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P. Lujan,27 P. Lukens,16 G. Lungu,52 J. Lys,27 R. Lysak,13,e R. Madrak,16 P. Maestro,45,43 S. Malik,52 G. Manca,28,c

A. Manousakis-Katsikakis,3 L. Marchese,6,ii F. Margaroli,53 P. Marino,46,43 M. Martı́nez,4 K. Matera,23 M. E. Mattson,64

A. Mazzacane,16 P. Mazzanti,6 R. McNulty,28,j A. Mehta,28 P. Mehtala,22 C. Mesropian,52 T. Miao,16 D. Mietlicki,32

A. Mitra,1 H. Miyake,60 S. Moed,16 N. Moggi,6 C. S. Moon,16,z R. Moore,16,ee,ff M. J. Morello,46,43 A. Mukherjee,16

Th. Muller,25 P. Murat,16 M. Mussini,7,6 J. Nachtman,16,n Y. Nagai,60 J. Naganoma,63 I. Nakano,37 A. Napier,61 J. Nett,55

C. Neu,62 T. Nigmanov,49 L. Nodulman,2 S. Y. Noh,26 O. Norniella,23 L. Oakes,39 S. H. Oh,15 Y.D. Oh,26 I. Oksuzian,62

T. Okusawa,38 R. Orava,22 L. Ortolan,4 C. Pagliarone,56 E. Palencia,10,f P. Palni,35 V. Papadimitriou,16 W. Parker,65

G. Pauletta,57,58,56 M. Paulini,11 C. Paus,31 T. J. Phillips,15 G. Piacentino,43 E. Pianori,42 J. Pilot,8 K. Pitts,23 C. Plager,9

L. Pondrom,65 S. Poprocki,16,g K. Potamianos,27 A. Pranko,27 F. Prokoshin,14,aa F. Ptohos,18,h G. Punzi,44,43 N. Ranjan,50

I. Redondo Fernández,30 P. Renton,39 M. Rescigno,53 F. Rimondi,6,a L. Ristori,43,16 A. Robson,20 T. Rodriguez,42

S. Rolli,61,i M. Ronzani,44,43 R. Roser,16 J. L. Rosner,12 F. Ruffini,45,43 A. Ruiz,10 J. Russ,11 V. Rusu,16

W.K. Sakumoto,51 Y. Sakurai,63 L. Santi,57,58,56 K. Sato,60 V. Saveliev,16,v A. Savoy-Navarro,16,z P. Schlabach,16

E. E. Schmidt,16 T. Schwarz,32 L. Scodellaro,10 F. Scuri,43 S. Seidel,35 Y. Seiya,38 A. Semenov,14 F. Sforza,44,43

S. Z. Shalhout,8 T. Shears,28 P. F. Shepard,49 M. Shimojima,60,u M. Shochet,12 I. Shreyber-Tecker,34 A. Simonenko,14

K. Sliwa,61 J. R. Smith,8 F. D. Snider,16 H. Song,49 V. Sorin,4 R. St. Denis,20 M. Stancari,16 D. Stentz,16,w J. Strologas,35

