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Abstract

We present a measurement of the top quark pair (t t̄) production cross section (σt t̄ ) in pp̄ collisions at a center-of-mas
energy of 1.96 TeV using 230 pb−1 of data collected by the DØ detector at the Fermilab Tevatron Collider. We select e
with one charged lepton (electron or muon), large missing transverse energy, and at least four jets, and extract thet t̄ content
of the sample based on the kinematic characteristics of the events. For a top quark mass of 175 GeV, we measσt t̄ =
6.7+1.4

−1.3(stat)+1.6
−1.1(syst) ± 0.4(lumi) pb, in good agreement with the standard model prediction.

 2005 Elsevier B.V. All rights reserved.

PACS: 13.85.Lg; 13.85.Qk; 14.65.Ha
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Within the standard model (SM), top quarks a
produced inpp̄ collisions predominantly in pairs vi
the strong interaction (qq̄ annihilation and gluon fu
sion), and decay almost exclusively to aW boson and
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a b quark. The top quark pair production cross s
tion σtt̄ was measured by the CDF[1] and DØ[2]
Collaborations at a center-of-mass energy of 1.8 T
Recent measurements[3] of σtt̄ at

√
s = 1.96 TeV

have focused on the selection of candidates via
reconstruction of displaced vertices signaling the p
ence ofb quarks in the final state. These measu
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ments assume that the branching ratio of the top qu
B(t → Wb) = 1, thus making an implicit use of th
SM prediction that|Vtb| = 0.9990–0.9992 (at 90%
C.L.) [4]. This prediction is based on the requireme
that there are three fermion families and the CKM m
trix is unitary. If these assumptions are relaxed,|Vtb|
is essentially unconstrained, which allows for lar
deviations ofB(t → Wb) from unity [5]. Such devi-
ations would be an indication of physics beyond
SM. Our analysis exploits only the kinematic prop
ties of the events to separate signal from backgrou
with no assumptions about the multiplicity of fina
stateb quarks, thus providing a less model-depend
determination of the top quark production cross s
tion.

In this Letter, we report a new measurement ofσtt̄

using data collected with the DØ detector from Aug
2002 through March 2004 at the Fermilab Tevatronpp̄

collider at
√

s = 1.96 TeV. The decay channel used
this analysis ist t̄ → W+W−qq̄, with the subsequen
decay of oneW boson into two quarks, and the oth
W boson into a charged lepton and a neutrino. We r
to this decay mode oft t̄ events as the lepton+ jets
(� + jets) channel. These events are characterize
the presence of one high-pT isolated electron (e + jets
channel) or muon (µ + jets channel), large transver
energy imbalance due to the undetected neutrino (/ET ),
and at least four hadronic jets.

The three main subsystems of the DØ Run II
tector[6] used in this analysis are the central track
system, the liquid-argon/uranium calorimeters, and
muon spectrometer. The central tracking system
located within a 2 Tesla superconducting soleno
magnet, and consists of a silicon microstrip trac
(SMT) and a central fiber tracker (CFT) that provi
tracking and vertexing in the pseudorapidity2 range
|η| < 3.0. The primary interaction vertex of the even
was required to be within 60 cm of the center of t
detector along the direction of the beam. Electro
and jets were detected in hermetic calorimeters[7,8]
with transverse granularity�η × �φ = 0.1 × 0.1,
where φ is the azimuthal angle. The third layer
the electromagnetic (EM) calorimeter, in which t

2 Rapidityy and pseudorapidityη are defined as functions of th

polar angleθ asy(θ,β) ≡ 1
2 ln[(1+β cosθ)/(1−β cosθ)]; η(θ) ≡

y(θ,1), whereβ is a ratio of particle momentum to its energy.
maximum energy deposition of EM showers is e
pected, has a finer granularity�η × �φ = 0.05 ×
0.05. The calorimeters consist of a central sect
(CC) covering the region|η| < 1.1, and two end
calorimeters (EC) extending coverage to|η| ≈ 4.2.
Muons were detected as tracks reconstructed f
hits recorded in three layers of tracking detectors
two layers of scintillators[9], both located outside
the calorimeter. A 1.8 Tesla iron toroidal magnet
located outside the innermost layer of the muon
tector. The luminosity was calculated by measur
the rate forpp̄ inelastic collisions using two ho
doscopes of scintillation counters mounted close to
beam pipe on the front surfaces of the EC calorim
ters.

