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We presert a measuremen of the top quark masswith the Matrix Element method in the lep-
ton+jets nal state. As the energy scale for calorimeter jets represens the dominant source of
systematic uncertainty, the Matrix Element likelihood is extended by an additional parameter,
which is de ned as a global multiplicativ e factor applied to the standard energy scale. The top
quark massis obtained from a t that yields the combined statistical and systematic jet energy
scale uncertainty. Using a data set of 370pb ! taken with the DO experiment at Run Il of the



Fermilab Tevatron Collider, the massof the top quark is measuredusing topological information to

be:

Mee™ (topo) = 169.2°°,9 (stat: + JES) ™y (syst:) GeV ;
and when information about identi ed b jets is included:

Mea™® (btag) = 170:3"%, % (stat: + JES) "3 (syst:) GeV :

The measuremeris yield a jet energy scale consistert with the referencescale.

PACS numbers: 14.65.Ha, 12.15.Ff

. INTR ODUCTION

The origin of massof the elemenary fermions of the
standard model is one of the certral questionsin par-
ticle physics. Of the six known quark avors, the top
quark is unigue in that its masscan be measuredto the
percen-level with the current data of the Fermilab Teva-
tron Collider. There is particular interest in a precision
measuremen of the top quark massbecauseof its domi-
nant contribution in loop corrections to electronveak ob-
senablessuch asthe parameter. Within the standard
model, a precise determination of the top quark mass
in combination with existing electroweak data can place
signi cant constraints on the massof the Higgs boson[1].

To date, proton-antiproton collisions at the Fermilab
Tevatron Collider provide the only possibility to produce
top quarks. During Run | of the Tevatron in the 13990 ,
at a proton-antiproton certer-of-mass energy of = s =
1:8TeV, the top quark was discovered by the CDF and
DO [2] experimernts, and its masswas measured[3]. Since
the beginning of Run |l in 2002,the Tewatron is running
WitB an increasedluminosity at a certer-of-massenergy
of " s = 1:96TeV. The CDF experiment has recenly
published a measuremen of the top quark mass using
Run Il data [4]. The rst DO measuremeh of the top
qguark massat Run |l is described in this paper.

Top quarks are produced in proton-antiproton colli-
sionseither in pairs (production of tt pairs via the strong
interaction) or singly (via the electroweak interaction).
Only the rst processhasbeenobsenedsofar andis used
to measurethe top quark mass. In the standard model,
the top quark essetially always deca/sto a b quark and
a real W boson. The topology of a tt event is therefore
determined by the subsequebh W bosondecas. The so-
called lepton+jets topology, where one W bosondecays
to an electron or muon and the corresponding neutrino
while the other decays hadronically, allows the most pre-
cise experimental measuremen of the top quark mass.
These events are characterized by an energetic, isolated
electron or muon (charge conjugate modesare implicitly
included throughout this paper), missing transverseen-
ergy relative to the beamline from the neutrino, and four
energeticjets.

This paper describesa measuremen of the top quark
masswith the DO detector, using lepton+jets everts from
370pb ! of data collected during Run |1 of the Fermilab
Tevatron Collider. To make maximal use of kinematic

information, the events selectedare analyzed with the
Matrix Element method. This method was developed by
DO for the Run | measuremen of the top quark mass|[5]
and led to the single most precise measuremen during

Run |I. For eath evert, a probability is calculated as a
function of the top quark massthat this event hasarisen
from tt production. A similar probability is computed for
the main background process,which is the production of
a leptonically decaying W bosonproducedin assaiation
with jets. The detector resolution is takeninto accourt in

the calculation of theseprobabilities. The top quark mass
is then extracted from the joint probability calculated for
all selectedeverts. Toreducethe sensitivity to the energy
scaleof the jets measuredin the calorimeter, the Matrix

Element method has beenextended so this scalecan be
determined simultaneously with the top quark massfrom
the sameevent sample[4, 6].

The paper is organized as follows. Section Il gives
a brief overview of the DO detector. The event recon-
struction, selection,and simulation are discussedin Sec-
tion 11l. A detailed description of the Matrix Elemernt
method is given in Section IV. The top quark mass t
is described in SectionsV and VI for the analysesbe-
fore and after the use of b-tagging information, and Sec-
tion VII lists the systematic uncertainties. Section V111
summarizesthe results.

Il. THE DO DETECTOR

We usea right-handed coordinate systemwhaoseorigin
is at the certer of the detector, with the proton beam
de ning the positive z direction. The DO detector con-
sists of a magnetic certral-trac king system, comprising
a silicon microstrip tracker (SMT) and a certral b er
tracker (CFT), both located within a 2 T superconduct-
ing solenoidal magnet [7]. The SMT has 800, 000 in-
dividual strips, with typical pitch of 50 80 m, and a
designoptimized for tracking and vertexing capability at
pseudorapiditiesof j j < 2:5. The systemhasa six-barrel
longitudinal structure, eat with a set of four layers ar-
ranged axially around the beam pipe, and interspersed
with 16 radial disks. The CFT has eight thin coaxial
barrels, eat supporting two doublets of overlapping scin-
tillating b ers of 0.835mm diameter, one doublet being
parallel to the collision axis, and the other alternating by

3 relative to the axis. Light signalsare transferred via



clear b ersto solid-state photon counters (VLPC) that
have 80% quantum e ciency .

Central and forward preshowver detectors located just
outside of the superconducting coil (in front of the
calorimetry) are constructed of seweral layers of extruded
triangular scirtillator strips that are read out using
wavelength-shifting b ersand VLPCs. The next layer of
detection involvesthree liquid-argon/uranium calorime-
ters: a certral section (CC) covering j j up to 11,
and two end calorimeters (EC) that extend coverageto
i ] 4:2,all housedin separatecryostats[8]. In addition
to the preshawer detectors, scirtillators betweenthe CC
and EC cryostats provide sampling of developing showvers
at 1< j j< 1.4.

A muon system [9] is located beyond the calorimetry
and consistsof a layer of tracking detectorsand scirtilla-
tion trigger counters before1.8T iron toroids, followed by
two similar layers after the toroids. Tracking atj j< 1
relieson 10 cm wide drift tubes[8], while 1 cm mini-drift
tubesareusedat 1< j j< 2.

Luminosity is measuredusing plastic scirtillator arrays
located in front of the EC cryostats, covering 2.7 < j j <
4:4. Trigger and data acquisition systemsare designedto
accommalate the high luminosities of Run Il. Basedon
preliminary information from tracking, calorimetry, and
muon systems,the output of the rst level of the trigger
is usedto limit the rate for acceptedevents to 2 kHz.
At the next trigger stage,with more re ned information,
the rate is reducedfurther to 1 kHz. These rst two
levelsof triggering rely mainly on hardwareand rm ware.
The third and nal level of the trigger, with accessto
all the evert information, usessoftware algorithms and a

computing farm, and reducesthe output rateto  50Hz,
which is written to tape.
I1l.  EVENT RECONSTR UCTION, SELECTION,

AND SIMULA TION

This paper describes the analysis of 370pb ! of data
taken betweenApril 2002and August 2004. Events con-
sideredfor the analysis must initially passtrigger condi-
tions requiring the presenceof an electron or muon and
a jet. In the etjets trigger, an electron with transverse
momertum pr > 15GeV within j j < 1:1is required. In
addition, ajetﬂeconstructed using a conealgorithm with
radius R ( )2+ ( )%= 05isrequired, with a
minimum jet transverseenergy Et, of 15 or 20GeV de-
pending on the period of data taking. In the +jets trig-
ger, a muon detected outside the toroidal magnet (corre-
sponding to an e ective minimum momertum of around
3GeV) is required, along with a jet with transverseen-
ergy Et of at least 20 or 25GeV, depending on the data
taking period.

The oine reconstruction and selection of the events
is described in detail in the following sections. The kine-
matic selection criteria are also summarizedin Table I.
A total of 86 etjets and 89 +jets ewvents are selected.

charged lepton Et>20GeV | j< 1.1 (electrons)
? P pr > 20GeV j j< 2:0 (muons)
exactly 4 jets Er>20GeV j j<25

missing transverseenergy Er > 20GeV

TABLE [I: A summary of the kinematic event selection. In
addition, quality and isolation criteria are applied.

A. Charged Lepton Selection

Candidatesfor a charged lepton from W deca are re-
quired to have a transverse momertum pr of at least
20Gev and must be within j j < 1:1 for electrons and
j ] < 2:0for muons. In addition, chargedleptons haveto
passquality and isolation criteria described below.

Electrons must deposit at least 90% of their energyin
the electromagnetic calorimeter within a cone of radius

R = 0:2 around the shower axis. The transverseand
longitudinal showver shapesmust be consistert with those
expected for an electron, basedon Monte Carlo simula-
tion, with e ciencies corrected for obsened di erences
between data and Monte Carlo. A good spatial match
of the reconstructed track in the tracking system and
the shawer position in the calorimeter is required. Elec-
trons must be isolated, i.e., the energyin the hollow cone
0:2< R < 0:4 around the shawver axis must not exceed
15%of the electronenergy Finally, alikelihood is formed
by combining the above variableswith information about
the impact parameter of the matched track relative to
the primary interaction vertex, the number of tracks in
a conewith radius R = 0:05 around the electron can-
didate, the pr of tracks (excluding the track matched to
the electron) within a conewith radius R = 0:4, and
the number of strips in the certral preshower detector
assciated with the electron. The value of this likelihood
is required to be consistert with expectations for high-pt
isolated electrons.

For each muon, a match of muon track segmets in-
side and outside the toroid is required. The timing infor-
mation from scirtillator hits assaiated with the muon
must be consistert with that of a particle produced in
the pp collision, thereby rejecting cosmicrays. A track
reconstructedin the tracking systemand pointing to the
evert vertex is required to be matched to the track in
the muon system. The muon must be separated from
jets, satisfying R(; jet) > 0:5 for all jets in the evert.
Finally, the muon must passan isolation criterion based
on the energy of calorimeter clusters and tracks around
the muon: The calorimeter transverseenergyin the hol-
low cone0:1 < R < 0:4 around the muon direction is
required to be lessthan 8% of the muon transversemo-
mentum, and the sum of transversemomerta of all other
trackswithin aconeofradius R = 0:5around the muon
direction must be smaller than 6% of the muon pr.



