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T. Kuhl,24 A. Kumar,70 S. Kunori,62 A. Kupco,11 T. Kurča,20 J. Kvita,9 F. Lacroix,13 D. Lam,56 S. Lammers,71

G. Landsberg,78 P. Lebrun,20 W. M. Lee,51 A. Leflat,38 F. Lehner,42 J. Lellouch,17 J. Leveque,46 J. Li,79 Q. Z. Li,51 L. Li,49

S. M. Lietti,5 J. G. R. Lima,53 D. Lincoln,51 J. Linnemann,66 V. V. Lipaev,39 R. Lipton,51 Y. Liu,7,{ Z. Liu,6 A. Lobodenko,40

M. Lokajicek,11 P. Love,43 H. J. Lubatti,83 R. Luna,3 A. L. Lyon,51 A. K. A. Maciel,2 D. Mackin,81 R. J. Madaras,47

P. Mättig,26 C. Magass,21 A. Magerkurth,65 P. K. Mal,56 H. B. Malbouisson,3 S. Malik,68 V. L. Malyshev,36 H. S. Mao,51

Y. Maravin,60 B. Martin,14 R. McCarthy,73 A. Melnitchouk,67 L. Mendoza,8 P. G. Mercadante,5 M. Merkin,38

K. W. Merritt,51 J. Meyer,22,x A. Meyer,21 T. Millet,20 J. Mitrevski,71 J. Molina,3 R. K. Mommsen,45 N. K. Mondal,29

R. W. Moore,6 T. Moulik,59 G. S. Muanza,20 M. Mulders,51 M. Mulhearn,71 O. Mundal,22 L. Mundim,3 E. Nagy,15

M. Naimuddin,51 M. Narain,78 N. A. Naumann,35 H. A. Neal,65 J. P. Negret,8 P. Neustroev,40 H. Nilsen,23 H. Nogima,3

S. F. Novaes,5 T. Nunnemann,25 V. O’Dell,51 D. C. O’Neil,6 G. Obrant,40 C. Ochando,16 D. Onoprienko,60 N. Oshima,51

J. Osta,56 R. Otec,10 G. J. Otero y Garzón,51 M. Owen,45 P. Padley,81 M. Pangilinan,78 N. Parashar,57 S.-J. Park,72

S. K. Park,31 J. Parsons,71 R. Partridge,78 N. Parua,55 A. Patwa,74 G. Pawloski,81 B. Penning,23 M. Perfilov,38 K. Peters,45

Y. Peters,26 P. Pétroff,16 M. Petteni,44 R. Piegaia,1 J. Piper,66 M.-A. Pleier,22 P. L. M. Podesta-Lerma,33,‡

PRL 100, 192003 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
16 MAY 2008

0031-9007=08=100(19)=192003(7) 192003-1 © 2008 The American Physical Society



V. M. Podstavkov,51 Y. Pogorelov,56 M.-E. Pol,2 P. Polozov,37 B. G. Pope,66 A. V. Popov,39 C. Potter,6

W. L. Prado da Silva,3 H. B. Prosper,50 S. Protopopescu,74 J. Qian,65 A. Quadt,22,x B. Quinn,67 A. Rakitine,43

M. S. Rangel,2 K. Ranjan,28 P. N. Ratoff,43 P. Renkel,80 S. Reucroft,64 P. Rich,45 J. Rieger,55 M. Rijssenbeek,73

I. Ripp-Baudot,19 F. Rizatdinova,77 S. Robinson,44 R. F. Rodrigues,3 M. Rominsky,76 C. Royon,18 P. Rubinov,51

R. Ruchti,56 G. Safronov,37 G. Sajot,14 A. Sánchez-Hernández,33 M. P. Sanders,17 A. Santoro,3 G. Savage,51 L. Sawyer,61

T. Scanlon,44 D. Schaile,25 R. D. Schamberger,73 Y. Scheglov,40 H. Schellman,54 T. Schliephake,26 C. Schwanenberger,45

A. Schwartzman,69 R. Schwienhorst,66 J. Sekaric,50 H. Severini,76 E. Shabalina,52 M. Shamim,60 V. Shary,18

A. A. Shchukin,39 R. K. Shivpuri,28 V. Siccardi,19 V. Simak,10 V. Sirotenko,51 P. Skubic,76 P. Slattery,72 D. Smirnov,56
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We present the first simultaneous measurement of the ratio of branching fractions, R � B�t!
Wb�=B�t! Wq�, with q being a d, s, or b quark, and the top-quark pair production cross section �t�t
in the lepton plus jets channel using 0:9 fb�1 of p �p collision data at

���

s
p
� 1:96 TeV collected with the D0

detector. We extract R and �t�t by analyzing samples of events with 0, 1, and � 2 identified b jets. We
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measure R � 0:97�0:09
�0:08�stat� syst� and �t�t � 8:18�0:90

�0:84�stat� syst� � 0:50�lumi� pb, in agreement with
the standard model prediction.

