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1. INTRODUCTION

The direct observation of the top quark in 1995 [1] was not a big surprise
since the b quark is expected to have a isospin partner to insure the viability of
the Standard Model. What was surprising at the time of the discovery was its
large mass, almost 35 times the mass of the b quark. The top quark mass is a
fundamental parameter of the Standard Model, and plays an important role in
the the precise prediction of electroweak observables like the Higgs boson mass.
Indeed, the radiative corrections of many electroweak observables are dominated
by the large top quark mass. Furthermore, a large value of the top quark mass
indicates a strong Yukawa coupling to Higgs, and could be a sign for a special
role of the top quark in the understanding of electroweak symmetry breaking
[2]. Thus, a precise measurement of the top quark mass provides a crucial test
of the consistency of the Standard Model and could help constraining physics
beyond the Standard Model. In this paper, we report on a measurement of the top
quark mass with the CDF-II detector, using the data sample from March 2002
to August 2004 runs, corresponding to a total integrated luminosity of 318 pb−1

data.
At the Tevatron, top quarks are produced primarily as top pairs and decay

to W bosons and b quarks nearly 100% of the time within the Standard Model.
Then, the W bosons can decay into lepton-neutrino (lν) or quark pairs (qq). In
this measurement, we use the lepton + jet channel of tt candidates in which
only one of two W bosons decays to lν while the other decays to quark pairs.

This analysis uses the CDF detector to identify and reconstruct the tt
events. CDF is a multipurpose collider detector made of silicon detectors near
the interaction point to measure the primary vertex position and provide high-
efficiency b-tagging. The next detector in increasing radius from the beamline
is the Central Outer Tracker (COT), an open-cell drift chamber that provides
high precision charged particles tracking. The CDF tracking system is embedded
in a superconducting solenoid that provides a uniform magnetic field of 1.4 T.
Behind the solenoid there are located electromagnetic and hadronic sampling
calorimeters that have the primary task to detect electrons, photons and jets as
well as to measure the transverse missing energy ( �ET ) induced by the presence
of neutrinos. The muon identification is performed by a set of detectors located
behind the calorimeters that are made of wire chambers and layers of steel. A
complete description of the CDF detector is provided elsewhere [3].

2. EVENT SELECTION

The lepton+jets events are selected by requiring a one well-identified electron
or muon, large (�ET ) due to the neutrino from the W decay and at least four jets
in the final state. Electron candidates are identified as a high-momentum track
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in the tracking system matched to an electromagnetic cluster reconstructed in
the calorimeters with ET > 20 GeV. The shower lateral and longitudinal profile
of the cluster is required to be consistent with the one of an electromagnetic
shower. Muon candidates are reconstructed as high-momentum track with p T >
> 20 GeV/c with matching hits in the muon chambers. The missing transverse
energy is measured by the imbalance in the calorimeter transverse energy and is
required to be greater than 20 GeV. Jets are reconstructed with the JETCLU
cone algorithm with a radius R =

√
η2 + φ2 = 0.4. At least 4 jets are required

with the jet ET requirement depending on the event category as described below.
A final requirement is applied only for the top quark mass reconstruction: the
minimized χ2 value from the kinematic fit described in Sec. 4 is required to be
< 9. This requirement is not applied for the W boson mass reconstruction since
it reduces the sensitivity of this observable to the jet energy scale.

To improve the statistical power of the method, the lepton + jets sample is
divided into four subsamples with various sensitivity to the top quark mass.
First the events are separated based on the number of jets that are b-tagged in
the event. The SECVTX algorithm [5] based on the identification of secondary
vertices inside jets is used to tagged b-jets. Events with 2-,1- and 0-tag are
considered separately. Indeed, events with increasing number of b-tags have better
mass resolution (as described in Sec. 4) and lower background contamination
(as described in Sec. 6). Furthermore, events with 1-tag are separated based
on the 4th jet ET threshold. Events in the 1-tag(T) category have 4 jets with
ET > 15 GeV, while events in the 1-tag(L) category have 3 jets with E T > 15 GeV
and the 4th jet with 8 < ET < 15 GeV. Events in the 1-tag(T) sample are less
contaminated by background. Table 1 describes the four subsamples with their
expected signal to background ratio and the number of events observed in data
(before and after the χ2 cut).