B. Jet Reconstruction and Selection

Jets are de ned using a cone algorithm with radius

R = 0:5. They are required to have pseudorapidity
j ] < 2:5. Calorimeter cellswith negative energyor with
energy below four times the width of the average elec-
tronics noise are suppressed(unlessthey neighbor a cell
of high positive energy where the threshold is lowered
by a factor of two) in order to improve the calorimeter
performance. In the reconstruction, jets are considered
only if they have a minimum raw energy of 8GeV. Jets
must then passthe following quality requiremerts:

the energy reconstructed in the electromagnetic
part of the calorimeter must be between 5% and
95% of the total jet energy;

the fraction of energy in the outer hadronic
calorimeter must be below 40%;

the energy ratio of the most and secondmost en-
ergetic calorimeter cells in the jet must be below
10;

the most energeticcalorimeter cell must not contain
more than 90% of the jet energy;

the jet is required to be con rmed by the indepen-
dent trigger readout; and

jetswithin R < 0:5 of anisolated electromagnetic
object (electron or photon) with E1 > 15GeV re-
constructed in the calorimeter are rejected. The
electromagnetic objects used here are obtained
with a selection similar to the electron selection
describedin Sectionlll A, but without the require-
ment of a track match or a cut on the likelihood.

The analysisis restricted to evernts with exactly four
jets; these four jets must eadh have Et > 20GeV af-
ter jet energyscalecorrection, which is described below.
The motivation for the requiremert of four jets is that
for eadh evert, a signal probability Psg is calculated us-
ing a leading-order matrix elemen for tt production, as
described below in Section IV C. Decays in which addi-
tional radiation is emitted aswell astt pairs producedin
asscaiation with other jets are not modeled in the prob-
ability.

C. Jet Energy Scale

The measuredenergy E{eetw of a reconstructed jet is
given by the sum of energiesdeposited in the calorime-
ter cells assaiated with the jet by the cone algorithm.
The energy EG" of the jet before interaction with the
calorimeter is obtained from the reconstructed jet energy
as

E reco Eo
checgrr — et

= - 1
Rcal Ccone ( )

The correctionsare applied to accourt for seweral e ects:

Energy Oset E, : Energyin the clusteredcells
which is due to noise,the underlying event, multi-
ple interactions, energy pile-up, and uranium noise
lead to a global o set of jet energies. This o set
E, is determined from energy densities in mini-
mum bias events.

Showering Corrections Cgone : A fraction of the
jet energyis deposited outside of the nite-size jet
cone. Jet energy density proles are analyzed to
obtain the corresponding correction Cgone .-

Calorimeter Response Ry : Jets consist of
dierent particles (mostly photons, pions, kaons,
(anti-)protons, and neutrons), to which the
calorimeter responsedi ers. Furthermore, the en-
ergy reponse of the calorimeter is slightly nonlin-
ear. The responseR¢y is determined from +jets
events by requiring transversemomertum balance.
The photon energyscaleis assumedto be identical
to the electron scaleand is measuredindependerily
usingZ ! eeewernts.

Note that EZX" is not the parton energy: the parton may
radiate additional quarks or gluonsbefore hadronization,
which may or may not end up in the jet cone. The rela-
tion betweenthe jet and parton energiesis parameterized
with atransfer function, seeSectionlV B. The jet energy
scaleis determined separately for data and Monte Carlo
jets. The scaledependsboth on the energyof the jet and
on the pseudorapidity. All jet energiesin data and Monte
Carlo everts are corrected according to the appropriate
jet energyscale,and these corrections are propagatedto
the missing transverseenergy seeSection |11 D.

The uncertainty on the jet energy scalewasthe domi-
nating systematic uncertainty on most previous measure-
ments of the top quark mass. To reducethis systematic
uncertainty, information from the jets arising from the
hadronic W decay can be usedto determine an overall
jet energyscalefactor, JE S, simultaneously with the top
guark mass. A value of JES 6 1 meansthat all jet ener-
giesneedto be scaledby a factor of JES relative to the
referencescaledescribed above.

D. Missing Transv erse Energy

Neutrinos can only be identi ed indirectly by the im-
balanceof the evert in the transverseplane. This imbal-
anceis reconstructedfrom the vector sum of all calorime-
ter cells with signi cant energy (cf. Sectionlll B). The
missingtransverseenergyis correctedfor the energyscale
of jets and for muons in the evert. Only events with
Er > 20GeV are considered.

In addition, a cut on the dierence between the
azimuthal anglesof the lepton momertum and the miss-
ing transverseenergy vector is imposedto reject events
in which the transverseenergyimbalanceoriginates from



a poor lepton energy measuremeh This requiremert
dependson the scalar value of Ey and is

0:045
(e;Er) > 0:7 @E:T (2
in the etjets channel and
- : Er
(; Br) > 01 1 Z0Gay and
(; Br) < 02 1 o ®3)
C T ' 30GeV

in the +jets channel.

E. b Jet Iden tication

A tt evert contains two b jets, while jets producedin
asscaiation with W bosonspredominartly originate from
light quarks or gluons. The signalto background ratio is
therefore signi cantly enhancedwhen requiring that one
or more of the jets be identied asb jets (b-tagged). DO
developeda lifetime basedb-tagging algorithm referredto
as SVT [10]. The algorithm starts by identifying tracks
with signi cant impact parameter with respect to the
primary vertex. Only tracks that are displaced by more
than two standard deviations are considered. The algo-
rithm then requires that these tracks form a secondary
vertex displacedby more than sewen standard deviations
from the primary vertex. For ead track participating
in secondaryvertex reconstruction its impact parameter
must have a positive projection onto the jet axis. Tracks
with a negative projection appear to originate from be-
hind the primary vertex, which is a sign of a mismeasure-
ment. Tracks with negative impact parameter are used
to quantify the mistagging probability.

The performanceof the SVT algorithm is extensively
testedon data. The b-tagging e ciency isveri ed onadi-
jet data samplewhoseb jet content is enhancedby requir-
ing that one of the jets be assaiated with a muon. The
distribution of the transverse momertum of the muon
relative to the assaiated jet axis is usedto extract the
fraction of b jets before and after tagging. The proba-
bility to tag a light quark jet (mistag rate) is inferred
from the rate of secondaryverticeswith negative impact
parameter, corrected for the contribution of heavy a vor
jets to such tags and the presenceof long-livedparticles in
light quark jets. Both correctionsare derived from Monte
Carlo simulation. Both the b-jet tagging e ciency je ()
and the light-jet tagging rate j(u; d; s; g) are pa-
rameterized as functions of the transversejet energyand
pseudorapidity. The e ciency e (C) to tag a ¢ quark
jet is estimated basedon the Monte Carlo prediction for
the bto c-jet tagging e ciency ratio. These parameteri-
zations are usedto predict the probability for a jet of a
certain avor to be tagged.

F. Simulation

Large samples of Monte Carlo simulated events are
used to determine the detector resolution, to calibrate
the method, and to cross-hed the results for the top
guark massobtained in the data. The alpgen [11] evert
generator is used for both signal and badkground simu-
lation. The hadronization and fragmertation processis
simulated using pythia [12]. Signal tt events are sim-
ulated for top quark massvalues of 160, 170, 175, 180,
and 190 GeV. The main background is from W+4 jets
everts.

All simulated everts are passedthrough a detailed sim-
ulation of the detector responseand are then subjected
to the sameselectioncriteria asthe data. The probabil-
ity that a simulated event would have passedthe trigger
conditions is calculated, taking into accourt the relative
integrated luminosities for which the various trigger con-
ditions werein use. This probability is typically between
0.9and 1 and is accourted for when simulated everts are
usedin this analysis.

Background from QCD multijet processefiasnot been
generated in the simulation; instead, evernts that pass
a selection with reversedisolation cuts for the charged
lepton have beenusedto model this badkground.

G. Sample comp osition

Even though the Matrix Elemernt method yields the tt
content fy, Of the selecteddata sample together with
the top quark massand jet energy scale,an independert
estimate of the samplepurity is obtained using a topolog-
ical likelihood discriminant, asdescribed in this section.
This result for the sample composition doesnot directly
erter in the top quark mass t; it is usedonly

to obtain the relative normalization of the signal
and badckground probabilities as described in Sec-
tion IV D | this allows tting the sample purity
without large correctionsto the result | and

to choosethe sample purity in ensenble tests (cf.
SectionsV B, V C, and VI B) accordingto the sam-
ple composition in the data | in order to compute
the expected t uncertainties.

The relative contributions of tt, W+jets, and QCD
multijet events to the selecteddata sample are deter-
mined before b tagging is applied. A likelihood discrimi-
nant basedon topological variablesis calculated for every
selectedevent. The technique is the sameas described
in [13]. A t to the obsened distribution yields the frac-
tions of tt, W +jets, and multijet ewvents in the data sam-
ple, separately for etjets and +jets ewents. The ts
are shawn in Figure 1, and the results are summarized
in Table Il. Note that becauseof di erences betweenthe
selection criteria of etjets and +jets events (most no-
tably, the j j requiremert, but alsothe criteria for select-
ing isolated leptons), the numbers of selectedtt, W +jets,



channel

N evts

N fop o

f lop o

f top 0

top top QCD
e+jets 86 406* 37 472702 % 176% 35 %
+jets 89 258* 5% 290% 31w 51t %) %
“tets 175 664 727 3797 T3 % (113 12)%

TABLE Il: Composition of the etjets,

+jets, and "+jets

data samples, estimated with the topological likelihood tech-

nique. The fractions are constrained as f
ftop o _
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FIG. 1. Distribution of the topological likelihood for the
370pb ! DO Run Il data sample. The distribution for e+jets
events is shown in plot (a) and for +jets events in plot (b).
The points with error bars indicate the data, and the t-
ted fractions of tt events (open area), W +jets events (di-
agonally hatched), and QCD multijet events (horizontally
hatched area) are superimposed.

and QCD ewerts in the two channelsare not expectedto
be equal.

