
period. No ET cut is applied on the muon, but the muon
trigger has an implicit reconstruction threshold of ET > 3GeV
because muons have to traverse the muon detector in order
to �re the trigger. The trigger conditions and thresholds were
adjusted slightly for the second part of the data taking period.

Electron channel Muon channel
L1 EM/Muon ≥ 1 EM objects,

ET > 10GeV
≥ 1 muon object

Jet ≥ 1 jet objects,
ET > 10GeV

≥ 1 jet objects,
ET > 5GeV

L2 EM/Muon ≥ 1 EM objects,
ET > 10GeV

≥ 1 muon object

Jet ≥ 1 jet objects,
ET > 10GeV

-

L3 EM/Muon ≥ 1 EM objects,
ET > 15GeV

-

Jet ≥ 1 jet objects,
ET > 15GeV

≥ 1 jet objects,
ET > 20GeV

channel, about 85% for electron events and 89% for muon
events.

Event Selection

In order to maximize the acceptance for single top
quark events, the following cuts are made to select events
containing a W boson and jets. In the electron chan-
nel, exactly one isolated electron is required with ET >
15 GeV and |η| < 1.1. In the muon channel, events
are selected by requiring exactly one isolated muon with
pT > 15 GeV and |η| < 2.0. Leptons are required to
be isolated from jets by a distance of R > 0.5, where
R =

√
(∆η)2 + (∆φ)2, ∆η is the pseudo-rapidity di�er-

ence and ∆φ the azimuthal angle di�erence between the
two objects . For both channels, events are also required
to have 6ET > 15 GeV. Following the parton-level anal-
ysis presented above, events must have from two to four
jets with the leading jet ET > 25 GeV and |η| < 2.5, and
all other jets having ET > 15 GeV and |η| < 3.4. Jets
are de�ned using a cone algorithm with radius R = 0.5.
Mis-reconstructed events are rejected if they have low 6ET

and the 6ET vector is aligned or anti-aligned in azimuth
with the lepton or the jets.

The fraction of signal-like events is further enhanced
through the selection of b-quark jets that are identi�ed by
reconstructing displaced vertices of long-lived particles
inside the jet [19]. At least one jet is required to be b-
tagged in this fashion in each event In addition, at least
one non-b-tagged jet is required in each event for the t-
channel search.

These requirements (excluding b-tagging) select about
23% of the s-channel events and about 22% of the t-

Table II: Estimates for signal and background yields and the
number of observed events in data passing the selection cuts
for the electron and muon channels combined, requiring at
least one b-tagged jet. The W+jets row also includes di-boson
events. The total background for the s-channel (t-channel)
search includes the background from t-channel (s-channel)
production.

s-channel search t-channel search
s-channel 5.5
t-channel 8.5
W+jets 169 164
tt̄ 78 76
multijet 31 31
Total background 287± 44 276± 41
Observed events 283 271

channel events (averaged over electrons and muons). The
probability to �nd at least one b-tagged jet is 54% for the
s-channel and 38% for the t-channel. The e�ciency in the
s-channel is higher than in the t-channel because of the
presence of two high-ET b-quark jets in the former. These
acceptances are estimates from Monte Carlo simulated
events based on the CompHEP generator [20].

Event Yields

There are several background processes that mimic the
single top quark event signature. The dominant back-
ground that is hardest to beat down is from W boson
production in association with jets. The second largest
background contribution comes from tt̄ production, both
in the lepton+jets and di-lepton decay modes. Smaller
backgrounds are from QCD multijet production where
one of the jets is mis-identi�ed as an isolated lepton,
and from di-boson events (WW and WZ). The shapes
of the W+jets, tt̄, and di-boson backgrounds are esti-
mated from Monte Carlo simulation, while the shape of
the multijet background is estimated from a data sam-
ple enriched in multijet events. The numbers of expected
W+jets and multijet events are normalized to the data
sample before requiring a b-tag, and the tt̄ and di-boson
samples are normalized to theoretically predicted yield.
The fraction of W+jets events containing heavy �avor
jets (Wbb/Wjj) is normalized to the NLO value, calcu-
lated with the MCFM program [21].