Y. Sudo,60 A. Sukhanov,16 I. Suslov,14 K. Takemasa,60 Y. Takeuchi,60 J. Tang,12 M. Tecchio,32 P. K. Teng,1 J. Thom,16,g

E. Thomson,42 V. Thukral,55 D. Toback,55 S. Tokar,13 K. Tollefson,33 T. Tomura,60 D. Tonelli,16,f S. Torre,18

D. Torretta,16 P. Totaro,40 M. Trovato,46,43 F. Ukegawa,60 S. Uozumi,26 F. Vázquez,17,m G. Velev,16 C. Vellidis,16

C. Vernieri,46,43 M. Vidal,50 R. Vilar,10 J. Vizán,10,cc M. Vogel,35 G. Volpi,18 P. Wagner,42 R. Wallny,16,k S.M. Wang,1

D. Waters,29 W.C. Wester III,16 D. Whiteson,42,d A. B. Wicklund,2 S. Wilbur,8 H.H. Williams,42 J. S. Wilson,32

PRL 111, 202001 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

15 NOVEMBER 2013

0031-9007=13=111(20)=202001(8) 202001-1 � 2013 American Physical Society



P. Wilson,16 B. L. Winer,36 P. Wittich,16,g S. Wolbers,16 H. Wolfe,36 T. Wright,32 X. Wu,19 Z. Wu,5 K. Yamamoto,38

D. Yamato,38 T. Yang,16 U. K. Yang,26 Y. C. Yang,26 W.-M. Yao,27 G. P. Yeh,16 K. Yi,16,n J. Yoh,16 K. Yorita,63

T. Yoshida,38,l G. B. Yu,15 I. Yu,26 A.M. Zanetti,56 Y. Zeng,15 C. Zhou,15 and S. Zucchelli7,6

(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, I-40127 Bologna, Italy

7University of Bologna, I-40127 Bologna, Italy
8University of California, Davis, Davis, California 95616, USA

9University of California, Los Angeles, Los Angeles, California 90024, USA
10Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain

11Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
12Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA

13Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, 040 01 Kosice, Slovakia
14Joint Institute for Nuclear Research, RU-141980 Dubna, Russia

15Duke University, Durham, North Carolina 27708, USA
16Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

17University of Florida, Gainesville, Florida 32611, USA
18Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy

19University of Geneva, CH-1211 Geneva 4, Switzerland
20Glasgow University, Glasgow G12 8QQ, United Kingdom

21Harvard University, Cambridge, Massachusetts 02138, USA
22Division of High Energy Physics, Department of Physics, University of Helsinki, FIN-00014 Helsinki, Finland;

Helsinki Institute of Physics, FIN-00014, Helsinki, Finland
23University of Illinois, Urbana, Illinois 61801, USA

24The Johns Hopkins University, Baltimore, Maryland 21218, USA
25Institut für Experimentelle Kernphysik, Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany

26Center 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;
Ewha Womans University, Seoul, 120-750, Korea

27Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
28University of Liverpool, Liverpool L69 7ZE, United Kingdom

29University College London, London WC1E 6BT, United Kingdom
30Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain

31Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
32University of Michigan, Ann Arbor, Michigan 48109, USA

33Michigan State University, East Lansing, Michigan 48824, USA
34Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia

35University of New Mexico, Albuquerque, New Mexico 87131, USA
36The Ohio State University, Columbus, Ohio 43210, USA

37Okayama University, Okayama 700-8530, Japan
38Osaka City University, Osaka 558-8585, Japan

39University of Oxford, Oxford OX1 3RH, United Kingdom
40Istituto Nazionale di Fisica Nucleare, Sezione di Padova, I-35131 Padova, Italy

41University of Padova, I-35131 Padova, Italy
42University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA

43Istituto Nazionale di Fisica Nucleare Pisa, I-56127 Pisa, Italy
44University of Pisa, I-56127 Pisa, Italy
45University of Siena, I-56127 Pisa, Italy

46Scuola Normale Superiore, I-56127 Pisa, Italy

PRL 111, 202001 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

15 NOVEMBER 2013

202001-2



47INFN Pavia, I-27100 Pavia, Italy
48University of Pavia, I-27100 Pavia, Italy

49University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
50Purdue University, West Lafayette, Indiana 47907, USA

51University of Rochester, Rochester, New York 14627, USA
52The Rockefeller University, New York, New York 10065, USA

53Istituto Nazionale di Fisica Nucleare, Sezione di Roma 1, I-00185 Roma, Italy
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We present a measurement of the total decay width of the top quark using events with top-antitop quark

pair candidates reconstructed in the final state with one charged lepton and four or more hadronic jets.

