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R. Mart́ınez-Ballaŕın,29 P. Mastrandrea,49 M. Mathis,23 M.E. Mattson,57 P. Mazzanti,6 K.S. McFarland,47

P. McIntyre,51 R. McNultyi,27 A. Mehta,27 P. Mehtala,21 A. Menzione,44 C. Mesropian,48 T. Miao,15 D. Mietlicki,32

A. Mitra,1 H. Miyake,53 S. Moed,20 N. Moggi,6 M.N. Mondragonk,15 C.S. Moon,25 R. Moore,15 M.J. Morello,15

J. Morlock,24 P. Movilla Fernandez,15 A. Mukherjee,15 Th. Muller,24 P. Murat,15 M. Mussiniaa,6 J. Nachtmanm,15

Y. Nagai,53 J. Naganoma,56 I. Nakano,38 A. Napier,54 J. Nett,51 C. Neu,55 M.S. Neubauer,22 J. Nielsene,26

L. Nodulman,2 O. Norniella,22 E. Nurse,28 L. Oakes,40 S.H. Oh,14 Y.D. Oh,25 I. Oksuzian,55 T. Okusawa,39

R. Orava,21 L. Ortolan,4 S. Pagan Grisobb,41 C. Pagliarone,52 E. Palenciaf ,9 V. Papadimitriou,15 A.A. Paramonov,2

J. Patrick,15 G. Paulettagg,52 M. Paulini,10 C. Paus,30 D.E. Pellett,7 A. Penzo,52 T.J. Phillips,14 G. Piacentino,44

E. Pianori,43 J. Pilot,37 K. Pitts,22 C. Plager,8 L. Pondrom,58 K. Potamianos,46 O. Poukhov∗,13 F. Prokoshiny,13

A. Pronko,15 F. Ptohosh,17 E. Pueschel,10 G. Punzicc,44 J. Pursley,58 A. Rahaman,45 V. Ramakrishnan,58

N. Ranjan,46 I. Redondo,29 P. Renton,40 M. Rescigno,49 F. Rimondiaa,6 L. Ristori45,15 A. Robson,19



2

T. Rodrigo,9 T. Rodriguez,43 E. Rogers,22 S. Rolli,54 R. Roser,15 M. Rossi,52 F. Rubbo,15 F. Ruffinidd,44

A. Ruiz,9 J. Russ,10 V. Rusu,15 A. Safonov,51 W.K. Sakumoto,47 Y. Sakurai,56 L. Santigg,52 L. Sartori,44

K. Sato,53 V. Savelievu,42 A. Savoy-Navarro,42 P. Schlabach,15 A. Schmidt,24 E.E. Schmidt,15 M.P. Schmidt∗,59

M. Schmitt,36 T. Schwarz,7 L. Scodellaro,9 A. Scribanodd,44 F. Scuri,44 A. Sedov,46 S. Seidel,35 Y. Seiya,39

A. Semenov,13 E. Sexton-Kennedy,15 F. Sforzacc,44 A. Sfyrla,22 S.Z. Shalhout,7 T. Shears,27 P.F. Shepard,45

M. Shimojimat,53 S. Shiraishi,11 M. Shochet,11 I. Shreyber,34 A. Simonenko,13 P. Sinervo,31 A. Sissakian∗,13

K. Sliwa,54 J.R. Smith,7 F.D. Snider,15 A. Soha,15 S. Somalwar,50 V. Sorin,4 P. Squillacioti,15 M. Stancari,15

M. Stanitzki,59 R. St. Denis,19 B. Stelzer,31 O. Stelzer-Chilton,31 D. Stentz,36 J. Strologas,35 G.L. Strycker,32

Y. Sudo,53 A. Sukhanov,16 I. Suslov,13 K. Takemasa,53 Y. Takeuchi,53 J. Tang,11 M. Tecchio,32 P.K. Teng,1

J. Thomg,15 J. Thome,10 G.A. Thompson,22 E. Thomson,43 P. Ttito-Guzmán,29 S. Tkaczyk,15 D. Toback,51

S. Tokar,12 K. Tollefson,33 T. Tomura,53 D. Tonelli,15 S. Torre,17 D. Torretta,15 P. Totaro,41 M. Trovatoee,44

Y. Tu,43 F. Ukegawa,53 S. Uozumi,25 A. Varganov,32 F. Vázquezk,16 G. Velev,15 C. Vellidis,3 M. Vidal,29 I. Vila,9

R. Vilar,9 J. Vizán,9 M. Vogel,35 G. Volpicc,44 P. Wagner,43 R.L. Wagner,15 T. Wakisaka,39 R. Wallny,8

S.M. Wang,1 A. Warburton,31 D. Waters,28 M. Weinberger,51 W.C. Wester III,15 B. Whitehouse,54 D. Whitesonc,43