Table 1. Jet ET cut and b-tagging requirement for the 4 event categories. Also
is shown the expected signal to background ratio (S:B) for each subsample
as well as the number of events observed in data before and after the χ2

cut. Note that there is no background estimate yet available for the 0-tag
subsample, so the a priori S:B is unknown for that category

Category 2-tag 1-tag(T) 1-tag(L) 0-tag

Jet ET cuts: j1-j3, j4,GeV
ET > 15 ET > 15 ET > 15 ET > 21
ET > 8 ET > 15 ET > 8 ET > 21

b-tagging 2 tags 1 tag 1 tag 0 tag

Expected S:B 10.6:1 3.7:1 1.1:1 N/A

Number of events 25 63 33 44

Number of events with χ2 < 9 16 57 25 40
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3. JET ENERGY SCALE UNCERTAINTY

We describe in this section the a priori determination of the jet energy scale
uncertainty by CDF that is used later in this analysis. There are many sources of
uncertainties related to jet energy scale in CDF, i.e., uncertainties in the modeling
of the jet response in the Monte Carlo simulation:

• Relative response of the calorimeters as a function of pseudorapidity with
respect to the central calorimeter.

• Single particle response with the calorimeters.
• Fragmentation of jets.
• Modeling of the underlying event energy.
• Amount of energy deposited out-of-cone.

The uncertainties of each sources are evaluated separately as a function of the
jet pT (and η for the first uncertainty in the list above). Their contributions are
shown in Fig. 1 for the region 0.2 < η < 0.6. The black lines show the sum in
quadrature of each contributions. This ±1σ total uncertainty on the jet energy
scale is used as the unit of jet energy scale in this analysis. For instance, the
templates of reconstructed top quark mass mreco

t and W boson mass mjj are
constructed for various values of JES in units of σ. Furthermore, this a priori
information on the jet energy scale is used in the likelihood fit as an additional
constraint on JES.

Fig. 1. Jet energy scale uncertainty as a function of the corrected jet pT for the underlying event
(dotted red), relative response (dashed green), out-of-cone energy (dashed red) and absolute
response (dashed blue). The contribution of all sources are added in quadrature (full black)

4. TOP QUARK MASS RECONSTRUCTION

For each lepton+ jet event, an invariant mass of the top quark is reconstructed
from the top decay products (lepton candidate, four highest ET jets and missing
transverse energy) using a χ2 kinematic fit. Reconstructed top quark mass
distributions are produced using HERWIG [4] Monte Carlo events for various
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true top quark mass and jet energy scale hypothesis. They are called top quark
mass templates. These distributions have a strong dependence on the true top
quark mass that is then extracted by comparing the reconstructed top quark mass
distribution in the data with the various templates using a maximum likelihood
fit (described in Sec. 8). As discussed in more details in the following section,
templates of the W boson dijet mass are also considered.

The χ2 kinematic fit is based on the hypothesis that the event of study is
signal. The measured three-momenta of the lepton, two b-jets and two light quark
jets are inputs to the χ2 fit. The measured momenta of final state particles are
further corrected with respect to the event selections such that they correspond
as closely as possible to the momenta of the particles directly arising from the top
quark decays. The muon momentum is corrected for the residual misalignment
of the COT. Jets have their energy corrected for the non-linear response of single
hadronic particles in the CDF calorimeters, energy deposited out of the cone
and underlying event energy contributions inside the cone. In addition, flavor
specific corrections are applied separately for light quark jets and b-jets. These
corrections use the information of the pT spectrum shape of jets in tt events and
are pT - and η-dependent. The top-specific corrections are constructed such that
after all corrections the average jet energy corresponds to the one of the parton
that initiated the jet. The unclustered energy represents all the transverse energy
in the event that is not due to the lepton or jets in the final state. The transverse
energy of the neutrino is defined as the negative sum of the lepton, jets, and
unclustered transverse energies.

The χ2 expression to be minimized is as follows:

χ2 =
∑

i=l,4jets

(P̂ i
T − P i

T )2

σ2
i

+
∑

j=x,y

(P̂UE
j − PUE

j )2

σ2
j

+

+
(mjj − mW )2

Γ2
W

+
(mlν − mW )2

Γ2
W

+
(mbjj − mreco

t )2

Γ2
t

+
(mblν − mreco

t )2

Γ2
t

, (1)

where σl and σjet correspond to resolutions of the lepton and four leading jets,
and pUE

x,y and σx,y are the x and y components of the unclustered energy and
resolution, respectively. The t and t masses are constrained to be same, and the
two W masses are both constrained to be the PDG value of MW = 80.42 GeV.
The reconstructed mass mreco

t is extracted from the χ2 fit.
The fit above assumes the knowledge that a given jet comes from a b-quark