The relative contributions from badckground everts
with a W bosonand four jets with dierent avor com-
position are estimated using the alpgen generator. The
fractions f of eath of the six avor con gurations =
jjjj, bojj, ccjj, (bO)jjj, (cc)jjj, and cjjj are listed in
Table I11 [10]. The symbol j denotesa light jet not con-
taining a charm or bottom quark, and the symbols (bb)
and (cc) refer to situations wheretwo heavy a vor quarks
end up in the samejet. These fractions are obtained
without a b-tagging requiremert; in the b-tagging anal-
ysis where the event sampleis divided into three classes
according to the number of b-tagged jets per event (cf.
Section VI A), the individual numbers for eat of the

Contribution W + 4jets
Wbl (272 0:11)%
Wcg (4:31  0:200%
W (b)jjj (2:70  0:15)%
W (co)jjj (4:69 0:36)%
Wcjjj (4:88 0:17)%
Wijjijj (80:71  0:43)%

TABLE I1I: Fractions f of dierent avor subprocessexon-
tributing to the W +jets sample.

three separateclassesare signi cantly dierent.

IV.  THE MA TRIX ELEMENT METHOD

In this section,the measuremen of the top quark mass
using the Matrix Element method is described. The
method is similar to the one of [5]; howewer, the calcula-
tion of the signal probability has beenrevised, the nor-
malization of the background probability is determined
di erently, and the method now allows a simultaneous
measuremen of the top quark massand the jet energy
scale[6].

An overview of the Matrix Element method is given
in Section IV A. Section IV B describes how b-tagging
information is usedin the analysis and discusseghe pa-
rameterization of the detector response. Details on the
computation of the probabilities Psig and Pueg are given
in SectionslV C and IV D.

A. The Event Probabilit vy

To make maximal useof the kinematic information on
the top quark mass cortained in the evert sample (or
ead individual event categoryin the caseof the analysis
using btagging information), for eadt selectedeven a
probability Pe,: that this event is obsened is calculated
asa function of the assumedtop quark massand jet en-
ergy scale. The probabilities from all everts are then
combined to obtain the sample probability asa function
of assumedmassand jet energyscale,and the top quark



mass measuremen is extracted from this sample prob-
ability. To make the probability calculation tractable,
simplifying assumptionsin the description of the physics
processesand the detector response are introduced as
described in this section. Before applying it to the data,
the measuremen technique is calibrated using fully sim-
ulated events in the DO detector, and the assumptionsin
the description of the physicsprocessesre accourted for
by systematic uncertainties.

It is assumedthat the physics processeghat can lead
to the obsened event do not interfere. The probability
Pevt then in principle hasto be composedfrom probabil-
ities for all these processess

X
Pewt =
pro cesses |

fiPi ) (4)

where P; is the probability for a given processi and f;
denotesthe fraction of everts from that processin the
evert sample. In this analysis, Peyt is composed from
probabilities for two processestt production and W +jets
evernts, as

Pevt(x;mtop ;JES;ftop) = ftop Psig(X;mtop ,JES)
+(1  fiop) Pokg (X; JES) )

Here, x denotesthe kinematic variables of the evert, fqp
is the signal fraction of the evert sample, and Pgjg and
Pukg are the probabilities for tt and W +jets production,
respectively. The largestbadkground cortribution is from
W +jets events. Therefore, Ppyg is taken to be the prob-
ability for W +jets production. Contributions from QCD
multijet everts are not treated explicitly and are consid-
ered as a systematic uncertainty. The signal probability
Psig accourts for both possible a vor compositionsin the

hadronic W decay in “+jets tt events, W ! ud® and
w! s
1 =0 0
Psig = é Ps\?g/;! ud” 4 Ps\?g/;! cs : (6)

Becausethe event kinematics are the same, both nal
states are treated simultaneously in the probability cal-
culation.

To evaluate the tt probability, all con gurations of tt
decay products that could have led to the obsened evert
x are considered. This includesdi erent hadronic W de-
cays as discussedabove and all possiblecon gurations y
of the nal state particles' four-momerta. The probabil-
ity density for given partonic nal state four-momenta
y to be produced in the hard scattering processis pro-
portional to the di erential crosssectiond of the corre-
sponding process,given by

()M (qat_ttt )ity
s

d (gq! tt! y;mp) =
(7)

The symbol M denotesthe matrix elemen for the pro-
cessqq ! tt ! b )b(gy, s is the certer-of-mass en-
ergy squared,q; and ¢ are the momertum fractions of
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the colliding partons (which are assumedto be massless)
within the colliding proton and antiproton, and d ¢ is
an elemert of six-body phasespace.Here the symbol qg°

~0
stands for ud or cs%

To obtain the dierential crosssectiond (pp! tt!
y; Myp) in pp collisions, the dierential cross section
from equation (7) is convoluted with the parton density
functions (PDF) for all possible avor compositions of
the colliding quark and antiquark,

d (pp! tt! y; m>t<0p) (8)

= dandep f (o) f(ap)

0102 ;G
a vors

d (qq! tt! y;myp);

wheref (q) denotesthe probability density to nd a par-
ton of given a vor and momertum fraction qin the pro-
ton or antiproton.

The nite detector resolution is takeninto accourt via
a convolution with atransfer function W (x; y; JES) that
describesthe probability to reconstruct a partonic nal
statey asx in the detector. The di erential crosssection
to obsene a given reconstructed tt event then becomes

d&pp! tt! X; Myp;JES) 9)
= d (pp! tt! y;mpp)W(Xy; JES) :

BecausePgjy describes ™ +jets tt everts with both W !

udand W | = decays, the transfer function depends
on the quark avors producedin the hadronic W deca
when b-tagging information is used. This is further dis-
cussedin SectionlV B.

Only ewverts that are inside the detector acceptance
and passthe trigger conditions and oine event selec-
tion are usedin the measuremeh The corresponding
overall detector e ciency dependsboth on my, and on
the jet energy scale. This is taken into accourt in the
crosssection ops Of tt events obsened in the detector:

oti(pp Itt; Mygp s JES) (20)

= d (pp! tt! y; mep)W(Xy; JES)facc(X) ;
Xy

wheref 5. = 1for selectedevents and f ;. = 0 otherwise.

The di erential probability to obsene a tt event as x



in the detector is then given by

Psig(X; Mop; JES) (11)
_d (pp! tt! x; myp;JES)
obs(pp! tt; Miop ; J ES)
_ 1
obsépp! tt; Myp; JES)
X
dopdepf (an)f ()
gy TP
avors
()M (@' tt wi*
S
W(x;y; JES) :

The parametrization of the matrix elemen and the com-
putation of Pgjg are described in SectionV C.

Similarly, the dierential badkground probability is
computed as

Pbkg (X; JE S) (12)
1
- ons{PP! W + jets; JES)
X
dopdap f (on) f ()
quigziy T 92
avors
(2 )*iM (ca! Wejets! y)i*
LS °
W(x;y;JES) ;

where the matrix elemen and the total obsened cross
section for the processpp ! W + jets have been used
accordingly. Sincethe matrix elemer for W +jets pro-
duction doesnot depend on My , Pukg is independert of
Myp ; however, Pyyg in principle doesdepend on the jet
energyscalethrough the transfer function. Details about
the Ppig calculation can be found in Section IV D.

To extract the top quark massfrom a set of N mea-
sured events Xi;::; XN, a likelihood function is built from
the individual evert probabilities calculated accordingto
Equation (5) as

L(X1;:5%XN 5 Miop s JES; Frop)

Y\I
= Pevt (Xi; Miop; JES;fiop ) :
i=1

(13)

For every assumedpair of values(myyp ; JES), the value
ft%SSt that maximizes the likelihood is determined. The
top quark massand jet energyscaleare then obtained by
maximizing the likelihood

L X1;:5XN 5 Miop i JES; f oo™ (Mip ; JES)

Y\I
= Pe Xi; Migp;JES;f O (Mip; JES)
i=1

(14)

with respect to myp and JES, taking the correlation
betweenboth parametersinto accourt.
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B. Description of the Detector Resp onse

The transfer function W (x; y; JES) relatesthe charac-
teristics y of the nal state partons to the measuremets
x in the detector. The symbol x denotesmeasuremets
of the jet and charged lepton energiesor momerta and
directions as well as b-tagging information for the jets.
A parameterization of the detector resolution is usedin
the probability calculation becausethe full geant -based
simulation would betoo slow. The full simulation is how-
ever usedto generatethe simulated everts with which the
method is calibrated.

The transfer function is assumedto factorize into con-
tributions from ead measured nal state particle. The
anglesof all measuredtt decay products as well as the
energy of electrons are assumedto be well-measured;in
other words, the transfer functions for these quartities
are given by -distributions. This allows reducing the
dimensionality of the integration over 6-particle phase
spaceas described in SectionsIV C and IV D. Conse-
quertly, contributions to the integral only arise if the
directions of the quark momerta in the nal state agree
with the measuredjet directions. In addition to the en-
ergy resolution, one has to take into accourt the fact
that the jets in the detector cannot be assignedunam-
biguously to a speci ¢ parton from the tt decay. Conse-
querntly, all 24 permutations of jet-quark assignmelts are
considered.

In this section, the general form of the transfer func-
tion in the topological and b-tagging analysesis rst dis-
cussed,followed by a description of the jet energy and
muon transversemomertum resolutions.

1. Transfer Function in the Topological Analysis

If no b-tagging information is used, the transfer func-
tion W(x;y; JES) is given by

W(x;y; JES) (15)
=W  (g=pr)™°; (g=pr)*"
1R v
24 (angles Wiet (Ejet j ; Equark k; JES) ;
i=1 j=1

whereW and Wi stand for factors describingthe muon
transversemomertum and jet energyresolutions, respec-
tively. The sum is over the 24 dierent assignmens of
jets j to partons k. The factor (angles denotesthe
distributions that ensurethat assumedand reconstructed
particle directions are identical, as discussedabove. For
etjets ewverts, the factor for the muon transversemomen-
tum resolution is replaced with another -distribution.
The neutrino is not measuredin the detector and does
not enter the transfer function. The jet transfer functions
for light quark and charm jets are taken to be identical,
and in the calculation of the badkground probability, all



jets are assumedto be described by the light quark trans-
fer function. Becausethe matrix elemers for W ! ud
and W | 3% decays are equal, and the dierent avor
cortributions to the W +jets processare all parameter-
ized by the W +jets matrix elemen without heavy a vor
quarksin the nal state, no distinction betweendi erent
processess necessaryin the topological analysis.