The event yields in each search after the selection cuts
for the signals and the various backgrounds are listed
in Table II. Though we expect there to be some single
top events left after selection cuts, they are buried by
the huge backgrounds. The signal:background ratio is
1:52 in the s-channel search and 1:32 in the t-channel
search, making an extraction of the signal out of the large
backgrounds a daunting task.
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Table III: Dominant contributions to the systematic uncer-
tainty on the acceptance and normalization of the signal and
background samples for each b-tag multiplicity.

Source single-tagged double-tagged
Acceptance

b-tag modeling 10% 20%
jet energy scale 8% 15%
jet identi�cation 5% 10%
trigger modeling 6% 6%
jet fragmentation 5% 5%
lepton identi�cation 4% 4%

Normalization
Theory cross sections 18% 18%
W+jets �avor composition 5% 15%

luminosity 6.5% 6.5%

The most important sources of systematic uncertainty
on the signal acceptance and background normalization
are listed in Table III. The systematic uncertainty on
the shapes of the distributions is also taken into account.
We include contributions from b-tag modeling, jet energy
scale, jet identi�cation, and trigger modeling. Systematic
uncertainties are evaluated for the Monte Carlo signal
and background samples, separately for the electron and
muon channels and for each b-tag multiplicity. The to-
tal uncertainty on the signal acceptance for single-tagged
events is 13% for the s-channel and 15% for the t-channel,
and for double-tagged events it is 24% for the s-channel
and 28% for the t-channel. The total uncertainty on the
background yield is 10% for the single-tagged samples
and 26% for the double-tagged samples.
We can calculate production cross section limits after

event selection to get an idea of the sensitivity of the
analysis at this stage. Including all systematic uncer-
tainties and their correlations, the corresponding limits
on the production cross section at the 95% con�dence
level (C.L.) are 13.0 pb in the s-channel and 13.6 pb in
the t-channel. It is clear that in order to improve on these
limits, we will have to go beyond event counting and need
to take advantage of kinematic variables to separate the
signals from the backgrounds.

DISCRIMINATING VARIABLES

Further steps beyond event selection are required to ex-
tract the single top quark signals from the overwhelming
backgrounds. In this section, we present important kine-
matic variables that allow us to separate the s-channel
and t-channel signals from the backgrounds.
The detailed study of single top quark production at

NLO [15, 16], together with an analysis of Feynman dia-
grams of signals and backgrounds [22], forms the basis for
the list of discriminating variables used in this analysis.
To maximize the signal-background separation, proper-
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Figure 4: Comparison of signal, background, and data for
the electron and muon channels combined, requiring at least
one tag, for two important object kinematic variables. Shown
are (a) the transverse momentum of the leading untagged jet,
and (b) the transverse momentum of the leading non-best jet.
Signals are multiplied by ten for readability.

ties of the �nal state top quark can be exploited, such
as the large top quark mass, kinematic distributions of
the top quark decay products, or top quark spin correla-
tions. In order to do so, it is important to identify the
decay products of the top quark in each event with high
e�ciency. In this analysis, the W boson is reconstructed
from the isolated lepton and the missing transverse en-
ergy. The z-component of the neutrino momentum (pν

z)
is calculated using a W boson mass constraint, choosing
the solution with smaller |pν

z | from the two possible so-
lutions. The assignment of �nal state jets to either the
b quark from the top quark decay and the other quark is
done di�erently for the s-channel and t-channel because
of the di�erent �nal state objects. In the s-channel anal-
ysis, the �nal state contains two high-ET b quarks, and
only one of them is typically identi�ed through b-tagging.
Thus, b-tagging information is not used in the s-channel
to identify the b quark from the top quark decay. The top
quark is instead reconstructed from the W boson and the
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Figure 5: Comparison of signal, background, and data for the
electron and muon channels combined, requiring at least one
tag, for two important event kinematic variables. Shown are
(a) the invariant mass of the top quark reconstructed from
the W boson and the leading tagged jet and (b) the invariant
mass of all �nal state objects. Signals are multiplied by ten
for readability.

