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M. Ćwiok,30 A. Das,45 G. Davies,43 K. De,77 S. J. de Jong,35 E. De La Cruz-Burelo,33 K. DeVaughan,66 F. Déliot,18

M. Demarteau,49 R. Demina,70 D. Denisov,49 S. P. Denisov,39 S. Desai,49 H. T. Diehl,49 M. Diesburg,49 A. Dominguez,66

T. Dorland,81 A. Dubey,28 L. V. Dudko,38 L. Duflot,16 D. Duggan,48 A. Duperrin,15 S. Dutt,27 A. Dyshkant,51 M. Eads,66

D. Edmunds,64 J. Ellison,47 V. D. Elvira,49 Y. Enari,76 S. Eno,60 P. Ermolov,38,kk M. Escalier,15 H. Evans,53

A. Evdokimov,72 V.N. Evdokimov,39 A.V. Ferapontov,58 T. Ferbel,61,70 F. Fiedler,24 F. Filthaut,35 W. Fisher,49 H. E. Fisk,49

M. Fortner,51 H. Fox,42 S. Fu,49 S. Fuess,49 T. Gadfort,69 C. F. Galea,35 A. Garcia-Bellido,70 V. Gavrilov,37 P. Gay,13

W. Geist,19 W. Geng,15,64 C. E. Gerber,50 Y. Gershtein,48,† D. Gillberg,6 G. Ginther,70 B. Gómez,8 A. Goussiou,81
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A. Grohsjean,25 S. Grünendahl,49 M.W. Grünewald,30 F. Guo,71 J. Guo,71 G. Gutierrez,49 P. Gutierrez,74 A. Haas,69

N. J. Hadley,60 P. Haefner,25 S. Hagopian,48 J. Haley,67 I. Hall,64 R. E. Hall,46 L. Han,7 K. Harder,44 A. Harel,70

J.M. Hauptman,56 J. Hays,43 T. Hebbeker,21 D. Hedin,51 J. G. Hegeman,34 A. P. Heinson,47 U. Heintz,61 C. Hensel,22,k

K. Herner,63 G. Hesketh,62 M.D. Hildreth,54 R. Hirosky,80 T. Hoang,48 J. D. Hobbs,71 B. Hoeneisen,12 M. Hohlfeld,22

S. Hossain,74 P. Houben,34 Y. Hu,71 Z. Hubacek,10 N. Huske,17 V. Hynek,10 I. Iashvili,68 R. Illingworth,49 A. S. Ito,49
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G. R. Snow,66 J. Snow,73 S. Snyder,72 S. Söldner-Rembold,44 L. Sonnenschein,21 A. Sopczak,42 M. Sosebee,77

K. Soustruznik,9 B. Spurlock,77 J. Stark,14 V. Stolin,37 D.A. Stoyanova,39 J. Strandberg,63 S. Strandberg,41 M.A. Strang,68
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20IPNL, Université Lyon 1, CNRS/IN2P3, Villeurbanne, France and Université de Lyon, Lyon, France
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We report observation of the electroweak production of single top quarks in p �p collisions at
ffiffiffi

s
p ¼

1:96 TeV based on 2:3 fb�1 of data collected by the D0 detector at the Fermilab Tevatron Collider. Using

events containing an isolated electron or muon and missing transverse energy, together with jets

originating from the fragmentation of b quarks, we measure a cross section of �ðp �p ! tbþ X; tqbþ
XÞ ¼ 3:94� 0:88 pb. The probability to measure a cross section at this value or higher in the absence of

signal is 2:5� 10�7, corresponding to a 5.0 standard deviation significance for the observation.

DOI: 10.1103/PhysRevLett.103.092001 PACS numbers: 14.65.Ha, 12.15.Hh, 12.15.Ji, 13.85.Qk

At hadron colliders, top quarks can be produced in pairs
via the strong interaction or singly via the electroweak
interaction [1]. Top quarks were first observed via pair
production at the Fermilab Tevatron Collider in 1995 [2].

