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We present the first simultaneous measurement of the ratio of branching fractions, R = B(r —
Wb)/B(t — Wgq), with ¢ being a d, s, or b quark, and the top-quark pair production cross section o ;
in the lepton plus jets channel using 0.9 fb~! of pp collision data at /s = 1.96 TeV collected with the DO
detector. We extract R and o by analyzing samples of events with 0, 1, and = 2 identified b jets. We
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measure R = 0.97705 (stat + syst) and o7 = 8.1870(stat + syst) = 0.50(lumi) pb, in agreement with

the standard model prediction.

DOI: 10.1103/PhysRevLett.100.192003

Within the standard model (SM) the top quark decays to
a W boson and a down-type quark ¢ (¢ = d, s, b) with a
rate proportional to the squared Cabibbo-Kobayashi-
Maskawa (CKM) matrix element, IV,qI2 [1]. Under the
assumption of three fermion families and a unitary 3 X 3
CKM matrix, the IV,ql elements are severely constrained,
with |[V,,] = 0.99910072939%3% [2]. However, in several
extensions of the SM the 3 X 3 CKM submatrix would
not appear unitary and IV,qI 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

_ B(t— Wb) _
C B(t— Wq)

| Vi |7
[V P+ Ve P+ Vi ?

A precise measurement of R is therefore a necessary
ingredient for performing direct measurements of the
|V;,| elements via the combination with future measure-
ments of the single top-quark production in s and ¢ 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 (¢7) production cross section o ;. R was
measured by the CDF and DO collaborations [5,6]. The
simultaneous measurement of R and o, in contrast to
previous measurements [7,8], allows one to extract o
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 DO detector [9] between August 2002 and
December 2005 at the Fermilab Tevatron pp collider at
s = 1.96 TeV, corresponding to an integrated luminosity
of about 0.9 fb~!. We use the top-quark pair decay channel
it— W*rqW™gq, 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 #7
events by requiring = 3 jets with transverse momentum
pr > 20 GeV and pseudorapidity |n| < 2.5 [10], one iso-
lated electron (muon) with p; >20 GeV and |n| < 1.1
(Iml <2.0), and missing transverse energy £ > 20 GeV
(e + jets) or fr > 25 GeV (u + jets). The leading jet pr
is required to exceed 40 GeV. Events containing a second
isolated lepton with p7 > 15 GeV are rejected. The lepton
isolation criteria are based on calorimeter and tracking
information. Details of lepton, jets, and F identification
are described elsewhere [10].

PACS numbers: 13.85.Lg, 12.15.Hh, 13.85.Qk, 14.65.Ha

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, pr, and 7. These probabilities are
determined from data control samples, and can be com-
bined to yield a probability for each ¢7 event to have 0, 1, or
= 2 b-tagged jets [7].

We split the € + jets sample into subsamples according
to lepton flavor (e or w), 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 o; 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 7 signal and
background. We do not use a discriminant in events with 3
jets and O b tags, since the signal-to-background ratio is
about 5 times smaller.

The dominant background is the production of W 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 7 signal is simulated
with PYTHIA for a top-quark mass of m,, = 175 GeV and
includes three decay modes 17— WYbW b, 11—
WrbW=g, (or tt— Wtrq,W~=b) and ti— W q,W g,
where ¢; denotes a light down-type (d or s) quark. These
three decay modes are referred to as bb, bg; and q,;q;. We
pass the generated events through a GEANT-based [15]
simulation of the DO 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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(a) Probability of 7 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 o ,; for events with = 4 jets and (c) predicted and observed

discriminant distribution in the 0 b tag sample with = 4 jets.

tions, normalized to the next-to-leading-order cross sec-
tions [16]. The remaining data events are assumed to come
from tf and W + jets. In every step of the fitting procedure
used to extract o,; and R, we iteratively redetermine the
expected number of 17 events and reevaluate the W + jets
background.

Since the probability to tag a 7 event depends on the jet
flavor, it depends on R. Assuming three ¢7 decay modes bb,
bgq, and ¢,q,, the probability for a ¢ event to pass our
selection criteria and to have n b-tagged jets is:

Pt (1)) = R2A(bb)P!(bb) + 2R(1 — R)A(bq;)P}(bq;)
+ (1 — R)*A(q19)P(q1q:), (1)

where A (P}) describes the acceptance (tagging probabil-
ity) for each mode. Figure 1(a) shows P} as a function of R
for #f events with = 4 jets. Table I presents the sample
composition for the measured o,; and R = 1.

