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B. Åsman,41 A. C. S. Assis Jesus,3 O. Atramentov,49 C. Avila,8 C. Ay,24 F. Badaud,13 A. Baden,61 L. Bagby,50 B. Baldin,50

D. V. Bandurin,59 P. Banerjee,29 S. Banerjee,29 E. Barberis,63 A.-F. Barfuss,15 P. Bargassa,80 P. Baringer,58 J. Barreto,2

J. F. Bartlett,50 U. Bassler,18 D. Bauer,43 S. Beale,6 A. Bean,58 M. Begalli,3 M. Begel,73 C. Belanger-Champagne,41

L. Bellantoni,50 A. Bellavance,50 J. A. Benitez,65 S. B. Beri,27 G. Bernardi,17 R. Bernhard,23 I. Bertram,42 M. Besançon,18
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We measure the t�t production cross section in p �p collisions at
���
s
p
� 1:96 TeV in the lepton� jets

channel. Two complementary methods discriminate between signal and background: b tagging and a
kinematic likelihood discriminant. Based on 0:9 fb�1 of data collected by the D0 detector at the Fermilab
Tevatron Collider, we measure �t�t � 7:62� 0:85 pb, assuming the current world average mt �
172:6 GeV. We compare our cross section measurement with theory predictions to determine a value
for the top-quark mass of 170� 7 GeV.
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The standard model fixes all properties of the top quark
except its mass. The top-quark production cross section
depends on the couplings of the top quark and on its mass.
For a top-quark mass of 175 GeV, the standard model
predicts a top-quark–top-antiquark pair (t�t) production
cross section of about 6.7 pb [1,2] at the Tevatron, which
collides protons and antiprotons at

���
s
p
� 1:96 TeV.

Previous measurements [3,4] agree with this prediction
within their precision of 15%. In this Letter, we report
the most precise measurement of the t�t production cross
section to date, based on data collected by the D0 detector
[5] between August 2002 and December 2005 with an
integrated luminosity of 0:9 fb�1. We compare the mea-
sured cross section to predictions to test whether the top
quark conforms with standard model expectations and for
the first time extract a constraint on the top-quark mass
based only on this comparison. This provides a top-quark
mass measurement in a well-defined renormalization
scheme, that employed in the cross section calculation,
that is complementary to direct measurements.

In the standard model, the top quark nearly always
decays to a W boson and a b quark. The decay modes of
the W boson define the possible final states. Here we focus
on the lepton� jets channel in which one W boson decays
to e�,��, or �� followed by �! e� �� or�� ��. We refer to
such leptons as prompt. The other W boson decays to jets
or to �� followed by a hadronic � decay. The branching
fraction for this channel is 38%.

The D0 detector acquires these events by triggering on
an electron or muon and at least one jet with a large
momentum component transverse to the beam direction
(pT). The event selection [6] requires exactly one electron
or muon, isolated from other objects in the detector, with
pT > 20 GeV and j�j< 1:1 (for e) or j�j< 2 (for �),
missing transverse momentum p6 T > 20 (for e� jets) or
25 GeV (for �� jets), and at least three jets with pT >
20 GeV and j�j< 2:5. The pseudorapidity is defined as
� � � ln�tan��=2��, and � is the polar angle with the
proton beam. The leading jet must have pT > 40 GeV,
and the lepton pT and p6 T vectors must be separated in
azimuth to reject background events with mismeasured
particles. Jets are reconstructed by using the run II cone
algorithm [7] with cone size 0.5. We call this the inclusive
lepton� jets sample. Table I gives the number of selected
events (Ndata). The t�t signal accounts only for about 20% of
this sample. Most events originate from other processes
that produce prompt leptons and jets (mostly W � jets
production) and from events with jets which mimic the
signature of a lepton. We use two complementary tech-
niques to distinguish the t�t signal from these backgrounds:
b tagging and a kinematic likelihood discriminant.

We model the t�t signal and all backgrounds with prompt
leptons by using Monte Carlo (MC) simulations. We carry
out the analyses by using t�t events generated at a reference
mass of 175 GeV. W � jets and Z� jets production are

generated by using the ALPGEN [8] generator and PYTHIA

[9] for showering. A matching algorithm [10] avoids
double counting of final states. Single top production is
generated by using SINGLETOP [11] and COMPHEP [12].
Diboson and t�t production are generated by PYTHIA. All
simulated events are processed by a detector simulation
based on GEANT [13] and by the same reconstruction
programs as the collider data.

We first determine the background from events without
prompt leptons in the inclusive lepton� jets sample by
using loose data samples defined by relaxing the electron
identification and the muon isolation requirements. We use
simulated events to determine the probability �s for leptons
fromW boson decays that satisfy the loose selection to also
pass the selection used for the measurement. We correct
this efficiency for differences between MC simulation and
data. We determine the corresponding efficiency �b for
misidentified leptons by using data selected with the crite-
ria given above except for requiring p6 T < 10 GeV to mini-
mize contributions from leptons fromW boson decays. The
number of events in our selected sample is Ndata � N‘j �

Njj, where N‘j is the number of events with prompt leptons
and Njj the number of events without prompt leptons. The
number of events in the corresponding loose sample is
Nloose � N‘j=�s � Njj=�b. These two equations determine
Njj given in Table I. We predict the number of events Nother

from the smaller background processes (single top, Z�
jets, and diboson production) by using the MC simulation
and next-to-leading order cross sections [14].