Jets were defined using a cone algorithm[10]
with radius �R= √

(�η)2 + (�φ)2 = 0.5. To im-
prove calorimeter performance we use an algorit
that suppresses cells with negative energy as
as cells with energies significantly below the av
age electronics noise (unless they neighbor a ce
high positive energy). Identified jets were required
be confirmed by the independent trigger readout.
correct thepT of each jet for calorimeter showerin
effects, overlaps due to multiple interactions and ev
pileup, calorimeter noise effects, and the energy
sponse of the calorimeter. The calorimeter respo
was measured from thepT imbalance in photon+ jet
events. The relative uncertainty on the jet energy
ibration is≈ 7% for jets with 20< pT < 250 GeV.
This provides the largest contribution to the syste
atic uncertainty on the measuredt t̄ cross section.

In thee + jets channel, we accepted electrons w
|η| < 1.1 and jets with rapidity|y| < 2.5. At the trig-
ger level, we required a single electron with transve
momentum (pT ) greater than 15 GeV, and a jet wi
pT > 15 GeV (20 GeV) for the first (second) half
the data. The total integrated luminosity for this sa
ple is 226±15 pb−1. The offline electron identification
requirements consisted of the following: (i) the ele
tron had to deposit at least 90% of its energy in
electromagnetic calorimeter within a cone of rad
�R = 0.2 relative to the shower axis; (ii) the ele
tron had to be isolated, i.e., the ratio of the energy
the hollow cone 0.2 < �R < 0.4 to the reconstructe
electron energy could not exceed 15%; (iii) the tra
verse and longitudinal shower shapes had to be
sistent with those expected for an electron (based
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a detailed Monte Carlo simulation)3; and (iv) a recon-
structed track had to be found within�R < 0.5 from
the shower position in the calorimeter.

Electrons satisfying the above requirements are
ferred to as “loose”. For a “tight” electron, we requir
in addition, that a discriminant formed by combinin
the above variables with the information about i
pact parameter of the matched track relative to
primary interaction vertex, and the number andpT of
other tracks around the electron candidate, be con
tent with the expectations for a high-pT isolated elec-
tron.

In the µ + jets channel, we accepted muons w
|η| < 2.0 and jets with |y| < 2.5. At the trigger
level, we required a single muon detected outside
toroidal magnet (which corresponds to an effect
minimum momentum of≈ 3 GeV), and a jet with
pT > 20 GeV (25 GeV) for the first (second) half
the data. The total integrated luminosity for this sa
ple is 229± 15 pb−1. The offline muon identification
requirements consisted of the following: (i) a mu
track segment on the inside of the toroid had to
matched to a muon track segment on the outside o
toroid. The deflection in the toroid is used to provi
a preliminary measurement of the charge and the
mentum of the muon candidate formed by the matc
segments; (ii) the timing of the muon, determined fro
associated scintillator hits, had to be within 10 ns
the interaction time, consistent with muons originat
from the primary interaction; (iii) a track reconstruct
in the tracking system and pointing to the event v
tex was required to be matched to the muon ca
date found in the muon system. The matching ta
into account the position and momentum of the tra
and of the muon candidate. After a successful ma
the track parameters are used to determine the m
charge and momentum; (iv) the reconstructed m
was required to be separated from jets,�R(µ, jet) >

0.5. Muons satisfying the above requirements are
ferred to as “loose”.

For a “tight” muon we also applied a stricter is
lation requirement based on the energy of calorim

3 A covariance matrix is built from Monte Carlo simulated eve
using a set of seven variables that describe the electron shower
in the calorimeter. For each electron candidate, aχ2 is calculated
to measure the consistency of its shower shape with the simu
electron shower. We accepted electron candidates withχ2 < 50.
e

clusters and tracks around the muon candidate: (i)
sum of the calorimeter cells’ transverse energies
hollow cone 0.1 < �R < 0.4 around the muon had t
be smaller than 8% of the muonpT , and (ii) the sum
of the charged tracks’ momenta in a cone of�R< 0.5
surrounding the muon track had to be less than 6%
the muonpT .

The systematic uncertainties on the lepton ide
fication arise from the limited statistics of data a
simulated samples used to measure the identifica
efficiencies, and from small variations of efficiency
a function of leptonη.

We selected 87 (80) events that had only one t
electron (muon) withpT > 20 GeV,/ET > 20 GeV
and not collinear with the lepton direction in the tran
verse plane, and at least four jets each withpT >

20 GeV. We refer to these as the “tight” samples
thee + jets (µ + jets) channel. Removing the tight r
quirement on the lepton identification results in 2
(140) events passing the selection. We refer to thes
the “loose” samples in thee + jets (µ + jets) channel.

