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an
mass
Abstract

We describe a measurement of the mass of the top quark from the purely hadronic decay modes oft t̄ pairs using all-
jet data produced inpp̄ collisions at

√
s = 1.8 TeV at the Fermilab Tevatron Collider. The data, which correspond to

integrated luminosity of 110.2 ± 5.8 pb−1, were collected with the DØ detector from 1992 to 1996. We find a top quark
of 178.5 ± 13.7(stat)± 7.7(syst) GeV/c2.
 2004 Elsevier B.V. All rights reserved.

PACS: 12.38.-t; 14.65.Ha

Keywords: Top quark
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The mass of the top quark (mt ) is a key paramete
of the standard model (SM). Knowledge of its val
is essential for determining quantum corrections to
theory and for limiting the predicted range of Hig
boson masses[1,2]. In this Letter we report a new
measurement ofmt by the DØ Collaboration in the
processpp̄ → t t̄ for the case in which the top and a
titop quarks each decay to aW boson and ab quark,
followed by the hadronic decay of bothW bosons. At
lowest order in perturbative QCD, this leads to a fi
state of six quark jets, referred to as the all-jets chan
of t t̄ production.

Measurements ofmt have been reported by the D
and CDF Collaborations based on Run I data (19
1996) from the Fermilab Tevatron Collider, with app̄

center-of-mass energy of 1.8 TeV. CDF has measu
a mass of 176.1± 5.1(stat)± 5.3(syst) GeV/c2 [3] in
the lepton+ jets channel. DØ has recently publishe
improved measurement in this channel, which yield
top quark mass of 179.0±3.5(stat)±3.8(syst) GeV/c2

[4]. CDF has reported on thet t̄ → bW+b̄W− channel
in which bothW bosons decay hadronically (all-jet
[5] and finds a top quark mass of 186± 10(stat)±
12(syst) GeV/c2. Combining all published measur
ments yields an average value of 178.0± 4.3 GeV/c2

for the mass of the top quark[4].
The all-jets decay channel has the largest branch

ing fraction of allt t̄ decay channels (46%) and is t
most kinematically constrained final state, since no
ergetic neutrinos are produced[6]. If the jets could
be correctly associated withtheir original partons

E-mail address: hagopian@hep.fsu.edu(S. Hagopian).
1 Visitor from University of Zurich, Zurich, Switzerland.
2 Visitor from Institute of Nuclear Physics, Krakow, Poland.
there would be no ambiguity in the analysis. Ho
ever, the association cannot be made unambiguo
The events of interest contain six or more high tra
verse momentum jets, two of which originate fromb
quarks. The dominant background arises from o
QCD processes that produce six or more jets. DØ m
sured thet t̄ production cross section in the all-je
decay channel to be 7.1± 2.8(stat)± 1.5(syst) pb, as-
suming a top quark mass of 172.1 GeV/c2 that was
previously determined byDØ from other decay chan
nels[7]. This cross section corresponds to roughly 3
t t̄ → jets events produced at DØ during Run I.

The DØ detector and our methods of triggerin
identifying particles, and reconstructing events are
scribed elsewhere[8,9]. The measurement reporte
here is based on 110.2± 5.8 pb−1 of data from Run I
of the Fermilab Tevatron Collider, at app̄ center-of-
mass energy of 1.8 TeV. The events were sele
with a trigger that required at least five jets of co
radiusR ≡ √

(�η)2 + (�φ)2 = 0.3, whereφ and η

are the azimuthal angle and pseudorapidity, res
tively. Each jet was required to have transverse ene
(ET ) greater than 10 GeV and|η| < 2.5. The trig-
gered sample contains approximately 2 million eve
with an estimated signal-to-background ratio of ab
1 to 7000. Further selection criteria were applied
this sample, including criteria to suppress main r
noise, to ensure good jet energy resolution, and to
move events consistent with light-quark backgroun
Events containing a reconstructed electron or m
outside a jet cone of radiusR = 0.5 were excluded
to avoid overlap with othert t̄ decay channels. In add
tion, we required events to contain at least six jets w
ET > 10 GeV and|η| < 2.5. TheET of each jet was
scaled to give, on average, the correct (true) jet
ergy. For more information on the DØ jet algorithm

mailto:hagopian@hep.fsu.edu
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see Ref.[10]. For information on the jet energy sca
correction see Ref.[11].