or a W -daughter quark in the final state. This knowledge is not available in
principle, and thus one has to try all 12 possible jet-parton assignments. The
number of combinations is reduced if one of the four highest ET jet is b-tagged;
it is then automatically assigned to a b-quark in the fitter. The number of
jet-parton assignment is reduced to 6 and 2 when 1- and 2-tag are available,
respectively. Masses of 5 GeV/c2 and 0.5 GeV/c2 are assigned to the four-vectors
of b-jets and W -daughter jets, respectively. There is an additional combination
due to the 2 solutions for the pz of the neutrino arising from solving a quadratic
equation. After minimization of the χ2 expression, the mreco

t corresponding to the
combination that yields the lowest χ2 is considered the reconstructed top quark
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mass for that event. An additional requirement of χ2
min < 9 is found to give the

best expected statistical uncertainty on the top mass (which is effective to reject
badly reconstructed tt events or backgrounds events). The efficiency for that cut
decreases with the number of b-tags (since the number of available combinations
is reduced) and ranges from 65% (38%) for 2-tag events to 91% (83%) for 0-tag
events for signal (background) events. The number of events observed after the
χ2 cut are given in Table 1.

A typical reconstructed top mass distribution for signal Monte Carlo (for
Mtop = 178 GeV/c2, JES= 0) is shown in Figure 2. The blue histogram in the
same figure shows the case for the correct jet-parton assignment. The fraction of
correct assignments increases with the number of b-tags as expected. Since the
resolution of the reconstructed mass is dominated by the incorrect combinations,
the mreco

t resolution improves with the number of b-tags.

Fig. 2. Reconstructed top quark mass for 2-tag (top left), 1-tag(T) (top right), 1-tag(L) (bottom
left) and 0-tag (bottom right) signal events (M top = 178 GeV/c2, JES = 0)

5. W BOSON MASS RECONSTRUCTION

The dijet mass from hadronic W boson decay mjj is sensitive to the jet energy
scale but is relatively insensitive to the true top quark mass. It can thus be used
to determine fully in situ the jet energy scale with little uncertainty on Mtop.
In this analysis, the jet energy scale is determined using both the mjj templates
and the a priori determination of JES described in Sec. 3. The combination of
both estimates provides an optimal constraint on this parameter.
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The same jet corrections described in Sec. 4 are applied to reconstruct
mjj. However, no χ2 fitter is used and mjj is simply reconstructed from the
measured three-momenta of jets. A similar combinatorics problem to the m reco

t
reconstruction exists and is dealt with by considering all jet-parton assignments
made of the four-highest E T jets that are not b-tagged. Consequently, there can
be more than one mass per event that are considered. There are in fact 1, 3,
and 6 mjj per event for the 2-tag, 1-tag and 0-tag subsamples, respectively. This
reconstruction technique has been developed to optimize the sensitivity of mjj

to JES. A typical distribution of mjj are shown in Fig. 3 for each event category
(for Mtop = 178 GeV/c2, JES= 0).

Fig. 3. Reconstructed hadronic W boson mass for 2-tag (top left), 1-tag(T) (top right), 1-tag(L)
(bottom left) and 0-tag (bottom right) signal events (M top = 178 GeV/c2, JES = 0)

6. TOP AND W MASS TEMPLATES FOR SIGNAL

Distributions of mreco
t and mjj are constructed from HERWIG tt Monte Carlo

for Mtop values varying from 130 to 230 GeV/c2 and JES values varying from
−3 to +3σ. Smooth probability density functions (Psig(mreco

t : Mtop, JES) and
Psig(mjj : Mtop, JES) are obtained by fitting the mass distributions as a function
of Mtop and JES using an analytical function (the same is used for mreco

t and
mjj: two Gaussian functions and one integrand of a gamma function) whose
parameters depend linearly on each of these two parameters. Figure 4 shows the
reconstructed top quark mass distribution for various true top quark mass (JES
fixed at 0) for the 1-tag(T) subsample (left plot). Also in Fig. 4 is shown the m jj
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distribution for various jet energy scale values (Mtop fixed at 175 GeV/c2) for the
2-tag subsample (right plot). In both figures, the resulting fit is overlaid on the
function, demonstrating the choice of function and dependence on Mtop and JES
are satisfying.