A.B. Wicklund,2 E. Wicklund,15 S. Wilbur,11 F. Wick,24 H.H. Williams,43 J.S. Wilson,37 P. Wilson,15 B.L. Winer,37

P. Wittichg,15 S. Wolbers,15 H. Wolfe,37 T. Wright,32 X. Wu,18 Z. Wu,5 K. Yamamoto,39 J. Yamaoka,14

T. Yang,15 U.K. Yangp,11 Y.C. Yang,25 W.-M. Yao,26 G.P. Yeh,15 K. Yim,15 J. Yoh,15 K. Yorita,56

T. Yoshidaj,39 G.B. Yu,14 I. Yu,25 S.S. Yu,15 J.C. Yun,15 A. Zanetti,52 Y. Zeng,14 and S. Zucchelliaa6

(CDF Collaboration†)
1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China

2Argonne National Laboratory, Argonne, Illinois 60439, USA
3University of Athens, 157 71 Athens, Greece

4Institut de Fisica d’Altes Energies, ICREA, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain
5Baylor University, Waco, Texas 76798, USA

6Istituto Nazionale di Fisica Nucleare Bologna, aaUniversity of Bologna, I-40127 Bologna, Italy
7University of California, Davis, Davis, California 95616, USA

8University of California, Los Angeles, Los Angeles, California 90024, USA
9Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain

10Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
11Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA

12Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, 040 01 Kosice, Slovakia
13Joint Institute for Nuclear Research, RU-141980 Dubna, Russia

14Duke University, Durham, North Carolina 27708, USA
15Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

16University of Florida, Gainesville, Florida 32611, USA
17Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy

18University of Geneva, CH-1211 Geneva 4, Switzerland
19Glasgow University, Glasgow G12 8QQ, United Kingdom

20Harvard University, Cambridge, Massachusetts 02138, USA
21Division of High Energy Physics, Department of Physics,

University of Helsinki and Helsinki Institute of Physics, FIN-00014, Helsinki, Finland
22University of Illinois, Urbana, Illinois 61801, USA

23The Johns Hopkins University, Baltimore, Maryland 21218, USA
24Institut für Experimentelle Kernphysik, Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany

25Center for High Energy Physics: Kyungpook National University,
Daegu 702-701, Korea; Seoul National University, Seoul 151-742,

Korea; Sungkyunkwan University, Suwon 440-746,
Korea; Korea Institute of Science and Technology Information,

Daejeon 305-806, Korea; Chonnam National University, Gwangju 500-757,
Korea; Chonbuk National University, Jeonju 561-756, Korea

26Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
27University of Liverpool, Liverpool L69 7ZE, United Kingdom

28University College London, London WC1E 6BT, United Kingdom
29Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain

30Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
31Institute of Particle Physics: McGill University, Montréal, Québec,
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s =1.96 TeV collected with the CDF II Detector. We select events with a single

electron or muon candidate, missing transverse energy, and at least one b-tagged jet. We per-
form a simultaneous fit to a jet flavor discriminant across nine samples defined by the number of
jets and b-tags. An advantage of this approach is that many systematic uncertainties are mea-
sured in situ and inversely scale with integrated luminosity. We measure a top cross section of
σtt̄ = 7.64± 0.57 (stat + syst)± 0.45 (luminosity) pb.
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Since its discovery in 1995 [1, 2], much has been learned
about the top quark through analyses of pp̄ collisions.
Top quarks are produced in pairs through the strong in-
teraction and each top quark decays dominantly to a W
boson and a b quark, followed by the W decaying ei-
ther to a pair of quarks (which form jets) or a lepton
and a neutrino. This Letter describes a measurement of
the top-antitop pair production cross section, σtt̄, in the
pp̄ → tt̄ → ℓνqq′bb̄ channel at a center-of-mass energy,√
s = 1.96 TeV using a new methodology to constrain

background contributions and systematic effects, result-
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ing in an improved sensitivity.

The jets which originate from the bottom quarks in the
final state provide an opportunity to select events which
are more likely to have come from top quark decays than
from other processes. A b-tagging algorithm takes ad-
vantage of the characteristics — largely the secondary
vertex displaced from the primary vertex — that distin-
guish heavy flavor (HF) jets from charm and light flavor
(LF) jets [3]. This algorithm allows us to reduce the
backgrounds from W + jets processes, which can mimic
the top decay signature, and was the basis for several
previous measurements of the top cross section [4, 5].

