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We present a measurement of the top-quark mass using the full data set of Tevatron /s = 1.96 TeV
proton-antiproton collisions recorded by the CDF II detector, corresponding to an integrated lu-

minosity of 8.7 fb~ 1.
detection of the electron or muon.

The analysis uses events with one semileptonic ¢ or ¢ decay, but without
We select events with significant missing transverse energy

and multiple jets. We veto events containing identified electrons or muons. We obtain distribu-
tions of the top-quark masses and the invariant mass of the two jets from W-boson decays from
data and compare these to templates derived from signal and background samples to extract the
top-quark mass and the energy scale of the calorimeter jets with in situ calibration. A likelihood
fit of the templates from signal and background events to the data yields the top-quark mass,
Miop = 173.93 & 1.64 (stat) & 0.87 (syst) GeV/c?. This result is the most precise measurement to
date of the mass of the top quark in this event topology.

PACS numbers: 14.65.Ha, 13.85.Qk, 12.15.Ff

The top quark (t) is the heaviest known elementary
particle. Its mass is approximately 40 times larger than
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the mass of its isospin partner, the bottom quark (b).
The top-quark mass (M;op) is a fundamental parameter
of the standard model (SM), and is tightly related to the
W-boson mass and Higgs-boson mass via electroweak ra-
diative corrections [1]. Prior to the recent observation of
the Higgs boson and a direct measurement of its mass [2],
precision measurements of My, and W-boson mass pro-
vided the only available information on the SM Higgs
boson.

Top quarks at the Tevatron are predominatly produced
in tf pairs. Assuming unitarity of the three-generation
quark-mixing matrix [3], the top quark decays almost ex-
clusively into a W-boson and a b-quark. The case where
one W decays leptonically into a charged lepton (e, u,7)
and its neutrino and the other W decays hadronically
into a pair of jets (tf — lvbbqq) defines the lepton+jets
decay mode. In the standard selection of lepton-+jets
events [4, 5], we require a well-reconstructed electron or
muon with multiple jets and large missing transverse en-
ergy (Er) [6]. The first requirement excludes events with
a hadronically decaying 7 lepton and events with an elec-
tron or muon that fails the identification requirements or
falls outside the limited detector coverage. In this pa-
per, we focus on events from the lepton+jets decay in
which no muon or electron are reconstructed. The sig-
nal acceptance in this channel is comparable with the
standard lepton+jets channel, and the dominant QCD
multijet background is manageable with a multivariate
technique [7, 8]. This work is an update of a previous
measurement that used a subset of the present data and
determined Mo, = 172.3+2.6 GeV /c? [8]. In the present
measurement, we not only use a larger sample but also



increase the signal acceptance with changes in the event-
selection criteria and improve the sensitivity with a new
event-reconstruction method. These changes produce an
improvement of about 18% in statistical precision over
the improvement expected from increasing the sample
size alone. We use the full data set of pp collisions col-
lected by the CDF II detector at the Fermilab Tevatron,
corresponding to an integrated luminosity of 8.7 fb™!.

The CDF II detector [9] is a general-purpose az-
imuthally and forward-backward symmetric detector sur-
rounding the colliding beams of the Tevatron pp collider.
A charged-particle tracking system, consisting of an inner
silicon microstrip detector and an outer drift chamber,
immersed in a 1.4 T magnetic field, provides accurate
vertex and momentum reconstruction. Electromagnetic
and hadronic calorimeters surround the tracking system
and measure particle energies. Drift chambers and scin-
tillators, located outside the calorimeters, detect muon
candidates.

The data used in this measurement are collected with
a purely calorimetric online selection (trigger). Calorim-
eter energy deposits are clustered into jets using a cone al-
gorithm with an opening angle of AR = \/An? + A¢? =
0.4 [10]. Events are triggered by selecting those contain-
ing at least four clusters with Ez > 15 GeV and a scalar
sum of the Er of all the clusters greater than 175 GeV.