2. Transfer Function in the b-tagging Analysis

In the topological analysis, the information from the
reconstructed jet energiesdeterminesthe relative weight
of dierent jet-parton assignmeits for a given partonic
nal state. The inclusion of b-tagging information allows
an improved identi cation of the correct permutation.
This additional information enters the probability calcu-
lation by weighting di erent permutations i of jet-parton
assignmeits with weights w; according to which jets, if
any, are b-tagged. This allowsto give those permutations
a larger weight that assigntagged jets to b quarks and
untagged onesto light quarks. The transfer function is
thus

W(x;y; JES) (16)
=W  (g=pr)""; (g=pr)®"
R4 ¥
wi (angleg  Wiet (Ejetj; Equark ks JES)
i=1 j=1
)@4

Wi
i=1

(with a -distribution instead of the factor W in the case
of etjets everts).

The weight w; for a permutation i is parameterizedas
a product of individual weights w;(j) for ead jet. The
latter are a function of the jet avor hypothesis ¢ and
the jet transverseenergyEr; and pseudorapidity ;. For
taggedjets, w; (j ) is equalto the per-jet tagging e ciency

iet ( k; ETy; j) where  labelsthe three possiblepar-
ton assignmerts to the jet: (a) b quarks, (b) ¢ quarks,
and (c) light quarks or gluons. For untagged jets, the
w;(j) factors are equalto 1 jet( «; E7j; j). If an
evert doesnot contain any b-tagged jet, all the weights
w;(j) are setto 1.0.

To compute the signal probability of events corntaining
b-taggedjets, assumptionson the jet avors are made for
the calculation of the w; such that hadronic W decays to
ud’and c° nal states neednot be distinguished in the
matrix elemen, allowing for a reduction of the computa-
tion time. If an event contains exactly one b-tagged jet,
the quarks from the hadronic W decay are both assumed
to be light quarks (u, d, or s). This is justied sincethe
tagging e ciencies for b jets are much larger than those
for other avors, and there are two b jets per evert. For
everts with two or more b-tagged jets, a charm jet from
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FIG. 2: Monte Carlo study of the e ect of charm-jet tagging
on the signal to background probabilit y ratio in the b-tagging
analysis, for tt events generated with myp, = 175GeV that
contain two b-tagged jets. The Psig values are calculated for
the assumption myp = 175GeV. (a) Only the two jet-parton
assignmerts in which tagged jets are assignedto b quarks are
considered. (b) All weighted jet parton-assignmernts enter the
probabilit y calculation. In both plots, the hatched histogram
corresponds to those caseswhere the two b-tagged jets are
correctly assignedto b quarks, which happens 84% of the
time in the double tag sample.

the hadronic W decay is taggedin a non-negligible frac-
tion of cases.Consequetly, the quarks from the hadronic
W decay are assumedto be charm quarks if the corre-
sponding jet hasbeentagged, and light quarks otherwise.

The need to include jet-parton assignmems with a
tagged charm jet in the probability calculation can be
seenby comparing the signal and badground probabili-
ties. Figure 2(a) shows the ratio of signal to badkground
probabilities calculated in a large sample of simulated
tt events with two b-tagged jets when only the two jet-
parton assignmetts in which tagged jets are assignedto
b quarks are consideredin the signal probability calcu-
lation. The hatched histogram shows the correct assign-
ments only, whereasthe open histogram shows all combi-
nations, including the onesin which a charm quark from
the W decay was tagged. Figure 2(b) shows the same
ratio when all combinations are included with their cor-
responding weight as discussedabove. The tail for low
signalto badkground probability ratios in Fig. 2(a) arises
becausethe correct jet-parton assignmen is not included
in the calculation in events where one of the tagged jets
comesfrom a charm quark. It clearly shows the needto
include theseassignmetts in the signal probabilit y calcu-
lation.

Because the dierent avor cortributions to the
W +jets processare parameterizedby the W +jets matrix
elemen without heavy avor quarksin the nal state, the
weights w; for the badkground probability are all equal
even if btagged jets are preseri. Therefore, the badck-
ground probability calculated for the topological analysis
is usedin the btagging analysis without modi cations.



3. Parameterization of the Jet Energy Resolution

The transfer function for calorimeter jets,
Wiet (Ej; Eq; JES), yields the probability for a measure-
ment E; in the detector if the true quark energyis Eg.
For the caseJES = 1, it is parameterizedas

1
Wi (Ei Eq:JES=1)= p—o 17)
" R 2 (p2 + p3ps) 4

[(E; Eq) paf?
2p3

[(Ej Eq) pa?

=P 20

* Pz exp

The parametersp; are themselwesfunctions of the quark
energy and are parameterized as linear functions of the
quark energy so that

pi=a +Eq b; (18)
with az setto O.

The parametersa; and Iy are determined from simu-
lated events, after all jet energy corrections have been
applied. The parton and jet energiesare fed to an un-
binned likelihood t that minimizesthe 2 of the t to
Equation (17) with respectto a; and . A di erent setof
parametersis derived for eat of four regions:j j < 0:5,
05<jj<10,10<jj< 15 and1l5<jj< 25, and
for three di erent quark varieties: light quarks (u, d, s,
c), b quarks with a soft muon tag in the assaiated jet,
and all other b quarks. A total of 120 parameters de-
scribe the transfer function for all jets, and are givenin
TableslV and V. The transfer function for light quarks
in the regionj j < 0:5is shawn in Fig. 3.

For JES 6 1, the jet transfer function is modied as
follows:

Wiet (525; Eq; 1) :

Wiet (Ej;Eq; JES) = JES 19)
j ] region

par < 05 05 1.0 1.0 15 > 1.5
aa 300 10! 730 10 T 400 10° 101 10
by 280 102 520 102 1:08 10 ' 116 10‘?
a, 347 10° 2:05 10° 2:65 1¢° 554 10°
b, 970 102 144 10* 1:51 10 ' 122 101
as 0.0 0.0 0.0 0.0

bs 373 104 398 10* 7:74 10 * 1.06 10 3
a, 1:81 10 2:23 10 171 10t 377 10
by, 170 10! 157 10! 309 102 154 101
as 1:71 10 1:.98 10t 2:00 10 2:91 10
bs 970 102 804 10 2 561 10 2 445 10 2

TABLE 1V: Light quark transfer function parameters (a; in
GeV).
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j ] region
par < 05 05 1.0 1.0 15 > 1.5
a; 508 10° 238 10° 068 10 * 330 10°
by 2140 10° 650 102 124 10! 337 10!
a, 380 10° 240 10° 910 10! 132 10
b, 870 102 155 10! 181 10! 132 10!
as 0.0 0.0 0.0 0.0
bs 2112 10% 349 10* 746 10 4 4:06 10 2
as 223 10! 262 10 1:17 10 1:90 10°
by, 1:81 10 ' 407 10! 7550 10 ? 509 10 2
as 112 10 2:01 10 1:80 10 342 1
bs 112 10' 1:22 10! 7550 102 134 10!

j ] region
par < 05 05 1.0 1.0 15 > 1.5
a. 110 108 497 10° 129 108 136 10'
bh 1:33 10 530 10°% 165 10! 1:32 10!
a 299 10° 385 10°  4:02 10° 542 10°
b, 1:18 10 * 400 102 125 10! 118 10!
as 0.0 0.0 0.0 0.0
bs 302 10* 1:14 102 430 10 4 242 10 ¢
as 453 10 1:33 100 451 10 7:18 10
by 454 10 191 10! 215 10! 124 10!
as 158 10 5:60 10° 1:39 10 164 10
bs 225 10 1:35 10! 142 10! 340 10 2

TABLE V: bquark transfer function parameters for jets with-
out a muon (top) and for jets containing a muon (bottom) (a;
in GeV).

4. Parameterization of the Muon Momentum Resolution

To describe the resolution of the certral tracking cham-
ber, the resolution of the chargedivided by the transverse
momertum of a particle is consideredas a function of
pseudorapidity. The muon transfer function is parame-
terized as

W (g=pr)"™; (g=pr )" (20)
2 | ,3
1 1 (Fp)™ (oFpr)*™" g
= p—z_ exp4 E ;

where g denotesthe charge and pr the transverse mo-
mentum of a generated(gen) muon or its reconstructed
(rec) track. The resolution

8
< 0

:_q

forjj o

(21)

2+cj o) forjj> o

is obtained from muon tracks in simulated events with
the following values:

2:760 10 3=GeV

593 10 °=GeV
1:.277:

0

c (22)

0
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FIG. 3: Jet transfer functions for light quark jets, 0.0 <
j J < 05, for parton energiesE, = 30GeV (solid), 60GeV
(dashed), and 90GeV (dash-dotted curve). The parametriza-
tion correspondsto the referencejet energy scale,JES = 1:0.

The muon chargeis not usedin the calculation of Pgg
and Ppyg ; however, for muons with large transversemo-
mentum it is important to take the possibility of charge
misiderti cation into accourt in the transfer function.

C. Calculation of the Signal Probabilit y Psig

The leading order matrix elemeri for the processqq !
tt is taken to compute Psig. Neglecting spin correlations,
the matrix elemen is given by [14]

4
Miz= EFF 2 2

. 2 (23)

whereg2=(4 ) = s is the strong coupling constart, is
the velocity of the top quarksin the tt rest frame, and sy
denotesthe sine of the angle betweenthe incoming par-
ton and the outgoing top quark in the tt rest frame. If the
top quark decay products include the leptonically decay-
ing W, while the antitop decay includesthe hadronically

decaying W, one has
!

- m2  m?
4 mg o om)ie(me )?
mp 1 G em?ar&)
m2  m@)’+ (mw w)’
0 1
_ 4 mZ_ m2_
= %?@ bdm . da 2
2
m%dU mZ  + (m; )
o o , ,1
ms_ 1 + m5. 1+ &
@ bdm bd du Coq A (25)

2 2
(Miz m&)"+ (Mw w)
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(for the other case,replaceb$ b, ~ $ d, and $ 0).
Here, gy denotesthe weak charge (Ge= 2= g2=8m3,),
m; and my are the massesof the top quark (which is
to be measured)and the W boson,and  and  are
their widths. Invariant top and W massesn a particular
event are denoted by m,y, and my;, respectively, where
X, ¥, and z are the decay products. The cosine of the
angle between particles x and y in the W rest frame is
denotedby ¢, . Here and in the following, the symbols d
and U stand for all possibledecay products in a hadronic
W decay. The top quark width is calculated asa function
of the top quark massaccordingto [15].