While requiring the event to have at least one b-tagged
jet reduces the backgrounds, it does not eliminate them.
It is important to estimate the amount of W boson pro-
duction with associated jets from heavy flavor, which is
theoretically difficult and a source of systematic uncer-
tainties for measurements of the cross section as well as
the mass. Here we reduce this systematic uncertainty
and constrain the W+HF background by performing a
fit to the data which includes regions dominated by W
+ jets.

Since the b-tagging algorithm can incorrectly tag light
flavor jets as b-jets, it is advantageous to apply an ad-
ditional discriminant to b-tagged jets to further separate
processes with jets from bottom, charm, and light flavor.
This flavor separator is a neural network whose output,
on a statistical basis, discriminates between b-quark, c-
quark, and light-flavor jets. The flavor separator uses 25
variables to output a single number indicating how likely
a jet is a b-jet, where the invariant mass of the secondary
vertex has the most separation power. The flavor sepa-
rator was calibrated using data control samples [6].

In this Letter, we use a flavor separator for the first
time in the measurement of the tt̄ cross-section. In order
to constrain the background contributions, we perform
the fit to the flavor discriminant in nine samples defined
by the number of jets, njet (1, 2, 3, 4, or ≥ 5), and
number of b-tagged jets, ntag (1 or ≥ 2). Events with one
or two jets are dominated by W + jets, whereas events
with three or more jets are largely tt̄. Events with two
b-tags are dominated by Wbb̄ and tt̄, whereas events with
a single b-tag are predominantly W+charm and W+LF.
Previous methods selected events with three or more jets
in order to reduce the largest background from W + jets
processes [4, 5, 7]. This new method instead constrains
the background contribution of the W + jets processes
in the region with three or more jets by measuring the
contributions in the regions with one and two jets.

We use a data sample corresponding to 2.7 fb−1 of inte-
grated luminosity, collected from February 2002 through
April 2008 using the CDF II Detector [8], an approx-
imately cylindrically-symmetric detector located at the
Tevatron collider. CDF II is a general-purpose device;
the central drift chamber provides charged-particle track-
ing, while the silicon system provides excellent vertex
and impact parameter resolution, both of which are im-
portant for identifying bottom quarks. Electromagnetic

and hadronic calorimeters are located outside the track-
ing chambers, and provide identification of electrons and
jets. At the outermost layer of the detector sit the muon
drift chambers which provide muon identification.
We select events with a W candidate decaying lep-

tonically to either an electron or muon. We require
at least one jet and exactly one lepton candidate both
with transverse energy ET > 20 GeV and pseudorapid-
ity |η| < 2.0 [9]. We require that at least one jet is b-
tagged, and that there is at least 20 GeV of missing trans-
verse energy, ET/ , in the event. To reduce QCD back-
grounds, we require the transverse mass of the W , mW

T =
√

2(pℓT p
ν
T − pℓxp

ν
x − pℓyp

ν
y), to be at least 10 GeV/c2 for

muons, and at least 20 GeV/c2 for electrons. Electron
samples have a larger QCD background contamination
than muon samples, so there we also require the ET/ to

satisfy ET/
√

−→
Euncl

T
·ÊT/

> −0.05 mW
T (inGeV/c2) + 3.5, where

the denominator is the square root of the amount of un-
clustered energy in the direction of the missing transverse
energy [10].
In addition to QCD multi-jet processes, the final state

in this analysis can be mimicked by several other pro-
cesses. W + jets processes are by far the largest source
of backgrounds. Single top production, di-boson produc-
tion, and Z + jets processes — collectively referred to as
electroweak (EW) processes — also contribute. All but
the QCD multi-jet backgrounds are modeled with Monte
Carlo simulations; the QCD backgrounds are estimated
using a data-driven approach. Events that pass the se-
lection criteria, though with the lepton candidate failing
any two identification cuts, are mostly QCD multi-jet
processes, and this sample is used to model the back-
ground from these QCD processes. The normalization
of the QCD background is estimated from a fit to the
missing ET distribution for each sub-sample, without the
missing ET requirement.
Monte Carlo samples are employed to estimate accep-

