Top Quark Physics Resultsfrom CDF and DO

David Gerdes
Department of Physics and Astronomy, The Johns Hopkins University

3400 North Charles Street,

Baltimore, MD 21218 USA

E-mail: gerdes@jhu.edu

ABSTRACT

| summarize recent top quark physics results from the Fermi-
lab Tevatron experiments. Sincetheobservation of thetop quark
by CDF and DO in 1995, the experimental focus has shifted to
a detailed study of the top quark’s properties. This article de-
scribes recent measurements of the top quark production cross
section, mass, kinematic properties, branching ratios, V;;, and
the W polarization in top decays.

. INTRODUCTION

The existence of thetop quark, which isrequired in the Stan-
dard Model astheweak isospin partner of the bottom quark, was
firmly established in 1995 by the CDF[ 1] and DO[ 2] experiments
at the Fermilab Tevatron, confirming earlier evidence presented
by CDF[3, 4]. Each experiment reported a roughly 5o excess
of ¢t candidate events over background, together with a peak in
themass distrbutionfor fully reconstructed events. The datasets
used in these anal yses were about 60% of the eventual Run| to-
tals. With thetop quark well in hand and over 100 pb~1 of data
collected per experiment, the emphasi shasnow shiftedtoamore
precise study of the top quark’s properties.

Inpp collisionsat 4/s = 1.8 TeV, the dominant top quark pro-
duction mechanism is pair production through ¢gg annihilation.
In the Standard Model, each top quark decays immediately to a
W boson and a b quark. The observed event topology is then
determined by the decay mode of thetwo W’s. Events are clas-
sified by the number of W’sthat decay leptonically. About 5%
of thetime each W decaysto ev or uv (the“dilepton channd”),
yieldingafinal statewithtwoisolated, high- Pr charged leptons,
substantial missing transverse energy (F7) from the undetected
energetic neutrinos, and two b quark jets. Thisfinal stateis ex-
tremely clean but suffers from alow rate. The “lepton + jets’
final state occursin the 30% of ¢ decays wherewhen one W de-
cays to leptons and the other decays into quarks. These events
contain asingle high- Py lepton, large £, and (nominally) four
jets, two of which arefrom b’'s. Backgroundsin thischannel can
bereduced to an acceptable leve through b-tagging and/or kine-
matic cuts, and the large branching ratio to thisfina state makes
it the preferred channel for studying the top quark at the Teva
tron. The“all-hadronic” final state occurs when both W’sdecay
to gg’, which happens 44% of thetime. Thisfinal state contains
no leptons, low £, and six jets, including two b jets. Although
the QCD backgroundsin this channel are formidable, extraction
of thesignal is possiblethrough a combination of -tagging and
kinematic cuts. Finaly, approximately 21% of ¢t decays are to
final states containing 7’s. Backgrounds to hadronic = decays
are large, and while signals have been identified | will not dis-
cuss these analyses here.

This paper is organized as follows. Section Il discusses the

measurement of the ¢¢ production cross section. The measure-
ment of the top quark mass is described in Section I11. Kine-
matic properties of ¢ production are described in Section 1V.
The measurement of thetop quark branching ratioto Wb and the
CKM matrix element V;; isdescribed in Section V. Section VI
discusses searches for rare or forbidden decays of the top. Sec-
tion VII discusses a measurement of the W polarization in top
decays. Section V111 concludes.

1. PRODUCTION CROSS SECTION

The measurement of thetop quark productioncross sectiono ¢
isof interest for anumber of reasons. First, it checks QCD calcu-
lations of top production, which have been performed by several
groupg[5, 6, 7]. Second, it provides an important benchmark for
estimating top yieldsin future high-statisticsexperiments a the
Tevatron and LHC. Finally, a value of the cross section signif-
icantly different from the QCD prediction could indicate non-
standard production or decay mechanisms, for example produc-
tion through the decay of an intermediate high-mass state or de-
caystofina states other than Wb.

A. CDF Measurements of o,z

The CDF collaboration has measured the ¢¢ production cross
section in the dilepton and lepton + jets modes, and in addition
has recently performed a measurement in the all-hadronic chan-
nel. The dilepton and lepton + jets analyses begin with a com-
moninclusivelepton sample, which requiresanisolated el ectron
or muon with Pr > 20 GeV and || < 1. Theintegrated lumi-
nosity of thissampleis 110 pb—*.