We use the full Tevatron run II data set of
ffiffiffi
s

p ¼ 1:96 TeV proton-antiproton collisions recorded by the

CDF II detector. The top quark mass and the mass of the hadronically decayingW boson are reconstructed

for each event and compared with distributions derived from simulated signal and background samples to

extract the top quark width (�top) and the energy scale of the calorimeter jets with in situ calibration. For a

top quark massMtop ¼ 172:5 GeV=c2, we find 1:10< �top < 4:05 GeV at 68% confidence level, which is

in agreement with the standard model expectation of 1.3 GeV and is the most precise direct measurement

of the top quark width to date.

DOI: 10.1103/PhysRevLett.111.202001 PACS numbers: 14.65.Ha, 12.15.Ff, 13.85.Ni, 13.85.Qk

The top quark (t) is the heaviest known elementary
particle. Its large mass endows it with the largest decay
width and, hence, the shortest lifetime of any of the known
fermions [1]. At leading order calculation of quantum
chromodynamics (QCD), the top quark decay width (�top)

depends on the top quark mass (Mtop), the Fermi coupling

constant (GF), and the magnitude of the top-to-bottom
quark coupling in the quark-mixing matrix (jVtbj) [2].
The next-to-leading-order calculation with QCD and
electroweak corrections predicts �top ¼ 1:33 GeV at

Mtop ¼ 172:5 GeV=c2 with approximately 1% precision

[3,4]. This is consistent with the recent next-to-next-
to-leading-order calculation of �top ¼ 1:32 GeV [5]. A

deviation from the standard model (SM) prediction could
indicate the presence of non-SM decay channels, such as
decays through a charged Higgs boson [6], the supersym-
metric top quark partner [7], or a flavor-changing neutral
current [8]. A direct measurement of �top provides general

constraints on such processes.
The D0 Collaboration has determined the width to be

�top ¼ 2:00þ0:47
�0:43 GeV in a data set corresponding to

an integrated luminosity of 5:4 fb�1, using a model-
dependent, indirect measurement that assumes SM

couplings [9]. The CDF Collaboration reported more
model-independent measurements of the width using a
direct shape comparison of the reconstructed top quark
mass in data to the simulated top quark mass distributions
[10,11]. The most recent measurement set an upper limit of
�top < 7:6 GeV at the 95% confidence level (C.L.) with a

data set corresponding to 4:3 fb�1 [11]. Even though the
direct measurement is less precise than the indirect
one, it probes a broader class of non-SM physics models,
because the direct measurement has less dependence on
the SM.

This Letter reports on a direct measurement of the top

quark width in p �p collisions at the Tevatron, using the full

run II data set, corresponding to an integrated luminosity of

8:7 fb�1 collected with the CDF II detector [12], which is a

general-purpose azimuthally and forward-backward sym-

metric detector surrounding the colliding beams of the

Tevatron p �p collider. We not only increase statistical sen-

sitivity using a larger sample with respect to Ref. [11], but

also improve jet-energy calibrations using an artificial

neural network [13].
Top quarks at the Tevatron are predominantly produced

in t�t pairs. We reconstruct top quark decays in the topology
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of t ! bWþ and �t ! �bW�. Events with aW boson decay-
ing into a charged lepton (electron or muon) and a neutrino
[W ! ‘� including the cascade decay of W ! �ð! ‘ ��Þ�]
and the other W boson decaying into a pair of jets (colli-
mated sprays of particles resulting from the hadronization
of quarks) define the leptonþ jets channel (t�t ! ‘�b �bq �q).
To select t�t candidate events in this channel, we require
one electron (muon) with ET > 20 GeV (pT > 20 GeV=c)
and pseudorapidity j�j< 1:1 [14]. We also require large
missing transverse energy [15] ( 6ET > 20 GeV) and at least
four hadronic jets. Jets are reconstructed by combining
signals from particles detected within a spatial cone of

radius �R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p ¼ 0:4 [16]. Observed jet
energies are corrected for nonuniformities of the
calorimeter response parametrized as a function of �, the
energy contributed by multiple p �p interactions in
the event, and the calorimeter’s nonlinear response [17].
In addition to the standard jet-energy corrections, we use
an artificial neural network that includes additional
information, such as jet momentum from the charged
particles inside the jet [13], to improve jet-energy
resolution [18,19]. Jets originating from b quarks are
identified (tagged) using a secondary-vertex-tagging
algorithm [20].