Monte Carlo simulations oft t̄ andW + jets events
were used to calculate selection efficiencies and
simulate kinematic characteristics of the events.
quark signal andW + jets background processes we
generated at

√
s = 1.96 TeV usingALPGEN 1.2 [11]

for the parton-level process, andPYTHIA 6.2 [12]
for subsequent hadronization. Generated events
processed through theGEANT-based[13] DØ detec-
tor simulation and reconstructed with the same p
gram used for collider data. Additional smearing w
applied to the reconstructed objects to improve
agreement between data and simulation. Remai
discrepancies in the description of the object rec
struction and identification between the simulation a
the data were taken into account with correction f
tors derived by comparing the efficiencies measure
Z → �+�− data events to the ones obtained from
simulation4.

Lepton and jet trigger efficiencies derived from da
were also applied to the simulated events. The f
corrected efficiencies to selectt t̄ events were found to
be (11.6 ± 1.7)% and(11.7 ± 1.9)% in the e + jets

4 Z → �+�− events in data and simulation are selected requi
two tight electrons (muons) with dielectron (dimuon) invariant m
70� M�� � 110 GeV.
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andµ + jets channel, respectively. These efficienc
are calculated with respect to allt t̄ final states tha
contain an electron or a muon originating either
rectly from aW boson or indirectly fromW → τν

decay. The branching fractions of such final states
17.106% and 17.036%[4] for thee + jets andµ+ jets
channels, respectively.

The background within the selected samples
dominated byW + jets events, which have the sam
signature ast t̄ signal events. The samples also
clude contributions from multijet events in which
jet is misidentified as an electron (e + jets channel)
or in which a muon originating from the semilepton
decay of a heavy quark appears isolated (µ+ jets chan-
nel). In addition, significant/ET can arise from fluctu
ations and mismeasurements of the jet energies.
call these instrumental backgrounds “multijet ba
ground” and we estimated their contribution direc
from data, following the “matrix” method described
Ref. [14] with the loose and tight samples describ
above. The loose sample consists ofNs signal events
and Nb multijet background events, whereNs is a
combination ofW + jets andt t̄ events. The tight sam
ple consists ofεsNs signal events andεbNb multijet
background events, whereεs andεb are the lepton se
lection efficiencies for the tight sample relative to t
loose sample, for signal and background, respectiv
We measuredεs from a combination oft t̄ andW + 4
jets simulated events, and applied a correction fa
derived from the comparison of the corresponding
ficiency in theZ → �+�− data and simulation. W
obtainedεb from events with/ET < 10 GeV, which
are dominated by multijet background;εb was found
to be independent of jet multiplicity. For thee + jets
channel,εs = 0.82± 0.02, andεb = 0.16± 0.04. For
the µ + jets channel,εs = 0.81 ± 0.02, andεb =
0.09± 0.03.

To extract the fraction oft t̄ events in the sam
ple we constructed a discriminant function that ma
use of the differences between the kinematic prop
ties of the t t̄ events and theW + jets background
We did not need to consider the multijet backgrou
separately from theW + jets background because t
kinematic properties of these two event types are s
ilar. We selected the set of variables that provide
best separation between signal and background,
have the least sensitivity to the dominant system
uncertainties coming from the jet energy calibrat
and theW + jets background model, and thus min
mize the total error on the cross section. To reduce
dependence on modeling of soft radiation and und
lying event, only the four highestpT jets were used
to determine these variables. The optimal discri
nant function was found to be built from six variable
(i) HT , the scalar sum of thepT of the four leading
jets; (ii) �φ(�, /ET ), the azimuthal opening angle b
tween the lepton and the missing transverse ene
(iii) KT min = �Rmin

jj pmin
T /EW

T , where�Rmin
jj is the

minimum separation inη–φ space between pairs o
jets, pmin

T is thepT of the lower-pT jet of that pair,
andEW

T is a scalar sum of the lepton transverse m
mentum and/ET ; (iv) the event centralityC, defined
as the ratio of the scalar sum of thepT of the jets to
the scalar sum of the energy of the jets; (v) the ev
aplanarityA, constructed from the four-momenta
the lepton and the jets; and (vi) the event spheri
S , constructed from the four-momenta of the jets. T
last two variables characterize the event shape an
defined, for example, in Ref.[15].

The discriminant function was built using th
method described in Ref.[16], and has the following
general form:

(1)D = S(x1, x2, . . .)