For the dilepton analysis, a second lepton is required with
Pr > 20 GeV. The second lepton must have an opposite el ec-
tric charge to the primary lepton and may satisfy alooser set of
identification cuts. In addition, two jetswith Ex > 10 GeV are
required, and the F'r must be greater than 25 GeV. For the case
25 < Fr < 50 GeV, the Er vector must be separated from
the nearest lepton or jet by at least 20 degrees. This cut rejects
backgrounds from Z — 7 decays followed by 7 — (e or )
(where the 7 tendsto lie along the lepton direction) and from
events containing poorly measured jets (where the 'z tends to
lieaong ajet axis). Events where the dilepton invariant mass
lies between 75 and 105 GeV are removed from the ee and uu
channels as Z candidates. In addition, events containing a pho-
ton with Er > 10 GeV are removed if the lly invariant mass
falswithinthe Z masswindow. This"radiative Z" cut removes
one event from the . channel and has a negligible effect on
the #¢ acceptance and backgrounds. Nine dilepton candidates
are observed: one ee, one pu, and seven ey events. Including
asimulation of the trigger acceptance, the expected division of
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dilepton signal eventsis58% ey, 27% pp, and 15% ee, consis-
tent with the data. It is aso interesting to note that four of the
nine events are b-tagged, including two double-tagged events.
Although no explicit b-tag requirement is made in the dilepton
analysis, the fact that alarge fraction of the events are tagged is
powerful additional evidence of ¢ production.

Backgroundsinthedileptonchannel arisefromDrell-Yan pro-
duction of lepton pairs, diboson production, Z — 77, bb, and
fakes. These backgrounds are estimated through a combination
of data and Monte Carlo. The total background inthe ee + pu
channelsis1.21 + 0.36 events, and is0.76 4 0.21 eventsin the
eu channel. Event yields, backgrounds, and estimated ¢£ contri-
butionsare summarized in Table.

When these numbers are combined with the ¢ acceptance in
thedilepton mode of 0.77 4 0.08% (including branching ratios),
and using CDF s measured top mass of 175 GeV (described be-
low), the resulting cross sectionis o,z = 8.2%5-2 pb.

Table I: Summary of event yields and backgroundsin the CDF
dilepton analysis. Expected ¢ contributionsare a so shown.

Background ee, Wit N
Drell-Yan 0.60 £ 0.30 —

ww 0.16 £ 0.07  0.20 £ 0.09

fakes 0.21+0.17 0.16£0.16

bb 0.03£0.02 0.02+0.02

Z —TT 0.21+£0.08 0.384+0.11

Total bkgd. 1.214£0.36  0.76 £0.21

Expected £, 26,16,1.0 3924,15

M, = 160,175,190

Data (110 pb—1) 2 7

The lepton + jets cross section anaysis begins with the com-
mon inclusive lepton sample described above. Aninclusive W
sampleisseected from thissample by requiring £ > 20 GeV.
Jetsare clustered inaconeof AR = /(An)? + (A¢)? = 0.4,
and at least three jetswith Er > 15 GeV and || < 2 arere-
quired in the t¢ signal region. (These jet energies are not cor-
rected for detector effects, out-of-cone energy, the underlying
event, etc. Such corrections are applied | ater, in the mass anal-
ysis. The average correction factor is about 1.4.) Z candidates
are removed as before, and the lepton is required to pass an ap-
propriatetrigger. Finally, the event is required not to have been
accepted by the dilepton analysis above. The dilepton and lep-
ton + jets samples are therefore nonoverlapping by construction.
There are 324 W+ > 3-jet eventsin thissample,

Signa to background in this sample is approximately 1:4.
CDF employs two b-tagging techniques to reduce background.
Thefirst techniqueidentifiess jetsby searching for aleptonfrom
thedecay b — lvX orb — ¢ — lvX. Since thislepton typi-
caly has a lower momentum than the the lepton from the pri-
mary W decay, thistechniqueis known as the “ soft lepton tag”
or SLT. In addition to tagging soft muons, asin the DO analysis,
CDF dso identifies soft electrons. The second, more powerful,
technique exploitsthe finitelifetime of the b quark by searching

for asecondary decay vertex. Identification of these verticesis
possi bl e because of the excellent impact parameter resol ution of
CDF s silicon microstrip vertex detector, the SVX[9, 10]. This
techniqueisknown asthe“SVX tag.”

The SLT agorithm identifies electrons and muons from
semileptonic b decays by matching central tracks with electro-
magnetic energy clusters or track segments in the muon cham-
bers. To maintain acceptance for leptons coming from both di-
rect and sequential decays, the Py thresholdiskept low (2 GeV).
The fiducial region for SLT-tagged leptonsis || < 1. The €f-
ficiency for SLT-tagging att event is 20 £ 2%, and the typical
fake rate per jet is about 2%. The details of the SLT agorithm
are discussed in Ref. [3].

