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The D0 Collaboration has performed a measurement of the top quark massmt based on six
candidate events for the processtt ! bW1bW2, where theW bosons decay toen or mn. This
sample was collected during an exposure of the D0 detector to an integrated luminosity of125 pb21

of
p

s ­ 1.8 TeV pp collisions. We obtainmt ­ 168.4 6 12.3sstatd 6 3.6ssystd GeVyc2, consistent
with the measurement obtained using single-lepton events. Combination of the single-lepton and
dilepton results yieldsmt ­ 172.0 6 7.5 GeVyc2. [S0031-9007(98)05457-X]

PACS numbers: 14.65.Ha, 13.85.Ni, 13.85.Qk
2064



VOLUME 80, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 9 MARCH 1998

x-

).
in

s

to
ed

ed
p
h

nt

t

-

e

of

g

l

the

s

0

The pair production of top quarks has been observ
in pp collisions at

p
s ­ 1.8 TeV by the CDF and D0

Collaborations [1]. Since the time of observation, the in
tegrated luminosity has more than doubled (to125 pb21)
and the D0 experiment has substantially improved i
techniques for measurement of the top quark massmt .
We previously reported a measurement ofmt using events
in which one top quark decayed semileptonically an
the other decayed hadronically (the “, 1 jets” mode,
where , ­ e or m), giving mt ­ 173.3 6 5.6sstatd 6

6.2ssystd GeVyc2 [2]. This Letter reports a first mea-
surement ofmt using events consistent with thett !
bW1bW2 ! b,1nb,2n (“dilepton”) hypothesis. This
independent measurement is important as a direct tes
the hypothesis that the excess of events over backgrou
in both the, 1 jets and dilepton channels is due tott
production.

The events used in this analysis were recorded by t
D0 detector [3], which consists of a nonmagnetic trackin
system, including a transition radiation detector (TRD
surrounded by a hermetic liquid argon/uranium calorim
ter, segmented in depth into several electromagnetic (E
and hadronic layers, and an outer toroidal muon spectro
eter. Electrons are identified using a likelihood metho
based on the EM shower shape, track ionization, spat
match of the track with the EM shower, and TRD re
sponse. Muons are required to have reconstructed tra
in the central tracking chamber and in at least one
the spectrometer layers outside of the toroid, and to ha
energy deposition in the calorimeter consistent with th
passage of a minimum ionizing particle. Jets are reco
structed from calorimeter energy clustered within a con
of radius

p
sDhd2 1 sDfd2 ­ 0.5 [4].

We select dilepton top candidate events according
criteria similar to those used in our cross section me
surement [5]. This selection requires two leptons, wit
the transverse energyET of each lepton.15s20d GeV
for the em and mm seed channels, withjhej , 2.5 and
jhmj , 1.7, and two or more jets withET . 20 GeV
and jhj , 2.5. For theee and em channels we require
significant missing transverse energyEyT to discriminate
against background sources that have no final-state neu
nos [5], while for themm analysis we reduce theZ boson
background by rejecting events for which thex2 proba-
bility of a fit to the Z ! mm hypothesis is.1%. We
reject much of the remaining background using the qua
tities HT ;

P
jets ET and He

T ; HT 1 ET se1d, where all
jets with ET . 15 GeV and jhj , 2.5 enter the sum,
and e1 is the leadingET electron. The selection re-
quiresHe

T sHT d . 120s100d GeV for theee andem smmd
channels. Theee selection reported in Ref. [5] is ex-
tended to include an event that contains, in addition
an electron, one EM energy cluster without an asso
ated reconstructed track, but with hits in the layers
the central tracking system between the interaction ve
tex and the cluster. This event also has a muon ne
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one of its jets, which is evidence ofb quark decay, and
further enhances the probability that the event is an e
ample of tt production. The signal-to-background ra-
tio for such b-tagged events in which only one of the
EM clusters has an associated track isø8y1. The fi-
nal sample, therefore, consists of threeem events, two
ee events, and onemm event, with expected backgrounds
of 0.21 6 0.16, 0.51 6 0.09, and0.73 6 0.25 events, re-
spectively (background sources are detailed in Ref. [5]
Kinematic details for the observed events can be found
Ref. [6].

We reconstruct the events according to thett dilepton
decay hypothesis. After applying the invariant mas
constraintsms,1n1d ­ ms,2n2d ­ mW andms,1n1b1d ­
ms,2n2b2d, the system remains underconstrained due
the two undetected neutrinos. We supply the need
additional constraints byassumingvalues formt and for
two quantities associated with the neutrinos (as discuss
below). We then solve for the neutrino momenta u
to a fourfold ambiguity and assign a weight to eac
solution to characterize how likely it is to occur intt
production for the assumedmt [7]. We compute the
relative weight as a function of assumedmt for 80 ,

mt , 280 GeVyc2, employing two weighting schemes
with differing sensitivities to top production kinematics,
decay distributions, and phase space volume consiste
with the event topology.