DOI: 10.1103/PhysRevLett.100.192003 PACS numbers: 13.85.Lg, 12.15.Hh, 13.85.Qk, 14.65.Ha

Within the standard model (SM) the top quark decays to
a W boson and a down-type quark q (q � d, s, b) with a
rate proportional to the squared Cabibbo-Kobayashi-
Maskawa (CKM) matrix element, jVtqj2 [1]. Under the
assumption of three fermion families and a unitary 3� 3
CKM matrix, the jVtqj elements are severely constrained,
with jVtbj � 0:999100�0:000034

�0:000004 [2]. However, in several
extensions of the SM the 3� 3 CKM submatrix would
not appear unitary and jVtqj elements can significantly
deviate from their SM values. This would affect the rate
for single top-quark production via the electroweak inter-
action [3] and the ratio R of the top-quark branching
fractions, which can be expressed in terms of the CKM
matrix elements as

 R �
B�t! Wb�
B�t! Wq�

�
j Vtb j

2

j Vtb j2 � j Vts j2 � j Vtd j2
:

A precise measurement of R is therefore a necessary
ingredient for performing direct measurements of the
jVtqj elements via the combination with future measure-
ments of the single top-quark production in s and t chan-
nels [4], free of assumptions about the number of quark
families or the unitarity of the CKM matrix.

We report the first simultaneous measurement of R and
the top-quark pair (t�t) production cross section �t�t. R was
measured by the CDF and D0 collaborations [5,6]. The
simultaneous measurement of R and �t�t, in contrast to
previous measurements [7,8], allows one to extract �t�t
without assuming B�t! Wb� � 1, and to achieve a higher
precision on both quantities by exploiting their different
sensitivity to systematic uncertainties.

The current measurement is based on data collected with
the D0 detector [9] between August 2002 and
December 2005 at the Fermilab Tevatron p �p collider at
���

s
p
� 1:96 TeV, corresponding to an integrated luminosity

of about 0:9 fb�1. We use the top-quark pair decay channel
tt! W�qW�q, with the subsequent decay of one W
boson into two quarks, and the other one into an electron
or muon and a neutrino, referred to as the lepton plus jets
(‘� jets) channel. We select a data sample enriched in t�t
events by requiring � 3 jets with transverse momentum
pT > 20 GeV and pseudorapidity j�j< 2:5 [10], one iso-
lated electron (muon) with pT > 20 GeV and j�j< 1:1
(j�j< 2:0), and missing transverse energy E6 T > 20 GeV
(e� jets) or E6 T > 25 GeV (�� jets). The leading jet pT
is required to exceed 40 GeV. Events containing a second
isolated lepton with pT > 15 GeV are rejected. The lepton
isolation criteria are based on calorimeter and tracking
information. Details of lepton, jets, and E6 T identification
are described elsewhere [10].

We identify b jets using a neural-network tagging algo-
rithm [11]. It combines variables that characterize the
presence and properties of secondary vertices and tracks
with high impact parameter inside the jet. In the simula-
tion, we assign a probability for each jet to be b tagged
based on its flavor, pT , and �. These probabilities are
determined from data control samples, and can be com-
bined to yield a probability for each t�t event to have 0, 1, or
� 2 b-tagged jets [7].

We split the ‘� jets sample into subsamples according
to lepton flavor (e or�), jet multiplicity (3 or� 4 jets) and
number of identified b jets (0, 1 or � 2), thus obtaining 12
disjoint data sets. We simultaneously fit R and �t�t to the
observed number of 1 b tag and� 2 b tag events, and, in 0
b tag events with� 4 jets, to the shape of a discriminant D
that exploits kinematic differences between t�t signal and
background. We do not use a discriminant in events with 3
jets and 0 b tags, since the signal-to-background ratio is
about 5 times smaller.