We divide the sample of t�t candidates into subsamples
with zero (0-tag), one (1-tag), and two or more (2-tag)
b-tagged jets, which have different signal-to-background
ratios. We further classify the events according to the jet
kinematic properties. The ‘‘tight’’ selection requires
exactly four jets, each with ET > 20 GeV and j�j< 2:0.
The ‘‘loose’’ selection on the remaining events requires
exactly three jets with ET > 20 GeV and j�j< 2:0, and
one or more additional jets with ET > 12 GeV and j�j<
2:4. We then combine the b-tag and jet-selection categories
into five subsamples used in the analysis: 0-tagT, 1-tagL,
1-tagT, 2-tagL, and 2-tagT, where ‘‘T’’ and ‘‘L’’ denote the
‘‘tight’’ and ‘‘loose’’ jet selections. Finally, to reduce the
level of non-t�t background contributions to the 0-tag and
1-tag samples, we require the scalar sum of transverse

energies in the event, HT ¼ E‘
T þ 6ET þP

fourjetsE
jet
T , to

exceed 250 GeV.
The primary sources of non-t�t backgrounds areW þ jets

and multijet production. We also consider small contribu-
tions from Zþ jets, dibosons, and single top quark
production. The multijet background is estimated by the
data-driven techniques described in Ref. [21]. The kine-
matic distributions of W þ jets are modeled with the
ALPGEN [22] generator. The number of W þ jets events is

determined from the total number of events observed in
data by subtraction of the expected t�t and the other back-
ground event contributions. Diboson backgrounds are
modeled by ALPGEN for WW, WZ, ZZ and PYTHIA [23]
for W�, while single top quark processes are generated
with MADGRAPH [24]. We normalize simulated event yields
using their theoretical next-to-leading-order cross sections
[25]. References [20,26] provide the details of these tech-
niques. Table I summarizes the sample composition in each
subsample.
To distinguish between different values of �top, we

compare the reconstructed top quark mass distribution
observed in data to various distributions from t�t signal
samples generated using PYTHIA with different �top values

ranging from 0.1 to 30 GeV for a fixed Mtop ¼
172:5 GeV=c2. Because the jet-energy scale (JES) is one
of the dominant systematic uncertainties in the analysis
[10], we generate a set of samples where the JES is varied
independently. In the data, jet energies are corrected to
account for the energy scale error in the calorimeter with
uncertainty �c the CDF JES fractional uncertainty [17]. In
the simulation, we vary the JES with the correction factor
of jet energies, 1þ�JES, with varying the values of �JES

from �3:0�c to þ3:0�c.
After event selection, the analysis proceeds in three

steps. First, we reconstruct a top quark mass (mreco
t ),

defined below, from each event. The width of the mreco
t

distribution is a sensitive variable for �top. We also recon-

struct the hadronically decaying W-boson mass (mjj). The

constraint of mjj to the known W-boson mass can be used

TABLE I. Expected and observed numbers of signal and background events assuming a t�t production cross section �t�t ¼ 7:45 pb
and Mtop ¼ 172:5 GeV=c2.