�best� jet [11]. The best jet is de�ned as the jet in each
event for which the invariant mass of the reconstructed
W boson and jet is closest to mt = 175GeV. The b̄ quark
produced together with the top quark is identi�ed as the
leading �non-best� jet.
In contrast to the s-channel, there is typically only one

high-ET b quark in the t-channel �nal state, which is eas-
ily identi�ed as the b-tagged jet. Thus, the top quark is
reconstructed from the W boson and the leading b-tagged
jet in the t-channel. The light quark is identi�ed as the
leading non-b-tagged (or untagged) jet. Using these two
methods we are able to identify the b-quark jet originat-
ing from the top quark decay correctly in about 90% of
the single top quark signal events.
The list of discriminating variables is based on these

reconstructed �nal state objects. The variables fall into
three categories: individual-object kinematics (jet pT ),
global-event kinematics (reconstructed masses and sums
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Figure 6: Comparison of signal, background, and data for
the electron and muon channels combined, requiring at least
one tag, for two important angular variables. Shown are (a)
the pseudo-rapidity of the leading untagged jet, corrected for
the lepton charge, and (b) the angular correlation between
the lepton and the leading untagged jet in the top quark rest
frame. Signals are multiplied by ten for readability.

of jet energies for various jet combinations), and angular
correlations (jet angular separation and top quark spin
correlations).

Two of the important individual-object kinematic vari-
ables are shown in Fig. 4. They exploit the di�erence in
jet ET between the W+jets background, for which jets
are typically at lower ET , and the single top signals, for
which jets are typically at higher ET , see also Figs. 2 (a)
and 3 (a).

These di�erences in individual jet energies are also re-
�ected in global-event kinematic variables such as the
total energy H or the total transverse energy HT of var-
ious combinations of jets. Other global-event kinematic
variables take advantage of the presence of a heavy top
quark in the �nal state, such as the invariant mass of the
reconstructed top quark. Two of the important global-
event kinematic variables are shown in Fig. 5.
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Table IV: Input variables for the neural network analysis. The check marks indicate for which signal-background pair each
variable shows discrimination, i.e. in which neural network each variable is used.

Signal-Background Pairs
s-channel t-channel

Variable Description Wbb̄ tt̄ Wbb̄ tt̄
Object kinematics

ET (jet1tagged) Transverse energy of the leading tagged jet
√ √ √

�

ET (jet1untagged) Transverse energy of the leading untagged jet � �
√ √

ET (jet2untagged) Transverse energy of the second untagged jet � � �
√

ET (jet1nonbest) Transverse energy of the leading non-best jet
√ √

� �
ET (jet2nonbest) Transverse energy of the second non-best jet

√ √
� �

Event kinematics
MT (jet1, jet2) Transverse mass of the two leading jets

√
� � �

pT (jet1, jet2) Transverse momentum of the two leading jets
√

�
√

�
M(alljets) Invariant mass of all jets

√ √ √ √

HT (alljets) Sum of the transverse energies of all jets � �
√

�
M(alljets− jet1tagged) Invariant mass of all jets excluding the leading tagged jet � � �

√

H(alljets− jet1tagged) Sum of the energies of all jets excluding the leading tagged jet �
√

�
√

HT (alljets− jet1tagged) Sum of the transverse energies of all jets excluding the leading tagged jet � � �
√

pT (alljets− jet1tagged) Transverse momentum of all jets excluding the leading tagged jet �
√

�
√

M(alljets− jetbest) Invariant mass of all jets excluding the best jet �
√

� �
H(alljets− jetbest) Sum of the energies of all jets excluding the best jet �

√
� �

HT (alljets− jetbest) Sum of the transverse energies of all jets excluding the best jet �
√