Fig. 4. Left plot: Signal mreco
t templates are shown with top quark masses ranging from 145

GeV/c2 to 205 GeV/c2 and with JES set to 0 for the 1-tag(T) subsample. Right plot: Signal m jj

for JES values ranging from −3σ to +3σ, with Mtop set to 175 GeV/c2 for the 2-tag subsample.
Overlaid are the fitted parameterizations at each generated mass (left plot) and JES (right plot)

7. BACKGROUND CONTAMINATION

In the tagged lepton+ jets samples, the size of backgrounds is small due to the
requirement of one b-jet. Most of the background comes from W boson production
associated with real heavy flavor jets, or associated jets with a misidentified b-jet
(mistags), and QCD backgrounds due to fake leptons. The expected number of
background events is shown in Table 2. There exists currently no quantitative

Table 2. The sources and expected numbers of background events in the three
subsamples with b tags. The last line gives the number of events expected
after the cut on χ2 < 9.0, applied in the top quark mass reconstruction

Source
Expected background

2-tag 1-tag(T) 1-tag(L)

W + light jets 0.40±0.08 3.22 ± 0.41 4.14 ± 0.53
Wbb + Wcc + Wc 1.12 ± 0.43 3.91 ± 1.23 6.81 ± 1.85
WW/WZ 0.05 ± 0.01 0.45 ± 0.10 0.71 ± 0.13
non-W (QCD) 0.31 ± 0.08 2.32 ± 0.50 2.04 ± 0.54
Single top 0.008 ± 0.002 0.49 ± 0.09 0.60 ± 0.11

Total 1.89 ± 0.52 10.4 ± 1.72 14.3 ± 2.45

Total, χ2 < 9.0 0.71 ± 0.18 7.64 ± 1.24 10.2 ± 1.71
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Fig. 5. Combined background mreco
t templates for 2-tag events (top-left), 1-tag(T) events (top-

right), 1-tag(L) events (bottom-left) and 0-tag events (bottom-right)

Fig. 6. Combined background mjj templates for 2-tag events (top-left), 1-tag(T) events (top-
right), 1-tag(L) events (bottom-left) and 0-tag events (bottom-right)
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calculation of the background contamination in the 0-tag subsample, although
studies have demonstrated the dominant background to be W + jets events which
are modeled by the ALPGEN with HERWIG shower Monte Carlo generator.

Background templates for the W + jets with heavy flavor production and
mistag cases are reconstructed using the ALPGEN [7] Monte Carlo samples.
The mass template from QCD backgrounds with a fake lepton (extracted from
the non-isolated lepton data) shows a very similar shape to the W + jet Monte
Carlo (mistag) template. Thus, the mistag template is also used for the QCD
background template. The combined mreco

t and mjj background templates are
shown respectively in Figs. 5 and 6, as is the fitted curve to the template. Note
that probability density functions for background events do not depend on Mtop

and JES [9] 1).

8. LIKELIHOOD

The reconstructed mass distributions from data are compared to the signal
and background templates using an unbinned likelihood fit. The likelihood
involves parameters for the expectation values of the number of signal and
background events in each subsample, and for the true top quark pole mass and
jet energy scale. For each subsample, the likelihood is given by:

Lsample = Lmreco
t

shape × Lmjj

shape × Lnev × Lbg, (2)

where

Lmreco
t

shape =
rW∏
k=1

εsn
W
s Ps(mt

k;Mtop, JES) + εbn
W
b Pb(mt

k)
εsnW

s + εbn
W
b

;

Lmjj

shape =
rW ·nc

i∏
k=1

nW
s Ps(m

jj
k ;Mtop, JES) + nW

b Pb(m
jj
k )

nW
s + nW

b

;

Lnev =
∑

rW
s +rW

b =rW

PPois(rW
s ;nW

s )PPois(rW
b ;nW

b ) ×

×
⎡
⎣

rt
s,b�rW

s,b∑
rt
s+rt

b=rt

PBin(rt
s; r

W
s , εs)PBin(rt

b; r
W
b , εb)

⎤
⎦ ;

Lbg = exp

⎛
⎝−(nW

b − nW
b (const))2

2σ2
nW

b

⎞
⎠ . (3)

The most information on the true top quark mass is provided by the products
in Lmreco

t
shape, the ith term of which gives the probability of observing the ith data

1) The dependence of the background templates to JES is very small and has been shown
to have a negligible impact on the fitted top quark mass.
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event with reconstructed mass mi, given the background template, Pb(mi), and
the signal template with a true top quark mass of Mtop and energy scale shift
JES, Ps(mi;Mtop, JES). The third term represents the information arising from
the number of signal and background events in the top quark mass and dijet
mass samples, which are correlated. We denote the number of expected signal
and background events in the W → jj sample, nW

s and nW
b , respectively. The

expected numbers of signal and background events in the mreco
t sample are given

by εsn
W
s and εbn

W
b , respectively, where the two parameters εs and εb represent

the efficiency of the χ2 cut for signal and background events. The third term in
the likelihood, Lnev, expresses the likelihood associated with observing rW and rt

events in the two samples given the expected number of events and the expected
efficiencies. The first sum expresses the Poisson probability to observe rW

s signal
and rW

b background events given Poisson means of nW
s and nW

b , respectively. The
sum in the third term is over the sum of those signal and background events
that equal the observed number of events in the mjj sample: rW

s + rW
b = rW .