tances for the signal and backgrounds, and to model
relevant distributions used in the fits described below.
All of the Monte Carlo samples employed were gener-
ated using either pythia v6.216 [11] (the tt̄ and dibo-
son samples), MadGraph [12] (the single top sample), or
alpgen v2.10′ [13] with generator-to-reconstructed-jet
matching [14, 15] and pythia v6.326 for showering (the
W + jets and Z + jets samples). The tt̄ signal Monte
Carlo sample was generated with the CTEQ5L [16] par-
ton distribution functions (PDFs) assuming a top mass
of mt = 175 GeV/c2. All samples are processed through
a detailed simulation of the CDF II Detector response,
after which they are treated in the same manner as the
data events. Each of the samples is divided based on the
number of jets and b-tags, and made into templates —
binned distributions of the flavor separator output.
The measurement is accomplished as a fit of the flavor

separator distribution performed simultaneously in the
nine data sub-samples. Results are obtained by max-
imizing a binned Poisson likelihood which incorporates
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templates from each of the tt̄, W + jets, electroweak,
and QCD processes. The templates are combined after
initializing them to the predicted yield for data corre-
sponding to an integrated luminosity of 2.7 fb−1, where
the initialization factors are functions of cross sections,
tagging efficiencies, and energy scales which are all pa-
rameters in the fit. The overall normalization of each
template is floated in the fit — a single overall normal-
ization factor is used for each process — and the primary
result of the fit is a set of those normalizations: the tt̄
cross section and relative normalizations,Kp, to the stan-
dard model expectations for W + jets, electroweak, and
QCD components.
Template normalizations also include functions,

Px(i, j, ξx), that parametrize the effect of a source of sys-
tematic uncertainty, x, in the sub-sample with ntag = i
and njet = j, as a function of the relative shift, ξx, of
quantity x, in units of the uncertainty on x. A sepa-
rate function is employed for each process in each sub-
sample for each source of systematic uncertainty; an ex-
ample function is shown in Figure 1. This leads to a
total of 12 parameters in the fit — seven normalizations
of the samples (σtt̄, KWbb̄, KWcc̄, KWc, KW+LF , KEW ,
and KQCD), and five systematic uncertainty parameters
(ξBtag, ξMistag , ξI/FSR, ξQ2 , ξJES).
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FIG. 1: (Color) The function which parameterizes the effect of
the Jet Energy Scale on the 1-tag templates of the tt̄ sample.
Each jet- and tag-bin for each process in each sub-sample has
a different function for each source of systematic uncertainty.
The x-axis is in units of the systematic shift.

Systematic uncertainties in this measurement can af-
fect both the normalizations and the shapes of the tem-
plates. The rate uncertainties are naturally included in
the fit via the Px(i, j, ξx) functions, and these system-
atic uncertainties are reflected by the total fit error. To
account for each shape uncertainty, we generate an ad-
ditional set of templates with the variable in question
changed, re-run the fit, and take the difference in the
result as the uncertainty.
We vary the b-tagging efficiency, mistag rate, and

the jet energy calibration [17] by their uncertainties for
all simulated samples. Initial- and final-state radiation
(ISR/FSR) are processes in which gluons are radiated be-

fore or after the collision, respectively. The uncertainty
arises due to ISR/FSR leading to a larger or smaller num-
ber of jets in the event. To account for this, we make
additional sets of tt̄ templates with more or less ISR and
FSR as compared to the normal settings; the different
settings are constrained by studies of Drell-Yan produc-
tion [18]. The systematic uncertainty associated to the
choice of the renormalization and factorization scales is
estimated by varying these scales between half and twice
their default values, as indicated in [13]. This variation
also accounts for differences in ISR/FSR in W + jets
processes.
The uncertainty due to the choice of the algorithm

used to generate the parton shower was determined by
comparing the results obtained using pythia and her-

wig [19]. We account for uncertainties in our modeling of
the QCD template shape by using electron-like signals as-
sociated with multiple tracks, rather than electrons that
fail identification cuts, to make templates. The flavor
separator has a correction factor applied to match its
mistag rate to the one observed in data; to account for
this uncertainty, we examine templates without this fac-
tor applied. The models describing color reconnection —
i.e., the QCD cross-talk between the decay products of
the top quarks — are not known precisely, so we account
for this uncertainty by comparing two different models.
We take an uncertainty of 0.6% on the top cross section
due to the PDFs, and an uncertainty of 0.5% due to the
beam position and lepton identification efficiency. We
take a conservative 2% uncertainty due to the PDFs on
the W + jets results. The measured luminosity has an
uncertainty of 5.9%.
The total normalizations of the tt̄ andWbb̄ components

in the fit are given by

Npred
tt̄ (i, j) = σtt̄ · L · FMC

tt̄ (i, j) · PI/FSR(i, j, ξI/FSR)·
PBtag(i, j, ξBtag) · PMistag(i, j, ξMistag)·
PJES(i, j, ξJES) (1)