0-tag 1-tagL 1-tagT 2-tagL 2-tagT

W þ jets 703� 199 170� 60 102� 37 11:6� 4:9 8:4� 3:5
Zþ jets 52:3� 4:4 8:9� 1:1 5:9� 0:7 0:8� 0:1 0:5� 0:1
Single top 4:8� 0:5 10:5� 0:9 6:8� 0:6 2:2� 0:3 1:7� 0:2
Diboson 60:3� 5:6 11:1� 1:4 8:5� 1:1 1:0� 0:2 0:8� 0:1
Multijets 143� 114 34:5� 12:6 20:7� 16:6 4:4� 2:5 2:5� 2:4

Background 963� 229 235� 61 144� 41 19:9� 5:5 13:8� 4:2
t�t signal 645� 86 695� 87 867� 108 192� 30 304� 47

Expected 1608� 245 930� 106 1011� 115 212� 30 318� 47
Observed 1627 882 997 208 275
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to determine the JES calibration in situ, which reduces the
dominant uncertainty from the JES. The second step is a
likelihood fit of mreco

t and mjj comparing with simulated

signal and background distributions to determine �meas, an
estimator of �top, which will be explained later. Finally, we

use a likelihood-ratio ordering to determine the 68% and
95% C.L. limits of �top from �meas [27].

For the event reconstruction, we assume that all selected
events are leptonþ jets t�t events and perform a complete
reconstruction of the t�t kinematic properties [28,29]. We
perform a �2 minimization to fit the momenta of the t�t
decay products and determine mreco

t for each event using
the four leading jets. To resolve the ambiguity arising from
the jets-to-quarks assignments, we require that b-tagged
jets are assigned to b quarks and select the assignment with
the lowest �2. To reject events having poorly reconstructed
kinematic properties, we request the minimum value of �2

to be less than 9.0 (less than 3.0) for the b-tagged
(zero b-tag) events. The dijet mass, mjj, is calculated

independently as the invariant mass of two non-b-tagged
jets that provides the closest value to the known W-boson
mass, 80:4 GeV=c2 [30]. Figure 1(a) shows the distribu-
tions of mreco

t for three different �top values. The shape of

mreco
t depends on �top, yielding an estimate of its value.

Distributions of mjj for three different values of �JES are

shown in Fig. 1(b). The maximum of the distribution
depends strongly on �JES. Hence, mjj can be used to

constrain the JES in situ.
To account for the correlation betweenmreco

t andmjj, we

construct two-dimensional probability density functions
(PDFs) of signals and background with the two-
dimensional kernel-density estimates [31] for the likeli-
hood fit procedure [29]. First, at discrete values of �top

from 0.1 to 30 GeV=c2 and �JES from�3:0�c toþ3:0�c,
we estimate the PDFs for the observables from the above-
mentioned PYTHIA t�t samples. Background PDFs are

estimated for various values of �JES from �3:0�c to
þ3:0�c. We interpolate the simulated distributions to
find PDFs for arbitrary values of �top and �JES using a

local polynomial smoothing method [32]. Then, we fit the
signal and background PDFs to the unbinned distributions
observed in the data. In the fit of the data, we apply a
Gaussian constraint to the expected number of background
events, but there are no constraints on the expected number
of signal events. Separate likelihoods are constructed for
the five subsamples, and the overall likelihood is obtained
by multiplying them together. Maximization of the total
likelihood yields the best-fit value �meas.
The limit on the true value of �top from the measured

�meas is set using the Neyman construction [33]. In this
procedure, the unphysical region of negative �top is not

allowed for �meas, which makes the acceptance region of
�meas to be equal or greater than zero. It makes the large
number of events at �meas equal to zero for a small �top. We

derive the confidence bands from simulated experiments in
which signal and background events are selected from the
simulated samples.
We examine various sources of systematic uncertainties

that could effect the �top measurement. Because this mea-

surement relies on the shape of mreco
t , the uncertainties on

the JES calibration and the jet resolution could dominate.
However, the JES is well controlled with in situ calibration
using the mjj distributions. To estimate the uncertainty

from the jet-energy resolution, we use experimental and
simulated data samples of events with a photon recoiling
against a jet in the final state. In these samples, we estimate
the energy of the jets using the energy of the recoiled
photon. We compare the pT-dependent resolutions on the
energy of the reconstructed jets in data and simulation. We
obtain consistent results within statistical uncertainty.
Taking into account statistical uncertainty of the data, we
define a pT-dependent systematic uncertainty on jet
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FIG. 1 (color online). Distributions for simulated events meeting the leptonþ jets selection: (a) mreco
t distributions displayed

with three values of �top and with the nominal �JES ¼ 0:0, (b) mjj distributions displayed with three values of �JES and with