These criteria led to the selection of a sam
containing 165 373 multijet events with an estima
signal-to-background ratio of about 1 to 1000. Sin
t t̄ events contain abb̄ pair, whereas such pairs a
relatively rare in background events, the signal-
background ratio can be improved by selecting eve
with at least one jet that may have arisen from
fragmentation of ab quark that subsequently decay
to a muon, either directly, or indirectly via the cha
b → c → µ. The tagging ofb-jets using embedde
muons is effective at suppressing background rela
to signal because 15–20% oft t̄ events are so tagge
whereas only 2% of the multijet events in the s
lected sample satisfy theb-tagging requirements. I
this analysis, ab-jet was defined as anyR = 0.5 cone
jet, with ET > 10 GeV and|η| < 1.0, that contained
a muon with pT > 4 GeV/c within its cone. The
tag requirement reduced the sample to 3043b-tagged
events, with an estimated signal-to-background r
of approximately 1 to 100. More details onb tagging
are given in Ref.[12].

To determine the properties of all-jets events fr
t t̄ production, extensive Monte Carlo studies we
done. Thet t̄ signal events were generated using
HERWIG V5.7 [13] program and propagated through
detailed detector simulation, based onGEANT V3.15
[14], and reconstructed with the standard DØ rec
struction program. We found that the mean of the
variant masses of two triplets of jets formed from t
six highest-ET jets,M ≡ (

mt1+mt2
2 ), provided a satis

factory discriminant for distinguishingt t̄ signal from
background[15]. We chose the two jet triplets to b
those that minimized the quantity

χ2 =
(

mt1 − mt2

2× σmt

)2

+
(

MW1 − MW0

σMW

)2

(1)+
(

MW2 − MW0

σMW

)2

,

where MW0 = 77.5 GeV/c2 is the mean value o
the reconstructedW boson mass in the all-jetst t̄
Monte Carlo events processed through the DØ de
tor simulation and reconstruction programs, andmt1,
mt2 andMW1, MW2 are the calculated masses of t
reconstructed jets that correspond to candidate
quarks andW bosons, respectively, computed fro
the jet triplets and, within each triplet, the jet dou
blets. The standard deviations,σmt ≈ 31 GeV/c2 and
σMW ≈ 21 GeV/c2, are the average root mean squ
(RMS) values of the mass distributions determined
ing HERWIG Monte Carlo events generated with t
quark masses of 140, 180 and 220 GeV/c2. Mini-
mizing χ2 provides the correct combination of jets in
about 40% of thet t̄ Monte Carlo events.

The top quark mass was measured through the
fit of different admixtures of signal and background
the observed mass distribution. The fitting techniq
used is similar to that of Ref.[16], which takes accoun
of the finite size of every sample in the fit. The po
terior probability densityp(mt , σt t̄ |Data), computed
assuming a flat prior in mass and in thet t̄ cross sec-
tion, is calculated for a set of mass valuesmt . For
eachmt value, the posterior probability density, n
merically identical (in this case) to the likelihoodL,
was maximized by varyingσt t̄ to give the “maximized
likelihood”, Lmax(mt) as a function of the hypothe
sized top quark mass,mt . The “best fitted mass”,mfit ,
was taken to be the location of the minimum of t
negative log-likelihood curve− lnLmax(mt).