The SV X agorithmbegins by searching for displaced vertices
containing three or more tracks which satisfy a “loose” set of
track quality requirements. Loose track requirements are pos-
sible because the probahility for three tracks to accidentally in-
tersect at the same displaced space point is extremely low. If
no such vertices are found, two-track vertices that satisfy more
stringent quality cutsare accepted. A jet is defined to be tagged
if it contains a secondary vertex whose transverse displacement
(from the primary vertex) divided by its uncertainty is greater
thanthree. Theefficiency for SV X-taggingatt eventis4144%,
nearly twicethe efficiency of the SLT agorithm, while the fake
rateisonly ~ 0.5% per jet. The single largest source of ineffi-
ciency comes fromthefact that the SV X coversonly about 65%
of the Tevatron’s luminous region. SV X-tagging is CDF's pri-
mary b-tagging technique.

Table Il summarizes the results of tagging in the lepton + jets
sample. The signal region isW+ > 3 jets, where there are
42 SVX tagsin 34 events and 44 SLT tags in 40 events, on
backgrounds of 9.5 + 1.5 and 23.9 + 2.8 events respectively.
SV X backgrounds are dominated by real heavy flavor produc-
tion (Wb, Wee, We), while SLT backgrounds are dominated
by fakes. Monte Carlo caculations are used to determine the
fraction of observed W +jets events that contain a heavy quark,
and then the observed tagging efficiency isused to derivethe ex-
pected number of tags from these sources. Fake rates are mea
suredininclusivejet data. Backgroundsare corrected iteratively
for the assumed #¢ content of the sample.

When combined with the overall ¢ acceptance in the lepton +
jetsmode, o,z ismeasured to be 6.412-2 pbusing SV X tags, and
8.97%7 pbusing SLT tags.

CDF has also performed a measurement of o7 in the al-
hadroni c channel, which nominally containssix jets, noleptons,
and low Zr. Unlikein the case of lepton + jets, b-tagging alone
is not sufficient to overcome the huge backgrounds from QCD
multijet production. A combination of kinematic cuts and SVX
b-tagging is therefore used.

The initial dataset is a sample of about 230,000 events con-
taining at least four jetswith Ez > 15 GeV and || < 2. Signdl
to background in this sample is aforbidding 1:1000, so a set of
kinematic cutsis applied. The jet multiplicity is required to be
5 < Njes < 8, and the jets are required to be separated by
AR > 0.5. Additionally, the summed transverse energy of the
jetsisrequired to be greater than 300 GeV and to be “ centrally”
deposited: 3 Er(jets)/v/s > 0.75, where v/5 isthe invariant
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Table 1I: Summary of results from the CDF lepton + jets b-
tag analysis. The expected ¢£ contributionsare cal culated using
CDF smeasured combined cross section.

W+ljgg W+2jets W+ >3jets

Before tagging 10,716 1,663 324
SVX tagged evts 70 45 34
SVX bkgd 70+ 11 32+4 9.5+ 1.5
Expected £ 0.94+04 64+24 298489
SLT tagged evts 245 82 40
SLT bkgd 2734+24  80+£6.9 23.9+£28
Expected £ 1.1+04 47416 15.5+5.3

mass of the multijet system. Finally, the N;., — 2 subleading
jetsare required to pass an aplanarity cut. The resulting sample
of 1630 events has a signal to background of about 1:15. After
the requirement of an SV X tag, 192 events remain.

The tagging background is determined by appying the SVX
tagging probabilitiesto thejetsinthe 1630 events sel ected by the
analysis prior to tagging. The probabilities are measured from
multijet events and are parametrized as afunction of jet Er, n,
and SV X track multiplicity. The probability represents the frac-
tion of jets which are tagged in the absence of att component,
and includes real heavy flavor as well as mistags. Applying the
tagging probabilitiesto thejetsin the 1630 eventsremaining af -
ter kinematic cuts, apredicted background of 137 4+ 11 eventsis
obtai ned, compared to the 192 tagged events observed.

The efficiency to SV X-tag att event inthe all-hadronic mode
is47 £+ 5%. Thisvaueis dlightly larger than the lepton + jets
case dueto the presence of additional charmtagsfromW — cs.
Combining this value with the acceptance for the all-hadronic
mode, including theefficiency of themultijet trigger and the var-
iouskinematic cuts, CDF obtainsatt cross section in thischan-
nel of 10.71%8 ph.

Thelarge background in the all-hadronic channel makesit de-
sirable to have some independent cross check that the observed
excess of eventsisreally duetotz production. Theeventsinthis
sample with exactly six jets can be matched to partonsfrom the
processtt — WbWb — 54bj7b, and can befully reconstructed.
A plot of thereconstructed top massfor these eventsisshownin
Fig. 1. The events clearly display a peak at the value of the top
mass measured in other channels. Thisanalysisimpressively il-
lustrates the power of SV X-tagging to extract signals from very
difficult environments.

