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We present a new measurement of the top quark mass intt events in which bothW bosons
from top quarks decay into leptonssen, mnd. We use events collected by the CDF experiment
from pp collisions at

p
s ­ 1.8 TeV at the Tevatron collider. We measure a top quark mass

of 167.4 6 10.3sstatd 6 4.8ssystd GeVyc2 from a sample of eight events. We combine this result
with previous CDF measurements in other decay channels to obtain a final mass value of176.0 6

6.5 GeVyc2. [S0031-9007(98)08195-2]
PACS numbers: 14.65.Ha, 13.85.Ni, 13.85.Qk

272



VOLUME 82, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 11 JANUARY 1999

of
a
n

or-
ts,
g

he
a

g
se
ys

s,

uct
nt,
ll
di-

e
ed

a

p

n

n,
er

s

The top quark, the sixth and final quark of the standa
model, is found to have a surprisingly large mass.
precise measurement of this mass is important in testi
the consistency of the standard model with experimen
data. In addition, preciseW and top mass measurement
can provide information on the mass of the Higgs boso
which is a remnant of the mechanism that gives ris
to spontaneous electroweak symmetry breaking. Usi
109 pb21 of data accumulated by the CDF experimen
at the Fermilab Tevatron from 1992 through 1995, w
report an improved measurement of the top quark ma
using dilepton events originating predominantly from
tt ! W1bW2b ! s,1nbd s,2nbd, where , ­ e or m.
This measurement supersedes our previously repor
result in the dilepton channel [1]. The previous result wa
obtained by comparing data with Monte Carlo simulatio
of tt events for two kinematic variables, theb-jet energies
and the invariant masses of the lepton andb-jet systems.
Here we make use of all available information in th
event and obtain a more precise measurement. W
combine the result from the dilepton channel with thos
from the lepton plus jets channelftt ! W1bW2b !
s,1nbd sqq0bdg [2] and the all-hadronic channelftt !
sqq0bd sqq0bdg [3] to obtain a final top quark mass
value from the CDF Run I data. The only other direc
measurements are reported by the D0 experiment at
Tevatron [4,5].

The CDF detector consists of a magnetic spectrome
surrounded by calorimeters and muon chambers [6].
four-layer silicon vertex detector (SVX) [7], located im-
mediately outside the beam pipe, is surrounded by t
central tracking chamber (CTC) which is inside a 1.4
superconducting solenoid. This tracking system is used
measure the momenta of charged particles. Electrom
netic and hadronic calorimeters, located outside the CT
are segmented in projective towers and cover the pseu
rapidity regionjhj , 4.2 [8]. They are used to identify
electron and photon candidates and jets, and are used
measure the missing transverse energysEyT d which can in-
dicate the presence of energetic neutrinos. Outside
calorimeters, drift chambers in the regionjhj , 1.0 pro-
vide for muon identification. A three-level trigger select
events that contain a highPT electron or muon for this
analysis.

We apply the same event selection criteria and u
identical background calculations as those employ
in the previous mass analyses of the dilepton cha
nel [1]. We require two high transverse momentum
sPT . 20 GeVycd oppositely charged leptons (e or m) in
the central detector regionsjhj , 1d, with at least one of
them well isolated from nearby tracks and calorimeter a
tivity. To reject Z ! ,1,2X events we require that the
dilepton invariant mass,Mee or Mmm, be outside the in-
terval 75 105 GeVyc2, and remove events containing an
isolated photon withET . 10 GeV if they are consistent
with radiativeZ decays. We require at least two jets in
the regionjhj , 2.0, each with observedET . 10 GeV
rd
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in a cone radiusDR ­
p

Dh2 1 Df2 ­ 0.4, and require
jEyT j . 25 GeV as a signature for missing neutrinos. To
reject events in whichEyT is due to lepton or jet energy
mismeasurements we requirejEyT j . 50 GeV if EyT is
close to a lepton or a jetfDfsEyT , , or jd , 20±g. Finally,
we requireHT . 170 GeV, whereHT is the scalar sum of
the jPT j of the two leptons (ET for electrons), theET

of the two highestET jets andjEyT j. We obtain a sample
of eight candidate events. The expected background
1.3 6 0.3 events consists of events in which a track or
jet is misidentified as a lepton (0.29 events), Drell-Ya
production (0.35 events),WW production (0.24 events),
Z ! tt decays (0.26 events), andZ ! mm decays in
which m tracks are mismeasured (0.20 events).