After the online selection, event observables of physical
interest are computed. Jets are reconstructed with the
JETCLU [11] algorithm using a cone radius of AR = 0.4.
Jet energies are corrected [12] for nonuniformities of the
calorimeter response parametrized as a function of 7, en-
ergy contributed by multiple pp interactions in the event,
and calorimeter nonlinearity. We identify jets originat-
ing from the decay of a b-quark using the SECVTX algo-
rithm [13]. We require at least one jet to be identified
as b-quark (b-tagging). In order to improve the analy-
sis’ sensitivity, we group the candidate events into two
samples, one with exclusively single-b-tagged events (1-
tag), and the other with events containing two or more
b-tagged jets (2-tag). Events are required to have four,
five, or six jets with transverse energy Ep > 15 GeV
and |n| < 2.0. To maintain the event sample indepen-
dent from those used in other CDF top-quark mass mea-
surements [14-17], we require events to have no iden-
tified electrons or muons with pr > 20 GeV/c and
[n] < 1.1. In order to reject multijet backgrounds from
QCD processes, we require the events to have Fp sig-

nificance (E‘TSig = Fr/, /> jets ET) to be greater than

3 GeV'/2, where the sum in the denominator runs over
all identified jets in an event. The remaining events
have appreciable background from QCD processes due
to mismeasurement of jet energies. Becaufe these events
sometimes have misalignment between Er and pr, the
missing transverse-momentum of the event computed us-

ing charged tracks [18], we require A(b(E},;»é), the az-
imuthal angle between K7 and pr, to be less than 2.0.

TABLE I. Numbers of expected signal and estimated back-
ground events in the signal region compared to the number
of events observed in data.

1-tag 2-tag
4 jets bHor6jets 4jets 5 or6 jets
tt 427 £50 801 £ 70 179 £ 23 373 £ 37

Background 262 £+ 22 450 + 29 43 +£ 11 125 £ 23

Expected 690 £ 55 1251 £ 76 222 £ 26 498 £ 44
Observed 761 1341 225 550

Background events with b-tags arise from QCD multi-
jet events and from electroweak production of W-bosons
associated with jets. We estimate the background rate
using a data-driven method [8]. This method uses events
with exactly three jets, which have negligible (<0.1%) tt
component, and employs a per-jet parametrization of the
b-tagging probability. Due to the presence of ¢t events in
event samples with higher jet multiplicity, we extrapo-
late the b-tagging probability of the three-jet event sam-
ple to higher jet multiplicity event samples after itera-
tively removing the ¢ content from the samples [8]. We
estimate the background for the 1-tag and 2-tag sam-
ples separately. A b-tagging correction factor [19] is ap-
plied to account for the dominance of production in pairs
for heavy-flavor jets. In order to improve the signal-to-
background ratio in this analysis, an artificial neural net-
work is trained to identify the kinematic and topologi-
cal characteristics of SM tt events using input variables
proposed in Refs. [7, 19]. Compared with our previous

work [8], we add new input variables, A¢(Er,¥r), ¥,
and a series of two jets (2j) and three jets (37) invariant-
masses, M2“J’»i“, M35, 3{31-“‘, and M35, where super-
scripts min and maz represent the minimum mass and
the maximum mass, respectively, among all the possible
combinations of 2j or 3j. We apply the neural network to
all events meeting the above selection criteria. We then
define the signal region by requiring a neural network
output greater than 0.9 for 1-tag events and 0.8 for 2-tag
events, respectively, choosen in order to reject approxi-
mately 95% of background and preserve approximately
80% of signal. With this procedure we obtain the esti-
mated numbers of background events in the signal region
shown in Table I. We also show the expected number of
tt signal events, assuming a tf production cross-section
of 7.45 pb at Miop = 172.5 GeV/c? [20], together with
the number of observed events in the data. Signal events
are further separated by the number of jets for reasons
explained later.