For the b-tag analysis, we start with the expected t�t cross
section to get a first estimate of the number of t�t events in
the sample. After we obtain a cross section as described
below, we update this estimate by using the measured cross
section and iterate the cross section calculation until the
result is stable. We fix the number ofW � jets events in the
inclusive sample so that the sum of all background and
signal contributions equals the observed number of events.

The b-tag analysis requires that at least one jet be tagged
as a b jet, i.e., identified to contain the decay of a long-lived
particle such as a b hadron [15]. We determine the number
of background events without prompt leptons as above and
the number of events expected from other background

TABLE I. Event counts in the inclusive lepton� jets sample.

e� 3 jets e� 	 4 jets �� 3 jets �� 	 4 jets

Ndata 1300 320 1120 306
Nloose 2592 618 1389 388
�s (%) 84:8� 0:3 84:0� 1:8 87:3� 0:5 84:5� 2:2
�b (%) 19:5� 1:7 19:5� 1:7 27:2� 5:4 27:2� 5:4
Nt�t 182� 20 156� 17 137� 15 129� 14
NWjets 718� 42 69� 20 802� 26 131� 16
Nother 132� 15 35� 4 139� 15 36� 4
Njj 268� 34 60� 10 42� 14 10� 6
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sources from the number of background events in the
inclusive sample times their probability to be b tagged.
We obtain the b tagging probability from the MC simula-
tion corrected for differences in the b tagging efficiencies
observed in the simulation and in data. We scale the
fraction of W � jets events with heavy quarks (b, c) by a
factor determined so that the MC model correctly predicts
the number of events with two jets and at least one
b-tagged jet. Figure 1 shows the jet multiplicity spectrum
of events with b tags compared to expectations. The com-
position of the b-tagged samples is given in Table II. The t�t
contribution in Fig. 1 and Tables I and II is based on the
cross section measured in the b-tag analysis.

We calculate the cross section by using a maximum
likelihood fit [16] to the number of events in eight different
channels defined by lepton flavor (e,�), jet multiplicity (3,
	 4), and b-tag multiplicity (1, 	 2). The likelihood is
defined as L �

Q
iP �Ni;�i��t�t��, where i runs over the

eight channels and P �N;�� is the Poisson probability to
observe N events when � are expected. The expected
number of events is the sum of the number of events
from all backgrounds plus the number of t�t events as a

function of �t�t. We obtain �t�t � 8:05� 0:54�stat� �
0:70�syst� � 0:49�lumi� pb for mt � 175 GeV. The third
uncertainty arises from the measurement of the integrated
luminosity [17].

Table III lists the systematic uncertainties from the
following categories. Selection covers acceptance and ef-
ficiency for leptons and jets. Jet energy calibration ac-
counts for jet energy scale and resolution. The b tagging
efficiencies for b, c, and light quark or gluon jets make up
the b-tagging uncertainty. MC model uncertainties origi-
nate from the cross sections used to normalize the simu-
lated backgrounds, differences observed between t�t
samples generated with ALPGEN and PYTHIA, the factoriza-
tion and renormalization scale in the W � jets simulation,
and the parton distribution functions (PDFs).Njj covers the
determination of the number of events without prompt
leptons.

The likelihood analysis is based on kinematic differ-
ences between events with t�t decays and backgrounds.
We build a likelihood discriminant from 5–6 variables,
listed in Table IV, in each channel. The variables were
selected to be well modeled by the MC simulation and to
have good discrimination power. For this analysis, we use
the inclusive lepton� jets sample with the additional re-TABLE II. Numbers of events in the b-tagged analysis. Nt�t is

based on the cross section measured by the b-tag analysis.

3 jets, 3 jets, 	 4 jets, 	 4 jets,
1 tag 	 2 tags 1 tag 	 2 tags

Nt�t 147� 12 57� 6 130� 10 66� 7
NWjets 105� 5 10� 1 16� 2 2� 1
Nother 27� 2 5� 1 8� 1 2� 1
Njj 27� 6 3� 2 6� 3 0� 2
Total 306� 14 74� 6 159� 11 69� 7
Ndata 294 76 179 58

TABLE III. Breakdown of systematic uncertainties.