The first weighting scheme is called matrix elemen
weighting sMWTd, and is an extension of the procedure
given in Ref. [8]. Here, we require the sum of the
neutrino $pT ’s to equal the measured$EyT . We assign a
weight

W0smtd ­ AsmtdfsxdfsxdPsE,1jmtdPsE,2jmtd ,

wherefsxd is the CTEQ3M [9] parton distribution func-
tion evaluated at the proton (antiproton) momentum frac
tion x sxd required by the solution, andPsE,jmtd is the
probability density for the lepton energy evaluated in th
top quark rest frame. The factorAsmtd normalizes the av-
erage weight of accepted events to unity, independent
the top quark mass.

The other weighting scheme, called neutrino weightin
snWTd [6], steps the assumedh for each neutrino through
a range of values at eachmt . Each step spans an equa
fraction of the neutrinoh distribution expected intt
production. At each step a weight is assigned based on
extent to which the$EyT measured in the event agrees with
the sum of neutrino$pT ’s in the solution. The Gaussian
resolution of each component of the$EyT is 4 GeV. The
weights at allh values are summed to giveW0smtd in this
method.

In calculating the consistency of the event kinematic
with any givenmt , we also account for detector resolu-
tion for jets, leptons, andEyT . This is done by fluctu-
ating all the measured energies by their resolutions 10
2065
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(5000) times for Monte Carlo (collider data) event
and summing the weights obtained for each fluctuatio
The Gaussian resolutions for electrons and muons
sEyE ­ 15%y

p
E and ss1ypd ­ 0.18s p 2 2dyp2 ©

0.003, respectively, withE s pd in GeV sGeVycd. Jets
are smeared by double Gaussians designed to model b
the inherent energy resolution of the hadronic calorime
(narrow Gaussian) and the contribution of large ang
gluon radiation to the resolution (wide Gaussian). Th
$EyT is then recomputed to reflect the changes in jet a
lepton energies, and each component is fluctuated wit
4 GeV Gaussian.

For both theMWT and nWT methods, the up to
fourfold solution ambiguity is handled by summing th
weights for all solutions. Both analyses also sum ov
the twofold ambiguity in associating jets with leptons
Initial- and final-state gluon radiation (ISR and FSR
can create extra jets that complicate the final state. F
events with extra jets, a sum is taken over all possib
combinations of the three leadingET jets, weighted by
expf2ET sinuiys25 GeVdg if jet i is assumed to be ISR or
by expf2mijys20 GeVyc2dg if jets i andj, having invari-
ant massmij, are assumed to arise from the sameb quark
by FSR. In each case, the form of the weight is based
the characteristics of gluon radiation and the coefficient
determined empirically to maximize the sensitivity. Th
distributions ofW smtd [which corresponds toW0smtd af-
ter accounting for resolution and jet combinations] for th
six candidate events, using the two weighting method
are displayed in Fig. 1.

Because of combinatorics, and the fact that no acco
has been taken of background, theW smtd distribution
derived from either theMWT or nWT method cannot be
considered to be a probability density. Consequently
maximum likelihood fit is performed in which theW smtd

FIG. 1. W smtd distributions for the six dilepton candidates
using theMWT (dashed) andnWT (solid) methods.
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distributions for data are compared to the expectatio
from signal and background. The signal is modeled usi
HERWIG [10] v5.7 while the various background source
are modeled byISAJET [11], v7.22, PYTHIA [12], and D0
data (for the instrumental backgrounds) [5].

For both analyses, the maximum likelihood fit pro
ceeds by normalizing theWsmtd distribution for each
event to unity, and integrating the fractional weights
five 40 GeVyc2 bins in mt . The first four bins form
the components of a four-dimensional vector$wi for each
event i. Using the shape of theW smtd distributions
increases the statistical sensitivity of the measurem
by ø25% over a fit to a single-valued mass estimat
for each event. The likelihoodLsmt , ns, nbd to be max-
imized is

L ­ gsnbdpsns 1 nbd
NY
i

nsfss $wijmtd 1 nbfbs $wid
ns 1 nb

,

where ns and nb are the fitted signal and backgroun
levels,gsnbd is a Gaussian constraint thatnb be consistent
with expectations,psns 1 nbd is a Poisson constraint tha
ns 1 nb be consistent with the sample sizeN, and fs

and fb are the four-dimensional probability densities fo
signal and background. The probability densitiesfs $wd are
estimated by summing four-dimensional Gaussian kern
placed at the location of$w for each event in the signa
Monte Carlo (MC) or background samples [13]. Usin
the estimatedfs andfb , L is maximized with respect tons

andnb asmt is varied. The maximum likelihood estimate
of mt sm̂td and its errorsŝd are determined by a quadrati
fit to 2ln L for the nine points about the minimum.

Applying the maximum likelihood fit to the data
we determine the top quark mass to bemt ­ 168.2 6

12.4 GeVyc2 sMWTd, andmt ­ 170.0 6 14.8 GeVyc2

snWTd, where the uncertainties are statistical only (s
Fig. 2). The results of fits to subsamples of the data a
listed in Table I.