To distingush between different values of Mo, we
compare the reconstructed top-quark mass distribution
from our data to a series of tf signal samples generated
by PYTHIA [21] with 76 different Mo, values ranging
from 150 GeV/c? to 240 GeV/c?. Because the jet en-
ergy scale (JES) is one of the dominant systematic un-
certainties in the M;,, measurement, we generate a set



of samples with JES variations. Data jets in the anal-
ysis are corrected by a factor of 1+Ajgg to account for
the scale error in the calorimeter. In the simulation, the
value of Ajgg are varied from —3.00. to +3.00., where
o. is the CDF JES fractional uncertainty [12].

After event selection, the analysis proceeds in three
steps. First we reconstruct two different top- quark
rcco(2))

masses (m}°°° and m using measured jets and ET

We modify the standard x?-like kinematic fitter [22, 23],
which has been used in the lepton+jets channel mea-
surements, for the reconstruction of the lepton+jets with
no reconstructed lepton. mj;°®° is the reconstructed top-
quark mass from the lowest x? fit between measured jets
to partons combinatorics while mmco(2) is taken from
the assignment that yields the second lowest x2 to in-

crease the statistical power of the measurement. Both

m;e© and mrcco(z) are the senstive variables for Miop.
t t top

We also reconstruct the hadronically decaying W-boson
mass. With the constraint of the well-known W-boson
mass, this variable can be used to determine the JES
calibration in situ which reduces the dominant uncer-
tainty from the JES. The second step is a likelihood fit
of the three variables using simulated signal and back-
ground distributions to obtain the measured top-quark
mass (M), Calibration factors relating this likeli-
hood fit result to M;,, are obtained. In this process,
a three-dimensional kernel density estimation [22, 24] is
applied to obtain probability density functions (p.d.f.s)
of the signals and background. Finally, we perform the
same likelihood fit to the data and apply the calibration
factors to obtain Migp.

Events used in this measurement have two missing par-
ticles, a neutrino and a charged lepton, which are as-
sumed to have two decay products of a W-boson. For
the Mo, measurement, the reconstruction of W-decay
particles is not necessary, so these events can be con-
sidered as having one missing particle, a W-boson that
decays leptonically. We then reconstruct events with a
number of constraints that are larger than the number of
unknown quantities. We assume that all selected events
are lepton+jets tt events with a missing particle, the W-
boson. Measured four-vectors of jets are corrected for
known effects and appropriate resolutions are assigned.
The unclustered transverse energy (Ur) [22] is estimated
as a sum of all transverse energy in the calorimeters that
is not associated with one of the selected four jets. The
longitudinal momentum of the leptonically-decaying W-
boson is a free parameter which is effectively determined
by the constraints from the known mass of the W-boson
and the assumption that My; = Mz, where M; and My are
the mass of the top quark and anti-top quark, respec-
tively. To estimate the reconstructed top-quark mass,

mie° we define a kinematic x? function,
4,fit %, mea:a
it Umcas
= 3 M N Z )*
i=4jets k=z,y
(ij - MW)2 (Mmissing - MW)2
I3 + rs,
w
(Mb,missing _ micco)Q (Mbjj rcco)2 .
+ 2 + ™ (@)
t t

where the value of the free parameter m;°°° is determined

as the reconstructed top-quark mass value corresponding
to the minimum x?. In Eq. (1), we constrain the four
selected jets pr to their measured values and uncertain-
ties (0;). We also constrain the = and y components of

Ur in the second term which is related to the transverse
momentum of the missing W-boson. The third term con-
strains the dijet mass of the two jets assigned as W-decay
products to the known W-mass within the W-boson
decay-width. The fourth term constrains the invariant
mass of the missing particle (Mmissing) to the W-boson
mass. The fifth term constrains the invariant mass of the
missing particle and the b-quark (that is regarded as com-
ing from the daughters of the same top-quark decay) to
be consistent with the hadronically-decaying top-quark
mass within the top-quark decay-width of 1.5 GeV/c?.
The last term imposes the same constraint on the in-
variant mass of the two jets regarded as W-boson decay
products and the b-quark that is assigned as coming from
the same top-quark decay.