The topological discriminant 2D [10] exploits the kine-
matic differences between (f and W + jets events to
achieve a better constraint on the number of #7 events in
the subsample with =4 jets and 0 b tags. We select

TABLE I. Sample composition for the measured o,; and R =
1. Total uncertainties are given.
Njes  Sample 0 b tags 1 b tag =2 b tags
3 W +jets 13944 651 102594 8312
Multijet ~ 287.4 = 35.9 28.1 £ 3.5 3304
Other 254.0 = 35.2 29.4 = 3.5 52=*0.7
tf 109.7 = 6.6 143.3 £5.1 543 %43
Total 2045.5 £825 3033 *11.8 71.2=*45
Observed 2050 294 76
4 W +jets  188.2 = 38.0 173 3.8 1.8 = 0.4
Multijet 66.9 = 9.9 6.6 = 1.0 0.8 =0.1
Other 622 £ 11.8 8.0+ 1.4 1.7 0.3
I 83.8 £94 1264 £ 114 642=*45
Total 401.1 £42.1 1583 *12.1 69.5=*4.5
Observed 389 179 58

variables well described by the background model that
provide a good separation between 7 and W + jets back-
ground. Only the four highest-p; 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 7
events. Because of differences in acceptance and sample
composition, the discriminants are constructed from differ-
ent sets of variables in the e + jets and u + jets channels.
In the e + jets channel we use five variables: the leading jet
pr, the maximum AR [10] between two jets, A, Cy, and
D, [17]. In the o + jets channel we use six variables: A,
D,,, the scalar sum of the p; of jets and the muon, the
scalar sum of the py 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 Fr.

The discriminant function is built using simulated W +
jets and 7 events. We evaluate it for each physics process
considered and build corresponding template distributions
consisting of ten bins. For 77 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 o,;. 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
o during the fit, yielding a combined statistical and

192003-5



PRL 100, 192003 (2008)

PHYSICAL REVIEW LETTERS

week ending
16 MAY 2008

TABLE II. Summary of uncertainties on o,; and R.
Source Ao ; (pb) AR
Statistical +0.67 — 0.64 +0.067 — 0.065
Lepton identification +0.32 — 0.27 n/a
Jet energy scale +0.32 — 0.23 n/a
W + jets background +0.21 — 0.23 n/a
Multijet background +0.17 — 0.17 +0.016 — 0.016
Signal modeling +0.12 — 0.25 n/a
b-tagging efficiency +0.10 — 0.09 +0.059 — 0.047
Other +0.24 — 0.13 +0.015 — 0.014
Total uncertainty +0.90 — 0.84 +0.092 — 0.083

systematic uncertainty. The result of the fit is

R = 0.97+0%(stat + syst) and
o7 = 8.1870%0(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 m,, within =10 GeV around the
assumed value while o,; changes by +0.09 pb per 1 GeV
within the same range. We find a correlation between R and
o7 of —58%. Table II summarizes the statistical and lead-
ing systematic uncertainties on R and o,; 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 o, excluding luminosity, is
~10.5%, representing a 30% improvement over the pre-
vious measurement [7] assuming R = 1. Part of the im-

< | D@, 09f1b"
0.8—_
8] 68% C.L.
047 £ 95% C.L.
0.2
I
R

FIG. 2 (color online). The 68% (inner band), 95% (middle
band), and 99% (outer band) C.L. bands for R, as a function
of R. The dotted black line indicates the measured value R =
0.97.

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 |V, | following the Feldman-
Cousins procedure [19]. We generate pseudoexperiments
with all systematic uncertainties included for various input
values of R (R,.). 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 |V,;,|* to the off-diagonal matrix

et > 3.8 at 95% C.L. Assuming a

unitary CKM matrix with three fermion generations we
derive |V,;,| > 0.89 at 95% C.L.

In summary, we have performed a simultaneous mea-
surement of R and o; 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 |V,,| CKM
matrix elements.