Since then, pair production has been used to make precise
measurements of several top-quark properties, including
the top-quark mass [3]. Single top-quark production, on the
other hand, serves as a probe of the Wtb interaction [4],
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and its production cross section provides a direct measure-
ment of the magnitude of the quark mixing matrix element
Vtb without assuming three quark generations [5].
However, measuring the yield of single top quarks is
difficult because of the small production rate and large
backgrounds.

In 2007, we presented the first evidence for single top-
quark production and the first direct measurement of jVtbj
[6] using 0:9 fb�1 of Tevatron data at a center-of-mass
energy of 1.96 TeV. This Letter describes the observation
of a single top quark signal in 2:3 fb�1 of data. The CDF
collaboration recently also reported such evidence in
2:2 fb�1 of data [7] and is concurrently reporting observa-
tion in 3:2 fb�1 of data [8].

When top quarks are produced singly, they are accom-
panied by a bottom quark in the s-channel production
mode [9] or by both a bottom quark and a light quark in
t-channel production [10,11]. We search for both of these
processes at once. The sum of their predicted cross sections
is 3:46� 0:18 pb [11] for a top-quark mass mt ¼
170 GeV, at which this analysis is performed. We refer
to the s-channel process as ‘‘tb’’ production and the
t-channel process as ‘‘tqb.’’

The analysis presented in this Letter is an improved
version of the one from 2007 [6], with a larger data set.
The data were collected with the D0 detector [12] using a
logical OR of many trigger conditions in place of only the
single-lepton plus jets triggers used previously. Several
offline selection criteria, including b-jet identification re-
quirements for double-tagged events, have been loosened.
These improvements have increased the signal acceptance
by 18%. The backgrounds are W bosons produced in
association with jets, top-quark pair (t�t) production with
decay into the leptonþ jets and dilepton final states (when
a jet or a lepton is not reconstructed), and multijet produc-
tion, where a jet is misreconstructed as an electron or a
heavy-flavor quark decays to a muon that passes isolation
criteria. Zþ jets and diboson processes form minor addi-
tional background components.

We consider events with two, three, or four jets (which
allows for additional jets from initial-state and final-state
radiation), reconstructed using a cone algorithm in (y, �)
space, where y is the rapidity and� is the azimuthal angle,
and the cone radius is 0.5 [6]. The highest-pT (leading) jet
must have pT > 25 GeV, and subsequent jets have pT >
15 GeV; all jets have pseudorapidity j�j< 3:4. We require
20<E6 T < 200 GeV for events with two jets and 25<
E6 T < 200 GeV for events with three or four jets. Events
must contain only one isolated electron with pT > 15 GeV
and j�j< 1:1 (pT > 20 GeV for three- or four-jet events),
or one isolated muon with pT > 15 GeV and j�j< 2:0.
The background from multijets events is kept to � 5% by
requiring high total transverse energy and by demanding
that the E6 T is not along the direction of the lepton or the
leading jet. To enhance the signal fraction, one or two of

the jets are required to originate from long-lived b hadrons
using a neural network (NN) b-jet tagging algorithm [13].
After b-jet identification, we require the leading b-tagged
jet to have pT > 20 GeV. To further improve the sensitiv-
ity, we split the data by lepton flavor, number of jets, and
b-tagged jets, and data collection period.
We model the signal using the SINGLETOP event genera-

tor [14] interfaced to PYTHIA [15]. We assume the SM
prediction for the ratio of the tb and tqb cross sections
[11]. The t�t,W þ jets, and Zþ jets backgrounds are simu-
lated using the ALPGEN leading-log MC event generator
[16] and PYTHIA to model hadronization. The t�t back-
ground is normalized to the predicted cross section [17].
The diboson backgrounds are modeled using PYTHIA. In
the simulation of the W þ jets backgrounds, we scale the
ALPGEN cross sections for events with heavy-flavor jets by

factors derived from calculations of next-to-leading-order
effects [18]:Wb �b andWc �c are scaled by 1.47, andWcj by
1.38.
All MC events are passed through a GEANT-based simu-