For each pair in this sum, we then include the binomial probability to observe rt
s

signal events and rt
b background events in the mreco

t sample given the numbers of
observed events in the mjj sample and the χ2

min cut efficiencies. The second sum
in the Lnev is over the pairs of signal and background events in the mreco

t sample
that equal the observed number of events: rt

s + rt
b = rt.

When independent estimates of background are available, the background
normalizations are constrained in the likelihood fit by Gaussian terms with
the form of Lbg. The background normalizations are constrained for the 2-tag,
1-tag(T), and 1-tag(L) samples. Both n s and nb are required to be greater than
zero. The a priori constraint on the jet energy scale described in Sec. 3 is used in
the likelihood under the form of a Gaussian constraint:

LJES = e
− (JES−JESexp)2

2σ2
JES , (4)

= e−
JES2

2 , (5)

where the simplification arises because by definition the measured shift in energy
scale, JESexp = 0 and the uncertainty σJES = 1.0.

The total likelihood is given by the product of the likelihoods for the four
subsamples and the jet energy scale constraint:

L = L2−tag ×L1−tag(T ) × L1−tag(L) × L0−tag × LJES. (6)

The true top quark mass Mtop and jet energy scale JES are shared between the
four likelihoods and are free parameters in the fit. The likelihood is maximized
with respect to all ten parameters (ns and nb for four subsamples, JES, and
Mtop).

The likelihood procedure is tested by performing pseudo-experiments in which
for the pseudo-data the m reco

t and mjj are generated randomly from the Monte
Carlo distributions corresponding to various values Mtop and JES. In Fig. 7
are shown the mean and width of the pull distributions for various values of
Mtop and JES. The central values and uncertainties are well behaved for large
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Fig. 7. The mean (top) and width (bottom) of pull distributions from sets of 2500 pseudo-
experiments are shown. On the left, the jet energy scale is fixed at its nominal value, and the
generated top quark mass is varied from 150 GeV/c2 to 210 GeV/c2. On the right, the top quark
mass is fixed at 175 GeV/c2, and the input jet energy scale is varied from −3σ to +3σ. The
error bars come mostly from the limited statistics of the Monte Carlo samples from which the
pseudo-data is taken

ranges of Mtop and JES. The pull width as a function of Mtop are slightly
larger than one: 1.027. The uncertainties obtained in the data are scaled by that
factor to guarantee 68% coverage of the 1σ uncertainties. The mean of the pull
distributions are modestly biased on average (−0.3 GeV/c2) and this value is
included as a systematic uncertainty (see Sec. 10).

9. RESULTS

The likelihood procedure is then applied to the data events. The result is a top
quark mass of 173.5+3.7

−3.6(stat.+ JES) GeV/c2. The simultaneous measurement of
the jet energy scale is −0.10+0.78

−0.80σ. The combined likelihood as a function of the
true top quark mass and JES is shown in Fig. 8.
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Fig. 8. The contours of the likelihood in the Mtop − JES plane for the combined fit to all four
subsamples. At each point in the plane, the likelihood is maximized with respect to the other
free parameters. The cross-hair shows the best fit point

Table 3. The input constraints and fitted values are given for all free
parameters in the combined likelihood fit

Category 2-tag 1-tag(T) 1-tag(L) 0-tag

Mtop
173.5+3.7

−3.6 (stat. + JES) GeV/c2

(173.5+2.7
−2.6 (stat.) ± 2.5 (JES) GeV/c2)

JES −0.10+0.78
−0.80σ

ns 23.5 ± 5.0 53.9 ± 7.9 14.3 ± 5.2 28.3 ± 8.3

nb 1.8 ± 0.5 10.1 ± 1.7 15.5 ± 2.2 15.7+8.0
−7.1

The uncertainty on Mtop from the likelihood fit is a combination of the
statistical uncertainty in extracting a measurement of Mtop and the systematic
uncertainty due to allowed variations of JES. It is possible to get an idea of the size
of each contribution. Fixing JES to its fitted value of −0.10σ and fitting for Mtop

alone yields a top quark mass measurement of 173.5+2.7
−2.6(stat.+ JES) GeV/c2,

corresponding to the pure statistical uncertainty. Subtracting this uncertainty
in quadrature from the full uncertainty gives an Mtop uncertainty due to the jet
energy scale of ±2.5 GeV/c2.