The event reconstruction described above, using the
leading (highest-pr) four jets, does not consider the con-
tribution of hadronically-decaying 7 leptons. However
because the 7 lepton can be misidentified as a jet, we
also consider five leading jets and assign one of the jets
as the misidentified 7 lepton. We perform the 2 fit in
Eq. (1) for each possible jet-to-parton assignment. As-
suming that the leading five jets in any event come from
the four final quarks and one hadronically-decaying 7 lep-
ton, there are 24 and 6 possible assignments of jets to
quarks or 7-lepton for 1-tag and 2-tag, respectively. In
the case of four-jet events, we assume that the four jets
come from the four quarks. This makes 6 and 2 possi-
ble combinations in 1-tag and 2-tag, respectively. The x?
minimization is performed for each jet-to-quark or jet-to-
7 assignment, and the first variable mrCCO is taken from
the assignment that yields the lowest x2. Due to the dif-
fering number of assignments between events with four
jets and those with five or six, the resolution of mj®®°
is different. We therefore separate the candidate events
accordingly.

In order to extract more statistical information from
each event, we add a second variable, m, %) the recon-
structed top quark mass that corresponds to the second-
lowest x? [15] in the jet-to-quark and jet-to-7 combina-

torics. Studies based on MC samples show that m};°°° and

mmco(2) have better sensitivity to the input top-quark



masses of the samples than the two estimators used in a
previous analysis [8].

The third variable, m;;, defined as the invariant mass
of the two jets from the hadronically-decaying W-boson,
serves as an in situ constraint on the JES through the
likelihood fit. We calculate m;; from the two non-b-
tagged jets. If more than two non b-tagged jets are
present, we use the closest value to the world average
W-boson mass, 80.40 GeV /c? [25], from all possible com-
binations.

By accounting for the correlations between mj®,
mieco@), and mj;, we reconstruct three-dimensional
p.d.f.s of signals and background for the likelihood fit
procedure. First, we estimate p.d.f.s for the observables
from the above-mentioned PYTHIA tt samples at discrete
values of My, from 150 GeV /c? to 240 GeV /c? and Ajgs
from —3.00. to +3.00.. Background p.d.f.s are estimated
for discrete Ajgs. We interpolate the MC distributions
to find p.d.f.s for arbitrary values of Mo, and Ajgs us-
ing the local polynomial smoothing method [26]. Then,
we fit the signal and background p.d.f.s to the unbinned
distributions observed in the data. Separate likelihoods
are built for the four subsamples, and the overall like-
lihood is obtained by multiplying them together. Ref-
erences [22, 27] provide detailed information about this
technique.

The mass fitting procedure is tested with pseudoex-
periments for a set of MC-simulated #f samples with
14 different Mo, values ranging from 159 GeV/c? to
185 GeV/c2. For each pseudoexperiment, we draw the
number of background events from a Poisson distribu-
tion with a mean equal to the estimated total number of
background events in the sample, and the number of sig-
nal events from a Poisson distribution with a mean equal
to the expected number of signal events normalized to a
tt production cross-section of 7.45 pb. The mean value
of the distributions of the mass residual (the deviation
from the input top-quark mass) for simulated experi-
ments is corrected to be zero, and the correction from lin-
ear regression analysis is M/ = 1.066 x M;"°* —11.46
GeV/c?, where M™°* is the raw value from the likeli-
hood fit and M{°'™" is the corrected value of the measure-
ment. The width of the pull is consistent with unity after
the correction. We also test the mass fit results using dif-
ferent values of Ajgs between —1.00, and +1.00, with
three different M., points, 168, 173, and 178 GeV /c?.
With the correction discussed above, the residuals of
Miop from different Ajgg values are consistent with zero
in case of Mo, =168 GeV/c? and 173 GeV/c?. How-
ever, the pseudoexperiments corresponding to a top-
quark mass of 178 GeV /c? show a 0.42 GeV /c? difference
between —1.00. and +1.00.. We take the half difference
(0.21 GeV/c?) as the systematic uncertainty on the cali-
bration.