We thank the staffs at Fermilab and collaborating insti-
tutions, and acknowledge support from the DOE and NSF
(USA); CEA and CNRS/IN2P3 (France); FASI, Rosatom
and RFBR (Russia); CAPES, CNPq, FAPERJ, FAPESP
and FUNDUNESP (Brazil); DAE and DST (India);
Colciencias (Colombia); CONACyT (Mexico); KRF and
KOSEF (Korea); CONICET and UBACyT (Argentina);
FOM (The Netherlands); Science and Technology
Facilities Council (United Kingdom); MSMT and GACR
(Czech Republic); CRC Program, CFI, NSERC and
WestGrid Project (Canada); BMBF and DFG (Germany);
SFI (Ireland); The Swedish Research Council (Sweden);
CAS and CNSF (China); Alexander von Humboldt
Foundation; and the Marie Curie Program.

elements to be

*Visitor from Augustana College, Sioux Falls, SD, USA.
"Visitor from The University of Liverpool, Liverpool,
United Kingdom.

*Visitor from ICN-UNAM, Mexico City, Mexico.

SVisitor from II. Physikalisches Institut, Georg-August-
University, Gottingen, Germany.

Iisitor from Helsinki Institute of Physics, Helsinki,
Finland.

TDeceased.

[1] N. Cabbibo, Phys. Rev. Lett. 10, 531 (1963); M.
Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652
(1973).

[2] W.-M. Yao et al., J. Phys. G 33, 1 (2006).

[3] V. Abazov et al. (DO Collaboration), Phys. Rev. Lett. 98,
181802 (2007).

[4] J. Alwall et al., Eur. Phys. J. C 49, 791 (2007).

[5] T. Affolder et al. (CDF Collaboration), Phys. Rev. Lett. 86,
3233 (2001); D. Acosta et al. (CDF Collaboration), Phys.
Rev. Lett. 95, 102002 (2005).

[6] V. Abazov et al. (DO Collaboration), Phys. Lett. B 639,
616 (20006).

192003-6



PRL 100, 192003 (2008)

PHYSICAL REVIEW LETTERS

week ending
16 MAY 2008

(7]
(8]

(9]
[10]

[11]
[12]
(13]
[14]
[15]

V. Abazov et al. (DO Collaboration), Phys. Rev. D 74,
112004 (2006).

D. Acosta et al. (CDF Collaboration), Phys. Rev. D 71,
072005 (2005); A. Abulencia et al. (CDF Collaboration),
Phys. Rev. Lett. 97, 082004 (2006).

V. Abazov et al. (DO Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 565, 463 (2006).

V. Abazov et al. (DO Collaboration), Phys. Rev. D 76,
092007 (2007).

T. Scanlon, Ph.D. thesis, University of London, 2006.

M. L. Mangano et al., J. High Energy Phys. 07 (2003) 001.
T. Sjostrand et al., arXiv:hep-ph/0308153.

E.E. Boos et al., Phys. At. Nucl. 69, 1317 (20006).

R. Brun and F. Carminati, CERN Program Library Long
Writeup Report No. W5013, 1993 (unpublished).

[16]

(17]

[18]

[19]
[20]

192003-7

Z. Sullivan, Phys. Rev. D 70, 114012 (2004); J.M.
Campbell and R. K. Ellis, Phys. Rev. D 60, 113006 (1999).
The norznﬁlgkzed momentum  tensor, M, is defined as
__ “kPiFj
Vs
reconstructed object k, and i and j are Cartesian coordi-
nates. Aplanarity A, Cy; and D, are defined here as 3 A3,
3(A1A; + A A3 + AA3) and 27X ,A5A5,  respectively,
where A, A,, and A5 are the eigenvalues of M.
T. Andeen et al., Fermilab Report No. FERMILAB-TM-
2365, 2007.
G. Feldman and R. Cousins, Phys. Rev. D 57, 3873 (1998).
N. Kidonakis and R. Vogt, Phys. Rev. D 68, 114014
(2003); M. Cacciari et al., J. High Energy Phys. 04, 68
(2004).

where p* is the momentum vector of a



	Simultaneous Measurement of the Ratio R = B(t → Wq) and the Top-Quark Pair Production Cross Section with the D0 Detector at √s = 1.96 TeV
	

	untitled