lation of the D0 detector and are reconstructed using the
same software as for the data. Small differences between
data and simulation in the lepton and jet reconstruction
efficiencies and resolutions are corrected in the simulation
as measured from separate data samples. We also correct
the �ðjetsÞ, ��ðjet1; jet2Þ, and ��ðjet1; jet2Þ distributions
in the W þ jets samples to match data. The multijets
background is modeled using independent data samples
containing leptons that are not isolated. The multijets
background, combined with the background from W þ
jets, is normalized to the leptonþ jets data with other
backgrounds subtracted, using the pTð‘Þ, E6 T , and the W
boson transverse mass distributions before b-jet identifica-
tion is applied.
The b-tagging algorithm is modeled in simulated events

by applying weights (‘‘tag-rate functions’’) measured from
data that account for the probability for each jet to be
tagged as a function of jet flavor, pT , and �. After b
tagging, an empirical correction of 0:95� 0:13 for the
Wb �b and Wc �c fractions is derived from the b-tagged and
not-b-tagged two-jet data and simulated samples.
The above selections give 4519 b-tagged leptonþ jets

events, which are expected to contain 223� 30 single top-
quark events. Table I shows the event yields, separated by
jet multiplicity. The percentage acceptances are ð3:7�
0:5Þ% for tb and ð2:5� 0:3Þ% for tqb.
Systematic uncertainties arise from each correction fac-

tor or function applied to the background and signal mod-
els. Most affect only the normalization, but three
corrections modify in addition the shapes of the distribu-
tions; these are the jet energy scale corrections, the tag-rate
functions, and the reweighting of the distributions in W þ
jets events. The largest uncertainties come from the jet
energy scale [the normalization part is (1.1–13.1)% for
signal and (0.1–2.1)% for background], the tag-rate func-
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tions [the normalization part is (2.1–7.0)% for single-
tagged events and (9.0–11.4)% for double-tagged events],
and the correction for jet-flavor composition in W þ jets
events (13.7%), with smaller contributions from the inte-
grated luminosity (6.1%), jet energy resolution (4.0%),
initial-state and final-state radiation (0.6%–12.6%), b-jet
fragmentation (2.0%), t�t cross section (12.7%), and lepton
efficiency corrections (2.5%). All other contributions have
a smaller effect. The values given are the relative uncer-
tainties on the individual sources. The total uncertainty on
the background is (8–16)% depending on the analysis
channel.

After event selection, we expect single top-quark events
to constitute (3–9)% of the data sample. Since the uncer-
tainty on the background is larger than the expected signal,
we improve discrimination by using multivariate analysis
techniques. We have developed three independent analyses
based on boosted decision trees (BDT) [19], Bayesian
neural networks (BNN) [20], and the matrix element
(ME) method [21]. Our application of these techniques to
D0’s single top-quark searches is described in Ref. [6]. The
analyses presented in this Letter differ from previous im-
plementations in the choice of input variables and some
detailed tuning of each technique.

The BDT analysis has reoptimized the input variables
[22] into a common set of 64 variables for all analysis
channels. The variables fall into five categories, single-
object kinematics, global event kinematics, jet reconstruc-
tion, top-quark reconstruction, and angular correlations.
Separate sets of trees are created with these variables for
each channel. The BNN analysis uses the RuleFitJF algo-
rithm [23] to select the most sensitive of these variables,
then combines 18–28 of them into a single separate discri-
minant for each channel. The ME analysis uses only two-
jet and three-jet events, divided into aW þ jets-dominated
set and a t�t-dominated set. It includes matrix elements for
more background sources, adding t�t, WW, WZ, and ggg
diagrams in the two-jet bin and Wugg in the three-jet bin,
to improve background rejection.