�top ¼ 1:5 GeV.
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resolution to cover the difference. In addition to the jet-
energy resolution, the uncertainties associated with model-
ing of color flow in the interaction and with the arbitrary
choice of the event generator are the dominant systematic
uncertainties, as shown in Table II. The color-reconnection
systematic uncertainty takes into account the effects of the
underlying color structure of quarks and gluons and its flow
[34] by rearrangements from the simplest configuration
to enhanced color reconnections based on simulations
with differently tuned configuration parameters [35].
For the systematic uncertainty associated with the choice
of the event generator, the samples generated by PYTHIA

and HERWIG [36] are used. We examine the effects
of higher-order corrections using MC@NLO [37], a full
next-to-leading-order simulation. Other sources of system-
atic effects, including uncertainties in parton-distribution
functions, initial- and final-state gluon radiation, multiple
hadron interactions, b-jet-energy scale, gluon fusion
fraction, background shape, and lepton-energy scale,
give small contributions. The total systematic uncertainty
of 1.22 GeV is calculated as a quadrature sum of the
listed uncertainties. We estimate the systematic uncertain-
ties under the assumptions of Mtop ¼ 172:5 GeV=c2

and �top ¼ 1:5 GeV=c2, but checks with different values

of Mtop and �top for the dominant sources show consis-

tent results. The details of the systematic-uncertainty
evaluations are described in Refs. [28,29,38].

To incorporate systematic effects into the confidence
bands we use a convolution method for folding systematic
effects into the likelihood function [39,40] based on
Bayesian treatment of systematic uncertainties [41,42].
We convolve the likelihood function with a Gaussian
PDF that has a width equal to 1.22 GeV and is centered
at zero. We then build the confidence bands with 68%
and 95% coverages as shown in Fig. 2. The value of
�meas retrieved from the data is 1.63 GeV and is depicted
as an arrow in the plot. This corresponds to an upper
limit of �top < 6:38 GeV at the 95% C.L. We also set a

two-sided limit of 1:10< �top < 4:05 GeV at the

68% C.L., which corresponds to a lifetime of 1:6�
10�25 < �top < 6:0� 10�25 s. For a typical quark hadro-

nization time scale, 3:3� 10�24 s [43], this result sup-
ports the assertion that top quark decay occurs before
hadronization.
In conclusion, a directmeasurement of the top quarkwidth

is performed in fully reconstructed leptonþ jets events by
using the full CDF run II data set corresponding to an
integrated luminosity of 8:7 fb�1 of p �p collisions at

ffiffiffi
s

p ¼
1:96 TeV. We obtain 1:10< �top < 4:05 GeV at 68% C.L.,

which corresponds to a lifetime of 1:6� 10�25 < �top <

6:0� 10�25 s. This is the most precise direct determination
of the top quarkwidth and lifetime and shows no evidence of
non-SM physics in the top quark decay.
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TABLE II. Summary of systematic uncertainties on �top.

Source Uncertainty (GeV)

Jet resolution 0.56

Color reconnection 0.69

Event generator 0.50

Higher-order effects 0.21

Residual jet-energy scale 0.19

Parton distribution functions 0.24

b-jet energy scale 0.28

Background shape 0.18

Gluon fusion fraction 0.26

Initial- and final-state radiation 0.17

Lepton energy scale 0.03

Multiple hadron interaction 0.23

Total systematic uncertainty 1.22
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