The correct assaiation of reconstructed jets with the
nal state quarks in Equations (24) and (25) is not
known. Therefore, the transfer function takesinto ac-
court all 24 jet-parton assignmets as described in Sec-
tion IV B. However, in the caseof the signal probabil-
ity, the mean value of the two assignmeits with the 4-
momerta of the quarks from the hadronic W deca inter-
changedis computed explicitly by usingthe symmetrized
formula

0 1
— %4 m%dU m3,
- 4 & 2 2 2 2
mEdU mt + (mt t)
mZ 1 & +m3 1+ &
@__bdu bd du bd A (26)

2 2
(méz m&)"+ (Mw w)

instead of (25), where only the terms cortaining ¢, are
a ected. Consequetly, only a summation over 12 di er-
ernt jet-quark assignmens remainsto be evaluated.

The computation of the signal probability Psg involves
an integral over the momerta of the colliding partons and
over 6-body phase spaceto cover all possible partonic
nal states,cf. Equation (11). The number of dimensions
of the integration is reducedby the following conditions:

The transverse momertum of the colliding par-
tons is assumedto be zero. Consenation of 4-
momertum then implies zero transverse momen-
tum of the tt systembecausethe leading order ma-
trix elemen is usedto describett production. Also,
the z momertum and energy of the tt system are
known from the momerta of the colliding partons.

The directions of the quarks and the charged lep-
ton in the nal state are assumedto be exactly
measured.

The energy of electronsfrom W deca is assumed
to be perfectly measured. The corresponding state-
mernt is not necessarilytrue for high momertum

muons, and an integration over the muon momen-
tum is performed.

After these considerations, an integration over the
guark momerta, the charged lepton momertum ( +jets



everts only), and the longitudinal componert of the neu-
trino momertum remains to be calculated. This calcu-
lation is performed numerically with the Monte Carlo
program vegas [16, 17]. The algorithm works most ef-
ciently if the one-dimensionalprojections of the inte-
grand onto the individual integration variableshave well-
localizedpeaks. The Breit-Wigner peaksof the integrand
corresponding to the two top quark and two W bosonde-
cays in the tt matrix elemen are more localizedthan the
peaksfrom the jet transfer functions, suggestingthat the
massesare better integration variables leading to faster
corvergence. The computation of the parton kinemat-
ics from the integration variables must however be per-
formed in ead integration step, and this task simpli es
to solving a quadratic equation when choosing p,., as
an integration variable instead of the mass of the lep-
tonically decaying W (both solutions of the quadratic
equation are consideredwhen determining Psig). There-
fore, the following integration variablesare chosenfor the
computation of Psig:

the magnitude jpqj of the momertum of one of the
quarks from the hadronic W decay, with 0 jpgj
500 GeV,

the squaredmassmj3;, of the hadronically decaying
W,0 mj3, (400Gev)?,

the squared mass m%dU of the top quark with the
hadronic W decay, 0 mZ (500 Gev)?,

the squared massm3. of the top quark with the
leptonic W decay, 0 m2. (500 GeV)?,

the z componert p,, of the sum of the momena
of the b quark and neutrino from the top quark
with the leptonic W decay, 500GeV  p;p
+500 GeV, and

the muon charge divided by the muon trans-
verse momertum (in the +jets channel only),
1=(100 MeV)  (g=pr) +1=(100 MeV).
Thus, for eath point in the (jpaj, M3z, mZ, ., mp. |
Pz [ (g=pr) 1) integration spacethe following compu-
tation is performed for eadh of the 12 possiblejet-parton
assignmerts (where the symmetrized form of the matrix
elemen accordingto Equation (26) is used):

1. The 4-momernta of the tt decay products are calcu-
lated from the values of the integration variables,
the measuredjet and lepton angles, and the elec-
tron energy (in the etjets case).

2. The matrix elemer is evaluated accordingto Equa-
tions (23), (24), and (26).

3. The parton distribution functions are ewaluated.
For consistencywith the leading-order matrix ele-
ment, we usethe CTEQS5L [18] parton distribution
functions, summing over all possiblequark avors.
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4. The probabilities to obsene the measuredjet en-
ergiesand muon transverse momertum given the
energiesand momerntum computed in the rst step
are evaluated using transfer functions.

5. The Jacobian determinant for the transformation
from momerta in Cartesian coordinatesto the (jpyj,
Mg, M2, M2, pzp [ (G=pr) J) integration
spaceis included.

The precisionof the Pggy calculation variesfrom typically
2% to a maximum of 10%.
R To normalize the signal probability, the integral
d(pp! tt! X; Mpp;IJES)facc(x) over 16-dimen-
sional phase spacehas been computed as a function of
mywp and JES. The detector acceptanceand e ciency
is taken into accourt as outlined in Equation (10). The
results are shown in Fig. 4 for etjets and +jets evens
asa function of my,, for various choicesof the JES scale
factor.

D. Calculation of the Background Probabilit y Ppg

To calculate Pyg, the jet directions and the charged
electron or muon are taken as well-measured. The in-
tegral over the quark energiesin Equation (12) is per-
formed by generating Monte Carlo events with parton
energiesdistributed according to the jet transfer func-
tion. In these Monte Carlo everts, the neutrino trans-
versemomertum is given by the condition that the trans-
verse momertum of the W+jets system be zero, while
the invariant massof the charged lepton and neutrino is
assumedto be equal to the W massto obtain the neu-
trino z momertum (both solutions are considered). The
vechos [19 parameterization of the matrix elemen is
used. The mean result from all 24 possible assignmerts
of jets to quarks in the matrix elemen is calculated. A
minimum of 10 Monte Carlo everts is generatedfor each
measuredevert x, and the relative spreadof the resulting
Pukg valuesis evaluated asthe standard deviation divided
by the mean. If the relative spreadis larger than 10%,
another 10 Monte Carlo events are evaluated, and this
procedureis repeated until a 10% relative uncertainty is
reached or a maximum of 100 Monte Carlo events has
been considered.

To normalize the background probability density,

os(Pp! W + jets; JES) is chosensud that the to-
tal signal fraction fp in the analysis without b tagging
is reproducedin the t to simulated event samplescon-
taining tt and W +jets events. This makesuseof the fact
that fp is underestimatedin the t if the badkground
probabilities are too large and vice versa.

In the simulation, about 20 30% of tt events have
jets and partons that cannot be unambiguously matched,
i.e., at least one of the four reconstructed jets cannot be
matchedto a parton from the tt decay within R < 0:5.
These everts yield poor top massinformation and de-
grade the uncertainty estimate of the likelihood t. Fig-
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FIG. 4: Observed tt crosssection computed with the leading-
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a function of the top quark massmy, for dieren t choicesof
the JES scalefactor: JES = 1:12 (dash-dotted), JES = 1.0
(solid), and JES = 0:88 (dotted lines).

ure 5 illustrates that jet-parton matchedtt events tend to
have a higher signalthan badkground probabilit y density,
which is how the mass t identies them as signal-like.
There is no such separation for signal events in which
one or more jets cannot be matched to a parton, sothat
these everts cortribute much less mass information to
the nal likelihood. This obsenation is consistert with
the fact that a leading-order matrix elemen is used to
describe tt events. Therefore, only jet-parton matched
everts are usedto calibrate the Pyg normalization. On
averagethe fyp t will consequetly yield the fraction of
jet-parton matched (leading-order) tt events in the evert
sample. The quoted f,, values are corrected for this
e ect.
The Ppg normalization is determined as follows:

A large ensenble of simulated tt and W +jets events
is composedwith the signal fraction asdetermined
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ues are calculated for the assumption myp = 175GeV. The
distributions for signal and background events are normalized
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by the topological likelihood t described in Sec-
tion 111 G.

The top masslikelihood t described in SectionV
is applied to the sampleand the Py normalization
is adjusted iterativ ely until the t result yields the
true signal fraction.

The normalization of Py cannot depend on the
top quark mass. Therefore, the above steps are
applied to tt Monte Carlo sampleswith dierent
generatedmasses.The mean of all results is taken
as the Ppyg normalization.

This procedure is applied separately for etjets and
+jets events. Note that the topological likelihood dis-



criminant is only used to determine the normalization
of the background probability and the sample composi-
tion for ensenble tests usedto calibrate the procedure.
The topological likelihood discriminant does not other-
wise enter the top quark mass t.

V. TOP QUARK MASS MEASUREMENT
USING TOPOLOGICAL INF ORMA TION

A. Top Quark Mass Fit

The top quark massand overall jet energyscaleJES
are determined as optimal valuesof the likelihood for the
sampleof selectedeverts, which dependson the Pgjg and
Pokg Vvalues. For eadh measuredevent, Pgg is calculated
for various valuesof my, in stepsof 2:5GeV and various
valuesof JES in stepsof 0:01. It has beenfound that
it is not necessaryto compute the background probabil-
ity for dierent values of the jet energy scale. There-
fore, all Ppyg values are computed for JES = 1 only.
Both Psig and Ppg are normalized as described in Sec-
tions IV C and IV D, using separateconstarts for et+jets
and +jets events. The top quark massmeasuremets on
the etjets, +jets, and combined "“+jets event samples
are in ead casederived from the likelihood of the event
sample, given by Equation (13), in the way described
below.

For given values of my, and JES, ead evert prob-
ability Pewt = fiopPsig + (1 fiop)Pokg depends on the
signal fraction f, of the sample,and consequetly, the
value of the likelihood for the event sampleis a function
of fop. For each (myp,JES) parameter pair, the best
fp parameter value is determined, and the likelihood
value corresponding to this value is usedin further com-
putations. The overall result quoted for the tted signal
fraction fyp is derived from the value obtained at the
point in the grid of (myp,JES) assumptions with the
maximum lik elihood value for the event sample. The un-
certainty on fyp is computed by varying fi, at xed
Mwp and JES until ( InL) = +3. This uncertainty
doesnot accourt for correlations betweenf o, , Mygp , and
JES.

The result for the top quark massis obtained from a
projection of the two-dimensional grid of likelihood val-
uesonto the my,p axis. In this projection, the correlation
betweenmy,, and the JES parameter is taken into ac-
court. The probability for a given myp hypothesisis ob-
tained asthe integral over the likelihood as a function of
JES, using linear interpolation betweenthe grid points
and Gaussian extrapolation to accourt for the tails for
JES valuesoutside the range consideredin the grid.