The templates for the top quark signal were g
erated using a Monte Carlo simulation oft t̄ events
for a discrete set of masses in the range of 110
310 GeV/c2 in 10 GeV/c2 steps, that is, at 21 mas
values. The background was modeled usinguntagged
events, that is, multijet data that passed all selec
criteria except those that define theb-tag. For each
untagged eventi, a weightwi is calculated, which re
flects the probability of tagging that event, such t
the sum

∑
i wi over all untagged events provides

estimate of the background, that is, the number of n
t t̄ b-tagged events within the 3043 event sample. T
event weight is the sum of theb-tag rateper jet, which
is assumed to depend only on theET andη of the jet,
and on the muon detection efficiency. The tag-ratetR)
is assumed to factorize as follows:

(2)tR = T (ET ,η,R) = N(R)f (ET ,R)g(η,R),

where

(3)f (ET ,R) = a0 + a1E
1/2
T ,

(4)g(η,R) = p0 + p1|η|2
and N(R) is an overall normalization constant. Th
forms off (ET ,R) andg(η,R) were determined em
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pirically. The tag-rate is divided into 5 bins as a fun
tion of run number(R) according to the 5 majo
changes in muon system efficiency. For each of th
run bins, jets were selected withET > 10 GeV and
|η| � 1.0. Histograms were made of theET of the
tagged jets and theET of the untagged jets in the dat
and their ratio (bin by bin) was fit usingf (ET ,R).
Similarly, the distributions of the ratio of tagged a
untagged|η| histograms were fit usingg(η,R). The
tag-rate was normalized to return the number of
served tagged events in the data.χ2 tests show very
good agreement between the tagged data and the
dicted background. More details on this method
given in Ref.[15].

Since the jets int t̄ events tend to be more e
ergetic, have a more isotropic momentum flow, a
have larger transverse energies than those in li
quark events, we can enrich the event sample
ther by event discrimination based on a suitable
of kinematic variables. For this analysis, we used
following eight variables:ET 5 × ET 6, |ηW1 × ηW2|,√

ŝ, A, S, N
ET

jet , HT 3/HT , and HT /H , whereET 1
-

to ET 6 andE1 to E6 are the transverse energies a
energies, respectively, of the six jets, ordered in
creasingET ; ηW1 and ηW2 are the pseudorapiditie
of the two hypothesizedW bosons;

√
ŝ is the invari-

ant mass of theNjets system;A, the aplanarity, is32 of
the smallest eigenvalue of the normalized laborato
frame momentum tensor[17] of all the jets;S, the
sphericity, is 3

2 of the sum of the smallest and nex

smallest eigenvalues of the same tensor;N
ET

jet is the
number of jets above a givenET threshold, over the
range 10 GeV to 55 GeV, weighted by the thresh
[18]; HT = ∑

j ETj ; HT 3 = HT − ET 1 − ET 2; and
H = ∑

j Ej , where the sums are over allR = 0.5
cone jets with|η| < 2.5 andET > 10 GeV. Fig. 1
shows comparisons of distributions in each of the ki
matic variables between background and at t̄ Monte
Carlo signal formt = 180 GeV/c2. The distributions
of kinematic variables for events withb-jets are con-
sistent with those withoutb-jets.

The above variables were combined into a sin
discriminant, calculated using a neural network (NN
[19] with eight inputs, a single hidden layer with thr
nte
Fig. 1. Histograms of kinematic variables fort t̄ Monte Carlo signal (solid) and background (dashed) normalized to the same area. The Mo
Carlo signal samples were generated with a top quark mass of 180 GeV/c2. The variables are described in the text.
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Fig. 2. (a)DNN is plotted for data and background. Also shown is theDNN expected for a 180 GeV/c2 top quark Monte Carlo signal scale
up by a factor of ten. (b)DNN in finer bins from 0.90 to 1.05, for data, background and 180 GeV/c2 top quark Monte Carlo signal scaled u
by a factor of five.
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nodes, and a single outputDNN. The network was
trained and tested with independent samples ofHER-
WIG Monte Carlot t̄ signal events, at top quark mass
of 140, 180 and 220 GeV/c2, and untagged events fo
the background, with the target for background se
0 and at 1 for the signal. Roughly equal numbers
training events were used at each mass. These e
(in all, 11 423 for signal and 8143 for backgroun
were used only for training the neural network a
producing a single set of network parameters. Th
events were not used in the subsequent analysis.