S(x1, x2, . . .) + B(x1, x2, . . .)
,

wherex1, x2, . . . is a set of input variables andS(x1,

x2, . . .) andB(x1, x2, . . .) are the probability densit
functions for thet t̄ signal and background, respe
tively. Neglecting the correlations between the inp
variables, the discriminant function can be appro
mated by the expression:

(2)D =
∏

i si(xi)/bi(xi)∏
i si(xi)/bi(xi) + 1

,

where si(xi) and bi(xi) are the normalized distrib
utions of variablei for signal and background, re
spectively. As constructed, the discriminant funct
peaks near zero for the background, and near u
for the signal. We modeled it using simulatedt t̄ and
W + jets events, and a data sample selected by re
ing that the leptons fail the tight selection criterio
representative of the multijet background. A Po
son maximum-likelihood fit of the modeled discrim
inant function distribution to that of the data yield
the top quark cross sectionσtt̄ and the numbers o
W + jets and multijet background events in the
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Fig. 1. Discriminant distribution for data overlaid with the result from a fit oft t̄ signal, andW + jets and multijet background (a) in thee + jets
channel and (b) in theµ + jets channel.

Fig. 2. Leading jetpT distribution for� + jets events in data with (a) discriminant below 0.5 and (b) discriminant above 0.5, overlaid w
result from a fit oft t̄ signal, andW + jets and multijet background.
on-
the

i-
ri-
-
ved
um
-
ed

e

n
ely

in-
c-
lected data sample. The multijet background was c
strained within errors to the level determined by
matrix method.

Fig. 1 shows the distribution of the discrim
nant function for data along with the fitted cont
butions fromt t̄ signal,W + jets, and multijet back
ground events. The kinematic distributions obser
in lepton+ jets events are well described by the s
of t t̄ signal,W + jets, and multijet background con
tributions. An example of this agreement is illustrat
in Fig. 2 for events selected requiringD < 0.5, domi-
nated by background, and events in thet t̄ signal region
of D > 0.5, for a variable that is not included in th
discriminant function, namely, the highest jetpT in
the event.
The measurement of thet t̄ production cross sectio
at

√
s = 1.96 TeV in each lepton channel separat

yields:

e + jets: σtt̄ = 8.2+2.1
−1.9(stat)+1.9

−1.3(syst) ± 0.5(lumi) pb,

µ + jets: σtt̄ = 5.4+1.8
−1.6(stat)+1.2

−1.0(syst) ± 0.4(lumi) pb,

assuming a top quark mass (mt ) of 175 GeV. These
results agree within statistical uncertainties.

The combined cross section was estimated by m
imizing the sum of the negative log-likelihood fun
tions for each individual channel yielding

σtt̄ = 6.7+1.4
−1.3(stat)+1.6

−1.1(syst) ± 0.4(lumi) pb
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Table 1
Summary of systematic uncertainties�σtt̄ (pb)

Source e + jets µ + jets � + jets

Lepton identification ±0.3 ±0.2 ±0.2

Jet energy calibration +1.8
−1.2

+1.0
−0.7

+1.4
−1.0

Jet identification +0.2
−0.2

+0.2
−0.1

+0.2
−0.1

Trigger +0.1
−0.1

+0.4
−0.3

+0.3
−0.2

Multijet background ±0.3 ±0.03 ±0.2
W background model ±0.2 ±0.4 ±0.3
MC statistics ±0.5 ±0.3 ±0.3
Other ±0.2 ±0.1 ±0.2

Total +1.9
−1.3

+1.2
−1.0

+1.6
−1.1

for mt = 175 GeV. We treated systematic uncerta
ties contributing to the error on the event select
efficiency and the likelihood fit as fully correlated b
tween each other and between the channels. The
tributions to the systematic uncertainty from the diff
ent sources considered in the analysis are present
Table 1. The jet energy calibration uncertainty dom
nates, and represents about 90% of the total system
uncertainty on the cross section.

In addition, a systematic uncertainty of 6.5% fro
the luminosity measurement[17] has been assigned.
the top quark mass range of 160 to 190 GeV, the m
sured cross section decreases (increases) by 0.1
per 1 GeV shift ofmt above (below) 175 GeV.

In summary, we have measured the top quark
production cross section inpp̄ collisions at

√
s =

1.96 TeV in the lepton+ jets channel. Our measur
ment is consistent with the SM expectation[18] which
predicts a cross section of 6.77 ± 0.42 pb for a top
quark mass of 175 GeV.
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