The probabilities asa function of assumedop massare
corvertedto InL values. These InL points are then
tted with afourth order polynomial in the regionde ned
by the condition InL < 3 around the best value. The

InL points on either side of the InL < 3 region are
ead tted with a parabola, and Gaussianextrapolation
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is used to describe the tails outside the range of myp
hypothesesconsidered. The myp value that maximizes
the tted probability istakento bethe measuredvalue of
the top quark mass. The lower and upper uncertainties
on the top massare de ned sud that 68% of the total
probability integral is enclosedby the corresponding top
massvalues,with equalprobabilities at both limits of the
68% con dence level region.

The sameprojection and tting procedureis applied
to determine the value of the JES parameter.

B. Validation of the Metho d

The method is rst validated using parton-level simu-
lated tt and W +jets events. These have beengenerated
with leading-order event generators(madgraph [20] for
tt everts, alpgen for W +jets everts), i.e., no initial or
nal state radiation isincluded. The jet energiesin these
everts are smearedaccording to the transfer functions
described in Section IV B (the treatment of the muon
transversemomertum integration hasbeencheded with
additional ensenble tests not described here).

Ensenblesare composedwith 75 everts, 40% of which
arett signaleverts. A total of 1000everts for top masses
of 160, 170, 175, 180, and 190GeV ead are used, along
with 1000 W +jets events. In addition, samples with
Mywp = 175GeV with all jet energiesscaledby 0:95 and
1:05 are preparedin order to validate the JES t result.
All everts arerequired to passthe kinematic selectioncri-
teria listed in Tablel. The nal state jets and the charged
lepton must be separatedaccordingto  R(j;j%9 > 0:5
and R(’;j) > 0:5. The signalnormalization is obtained
according to this selection, seeSection IV C. my, and
JES are obtained for each ensenble asdescribed in Sec-
tion V A. The results of this test show that the tted
top massand jet energy scale are unbiased within sta-
tistical uncertainties of 300MeV and 0:003, respectively.
Furthermore, the tted myy, value doesnot depend on
the input JES value used in the ensenble generation,
and similarly, the tted JES valueis independen of the
true input top mass.

To test that the uncertainties obtained from the t de-
scribe the actual measuremen uncertainty, the deviation
of the tted top massfrom the true value is divided by
the tted measuremeh uncertainty. The upper (lower)
measuremenh uncertainty is taken if the tted value is
below (above) the true value. This de nition is chosen
to accourt for the possibility of asymmetric uncertain-
ties. This distribution of deviations normalized by the
measuremen uncertainty is tted with a Gaussian,and
its width, commonly referred to as \pull width," is in
agreemen with 1:0. This is alsothe casefor the jet en-
ergy scale measuremen, for which sametest has been
performed.

The events used in the test outlined in this section
have beengeneratedwith the samesimpli ed model that
is usedin the probability calculation for the description



of the production of signal and background evernts and
the detector response, cf. Section IV. As it cannot be
assumedthat this simplied model correctly reproduces
every aspect of the data, the method for measuring the
top quark mass has been calibrated with Monte Carlo
everts that have beengeneratedwith the full DO simula-
tion. Any deviations obsenedin this calibration step are
taken into accourt in the nal result. The calibration is
described in the following section.

C. Calibration of the Metho d

The default DO Monte Carlo everts, generatedas de-
scribed in Section I11 and passedthrough the full simu-
lation of the DO detector, are found to describe the data
well. They are therefore used to derive the nal cal-
ibration of the tting procedure. tt sampleswith top
qguark massesof 160, 170, 175, 180, and 190 GeV and
a W+jets sample are used. In addition, sampleswith
Mywp = 175GeV whereall jet energiesare scaledby 0:92,
0:96, 1:04, and 1:08 are prepared in order to calibrate
the JES t. For ead sample and ead lepton chan-
nel (etjets and +jets), Psig and Pyeg are calculated for
1000 events which passthe evernt selection. Ensenbles
are drawn from theseevert pools, with an ensenible com-
position as measuredfor the data sample. Each proba-
bilit y is normalized accordingto the a vor of the isolated
lepton (see SectionsIV C and IV D). The QCD cortri-
bution is not added during the calibration but treated as
a systematic uncertainty (cf. Section VI1).

In Fig. 6, 68% con dence interval distributions are
shown for ensenbles with myp = 175GeV and JES =
1:0. For many pseudo-exgrimerts, the true meyp (JES)
value is expected to be within the tted uncertainties
in 68% of the pseudo-experiments (corresponding to a
value of the con cence interval distribution of 0:68 for
this value), while other my, (JES) valuesshould be less
likely to be within the uncertainties. When the error
interval resulting from the integration of 68% of the lik e-
lihood distribution does not include the input top mass
(JES) value 68% of the time, the uncertainty is in ated
to correspond to an integration over a larger interval.
The calibration results for the combined t to the etjets
and +jets ensenbles are shawvn in Figs. 7 and 8. The
t results are correctedfor the o sets o and slopess, and
for the deviations of the pull width w from 1.0 given in
Table VI to obtain the nal results and their statistical
uncertainties as follows:

m! 175Gev

Mip = o OMuy + 175GeV ;
Smtop

Miop Wmop ( mtop)t ;

JES! 1
JES = QES 24 1: and

SJES

JES = wyes( JES)! (27)
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FIG. 6: Calibration of the Matrix Element mass tting proce-
dure for the topological analysis, using ensenbles with a top
quark massof 175GeV and JES = 1:0. The 68% con dence
interval distributions for (a) the measuredtop quark mass
and (b) the jet energy scaleis given by the solid, the upper
and lower error bands by the dashed histograms. A value of
0.68 as indicated by the dash-dotted line would mean that
the corresponding myp (JES) value is included in the tted
68% con dence interval in 68% of the ensenbles.

oset o slope s pull width w
Miop 1:375 0:.085GeV 1:.034 0:.011 1:.06 0:01
JES  0:028 0:001 0:934 0:021 109 001

TABLE VI: Calibration of the Matrix Element mass tting
procedure for the topological analysis. The o sets are quoted
for a true top quark massof 175 GeV and a true jet energy
scale of 1:0, respectively. Only statistical uncertainties are
quoted in this table.

D. Result

The Matrix Elemert method is applied to the 370pb !
lepton+jets data set. The calibrations for my,, derived
in the previous section are taken into accourt. The cal-
ibrated t result for the combined lepton+jets sample
is shown in Fig. 9. In this gure, the probability as a
function of assumedtop massis shown together with the
tted curve (the polynomial tted to the InL valuesas
described in Section V A has been transformed accord-
ingly), and the certral value and 68% con dence level
interval are indicated. The probability as a function of
assumedJES parameter is also shown. The top quark
massis measuredto be

mEies = 1670 1133 (stat: + JES) GeV
Mei®™ = 17305 (stat: + JES) Gev

Mgy ® = 1692 *32 (stat: + JES)GeV :  (28)
The statistical uncertainties are consistert with the ex-
pectation. A comparison of the tted uncertainties on
Myp and JES with the expectations from ensenble tests
is givenin Fig. 10. The t yields a signal fraction f, of
0:33 0:06(stat:), in good agreemeth with the result of
the topological likelihood t. The tted jet energyscale
is JES = 1:048%:535 (stat:) and indicates that the data
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FIG. 7: Calibration of the Matrix Element mass tting pro-
cedure for the topological analysis. The upper plots show the
reconstructed top mass(a) and the measuredjet energy scale
(b) asa function of the input top mass. The two lower plots
show the reconstructed top mass (c) and the measured jet
energy scale (d) as a function of the input jet energy scale.
The solid lines show the results of linear ts to the points,
which are usedto calibrate the measuremen technique. The
dashedlines would be obtained for equal tted and true values
of mwp and JES.
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while the dashedlines indicate a pull width of 1.0.
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is consistert with the referencescale.

For a xed jet energyscale,the statistical uncertainty
of the t is 5 GeV; thus the componert from the jet
energy scaleuncertainty is *462% GeV. Systematic uncer-
tainties are discussedin Section VI1.

To show the likelihood asa function of both my, and
JES simultaneously, the InL values have been tted
with a two-dimensionalfourth-degreepolynomial with its
minimum xed to the measuremets mentioned above.
The resulting contours corresponding to  InL = 0.5,
2:0, 4:5, and 8:0 relative to the minimum are shown in
Fig. 11. Note that the statistical measuremen uncer-
tainties quoted on my, and JES are obtained from the
one-dimensionalprojections as discussedabove; Fig. 11
therefore serves only illustrativ e purposes. Becauseof
non-Gaussiantails, the projections of the InL = 0:5
contour shown in Fig. 11 onto the my, and JES axes
do not exactly correspond to these quoted statistical un-
certainties.

VI. TOP QUARK MASS MEASUREMENT
USING B JET IDENTIFICA TION

A. Top Quark Mass Fit

The incorporation of b-tagging information intro duces
two signi cant modi cations to the Matrix Element mass
tting technique. First, btagging information is used
to determine the relative weights w; of the dierent jet-
parton assignmeits in the signal probability calculation.
The w; are parameterizedas a function of the jet trans-
verseenergy Et and pseudorapidity and the assumed
avor ¢ of the parton corresponding to the jet, as de-
scribed in Section IV B 2. The signal probability is then
computed according to Equation (11). The badkground
probability is identical to that used in the topological
analysisaccordingto Equation (12).

The secondmodi cation is to classify everts into three
categoriesaccordingto the number of b-taggedjets. Each
of thesecategorieswill have di erent signal fractions and
badkground compositions due to the relative suppression
of W+jets events with dominantly light quark and gluon
jets. The event categoriesare exclusive and correspond
to i) no btagged jet, ii) exactly one tagged jet, and iii)
two or more tagged jets.