The input constraints and fit results for the combined fit are given in Table 3.
Figure 9 shows the consistency of the reconstructed top quark mass distribution
in each subsample with the combined fit results, while Fig. 10 shows the same for
the mjj distributions.
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Fig. 9. The reconstructed top quark mass distribution for each subsample is shown overlaid
with the expected distribution using the top mass, jet energy scale, signal normalization, and
background normalization from the combined fit

Fig. 10. The reconstructed dijet mass distribution for each subsample is shown overlaid with the
expected distribution using the top mass, jet energy scale, signal normalization, and background
normalization from the combined fit

13



A set of pseudo-experiments is generated with a true top quark mass of
172.5 GeV/c2 and the nominal jet energy scale (both close to the central value
from the fit) and with the number of events in each subsample equal to the
number observed in our data. In Fig. 11, the positive and negative uncertainties
from the likelihood fits are plotted. Arrows indicate the uncertainties from the
fit to the data. Although smaller than the median uncertainties from the pseudo-
experiments, the uncertainties on the data are reasonable.

Fig. 11. The distributions of positive and
negative uncertainties from the likelihood
fit are shown, for pseudo-experiments
generated with a true top mass of
172.5 GeV/c2, the nominal jet energy
scale, and the number of events in
each subsample as observed in the data.
Arrows indicate the positive and negative
uncertainties from the likelihood fit to the
data

Alternate Fits. More fits to the data have been performed with some
variations to the default procedure to verify the robustness of the result. One test
is to remove the JES a priori constraint (i.e. the term LJES in Eq. 4) to check
that the fit of the jet energy scale from W → jj only is consistent with the prior
CDF determination. The result of the fit is 174.0 ± 4.5(stat.+ JES) GeV/c2 with
the simultaneous fit of JES yielding −0.25± 1.22 (stat.)σ. The results are in very
good agreement with the primary result, although with larger uncertainties as
expected.

We have also performed a traditional template analysis in which only
mreco

t templates are considered and the JES is not a parameter of the fit (one-
dimensional template analysis). This constitutes a good cross-check since that
technique has been widely used in the past, for instance for the Run I CDF
publication [6]. The resulting fitted Mtop is 173.2 ± 2.9

2.8 (stat.) GeV/c2, is in very
good agreement with the primary result. The jet energy scale uncertainties have
been estimated for that analysis from the CDF prior determination and yield
3.1 GeV/c2. This is 20% larger than for the primary result (2.5 GeV/c2), therefore
demonstrating the usefulness of the W → jj calibration already with the current
dataset.

10. SYSTEMATIC UNCERTAINTIES

Various sources of uncertainties are considered for this measurement, apart
from the jet energy scale that is given from the fit. The estimate of the jet energy
scale from a priori information (described in Sec. 3) and from W → jj decays
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do not give direct information on the b-jets energy scale. The b-jets can behave
differently than gluon and light quark jets because of their different fragmentation
models, more abundant semileptonic decays and different color flow in tt events
than W -daughter jets. We find that the uncertainties due the unique features
of the b-jet are quite small, only 0.6 GeV/c 2 in total, thus most of the b-jet
uncertainty is due to uncertainties from generic jet energy scale that is determined
in this analysis from the a priori calculation and W → jj decays.

A method uncertainty of 0.5 GeV/c2 is included to account for the small
average bias in the mean of the Mtop pull distributions (see Sec. 8) and for the
fact that a constant JES factor is used to create the templates [10] 1).

The initial and final state gluon radiation is estimated by studying the
transverse momentum of Drell–Yan events and extrapolating the results to the
Q2 of a tt event. Uncertainties of 0.4 GeV/c2 and 0.6 GeV/c2 are estimated
for the initial and final state radiation, respectively. The uncertainties in the
parton distribution functions (PDF) are estimated by using different PDF sets
(CTEQ5L vs MRST72), different values of ΛQCD and varying the eigenvectors of
the CTEQ6M set, yielding a total uncertainty of 0.3 GeV/c2. The difference in
fitted Mtop for mass distributions constructed using the Pythia [8] and HERWIG
generators is evaluated to be 0.2 GeV/c2 and is taken as a generator uncertainty.