Npred

Wbb̄
(i, j) = KWbb̄ · σMC

Wbb̄ · L · SσW
· FMC

Wbb̄(i, j)·
PBtag(i, j, ξBtag) · PMistag(i, j, ξMistag)·
PJES(i, j, ξJES) · PQ2(i, j, ξQ2) (2)

where σtt̄ is the cross section andKWbb̄ is the relative nor-
malization factor; σMC

x is the cross section from Monte
Carlo simulations; L =

∫

Ldt is the integrated luminosity;
FMC
x (i, j) is the Monte Carlo prediction for the fraction

of events with i b-tags and j jets, including reconstruc-
tion and selection efficiencies; SσW

is a factor of 1.54
obtained from the ratio of the measured W + jets cross
section [20] to the alpgen-prediction cross section —this
is necessary due to alpgen being a leading-order event
generator; and Px(i, j, ξx) are functions for each source
of systematic uncertainty, x. Normalizations of the other
five samples are obtained in a similar manner. For refer-
ence and easier comparison to other measurements, the
cross sections for K = 1 are calculated from alpgen as
2744.1 pb for W+LF, 31.9 pb for Wc, 13.1 pb for Wcc̄,
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and 6.8 pb for Wbb̄.
The data and best fit to the flavor separator distri-

bution are shown in Fig. 2. The tt̄ production cross
section is found to be σtt̄ = 7.64+0.57

−0.54 pb, and relative

normalization factors are KWbb̄ = 1.39+0.28
−0.22, KWcc̄ =

0.83+0.90
−0.71, KWc = 1.68+0.34

−0.32, KW+LF = 0.98+0.34
−0.25, KEW

= 1.10+0.10
−0.10, and KQCD = 0.82+0.26

−0.26. These results in-
clude statistical and systematic uncertainties, but do not
include an uncertainty due to the luminosity. The top
cross section we measure is consistent with theoretical
predictions [21–24], and the values of the relative nor-
malizations are consistent with what is expected from the
theoretical uncertainty of the leading-order cross sections
used by the Monte Carlo simulation generators [13, 14].
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FIG. 2: (Color) The data and best fit for the flavor separator
distribution for samples defined by the number of jets and
number of tags. The legend is located in the “2 Jets 1 Tag”
bin. Note that the flavor separator distribution is divided into
fewer bins for samples with fewer events. For samples with
two or more tags, we show the average of the flavor separator
output from the two highest-pT tagged jets.

In order to evaluate the performance of this new
method, we have compared the estimates of the system-
atic uncertainties on the top cross section with the pre-
vious method of background estimation [7], though as
applied to the same integrated luminosity. A summary
of these comparisons is shown in Table I. The total un-
certainty drops from 0.84 pb to 0.73 pb, which is a 13%
improvement. However, the previous result developed a
normalization to the Z cross section to reduce the lu-
minosity uncertainty dramatically, and this method can
be extended in the future to include that improvement.
Therefore, upon excluding the luminosity uncertainty in
order to better compare the methods, the uncertainty
drops from 0.72 pb to 0.57 pb for a 21% improvement.
In summary, we measured the top pair production

cross section using a novel method for estimating back-
ground contributions with CDF II data corresponding to
an integrated luminosity of 2.7 fb−1. The cross section we
measure, 7.64± 0.57 (stat + syst)± 0.45 (luminosity), is
consistent with the standard model next-to-leading order

theoretical calculation [22], and the background contri-
butions are consistent with other predictions [7]. Com-

TABLE I: Comparison of systematic uncertainties between
this result and the previous method of background estima-
tion [7].

Uncertainty Previous Method This Result

Statistical 0.36 pb 0.33 pb

HF K-Factor 0.27 pb Inc in stat

Q2 N/A 0.21 pb

B Tagging 0.39 pb 0.23 pb

Mistags 0.17 pb 0.08 pb

JES 0.29 pb 0.29 pb

ISR/FSR 0.06 pb 0.01 pb

Parton Showering 0.21 pb 0.11 pb

QCD Shape 0.06 pb 0.01 pb

Flavor Separator Correction N/A 0.10 pb

Color Reconnection N/A 0.03 pb

PDF 0.04 pb 0.05 pb

Lepton ID / trigger 0.04 pb 0.05 pb

Z0 0.02 pb 0.02 pb

Sub-Total 0.72 pb 0.57 pb

Luminosity 0.43 pb 0.45 pb

Total 0.84 pb 0.73 pb

pared to the previous method of background estimation,
using b-tagging, this new method improves the precision
on the top quark pair production cross section by 21%,
excluding luminosity uncertainties.
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