Fig. 2 showsDNN for the 3043 event data samp
and for background normalized to the same numbe
events. Also shown for comparison is the expectet t̄

Monte Carlo signal formt = 180 GeV/c2 multiplied
by a factor of ten. The final event sample used in
fit to the top mass was defined by a cutoff inDNN,
which was chosen to minimize the uncertainty on
extracted top mass. For a given cutoff onDNN, and
a given mass valuemt , a distribution was compose
by adding the background mass distribution to the
nal mass distribution, with the signal normalized to
theoretical cross section[20]. An ensemble of∼ 100
fake mass distributions was created by sampling fr
the combined distribution. The fitting procedure w
applied to each fake mass distribution to yield a fit
massmfit . We thereby obtained a distribution of fi
ted masses, characterized by a mean and an RMS
the givenDNN cutoff and the given value ofmt . The
procedure was repeated for differentDNN cutoffs and
for top quark mass values of 155, 165, 175, 185
s

r

Fig. 3. Data and the sum of background and Monte Carlo si
plotted as a function of the mean mass,M . Insert is− lnLmax as a
function of the top quark mass.

195 GeV/c2. We found that the cutoffDNN > 0.97
minimizes the RMS in the fitted mass distributions
the five top quark masses considered. The plot of
pected top quark mass RMS as a function of the
on DNN is rather shallow; consequently, the expec
precision of the measurement is insensitive to sm
changes about the optimal cut.

When applied to the 3043 events, the requirem
of DNN > 0.97 reduced the dataset to a final sa
ple of 65 events.Fig. 3 shows a comparison betwee
the observed mass distribution in the data and
sum of background and 175 GeV/c2 top quark sig-
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nal scaled to the observed number of top events
below). The fitting procedure, with 21 mass valu
was applied to the observed mass distribution to y
a mass estimate, which was corrected for a bias[15]
of 2.6 GeV/c2 using the relationship

(5)mfit = 0.712mt + 53.477 GeV/c2,

determined from the Monte Carlo studies. The unc
tainties (also bias-corrected) were defined to be
68% interval about the minimum in the log-likelihoo
curve. A systematic uncertainty of 5% arises from
discrepancy between the jet energy scale in Mo
Carlo simulations and that in data[11]. The fitting of
the tag-rate function introduces a normalization
certainty of 14.9%. The systematic uncertainty a
receives a contribution from the bin-by-bin uncertain
due to the limited number of untagged events u
to model the background. The effect of these syst
atic uncertainties on the measured top quark mass
obtained by repeating the fits varying the nominal v
ues by their systematic uncertainties. The effect o
small signal contribution to the background sam
was checked and found not to affect the determina
of the top quark mass.

The insert in Fig. 3 shows the negative log
likelihood as a function of the top quark mass
six points near the minimum. After bias correctio
we find a top quark mass of 178.5 ± 13.7(stat)±
7.7(syst) GeV/c2. As a consistency check of ou
measurement, given the measured top quark m
we can estimate thet t̄ production cross section a
that mass. The estimated signal in the 65-event s
ple is 16.6 ± 7 events. This corresponds to a t
tal cross section of 11± 5 pb, which is consisten
with the measured DØt t̄ production cross section o
5.6 ± 1.4(stat)± 1.2(syst) pb for a top quark mass
172.1 GeV/c2 [21].

In summary, we have measured the mass of the
quark, using the purely hadronic decay modes int t̄

events, to be 178.5 ± 13.7(stat)± 7.7(syst) GeV/c2.
This is in good agreement with top quark mass m
surements in other decay channels.
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