� �
M(W, jet1tagged) Invariant mass of the reconstructed top quark using the leading tagged jet

√ √ √ √

M(W, jetbest) Invariant mass of the reconstructed top quark using the best jet
√

� � �√
ŝ Invariant mass of all �nal state objects

√
�

√ √

Angular variables
∆R(jet1, jet2) Angular separation between the leading two jets

√
�

√
�

η(jet1untagged)×Q` Pseudo-rapidity of the leading untagged jet × lepton charge � �
√ √

cos(`, Q` × z)topbest
Top quark spin correlation in the optimal basis in the s-channel [23],
reconstructing the top quark with the best jet

√
� � �

cos(`, jet1untagged)toptagged
Top quark spin correlation in the optimal basis in the t-channel [23], re-
constructing the top quark with the leading tagged jet

� �
√

�

cos(alljets, jet1tagged)alljets Cosine of the angle between the leading tagged jet and the alljets system
in the alljets rest frame

� �
√ √

cos(alljets, jet1nonbest)alljets Cosine of the angle between the leading non-best jet and the alljets system
in the alljets rest frame

�
√

� �

The top quark spin angular correlation variables rely
in particular on the accurate reconstruction of the �nal
state top quark, for example the top quark spin corre-
lation in the optimal basis in the t-channel, shown in
Fig. 6 (a). Another important angular variable is the
asymmetric pseudo-rapidity of the light quark in the t-
channel, shown in Fig. 6 (b) (see also Fig. 3 (b)). Other
angular variables exploit the di�erence in jet angles be-
tween the W+jets background where jets from gluon
splitting tend to be close together and the single top
quark signal, where jets tend to be well separated.

OPTIMIZED EVENT ANALYSIS

Each of the variables we have studied provides some
discrimination between signal and background, however,
because none is su�ciently powerful on its own, it is
necessary to combine them in an optimal way. When

combining several discriminating variables in neural net-
works, the signal-background separation improves dra-
matically. We have chosen to optimize networks sepa-
rately for the s-channel and the t-channel and to focus
on separating the single top signals from the two largest
backgrounds: W+jets (using a Wbb̄ MC sample for train-
ing) and tt̄ (using a tt̄ → `+jets MC sample for training).
The neural networks used in this analysis are composed of
three layers of nodes: an input layer, a hidden layer, and
an output layer. The mlpfit package is used for training
and testing [24], using event sets created from the signal
and background simulated samples. The number of hid-
den nodes and the input variables to each network are
chosen in an optimization procedure based on maximiz-
ing signal-background separation in an independent test
sample.

Table IV lists the variables used in each of the resulting
four neural networks.
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Figure 7: Comparison of signal, background, and data for
the electron and muon channels combined, requiring at least
one tag, for the neural network outputs for the s-channel (tb)
search. Shown are the outputs for (a) tb − tt̄, (b) tb −Wbb̄.
Signals are multiplied by ten for readability.

Neural Network Result

The output of the neural networks for the combined
sample of electron and muon, single tagged and double
tagged events, is shown in Fig. 7 for the s-channel, and in
Fig. 8 for the t-channel. The neural network outputs are
around one for signal and around zero for background,
but they are not constrained to the interval [0, 1] in mlp-

fit. As expected, the neural networks are able to sep-
arate the single top quark signals more e�ectively than
any of the individual kinematic variables. The networks
separate signal and tt̄ backgrounds e�ciently, but give
less separation for W+jets, where the event kinematics
are similar between signal and background.

Figures 7 and 8 show that the background model re-
produces the data very well in the background-dominated
region around neural network output values close to zero.
They also show that there is no excess of events in the
region close to one, indicating that there is no evidence
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Figure 8: Comparison of signal, background, and data for the
electron and muon channels combined, requiring at least one
tag, for the neural network outputs for the t-channel (tqb)
search. Shown are the outputs for (a) tqb− tt̄, (b) tqb−Wbb̄.
Signals are multiplied by ten for readability.

for a single top quark signal.