The dominant background is the production ofW bosons
in association with heavy and light flavor jets (W � jets).
Smaller contributions arise from Z� jets, diboson, and
single top-quark production. Multijet events enter the se-
lected sample if a jet is misidentified as an electron, or a
muon in a jet from a heavy quark or an in-flight pion or
kaon decay appears isolated.

We model W � jets and Z� jets processes with the
ALPGEN [12] leading-order generator for the matrix ele-
ment calculation and PYTHIA [13] for parton showering and
hadronization. Diboson samples are generated with
PYTHIA. Single top-quark production is modeled with the
SINGLETOP [14] event generator. The t�t signal is simulated
with PYTHIA for a top-quark mass of mtop � 175 GeV and
includes three decay modes t�t! W�bW� �b, t�t!
W�bW� �ql (or t�t! W�qlW� �b) and t�t! W�qlW� �ql,
where ql denotes a light down-type (d or s) quark. These
three decay modes are referred to as bb, bql and qlql. We
pass the generated events through a GEANT-based [15]
simulation of the D0 detector. Additional corrections [10]
are applied to the reconstructed objects to improve the
agreement between data and simulation.

The determination of the background composition starts
with the evaluation of the multijet background for each jet
multiplicity and lepton flavor before b-jet tagging by
counting events in the corresponding control data samples
and applying the matrix method [7]. We estimate the
number of events with a lepton originating from a W or
Z boson decay by subtracting the multijet background from
the observed event yield before b tagging. We further
subtract diboson, single top quark and Z� jets contribu-
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tions, normalized to the next-to-leading-order cross sec-
tions [16]. The remaining data events are assumed to come
from t�t and W � jets. In every step of the fitting procedure
used to extract �t�t and R, we iteratively redetermine the
expected number of t�t events and reevaluate the W � jets
background.

Since the probability to tag a t�t event depends on the jet
flavor, it depends on R. Assuming three t�t decay modes bb,
bql and qlql, the probability for a t�t event to pass our
selection criteria and to have n b-tagged jets is:
 

Pntotal�t�t� � R2A�bb�Pnt �bb� � 2R�1� R�A�bql�P
n
t �bql�

� �1� R�2A�qlql�P
n
t �qlql�; (1)

where A (Pnt ) describes the acceptance (tagging probabil-
ity) for each mode. Figure 1(a) shows Pnt as a function of R
for t�t events with � 4 jets. Table I presents the sample
composition for the measured �t�t and R � 1.

The topological discriminant D [10] exploits the kine-
matic differences between t�t and W � jets events to
achieve a better constraint on the number of t�t events in
the subsample with � 4 jets and 0 b tags. We select

variables well described by the background model that
provide a good separation between t�t and W � jets back-
ground. Only the four highest-pT jets are considered for
these variables to reduce the sensitivity to soft radiation.
The optimal set of variables is chosen to minimize the
expected statistical uncertainty on the fitted fraction of t�t
events. Because of differences in acceptance and sample
composition, the discriminants are constructed from differ-
ent sets of variables in the e� jets and �� jets channels.
In the e� jets channel we use five variables: the leading jet
pT , the maximum �R [10] between two jets, A, CM, and
DM [17]. In the �� jets channel we use six variables: A,
DM, the scalar sum of the pT of jets and the muon, the
scalar sum of the pT of the third and fourth jet, the
transverse mass of all jets, and the ratio of the mass of
the three leading jets to the mass of the event, defined as the
invariant mass of all jets, the lepton and E6 T .

The discriminant function is built using simulated W �
jets and t�t events. We evaluate it for each physics process
considered and build corresponding template distributions
consisting of ten bins. For t�t we obtain a distribution for
each of the three decay modes. The shapes of the discrimi-
nant distributions for Z� jets, diboson and single top
backgrounds are found to be similar to that of the W �
jets events and we use the latter to model them. The
discriminant shape for the multijet background is obtained
from a sample of data events where the lepton fails the
isolation criteria.

We define a likelihood function as the product of
Poisson probabilities over all 30 subsamples and bins of
the discriminant. In each subsample the expected number
of events is estimated as a function of R and �t�t. We
include 12 additional Poisson terms to constrain the multi-
jet background in each subsample. The systematic uncer-
tainties are incorporated in the fit using nuisance
parameters [7], each represented by a Gaussian term in
the likelihood. In this approach, each source of systematic
uncertainty is allowed to affect the central value of R and
�t�t during the fit, yielding a combined statistical and

TABLE I. Sample composition for the measured �t�t and R �
1. Total uncertainties are given.