Source b-tag Likelihood Combined

Selection efficiency 0.26 pb 0.25 pb 0.25 pb
Jet energy calibration 0.30 pb 0.11 pb 0.20 pb
b tagging 0.48 pb - 0.24 pb
MC model 0.29 pb 0.11 pb 0.19 pb
Njj 0.06 pb 0.10 pb 0.07 pb
Likelihood fit - 0.15 pb 0.08 pb
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FIG. 1 (color online). Jet multiplicity spectra for e� jets and �� jets events (a) with one b-tagged jet and (b) with at least two
b-tagged jets. The histograms show (from top to bottom) the contributions from t�t production and from backgrounds with prompt
leptons and without prompt leptons.
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quirement that events with three jets must satisfy
PNj
i�1 pT�i�> 120 GeV. The events are divided into four

channels defined by lepton flavor and jet multiplicity (3,
	 4).

We determine the probability density functions of the
likelihood discriminant for signal and prompt lepton back-
grounds from the simulation and for events without prompt
leptons from a control data sample. We perform a maxi-
mum likelihood fit to the likelihood discriminant distribu-
tions from data in all four channels simultaneously with the
t�t production cross section as a free parameter. The number
of events without prompt leptons is constrained to the value
obtained from the loose data sample in the same way as
described above. Table V gives the sample composition
for the best fit, and Fig. 2 shows the corresponding like-
lihood discriminant distributions. We measure �t�t �
6:62� 0:78�stat� � 0:36�syst� � 0:40�lumi� pb for mt �
175 GeV. The systematic uncertainties are listed in

Table III in the same categories as for the b-tag analysis
plus the likelihood fit uncertainty from statistical fluctua-
tions in the likelihood discriminant shapes.

We combine the two analyses by using the best linear
unbiased estimate method [18]. Their statistical correlation
factor is 0.31, determined by MC generated pseudodata
sets. The systematic uncertainties from each source are
completely correlated between both analyses. The com-
bined result is �t�t � 7:42� 0:53�stat� � 0:46�syst� �
0:45�lumi� pb for mt � 175 GeV with �2 � 2, corre-
sponding to a p value of 0.16. We use t�t events simulated
with different values of the top-quark mass to determine
the cross section as a function of top-quark mass. A poly-
nomial fit gives �t�t=pb � 7:42 � 7:9 
 10�2�m �
9:7 
 10�4��m�2 � 1:7 
 10�5��m�3, where �m �
mt=GeV� 175, as shown in Fig. 3.

We define likelihoods as a function of �t�t and mt for the
theory prediction and our measurement. For each value of
mt, we represent the theory uncertainty from the termina-
tion of the perturbative calculation by a likelihood function
that is constant within the ranges given in Refs. [1,2] and
zero elsewhere and the PDF uncertainty by a Gaussian
likelihood function with rms equal to the uncertainty de-
termined in Ref. [1] for the CTEQ6M [19] error PDF sets.
We then convolute the two functions and average the like-
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FIG. 2 (color online). Likelihood discriminant distributions for e� jets and�� jets events (a) with 3 jets and (b) with at least 4 jets.
The histograms show (from top to bottom) the contributions from t�t production and from backgrounds with prompt leptons and without
prompt leptons.

TABLE IV. Variables used for the likelihood discriminant.
�R �

���������������������������������
��	�2 � ����2

p
and i indexes the list of Nj jets with

pT > 15 GeV, ordered in decreasing pT .

Variable Channel
PNj
i�3 pT�i� All

PNj
i�1 pT�i�=

PNj
i�1 pz�i� e� 3 jets, e� 	 4 jets

PNj
i�1 pT�i� � pT�e� � p6 T e� 3 jets, e� 	 4 jets

�R between lepton and jet 1 All
�R between jets 1 and 2 e� 	 4 jets, �� 	 4 jets
�	 between lepton and p6 T �� 3 jets, �� 	 4 jets
�	 between jet 1 and p6 T e� 3 jets, �� 3 jets
Sphericity All but �� 3 jets
Aplanarity All but �� 3 jets

TABLE V. Sample composition from the likelihood fit. Nt�t is
based on the cross section measured by the likelihood analysis.

3 jets 	 4 jets

Ndata 1760 626
Nt�t 245� 20 233� 19
NWjets � Nother 1294� 48 321� 30
Njj 227� 28 70� 12
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lihood functions from the two calculations. The cross
section measurement is represented by a Gaussian like-
lihood function centered on the measured value with rms
equal to the total experimental uncertainty. We multiply the
theory and measurement likelihoods to obtain a joint like-
lihood. The contour in Fig. 3 shows the smallest region of
the joint likelihood that contains 68% of its integral. We
integrate over the cross section to get a likelihood function
that depends only on the top-quark mass and find mt �
170� 7 GeV at 68% C.L., in agreement with the world
average of direct measurements of the top-quark mass of
172:6� 1:4 GeV [20].

In conclusion, we find that t�t production in p �p collisions
agrees with standard model predictions. At the world av-
erage top-quark mass of 172.6 GeV, we measure �t�t �
7:62� 0:85 pb. This is the most precise measurement of
the t�t production cross section. By comparing this mea-
surement with the theory prediction, we determine the top-
quark mass to be 170� 7 GeV.
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