Each analysis uses the same data and background model
and has the same sources of systematic uncertainty. We test

the analyses using ensembles of pseudo data sets created
from background and signal at different cross sections to
confirm linear behavior and thus an unbiased cross section
measurement. The analyses are also checked extensively
before b-tagging is applied, and using two control regions
of the data, one dominated by W þ jets and the other by t�t
backgrounds, as shown in Fig. 1. These studies confirm
that backgrounds are well modeled across the full range of
the discriminant output.
The cross section is determined using the same Bayesian

approach as in our previous studies [6]. This involves
forming a binned likelihood as a product over all bins
and channels, evaluated separately for each multivariate
discriminant, with no cuts applied to the outputs. The
central value of the cross section is defined by the position
of the peak in the posterior density, and the 68% interval
about the peak is taken as the uncertainty on the measure-
ment. Systematic uncertainties, including all correlations,
are reflected in this posterior interval.
We extract inclusive single top-quark cross sections

�ðp �p ! tbþ X; tqbþ XÞ of �BDT ¼ 3:74þ0:95
�0:79 pb,

�BNN ¼ 4:70þ1:18
�0:93 pb, and �ME ¼ 4:30þ0:99

�1:20 pb. The sensi-
tivity of the analyses to a contribution from single top-
quark production is estimated by generating an ensemble
of pseudo data sets that sample the background model and
its uncertainties, with no signal present. We measure a
cross section from each pseudo data set, and hence obtain
the probability that the SM cross section is reached. This
provides expected sensitivities [stated in terms of Gaussian
standard deviations, (SD)] of 4.3, 4.1, and 4.1 SD for the
BDT, BNN, and ME analyses, respectively. The measured
significances, obtained by counting the number of pseudo
data sets above the measured cross section, are 4.6, 5.2, and
4.9 SD, respectively.
The three multivariate techniques use the same data

sample but are not completely correlated: the correlation
of the measured cross section using pseudo data sets
with background and SM signal is BDT : BNN ¼ 74%,
BDT : ME ¼ 60%, BNN : ME ¼ 57%. Their combina-
tion therefore leads to increased sensitivity and a more
precise measurement of the cross section. We use the three
discriminant outputs as inputs to a second set of Bayesian
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FIG. 1 (color online). The combination discriminant outputs
for (a) W þ jets and (b) t�t cross-check samples. HT is the scalar
sum of the pT of the final-state objects (lepton, E6 T , and jets).

TABLE I. Number of expected and observed events in
2:3 fb�1 for e and �, and 1 and 2 b-tagged analysis channels
combined. The uncertainties include both statistical and system-
atic components.

Source 2 jets 3 jets 4 jets

tbþ tqb signal 139� 18 63� 10 21� 5
W þ jets 1829� 161 637� 61 180� 18
Zþ jets and dibosons 229� 38 85� 17 26� 7
t�t 222� 35 436� 66 484� 71
Multijets 196� 50 73� 17 30� 6
Total prediction 2615� 192 1294� 107 742� 80
Data 2579 1216 724
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neural networks, and obtain the combined cross section
and its signal significance from the new discriminant out-
put. The resulting expected significance is 4.5 SD. Figure 2
illustrates the importance of the signal when comparing
data to prediction. The measured cross section is �ðp �p !
tbþ X; tqbþ XÞ ¼ 3:94� 0:88 pb.

The measurement has a p value of 2:5� 10�7, corre-
sponding to a significance of 5.0 SD. The expected and
measured posterior densities and the background-only
pseudodataset measurements are shown in Fig. 3.

We use the cross section measurement to determine the
Bayesian posterior for jVtbj2 in the interval [0,1] and ex-

tract a limit of jVtbj> 0:78 at 95% C.L. within the SM [6].
When the upper constraint is removed, we measure
jVtbf

L
1 j ¼ 1:07� 0:12, where fL1 is the strength of the

left-handed Wtb coupling.
In summary, we have measured the single top-quark

production cross section using 2:3 fb�1 of data at the D0
experiment. We measure a cross section for the combined
tbþ tqb channels of 3:94� 0:88 pb. Our result provides
an improved direct measurement of Vtb. The measured
single top-quark signal corresponds to an excess over the
predicted background with a significance of 5.0 SD—ob-
servation of single top-quark production.
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