Table 4. This table summarizes all systematic uncertainties for the combined
analysis

Method Primary Mtop-only
ΔMtop, GeV/c2 ΔJES(σ) ΔMtop, GeV/c2

Jet Energy N/A N/A 3.1
b-jet Energy 0.6 0.25 0.6
Method 0.5 0.02 N/A
ISR 0.4 0.08 0.4
FSR 0.6 0.06 0.4
PDFs 0.3 0.04 0.4
Generators 0.2 0.15 0.3
Background Shape 0.5 0.08 0.5
b tagging 0.1 0.01 0.2
MC statistics 0.3 0.05 0.4

Total 1.3 0.33 3.3

The uncertainties in the background mass shape is dominated by the Q2

scale used in the generation of W + jets events. ALPGEN samples with various
Q2 scales (4M2

W , M2
W , M2

W /4, and M2
W + P 2

TW ) are used to extract different
background mass templates that introduce an uncertainty of 0.4 GeV/c2. A
second, smaller contribution to this uncertainty is estimated by performing sets
of pseudo-experiments in which background events are drawn not from the

1) The templates are created by shifting all jets in an event by the same JES factor. This
does not correspond to reality in general, e.g. low-p T jets could suffer larger JES shift than
high-p T jets.
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combined background template but from templates for one of the individual
background processes, including the templates derived from QCD-enriched data.
These uncertainties are estimated to be 0.3 GeV/c2.

The uncertainty in the MC modeling of the b-tagging efficiency as a function
of jet pT is evaluated to be 0.1 GeV/c2. Finally, the uncertainty from the
limited statistics available to create the Monte Carlo templates is evaluated to
be 0.3 GeV/c2.

The summary of the systematic uncertainties is given in Table 4. Also in
Table 4 are shown the uncertainties on the fitted JES and for the traditional
one-dimensional template analysis that is used as a cross-check. The uncertainties
are assumed uncorrelated and added in quadrature to yield 1.3 GeV/c2 for the
primary analysis.

CONCLUSION
We have measured the top quark mass to be 173.5 ± 2.7

2.6 (stat.)±
±2.8 (syst.) GeV/c2, or equivalently

Mtop = 173.5 ± 3.9
3.8 GeV/c2

using 318 pb−1 of data collected by the CDF detector. The lepton+ jets final
state has been studied and a template technique employed to extract Mtop.
The dominant systematic uncertainty, the jet energy scale, has been reduced by
using the in situ information from W → jj decays. Two-dimensional templates
of the reconstructed top quark and hadronic W boson mass have been used to
extract simultaneously the true top quark mass and the jet energy scale. This
two-dimensional analysis is used to take into account the correlations between

Fig. 12. Jet energy scale uncertainty from
W → jj calibration only as a function of
integrated luminosity

Fig. 13. Total Mtop uncertainty as a
function of integrated luminosity where the
systematic uncertainties apart from JES are
constant and equal to the current estimate.
The projection of the CDF-II Technical
Design Report [3] is indicated by a star
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these two parameters. Cross-checks of the primary result have been performed,
including a one-dimensional analysis similar to the Run I analysis [6], and yield
consistent results.

We note that the jet energy scale uncertainty is expected to improve as
more data is available to perform the W → jj calibration. Figure 12 shows the
jet energy scale uncertainty using only the W → jj information as a function
of integrated luminosity. We can expect a JES uncertainty in the top quark
mass measurement of approximately 1 GeV/c2 by the end of Run II. The
projected total Mtop uncertainty is shown in Fig. 13 as a function of integrated
luminosity for Run II where the systematic uncertainties apart from JES are
constant and equal to the current estimate (1.3 GeV/c2). We note that this
conservative estimate yields a better uncertainty than for the Mtop uncertainty
of 3 GeV/c2 for all channels projected in the CDF-II Technical Design Report [3]
with

∫L�� = ∈ fb−1 (indicated on the plot). Our projection predicts that a top
quark mass uncertainty of 2 GeV/c2 or better can be achieved by the end of
Run II (≈ 4−8 fb−1) only for one analysis in the lepton + jets channel.
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�¤¥²Ó³ ´ „¦. ¨ ¤·. (¶μ ¶μ·ÊÎ¥´¨Õ ±μ²² ¡μ· Í¨¨ CDF) E1-2005-131
ˆ§³¥·¥´¨¥ ³ ¸¸Ò Éμ¶-±¢ ·±  ³¥Éμ¤μ³ Ï ¡²μ´μ¢ ¨ ± ²¨¡·μ¢±¨ ¸É·Ê°
¶μ · ¸¶ ¤Ê W → jj ¢ ¸μ¡ÒÉ¨ÖÌ É¨¶  ²¥¶Éμ´+ ¸É·Ê¨ ´  CDF-II