Njets Sample 0 b tags 1 b tag � 2 b tags

3 W � jets 1394:4� 65:1 102:5� 9:4 8:3� 1:2
Multijet 287:4� 35:9 28:1� 3:5 3:3� 0:4
Other 254:0� 35:2 29:4� 3:5 5:2� 0:7
t�t 109:7� 6:6 143:3� 5:1 54:3� 4:3

Total 2045:5� 82:5 303:3� 11:8 71:2� 4:5
Observed 2050 294 76

4 W � jets 188:2� 38:0 17:3� 3:8 1:8� 0:4
Multijet 66:9� 9:9 6:6� 1:0 0:8� 0:1
Other 62:2� 11:8 8:0� 1:4 1:7� 0:3
t�t 83:8� 9:4 126:4� 11:4 64:2� 4:5

Total 401:1� 42:1 158:3� 12:1 69:5� 4:5
Observed 389 179 58

R

p
ro

b
ab

ili
ty

R

0.2

R
0 0.2 0.4 0.6 0.8 1

0

0.4

0.6

0.8

1
0 tag

1 tag

 2 tags≥

DØ Run II

0 1 2≥

N
u

m
b

er
 o

f 
ev

en
ts

Number of tagged jets

0

200

400

600
DØ Data

tt
other
W+jets
Multijet

 -1L=0.9 fb

Likelihood discriminant

N
u

m
b

er
 o

f 
ev

en
ts

0

20

40

60

80

100

120

0 0.2 0.4 0.6 0.8 1
0

20

40

60

80

100

120 DØ Data

tt
other
W+jets
Multijet

 -1L=0.9 fb)c()b()a(

FIG. 1. (a) Probability of t�t events to have 0, 1, and� 2 b tags as a function of R for events with� 4 jets; (b) predicted and observed
number of events in the 0, 1 and� 2 b tag samples for the measured R and �t�t for events with� 4 jets and (c) predicted and observed
discriminant distribution in the 0 b tag sample with � 4 jets.
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systematic uncertainty. The result of the fit is

 

R � 0:97�0:09
�0:08�stat� syst� and

�t�t � 8:18�0:90
�0:84�stat� syst� � 0:50�lumi� pb;

(2)

for a top-quark mass of 175 GeV. Figures 1(b) and 1(c)
compare the distribution of the data to the sum of predicted
background and measured signal. We observe no signifi-
cant dependence of R on mtop within �10 GeV around the
assumed value while �t�t changes by 	0:09 pb per 1 GeV
within the same range. We find a correlation between R and
�t�t of �58%. Table II summarizes the statistical and lead-
ing systematic uncertainties on R and �t�t excluding the
6.1% uncertainty on the integrated luminosity [18].

The total uncertainty on R is about 9%, compared to
17% achieved in the previous measurement [6]. The largest
uncertainty comes from the limited statistics. Since the
b-tagging efficiency drives the distribution of the events
among the b-tag subsamples and is strongly anticorrelated
with R, the systematic uncertainty is dominated by the
b-tagging efficiency estimation, responsible for 
90% of
the total systematic uncertainty.

The total uncertainty on �t�t, excluding luminosity, is

10:5%, representing a 30% improvement over the pre-
vious measurement [7] assuming R � 1. Part of the im-

provement results from a fourfold reduction in the
systematic uncertainties due to b-tagging, which is mostly
absorbed by the R measurement.

We extract a limit on R and jVtbj following the Feldman-
Cousins procedure [19]. We generate pseudoexperiments
with all systematic uncertainties included for various input
values of R (Rtrue). We obtain R> 0:88 at 68% C.L. and
R> 0:79 at 95% C.L., illustrated in Fig. 2. From R we
determine the ratio of jVtbj2 to the off-diagonal matrix
elements to be jVtbj2

jVtsj2�jVtdj2
> 3:8 at 95% C.L. Assuming a

unitary CKM matrix with three fermion generations we
derive jVtbj> 0:89 at 95% C.L.

In summary, we have performed a simultaneous mea-
surement of R and �t�t yielding the most precise measure-
ments to date, both in good agreement with the SM [1,20].
This measurement of R will be a key ingredient in a future
model-independent direct determination of the jVtqj CKM
matrix elements.
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