STATISTICAL ANALYSIS

The observed data are consistent with the background
predictions for all analysis channels. We therefore set
upper limits on the single top quark production cross
section. We do this separately in the s-channel and t-
channel searches using a Bayesian approach. In each
search, two-dimensional histograms are constructed from
the Wbb̄ vs. tt̄ neural network outputs. A likelihood is
built from these histograms for signal, background, and
data, as a product over all channels (electron and muon,
single and double tags) and all bins. A Poisson distri-
bution is assumed for the observed number of events in
each bin and a �at prior probability for the signal cross
section. The prior for the combined signal acceptance
and background yields is a multivariate Gaussian with
uncertainties and correlations described by a covariance
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Figure 9: The Bayesian posterior probability density as a
function of the single top quark cross section for the s-channel
and t-channel searches.

matrix.

The Bayesian posterior probability densities are shown
in Fig. 9 for both the s-channel and t-channel searches.
The posterior density peaks at zero for the t-channel,
indicating that there is no excess of data events over
the background sum. For the s-channel, the posterior
density peaks at a value of around 2 pb, indicating that
there is a small excess of data events over the background
sum. However, the peak is very broad and less than one
standard deviation away from zero. This implies that
the data are also consistent with the background sum
in the s-channel search. The corresponding upper limits
on the production cross sections at the 95% con�dence
level (C.L.) are 6.4 pb in the s-channel and 5.0 pb in the
t-channel.

The sensitivity of these measurements is given by the
expected upper limits, which are obtained by setting the
observed number of events to the background prediction.
The expected upper limits are 4.5 pb in the s-channel
search and 5.8 pb in the t-channel search. The improve-
ment in sensitivity compared to the limits after event
selection is due to the use of a multivariate approach and
shape information.

SUMMARY

No evidence is found for electroweak production of sin-
gle top quarks in 230 pb−1 of data collected with the DØ
detector at

√
s = 1.96TeV. A secondary-vertex recon-

struction algorithm has been employed to select events
with exactly one, or more than one, b jet in electron+jets
and muon+jets �nal states. Upper limits at the 95% con-
�dence level on the cross section for the s-channel and t-
channel processes have been set using a binned likelihood
built from the output variables of two neural networks.
The s-channel limit of 6.4 pb and the t-channel limit of
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Figure 10: Exclusion contours at 68%, 90%, and 95% con�-
dence level on the posterior density distribution as a function
of both the s-channel and t-channel cross sections. The s-
channel likelihood is obtained from s-channel muon data only
and the t-channel likelihood from t-channel electron channel
data only, such that the two likelihoods are independent. Also
shown are the NLO prediction from Ref. [8] as well as several
representative new physics contributions from Ref. [3].

5.0 pb improve upon previously published limits by a fac-
tor of two. They are also close to the region of sensitivity
to models of new physics, such as the presence of an ex-
tra heavy boson or a �avor-changing neutral-current ver-
tex [3], as shown in Fig. 10. In particular the t-channel
limit is only a factor 2.5 above the cross section value
expected from the standard model.
The analysis presented here will be sensitive to stan-

dard model single top quark production at integrated lu-
minosities of around 3 fb−1, proving that a discovery of
single top quark production in Run II at the Tevatron is
well within reach. This is the �rst time than an exper-
imental analysis has reached the sensitivity required to
be able to observe single top quark production in Run II.
Larger datasets than the 230 pb−1 presented here are
currently being analyzed, and we are continually making
improvements to all aspects of the analysis. As a result,
we are reaching the threshold of discoveries at the Teva-
tron and the next two years promise to be exciting times
for top quark electroweak physics.

I thank the DØ single top working group and top
physics groups and everyone else who contributed to this
result and provided their help for this writeup.
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