For the top mass measurement the jet energies are c
rected for losses in cracks between detector componen
absolute energy scale, contributions from the underlyin
event and multiple interactions, and losses outside t
clustering cone. These corrections are determined from
combination of Monte Carlo simulation and data [2]. Ad-
ditional energy corrections are applied to jets containin
a muon to take into account the low calorimeter respon
to muons and missing neutrinos from semileptonic deca
of heavy quarks in the jets. We obtain a correctedEyT by
correcting each of its components, i.e., the jets, the lepton
and the energy which has not been clustered into jets.

The procedure used here has two steps: we reconstr
each event to obtain a top mass estimate for the eve
then we apply a likelihood method to obtain an overa
mass value in the presence of background. Each can
date event is reconstructed according to thett decay hy-
pothesis in the dilepton channel:

t ! W1b ! ,1
1 n1b ,

t ! W2b ! ,2
2 n2b .

The two highestET jets in the event are assumed to
be the b jets from top decays. We assume theb-jet
mass to be5 GeVyc2. After applying the invariant mass
constraintsms,1n1d ­ ms,2n2d ­ mW and ms,1n1bd ­
ms,2n2bd, the system remains underconstrained due to th
two unmeasured neutrinos. Therefore, for any assum
top mass valuemt, we use a weighting technique to
determine a function,fsmtd, from which we extract a top
mass value [5,9]. We proceed as follows. We assume
top quark masssmtd and the two neutrinoh values (h1,
h2; see below) and solve for the neutrino momenta, u
to a fourfold ambiguity [twoPzsnd choices for eachn]
for each of the two jet charged-lepton pairings. We the
assign a weight to each solution by comparingEyT

p , the
sum of the neutrino transverse momenta for that solutio
to EyT

m, the measured missing transverse energy aft
proper correction:

gsmt , h1, h2d ­ exp

µ
2

sEyT
p 2 EyT

md2

2s2

∂
,

wheres is theEyT resolution for that event (see below).
For each choice ofmt , h1, and h2 we take into

account the detector resolution for jets and lepton
273
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by sampling (i.e., fluctuating) the measured quantiti
many times according to their resolutions. The Gaus
ian resolutions for electrons and muons aredEyE ­p

s0.135d2yET 1 s0.02d2 and dPTyPT ­ 0.0011 3

PT sGeVycd, where ET , in GeV, is the electron energy
measured in the calorimeter andPT is the beam-
constrained muon transverse momentum measured
the CTC. For jets we use anET dependent Gaussian
resolution appropriate forb partons derived from the
HERWIG tt Monte Carlo, in conjunction with detector
simulation, assuming a top mass of170 GeVyc2 [10].
The EyT is recomputed for each sampling using the ne
jet and lepton energies. This procedure takes into acco
all the uncertainties in theEyT measurement except for the
resolution of the unclustered energy measurement, wh
is estimated to be 4 GeV for both transverse compone
for low luminosity events. Hence we uses ­ 4

p
n GeV

in the above expression forgsmt , h1, h2d, wheren is the
number of interactions in the event. This value has be
obtained from minimum bias events and for each event
properly scaled to take into account the effect of multip
interactions at high luminosity.

For each assumed top mass value we use 100 val
of the two neutrinosh1 andh2, chosen from distributions
obtained from theHERWIG Monte Carlo predictions [11].
They are consistent with independent Gaussian distrib
tions withs ­ 1.0 unit of h. The weight is summed for
all samplings, over allh1, h2 values, and all the eight pos-
sible combinations; thus for each event at each top ma
mt , we evaluate an overall weight [5],

fsmtd ­
X

h1,h2,ETi ,,1,,2

gsmt , h1, h2d ,

where ETi refers to all the jets in the event. We the
compute the weight as a function of the top mass
2.5 GeVyc2 steps in the range90 290 GeVyc2.