When the analysisis separatelyperformedin ead niag

category, the signal fractions f{;‘;‘g are determined inde-

pendertly for each category, and Py is calculated as

Pevi® (X; Miop ; JES;fiop) = Fion® P (X; Migp; JES)

evt sig
+H1 ™) Pog (X; JES) : (29)

top

To combine the three categoriesinto one analysis the
three purities f{;;;‘g have to be related to one inclusive

signal purity fp . The purity of the ngg sampleis given
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FIG. 9: Application of the topological Matrix Element

method to the data. The my, and JES axes correspond
to the calibrated values. Plot (a) shows the probability as a
function of assumedtop quark mass. The correlation with
the jet energy scaleis taken into accourt. The tted curveis
shown, aswell asthe most lik ely value and the 68% con dence
level region. The corresponding plot for the JES parameter
is shown in (b).

by

f g — '\L;g ‘ 30
top ~ Ntag Ntag - ( )
N.® + N
sig bkg

The numbersof signal and background everts after btag-
ging, Ngg? and N , can be related to the correspond-
ing numbers for the inclusive sample, Nsig and Npyg, by

Ntag _ . Ntag Ntag _ Ntag .
Ngig” = Nsig sg” and Ny = Npig g 5 (31)

Ntag

Ntag . . .
where ° and bkg are the averagetagging e ciencies

for signa?and badkground, respectively. They are de ned
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FIG. 10: Uncertainties on myp (a) and JES (b) in the topo-
logical analysis. The distributions of tted uncertainties ob-
tained from ensenble tests are shown by the histograms. Both
upper and lower uncertainties are shown; their distributions
are very similar. The upper (lower) uncertainty in the data is
indicated by the solid (dashed) arrow. The probability for a
lower uncertainty on myp with a magnitude larger than that
obsened in the data is 2%.

as
a 1 fa tag i
e = > tea (f ig=bbug+ ™ (f ig=bbcy
* +
Ntag - X f Ntag . (32)
bkg ,

with relative fractions f of the dierent avor contri-
butions  to the W+jets badkground as given in Ta-
ble 11l. The jets in selectedQCD multijet badckground
events have kinematic characteristics similar to those of
jets in selectedW +jets badkground events. Concerning
the event b-tagging probabilities, we therefore do not
distinguish between QCD multijet and W +jets bacdk-
grounds. The dierence between multijet and W +jets
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method to the data. Fit of a two-dimensional fourth-order
polynomial to the InL valuesasa function of both my, and
JES. Shown are the contours corresponding to InL = 0:5,
2:0, 4:5, and 8:0 relativ e to the minimum.

Subsample
Channel 0-tag 1-tag 2-tag
etjets 0.68 0.86 0.94
+ets 0.77 0.84 0.90

TABLE VI I: Signal purity correction factors c"®9 .

kinematics is treated as a systematic uncertainty. The
relation between f{;‘;‘g and the inclusive signal purity
rntag

n+1’

f
Nag _ top
f top — f op (r N tag (33)

where

n_tag

n — Sig .

ries = o= (34)
bkg

Equation (33) needsto be correctedfor the fact that the
fraction of tt events that are jet-parton matchedis di er-
ert in ead tag-multiplicit y sample. Thus, a correction
factor c"=¢ de ned asthe ratio of tted tt fraction over
expected tt fraction is introduced as an intercalibration
of the f{;‘g‘g values. The top fraction for a given tag-
multiplicit y sampleis then

rntag

fo
fnmg - Cntag P :
n+1

top f1op (rMte

(35)

The correction factors c"=s are di erent for etjets and
+jets ewverts, and are givenin Table VI|I.
Equation (35) de nes the dependenceof the signal pu-
rity on tagging multiplicit y, as a function of the ratio
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of evert-tagging e ciencies and signal purity before tag-
ging. In order to extract the top quark massfrom the
total sample of selectedevents, the likelihoods in the in-
dividual event categoriesare then combined as

L(X1;:5XN 5 Miop ; JES;fiop) (36)
Y Ny
= Peut® (Xi; Migp ?JES?ftrc])Sg )
N@g =0;1; 2 i=1

where N "es s the number of events in ead of the three
tag-categories. As in the topological analysis, we de-
termine the value ftt(’,,‘ist (myp ; JES) that maximizesthe
likelihood L in Equation (36) for eath pair of assumed
values of myp and JES. The top quark massand jet
energy scaleare then obtained by maximizing

L X135 XN Miop i JES; f oo™ (Migp s JES) (37)
Y Nvtag N
= Pevi® XiiMiop; JES; T 205 (Myop ; JES)
Nwg =0;1; 2i=1

asdescribed in SectionV A (for the 0-tag sample,the t
rangeis restricted to InL < 1).

B. Calibration of the Metho d

The calibration is obtained following a similar proce-
dure as described in SectionV C. The number of everts
in eadh tag-multiplicit y classis calculated by multipliying
the expected number of selectedeverts (before tagging)
by the averageevent-tagging probability in ead process:

Ntag
o and

sel Ntag .
kag W +jets - (38)

The W +jets badkground is classi ed into two categories
accordingto the di erences in event kinematics: Wjjjj

(W + 4 jets without heavy avor) and Whf (W + 4 jets
including heavy avor). Thus, the badkground composi-
tion for the ensenble tests after tagging is given by

Ntag _ sel
Ntt - Ntt

Ntag
N bkg

Nta — | N ta
Nwiiii = Neig fuggiii wijj; and
Nwh = Nig N )
§Wjjjj
wherefwjjj; isthe fraction of W + light jets, denotes

one of the v e W+heavy avor subprocesses(see Ta-
ble I11), and f is the corresponding fraction of these
subprocesses.Table VI 11 shows the W +jets composition
in the 0, 1, and 2 tag samplesusedin the ensenble
tests. The averagenumber of everts in ead tag-category
and for eadh sampleare uctuated accordingto a Poisson
distribution. For a given tag-category nyg, the decision
of which jets are tagged is made by randomly selecting
Nag jets astagged jets, taking into accourt the E1 and
dependenceof the tagging e ciencies.



Subsample
O-tag 1-tag 2-tag
90.9% 19.4% 0.0%
9.1% 80.6% 100.0%

Contribution
Wijjjj
W hf

TABLE VIII: Background composition used in the ensem-
ble tests for the b-tagging analysis. The contribution from
W +jets events without heavy avor is givenin the rst line,
the contribution from events with heavy avor jets in the sec-
ond line.

oset o slope s pull width w
Miop 1:932 0:085GeV 1:018 0:011 1:11 0:01
JES  0:028 0:001 0:945 0:021 109 001

TABLE IX: Calibration of the Matrix Element mass tting
procedure for the b-tagging analysis. The o sets are quoted
for a true top quark massof 175 GeV and a true jet energy
scale of 1.0, respectively. Only statistical uncertainties are
quoted in this table.

In Fig. 12, 68% con dence interval distributions are
shown for ensenbles with my, = 175GeV and JES =
1:0. The calibration results for the combined t are
shown in Figs. 13 and 14. The nal t results are cor-
rected for the biasesand for the deviation of the pull
width from 1.0 givenin Table IX.

C. Result

The Matrix Element b-tagging method is applied to
the same event sample as in Section V D with a cali-
bration according to the results from Section VI B. The
probability is showvn in Fig. 15 asa function of my, and
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FIG. 12: Calibration of the Matrix Element mass tting pro-
cedure for the b-tagging analysis, using ensenbles with a top
quark massof 175GeV and JES = 1:0. The 68% con dence
interval distributions for (a) the measured top quark mass
and (b) the jet energy scaleis given by the solid, the upper
and lower error bands by the dashed histograms. A value of
0.68 as indicated by the dash-dotted line would mean that
the corresponding myp (JES) value is included in the tted

68% con dence interval in 68% of the ensenbles.
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FIG. 13: Calibration of the Matrix Element mass tting pro-
cedure for the b-tagging analysis. The upper plots show the
reconstructed top mass(a) and the measuredjet energy scale
(b) as a function of the input top mass. The two lower plots
show the reconstructed top mass (c) and the measured jet
energy scale (d) as a function of the input jet energy scale.
The solid lines show the results of linear ts to the points,
which are usedto calibrate the measuremen technique. The
dashedlines would be obtained for equal tted and true values
of mwp and JES.
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top mass(c) and jet energy scale(d) asa function of the input
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while the dashedlines indicate a pull width of 1.0.



JES hypothesisfor ead of the three tag categories. The
certral valuesand the 68% con dence level intervals are
indicated in the gures. The individual results for the
top quark massare

174483 (stat:) Gev
1731 *5.3 (stat:) GeV
1632 *&:8 (stat:) Gev  (40)

M (0-tag) =
M (1-tag) =
M (2-tag) =

in the O-tag, 1-tag, and 2-tag categories. The
corresponding results for the jet energy scale are
JES(0-tag) = 0:986%:%% (stat:), JES(l-tag) =
1:0117%522 (stat:), and JE S(2-tag) = 1:094"% 548 (stat:),
respectively.

The result for the combined event sampleis

e+ets

Mep ' = 17015 (stat: + JES) Gev
M = 1726'%¢ (stat: + JES) GeV

dets = 17031 (stat: + JES)GeV;  (41)

3
=
o

°
|

the "“+jets measuremen is shown in Fig. 16. The sta-
tistical uncertainties are consistert with the expectation.
Figure 17 shows the distributions of the expected myqp
uncertainty compared to the obsened result. The t

yields a signal fraction fy, of 0:31 0:09(stat:), in good
agreemen with the result of the topologicallikelihood t.

The tted jet energy scaleis JES = 1:027°%335 (stat:)
and indicates that the data is consistert with the refer-
encescale.

For a xed jet energyscale,the statistical uncertainty
of the t is 2:5GeV; thus the componert from the jet
energy scale uncertainty is *%}2 Gev. Systematic uncer-
tainties are discussedin Section VI |.

To show the likelihood as a function of both my,, and
JES simultaneously, the InL valueshave been tted
with a two-dimensionalfourth-degreepolynomial with its
minimum xed to the measuremets mertioned above.
The resulting contours corresponding to  InL = 0:5,
2:0, 4:5, and 8:0 relative to the minimum are shown in
Fig. 18. Note that becauseof non-Gaussiantails, the pro-
jections of the InL = 0:5 contour onto the my,, and
JES axes do not exactly correspond to the 68% con-
dence intervals around the most likely values; Fig. 18
therefore servesonly illustrativ e purposes.

VIl. SYSTEMA TIC UNCER TAINTIES

Systematic uncertainties arise from three sources:

modeling of the physics processedor tt production and
badkground, modeling of the detector performance, and
uncertainties in the methods themseles. Table X lists
all uncertainties. The jet energy scaleuncertainty is in-
cludedin the statistical uncertainty. The total systematic
uncertainty on the top mass measuremen is obtained
by adding all contributions in quadrature. In general,
to ewaluate systematic uncertainties, the simulation of
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FIG. 15: Application of the Matrix Element b-tagging method
to the data. The tted myp and JES likelihoods for ead of
the 3 tag-categories: 0-tag ((a) and (b)), 1-tag ((c) and (d)),
and 2-tag ((e) and (f)). The 68% con dence-level interval
around the most likely value is shown by the hatched region
under the tted curve.

everts usedto calibrate the measuremem has beenvar-
ied, while the measuremen method itself has beenkept
unchanged.