ˆ§³¥·¥´  ³ ¸¸  Éμ¶-±¢ ·±  ¢ ´ ¡μ·¥ ¸μ¡ÒÉ¨° É¨¶  ²¥¶Éμ´+ ¸É·Ê¨ ¢ ¶·μÉμ´-
 ´É¨¶·μÉμ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ ¶·¨

√
s = 1,96 ’Ô‚. ˆ´É¥£· ²Ó´ Ö ¸¢¥É¨³μ¸ÉÓ

¤ ´´ÒÌ ¸μ¸É ¢¨²  318 ¶¡−1, ÎÉμ ¶μ§¢μ²¨²μ ´ °É¨ 138 tt̄-± ´¤¨¤ Éμ¢ ¢ Î¥ÉÒ·¥Ì
· §²¨Î´ÒÌ ¶μ¤´ ¡μ· Ì. Œ ¸¸  Éμ¶-±¢ ·±  ¢μ¸¸É ´μ¢²¥´  ¤²Ö ± ¦¤μ£μ ¸μ¡Ò-
É¨Ö ¸ ¶μ³μÐÓÕ § ±μ´μ¢ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸ . ’ ±¦¥ ¶·¨³¥´Ö² ¸Ó
¸¢Ö§Ó ´  ¢μ¸¸É ´μ¢²¥´¨¥ ³ ¸¸Ò W -¡μ§μ´  ¨§  ¤·μ´´μ£μ · ¸¶ ¤  ´  ¤¢¥ ¸É·Ê¨
¤²Ö Ê³¥´ÓÏ¥´¨Ö ¸¨¸É¥³ É¨Î¥¸±μ° μÏ¨¡±¨ μÉ Ô´¥·£¥É¨Î¥¸±μ° ± ²¨¡·μ¢±¨ ± ²μ-
·¨³¥É· . ‘³μ¤¥²¨·μ¢ ´Ò ´ ¡μ·Ò Ï ¡²μ´μ¢ ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° ³ ¸¸ Éμ¶-
±¢ ·±  ¨ Ô´¥·£¨° ¸É·Ê°. � ¸¶·¥¤¥²¥´¨¥ ·¥±μ´¸É·Ê¨·μ¢ ´´ÒÌ ³ ¸¸ Éμ¶-±¢ ·± 
¨ W -¡μ§μ´ , ¶μ²ÊÎ¥´´μ¥ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¸· ¢´¨¢ ²μ¸Ó ¸ Ï ¡²μ-
´ ³¨ Œμ´É¥-Š ·²μ ³¥Éμ¤μ³ ´ ¨¡μ²ÓÏ¥£μ ¶· ¢¤μ¶μ¤μ¡¨Ö. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ¥´ 
³ ¸¸  Éμ¶-±¢ ·±  Mtop = 173,5+3,9

−3,8 ƒÔ‚/c2. �ÉμÉ ·¥§Ê²ÓÉ É Ö¢²Ö¥É¸Ö ´ ¨¡μ²¥¥
ÉμÎ´Ò³ ´  ¸¥£μ¤´Ö.

‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2005

Adelman J. et al. (On behalf of the CDF Collaboration) E1-2005-131
Measurement of the Top Quark Mass Using the Template Method
in the Lepton Plus Jets Channel with in situ W → jj Calibration at CDF-II

We report on a measurement of the top quark mass in the lepton plus jets channel
of tt̄ events from pp̄ collisions at

√
s = 1.96 TeV. This measurement uses an

integrated luminosity of 318 pb−1 data, which brings 138 tt̄ candidates separated
into four subsamples. A top quark mass is reconstructed for each event by using
energy and momentum constraints on the top-quark pair decay products. We also
employ the reconstructed mass of hadronic W boson decays W → jj to constrain
in situ the largest systematic uncertainty of the top quark mass measurement: the
jet energy scale. Monte Carlo templates of the reconstructed top quark and W
boson masses are produced as a function of the true top quark mass and the jet
energy scale. The distribution of reconstructed top quark and W boson masses in
the data are compared to the Monte Carlo templates using a likelihood ˇt to obtain:
Mtop = 173.5+3.9

−3.8 GeV/c2. This constitutes the most precise measurement of the
top quark mass up to date.
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