The fsmtd distribution for each of the eight candidate
events, normalized to unity, is shown in Fig. 1. For eac
event,i, we use this distribution to determine a top ma
estimate,mi, by averaging the values ofmt corresponding
to values offsmtd closest to and greater thanfsmtdmaxy2
on either side of the maximum. Themi distribution for
the eight events is shown in Fig. 2, together with th
Monte Carlo expectation for background alone, and t
plus background normalized to the data.

Given themi distribution for a sample ofN events,
we use a maximum likelihood method similar to tha
employed in the lepton plus jets mass analysis [10]
extract a top mass value. We write the likelihood as

L ­ Gsnb ; nb , sbd ? PsN ; ns 1 nbd

3
Y

i

nsT smi , mtd 1 nbBsmid
ns 1 nb

,

where T smi , mtd and Bsmid are the probability density
functions (templates) for reconstructing a massmi from
tt events with a true top massmt and from background
events, respectively;ns and nb are the numbers oftt
274
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FIG. 1. Weight distribution normalized to unity as a function
of mt for the eight dilepton top candidate events (a)–(h).

and background events;Gsnb; nb , sbd is a Gaussian innb

with meannb (1.3 events) and widthsb (0.3 events), and
PsN ; ns 1 nbd is a Poisson distribution inN with mean
ns 1 nb . The top templates,T smi , mtd, are obtained by
performing the dilepton mass reconstruction algorithm
on HERWIG tt Monte Carlo samples, and parametrizing
the resulting reconstructed mass distributions as smoo
functions of both mi and mt [2]. The background
templates,Bsmid, are derived from data and Monte Carlo

FIG. 2. Reconstructed top mass for the eight dilepton
events (solid line). Background distribution (shaded region
1.3 events) and top Monte Carlo (6.7 events) added t
background (dashed curve). The negative log-likelihood
distribution as a function of the top mass is shown in the inset
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[1]. The likelihood fit gives the top mass measureme
and a statistical error taken from the change in t
2 logsL d of 0.5 units from its minimum value.

To check the likelihood fitting technique, we use Mon
Carlo events to perform many pseudoexperiments
several input top mass values. At each top mass va
each experiment consists of a total of eight top a
background events, with the number of background eve
drawn from a binomial distribution with a mean of1.3 6

0.3 events. The mass estimate for each event is dra
from the appropriate template. For each experiment
obtain a mass,mexp, and a statistical error,sexp . We
study the distributions of the pulls,smexp 2 mtdysexp ,
and find that the medians are consistent with zero and
widths are at most 1.1. We take this width into accou
by multiplying the error returned by the fit by a factor o
1.1. This factor is included in all statistical errors on th
dilepton measurements given below.

We apply the likelihood method to the data shown
Fig. 2. The inset shows the negative log-likelihood
a function of the top mass, from which we determin
a top quark mass value of167.4 6 10.3sstatd GeVyc2.
Monte Carlo studies performed with pseudoexperime
yield an 8% probability for one such experiment t
have a statistical error#10.3 GeVyc2 at a mass of
167 GeVyc2. In comparison, the previous result wa
161 6 17sstatd GeVyc2 [1].

The mass reconstruction procedure used here is q
different from that used for the lepton plus jets samp
[2]. In that case there is only one missing neutrino, a
a kinematic fit with two constraints can be performe
We cross-check the present procedure by applying it
the five events of the lepton plus four jets mass sam
in which two jets are tagged asb jets by the SVX [2].
We assume that the two untagged jets are the product
the hadronicW decay and mimic the dilepton decay b
treating the highestET untagged jet as a lepton and th
second untagged jet as a neutrino. The present likeliho
method then gives a top quark mass from the five eve
of 181.5 6 12.6 GeVyc2, which differs by 11 GeVyc2

from that obtained with the lepton plus jets kinemat
fit procedures,170.1 6 9.3 GeVyc2 [2]. In comparison,
Monte Carlo studies show that the difference in ma
obtained with the two methods is expected to be cente
at zero with a resolution of14 GeVyc2.