A. Physics Mo deling

Signal modeling: When tt events are produced
in assaiation with a jet, the additional jet can be
misinterpreted as a product of the tt decay. Also,
the tt system may then have signi cant transverse
momertum, in corntrast to the assumption made in
the calculation of Psig. In spite of the evert selec-
tion that requiresexactly four jets, theseeverts can
be selectedif oneof the jets from the tt decay is not
reconstructed.

Sudch ewents are presen in the simulated everts
used for the calibration of the method. To assess
the uncertainty in the modeling of these e ects,
events have beengeneratedusing a dedicated sim-
ulation of the production of tt events together with
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FIG. 16: Application of the Matrix Element b-tagging method
to the data. The nal results of the tted my, (a) and JES
(b) likelihoods for the combined event sample are shovn. The
68% con dence-level interval around the most likely value is
indicated by the hatched region under the tted curve.

an additional parton. The fraction of such events
is estimated to be no larger than 30% (according
to the di erence betweencrosssection calculations
in leading and next-to-leading order).

Two large ensenbles of simulated events are com-
posedaccording to the sample composition in the
data, oneusing only events with an additional par-
ton for the signal, and the secondwith the default
simulation. The result obtained with the default
calibration is quoted ascertral value. A systematic
uncertainty of 30% of the di erence in top massre-
sults betweenthesetwo ensenblesis quoted.

In addition, simulated gg! ttandqq! tt events
have beencompared. The top masscalibration has
beenrederivedusingonly gg! ttorqq! ttevens
to simulate the signal, and no signi cant di erence
hasbeenfound. Thus no additional uncertainty on
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FIG. 17: Uncertainties on myp (a) and JES (b) obtained in
the b-tagging analysis with the combined sample. The distri-
butions of tted uncertainties obtained from ensenble tests
are shown by the histograms. Both upper and lower uncer-
tainties are shown; their distributions are very similar. The
upper (lower) uncertainty in the data is indicated by the solid
(dashed) arrow.

the result is assigned.

Background modeling: In order to study the
sensitivity of the measuremen to the choice of
badkground model, the standard W +jets Monte
Carlo sample is replaced by an alternative sam-
ple with the default factorization scale of Q? =
mg + ; p§; replacedby Q® = tpr; i%. Onelarge
ensenble of events is composedusing both the de-
fault and the alternative background model. The
di erence of results obtained with these ensenbles
is symmetrized and is assignedas a systematic un-
certainty.

PDF uncertain ty: Leading-order matrix ele-
merts are used to calculate both Psjg and Ppyg .
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FIG. 18: Application of the Matrix Element b-tagging method
to the data. Fit of a two-dimensional fourth-order polynomial

to the InL values as a function of both my, and JES.
Shown are the contours corresponding to  InL = 0:5, 2:0,
4:5, and 8:0 relativ e to the minimum.
Source of Uncertainty Topolog!cal b-Tagg|_ng
Analysis Analysis
Statistical uncertainty
and jet energy scale +5:0 74 +4:1 45
Physics modeling:
Signal modeling 0:34 0:46
Background modeling 0:32 0:40
PDF uncertainty +0:26 040 +0:16 0:39
b fragmentation 0:71 0:56
b/ ¢ semileptonic decays +0:06 0:07 0:05
Detector modeling:
JES pr dependence 0:25 0:19
b response (h/e) +0:87 075 +0:63 143
Trigger 0:08 +0:08 0:13
b tagging { 0:24
Method:
Signal fraction +0:50 0:17 0:15
QCD contamination 0:67 0:29
MC calibration 0:17 0:48
Total systematic uncertainty +1:5 14 +1:2 1.8
Total uncertainty +5:2 75 +4:3 49

TABLE X: Summary of uncertainties on the top quark mass.

All values are quoted in GeV.
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Consequetlly, both calculations usea leading order
parton distribution function (PDF): CTEQS5L [19].
To study the systematic uncertainty on my,, dueto
this choice, the variations provided with the next-
to-leading-order PDF set CTEQ6M [21] are used,
and the result obtained with ead of these varia-
tions is comparedwith the result using the default
CTEQ6M parametrization. The di erence between
the results obtained with the CTEQ5L and MRST
leading order PDF sets is taken as another un-
certainty. Finally, the e ect of a variation of
is evaluated. In all cases,a large ensenble has
beencomposedof events simulated with CTEQ5L,
and these have been reweighted such that distri-
butions according to the desired PDF set are ob-
tained. The individual systematic uncertainties are
addedin quadrature. The systematicuncertainty is
dominated by that from the variation of CTEQ6M
parameters.

b fragmen tation: While the overall jet energy
scale uncertainty is included in the statistical un-
certainty from the t, dierences in the bllight
jet energy scaleratio betweendata and simulation
may still a ect the measuremeh Possiblee ects
from sudh di erences are studied using simulated
tt events with dierent fragmentation models for b
jets. The default Bowler [22] schemewith r, = 1.0
is replaced with r, = 0:69 or with Peterson [23]
fragmentation with , = 0:00191. Simulation stud-
iesshow that the variation of ry, results in a change
of the meanscaledenergyhxg i of bhadronsthat is
larger than the uncertainties reported in [24], while
the uncertainty on the shape of the xg distribu-
tion is takeninto accourt by the comparisonof the
Bowler and Petersonschemes. One large ensenble
is built using events from ead of the three simula-
tions. The absolute values of the deviations of top
massresults from the standard sample are added
in quadrature and symmetrized.

b=c semileptonic decays: The reconstructed en-
ergy of b jets containing a semileptonic bottom or
charm deca is in general lower than that of jets
containing only hadronic decas. This can only be
taken into accourt for jets in which a soft muon is
reconstructed. Thus, the tted top quark massstill
dependson the semileptonicb and ¢ decay branch-
ing ratios. They have beenvaried by reweighting
ewvernts in one large ensenble of simulated events
within the bounds givenin [15].

B. Detector Mo deling

JES pt and j j dependence: The relative dif-
ferencebetween the jet energy scalesin data and
Monte Carlo is tted with a global scale factor,
and the corresponding uncertainty is included in



the quoted (stat. + JES) uncertainty. Any discrep-
ancy between data and simulation other than a
global scale di erence may lead to an additional
uncertainty on the top quark mass. To estimate
this uncertainty, the energiesof jets in the ewents
of onelarge ensenble have beenscaledby a factor

of (1 + 0:02;-2) where Eje; is the default jet
energy The value 0:02 is suggestedby studies of

+jets everts. The top massresult from the mod-
ied ensenble has been compared to the default
number, and the symmetrized di erence is taken

asa systematic uncertainty.

Similarly, to estimate the e ect of a possiblej j
dependenceof the jet energy scaleratio between
data and simulation, the jet energieshave alsobeen
scaled by a factor (1  0:0] j) as suggestedby

+jets events. No signicant eect on the top
guark mass has been obsened and thus no addi-
tional systematic uncertainty is assigned.

Relativ e b/ligh t jet energy scale: Variations
of the h/e calorimeter responselead to di erences
in the bllight jet energy scaleratio between data
and simulation in addition to the variations of the b
fragmentation function consideredin SectionVI1 A.
This uncertainty has beenevaluated by scaling the
energiesof bjets in onelarge ensenble and studying
the e ect on the top quark mass.

Trigger: The trigger e ciencies usedin composing
ensenbles for the calibration of the measuremen
arevaried by their uncertainties, and the uncertain-
ties from all variations are summedin quadrature.

b tagging: The btagging e ciencies are varied
within the uncertainties as determined from the
data, and the variations are propagatedto the nal
result.

Note that no systematic uncertainty is quoted due to
multiple interactions/uranium noise as opposedto the
Run | measuremein The e ect is much smallerin Run 11
as a consequencef the reduced integration time in the
calorimeter readout. It is moreover covered by the jet
energy scaleuncertainty, asthe o set correction is com-
puted seperately for data and Monte Carlo in Run I,
accourting for e ects arising from electronic noise and

pileup.

C. Metho d

Signal fraction:  The normalization procedure
of the badkground probability described in Sec-
tion IV D is chosensud that the signal fraction
fop asmeasuredwith the topological likelihood t

and givenin Table Il is reproduced. However, the
signalfraction is slightly overestimatedfor low true
signal fractions, which leadsto a small bias in the
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resulting top mass. The signal fraction in ensem-
ble tests used for the calibration is varied within

the uncertainties determined from the topological
likelihood t, and the resulting variation of the top

quark massis taken as a systematic uncertainty.

QCD background: The W+jets simulation is
used to model the small QCD badkground in the
selectedevent samplein the analysis. The system-
atic uncertainty from this assumptionis computed
by selecting a dedicated QCD-enriched sample of
everts from data by inverting the lepton isolation
cut in the event selection. The calibration of the
method is repeated with ensenbles formed where
these everts are used to model the QCD badk-
ground events whosefraction is given in Table II.
The resulting change is assignedas a systematic
uncertainty.

MC calibration: The calibration of the top mass
measuremen is varied according to the statisti-
cal uncertainty of the calibration curvesshown in
Figs. 7 and 13.

VIIl. SUMMAR Y

A measuremen of the top quark mass using lep-
ton+jets tt events in 370pb ! of data collected with the
DO detector at Run Il of the Fermilab Tevatron Col-
lider has beenpreseried. The everts are analysedwith
the Matrix Elemert method, which is designedto make
maximal use of the kinematic information in the selected
everts. To avoid a large systematic uncertainty, an over-
all scalefactor JES for the energy of calorimeter jets
is determined simultaneously with the top quark mass.
This in-situ calibration of the jet energy scalehelps re-
ducethe overall uncertainty on the top quark masswhen
combining with other measuremets.

The resulting top quark massis

Mip = 1692%2) (stat: + JES) ™3 (syst:) Gev  (42)
for an analysis that usesonly topological information,
and

Mip = 170:3%:1 (stat: + JES) "2 (syst:) Gev  (43)
when b-tagging information is included. The jet energy
scaleis JES = 1:048:333 (stat:) in the topological anal-
ysisand JES = 1:027'% 533 (stat:) when b tagging is in-
cluded, indicating consistencywith the referencescale.
The two results are consistert with ead other. To obtain
a value for the top quark massin combination with other

measuremets, the second,more precisevalue should be
used.
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