To study the properties of our mass estimato
1000 MC “experiments” are generated by random
selecting threeem, two ee, and onemm events from
simulated top (with input massmMC

t ) and background
samples, according to the estimated background conta
nation. Because of the small sample size the estima
is not normally distributed. Figure 3 shows a typica
distribution for m̂t . The distribution is characterized
by its median and width (half of the shortest interv
that contains 68.3% of the experiments). The width
a Gaussian fit to the pull distributionsm̂t 2 mMC

t dyŝ

is consistent with unity. This verifies that̂s is an
unbiased estimate of the statistical uncertainty. The p
means can differ from zero because of the non-Gauss
tails of the m̂t distribution. Table II lists medians,
widths, and means and widths of the pulls for differe
mMC

t . The properties ofm̂t are very similar for both
methods.
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FIG. 2. Sum of the normalized candidate weights groupe
into the five bins considered in the maximum likelihood
fit (circles) for the (a)MWT and (b)nWT analyses. The
uncertainty on these points is taken from the RMS spre
of the weights in MC studies. Also shown are the averag
weights from the best-fit background (dashed) and signal p
background (solid). The2ln L distributions and quadratic fits
are inset.

The sources of systematic uncertainty are summariz
in Table III. A major uncertainty arises from the je
energy calibration, which proceeds in two steps. Th
first step usesg 1 jets events to relate the well-calibrated
electromagnetic scale to the hadronic scale. Effec
considered include the overall hadronic response, ene
added to jets by multiple interactions and uranium nois
and the spread of the hadronic shower outside of t
jet cone [14]. The second step follows from a detaile

TABLE I. Summary ofmt measurements for full and partial
data sets. Uncertainties are statistical only.

Channels fit MWT sGeVycd nWT sGeVycd

em 1 ee 1 mm 168.2 6 12.4 170.0 6 14.8
em 1 ee 168.0 6 12.7 173.3 6 14.0

em 173.1 6 13.3 170.1 6 14.5
d

ad
e

lus

ed
t
e

ts
rgy
e,
he
d

FIG. 3. Distribution of m̂t for “experiments” with mMC
t ­

170 GeVyc2 (marked by vertical line) using theMWT
(dashed) andnWT (solid) analysis methods.

comparison ofg 1 jets events in MC and collider data,
providing a correction that depends on jeth and ensures
that the energy scale in data matches that in MC. A
additional correction is applied to jets having a muo
within the jet cone. Under the assumption that the muo
was produced in the semileptonic decay of a heavy qua
the jet energy is increased to take into account the mu
and neutrino energies. After these corrections, we fin
[using theg 1 jets and smallerZs! eed 1 jets samples]
that the data and MC scales agree, with an uncertain
of dsET d ­ 0.025ET 1 0.5 GeV. MC tests are run on
samples with the jet energies rescaled by6d to yield an
energy scale uncertainty of2.4 GeVyc2 in mt .

Other sources of uncertainty arise from difference
among models oftt and background production, multiple
interactions, and the likelihood fit procedure.ISAJET is
used as a cross-check of theHERWIG tt production model.
The effect of multiple interactions is estimated using MC
samples with additional randompp interactions overlaid
on tt production. The contributions from all sources ar
summed in quadrature to give the systematic uncertain
on the measurement (see Table III).

Taking account of the 77% correlation between th
MWT and nWT analyses, we measure the mass of th
top quark in the dilepton channel by combining the tw
results:

mt ­ 168.4 6 12.3sstatd 6 3.6ssystd GeVyc2 ,

in good agreement with the measurement from the, 1

jets channel [2], consistent with thett hypothesis for
both channels. We combine the results of the singl
and dilepton analyses by propagating the systema
uncertainties in each channel with correlation coefficien
of either zero (for MC statistics and background mode
or unity (for the other systematic errors), giving

mt ­ 172.0 6 5.1sstatd 6 5.5ssystd GeVyc2 ,

or, combining statistical and systematic errors in quadr
ture,mt ­ 172.0 6 7.5 GeVyc2.
2067
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2068
TABLE II. Properties of the maximum likelihood estimatem̂t.

mMC
t Median Width Pull Pull

sGeVyc2d sGeVyc2d sGeVyc2d mean width

160 161.6 15.8 0.12 6 0.03 1.03
MWT 170 172.2 16.7 0.11 6 0.03 0.99

180 180.5 17.3 0.00 6 0.03 0.98

160 161.5 14.4 0.17 6 0.03 0.96
nWT 170 172.2 16.2 0.08 6 0.03 0.98

180 180.5 18.1 0.03 6 0.03 1.03
t

y

,

m

.

TABLE III. Systematic errors in the measurement ofmt.

Source Error sGeVyc2d

Jet energy scale 2.4
Signal model 1.8
Multiple interactions 1.3
Background model 1.1
Likelihood fit 1.1

Total 3.6
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