The systematic errors on the mass measurement are
timated with the same general procedure as in the l
ton plus jets mass analysis [2]: we generate a new
mass distributions by varying the appropriate quantiti
in the Monte Carlo simulation and then perform likel
hood fits to many experiments of eight events each us
the standard templates. The mass shifts obtained
termine the systematic errors, which are summarized
Table I. The largest contribution comes from the syste
atic uncertainties on the jet energy. The uncertainty
modeling initial or final state radiation intt events is es-
timated using events generated with thePYTHIA Monte
nt
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TABLE I. Systematic errors (in GeVyc2) on the top mass
measurement for the threett decay channels. The Monte
Carlo modeling term includes effects from parton distributio
functions andb-tag uncertainty where applicable. For th
lepton plus jet channel the Monte Carlo statistics term w
included in the statistical error.

Channel Dilepton , 1 jets All-hadronic

Jet energy scale 3.8 4.4 5.0
Initial and final

state radiation 2.7 2.6 1.8
Monte Carlo modeling 0.6 0.5 0.2
Monte Carlo generator 0.6 0.1 0.8
Background shape 0.3 1.3 1.7
Monte Carlo statistics 0.7 · · · 0.6

Total 4.8 5.3 5.7

Carlo program [12] to isolate the effects on the top ma
due to initial and final state radiation jets. The error du
to background shape is estimated by refitting the data w
three different backgrounds:W1W2, fake leptons, and
their weighted sum. That due to the choice of parto
distribution functionss0.6 GeVyc2d is estimated by us-
ing an alternative set of functions in theHERWIG Monte
Carlo. The effect due to the choice of Monte Carlo ge
erators0.6 GeVyc2d is estimated by comparing the mas
value obtained with events from theHERWIG andPYTHIA

Monte Carlo samples. The total systematic error amou
to 4.8 GeVyc2.

Table I includes the systematic errors for the other tw
decay channels. The systematic error due to hard glu
radiation uncertainty in the lepton plus jets [2] and th
all-hadronic [3] channels are now evaluated in the sam
way as described above. For the all-hadronic case the
value of8.0 GeVyc2 was an overly conservative estimate
Also, the “fit procedure” systematic in the all-hadroni
channels5.0 GeVyc2d has been removed as being overl
conservative. The overall systematic error for the lept
plus jets channel has increased from 4.9 to5.3 GeVyc2,
and that for the all-hadronic channel is reduced from 12
to 5.7 GeVyc2. The new top mass measurement for th
dilepton channel and those for the other two channels w
revised systematic errors are shown in Table II.

The results for the three channels are combined w
standard methods [13] to yield an overall CDF ma
measurement. The three statistical errors are taken
uncorrelated, while the systematic errors are assumed
be either entirely correlated or uncorrelated between a
two channels. The primary systematic error, that d
to jet energy uncertainty, is taken as entirely correlat
among all channels, as is the systematic error due
the Monte Carlo model used (gluon radiation and Mon
Carlo entries in Table I). The combined result is

mt ­ 176.0 6 6.5 GeVyc2,

including both statistical and systematic errors; see T
ble II. The relative contributions from the three channe
are 67% for lepton plus jets, 18% for dileptons, and 15
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TABLE II. Summary of top mass measurements with th
CDF detector. For the combined mass the statistical error
defined as the sum in quadrature of the weighted individu
statistical errors, and the systematic error as the difference
quadrature of the total and statistical errors.

Channel Top masssGeVyc2d Reference

Dilepton 167.4 6 10.3 6 4.8 this paper
Lepton1 jets 175.9 6 ,4.8 6 5.3 [2], this paper
All-hadronic 186.0 6 10.0 6 5.7 [3], this paper

Combined 176.0 6 ,4.0 6 5.1 this paper

for all-hadronic. The above top quark mass value agre
with the D0 measurement of172.1 6 7.1 GeVyc2 [14].
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