We examine the effect of various sources of systematic
uncertainties by comparing the results of pseudoexperi-
ments in which we vary relevant parameters within their
uncertainties. One of the leading sources of systematic

uncertainty is the residual JES [12, 22]. We vary the
JES components within their uncertainties in the MC-
simulated signal events and interpret the shifts in the
returned top-quark mass as uncertainties. The b-jet en-
ergy scale systematic uncertainty that arises from the
modeling of b fragmentation, b-hadron branching frac-
tions, and calorimeter response captures the additional
uncertainties not included in the light-quark-jet energy
scale [22]. The uncertainty arising from the choice of
MC generator is estimated by comparing results from
MC samples generated with PYTHIA and HERWIG [28].
We estimate the systematic uncertainty due to imper-
fect modeling of initial-state gluon radiation and final-
state gluon radiation by varying the amounts of initial-
and final-state radiations in simulated events [23]. We
estimate the systematic uncertainty due to parton dis-
tribution functions (PDEF’s) of the proton by varying the
independent eigenvectors of the CTEQ6M [29] PDF’s,
varying the QCD scale Aqcp (228 MeV vs. 300 MeV),
and comparing CTEQ5M [30] with MRST72 [31] PDF’s.
To estimate the systematic uncertainty associated with
uncertainties in the top-quark production mechanism, we
vary the fraction of the top quarks produced by gluon-
gluon annihilation from the default 6% to 20%, corre-
sponding to a one-standard-deviation upper bound on
the gluon fusion fraction [32]. The background system-
atic uncertainty accounts for the variation of the back-
ground originating from the uncertainty on the per-jet
b-tagging probability. It includes not only shape change
of the reconstructed variables but also background nor-
malization. The trigger efficiency is estimated using a
combination of MC and data [33]. We evaluate the un-
certainty propagated from the corrections of the trigger
efficiency in the signal MC samples. We also estimate
an uncertainty due to the effect of multiple hadron inter-
actions, including its dependence on the instantaneous
luminosity profile of the data. The color reconnection
(CR) systematic uncertainty [34] is evaluated using MC
samples generated with and without CR effects adopting
different configurations of PyTHIA [35]. Table IT sum-
marizes all systematic uncertainties, which summed in
quadrature, total to 0.87 GeV/c?.

By applying a likelihood fit to the data using the three
variables described above and the corrections obtained
from the simulated experiments, the top-quark mass is
measured to be

Miop = 173.93 4 1.64 (stat) + 0.87 (syst) GeV/c?
= 173.93 4 1.85 GeV/c?. (2)

Figures 1 and 2 show the observed distributions of the
variables used for the M;,, measurement overlaid with
density estimates using ¢t signal events with M., =
173.5 GeV/c? and the background model. Graphs are
presented for events with four jets, and five or six jets,
respectively.

In conclusion, we perform a measurement of the top-
quark mass in events with jets and large £ in data corre-
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TABLE II. Systematic uncertainties on the top-quark mass
measurement.

Source Uncertainty (GeV/c?)
Residual jet-energy scale 0.44
MC generator 0.36
Color reconnection 0.28
gg fraction 0.27
Radiation 0.28
PDFs 0.16
b-jet energy scale 0.19
Background 0.15
Calibration 0.21
Multiple hadron interaction 0.18
Trigger modeling 0.13
Total systematic uncertainty 0.87

sponding to an integrated luminosity of 8.7 fb~! collected
by the CDF experiment. The data sample is chosen in
such a way as to be statistically independent from sam-
ples used in other CDF top-quark mass measurements,
apart from the earlier version of this work [8]. The result,

Miop = 173.93+1.85 GeV/c?, is a considerable improve-
ment on the previous measurement with the same event
signature, and is in agreement with the recent published
Tevatron average of M., = 173.18 &+ 0.94 GeV/c? [5].
This result is included in the most recent preliminary
Tevatron average with approximately 12% weight while
a measurement using the standard lepton+jets chan-
nel with same data set contributes approximately 62%
weight [36]. The present result is the most precise top-
quark mass measurement to date in this event topology.
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