The combined £ cross section is obtained using the number of
events, backgrounds, and acceptances for each of the channels.
Thecd culation isdone using thelikelihood techni que described
in Ref. [3]. Acceptances are calculated using M;q, = 175 GeV.
The likelihood method takes account of correl ated uncertainties
such as the luminosity uncertainty, acceptance uncertainty from
initial stateradiation, etc. The combined ¢z production cross sec-
tionfor M., = 175 GeV is

oy =T1.7"13

pb (CDF Prelim.) (1)

CDF preliminary

Entries 90
x’/ndf0.6465 / 7

evts/15 GeV/c?
S
N
o
T

P1 10.03+ 3.633
P2 185.2 + 6.420
P3 16.82 £ 7.086

100 125

150

175 200 225 250 275 300

my (GeV/c?)

Figure 1: Reconstructed top mass obtained from a constrained
fit to SV X-tagged events in the CDF al-hadronic analysis.

where the quoted uncertainty includes both statistical and sys-
tematic effects. Fig. 2 showsthe individual and combined CDF
measurements together with the theretical central vaue and
spread. All measurements are in good agreement with theory,
though all fall on the high side of the prediction. It is perhaps
noteworthy that the singlebest measurement, from SV X-tagging
in the lepton+jets mode, isthe one closest to theory.

B. DO Measurements of o,

The DO collaboration has measured o,; in both the dilepton
(ee, ep, and pp) and lepton + jets channels. The dilepton analy-
sisisastraightforward counting experiment. Two high- Pz lep-
tonsare required, aswell astwo jets. Cosmic ray and Z candi-
datesareremoved. Intheee and eyu channels, acut isal so placed
onthemissingtransverseenergy. Finaly, acut on Hr, thetrans-
verseenergy of thejets plustheleading el ectron (or thejetsonly,
in the case of dimuon events) is applied to reduce backgrounds
from W pairs, Drell-Yan, etc. The largest acceptance isin the
e channel, which a so has the lowest backgrounds. Three can-
didate events are observed in this channel on a background of
0.36 & 0.09 events. For M., = 180 GeV, 1.69 + 0.27 signal
events are expected in this channel. One event is observed in
each of the ee and pp2 channels on backgrounds of 0.66 £ 0.17
and 0.55 £ 0.28 events respectively. For M., = 180 GeV, one
expects 0.92 £ 0.11 and 0.53 £ 0.11 # in these two channels.

The DO measurement of o,z inthelepton + jets channel makes
use of two different approachesto reducing the background from
W +jets and other sources: topological/kinematic cuts, and b-
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Figure 2: CDF vaues of o,z for individua channels and for the
combined measurement. The band represents the central value
and spread of thetheoretical valuefromthreerecent calculations
for M;op, = 175 GeV.

tagging. The first approach exploits the fact that the large top
quark mass gives rise to kinematically distinctive events: the
jetstend be more energetic and more central than jetsin typical
background events, and the events as a whole are more spheri-
cal. Top-enriched samples can therefore be sel ected with aset of
topological and kinematic cuts. (For some earlier work on this
subject, see Refs. [4] and [8].) In particular, the total hadronic
activity intheevent, Hy = > Er(jets), can be combined with
theaplanarity of theW + jetssystem to reduce backgroundssub-
stantially. Cuts on both of these variables were used in the orig-
inal DO top discovery analysis[2], and these cuts have now been
reoptimized on Monte Carlo samplesfor usein the cross section
measurement. A third kinematic variable with discriminating
power, the total |eptonic transverse energy (B = Ef_ﬁ” + Er)
isalso used. Events are required to have four jets with Ep >
15 GeV and |n| < 2.1n 1059 pb~! of e, u + jet data, a total
of 21 candidate events are observed, on a background of 9.23+
2.83 events that is dominated by QCD production of W + jets.
For comparison, 19+ 3 (13 + 2) eventsare expected for M;,, =
160 (180) GeV, again using the theoretical cross section from
Ref. [7].

A second DO approach to the lepton + jets cross section mea-
surement makes use of -tagging viasoft muontags. Soft muons
are expected to be produced in ¢¢ eventsthrough the decays b —
uX andb — ¢ — puX. Each ¢ event contains two &'s, and
“tagging muons’ from their semileptonic decays are detectable
in about 20% of ¢ events. Background events, by contrast, con-

tain alow fraction of b quarks and thus produce soft muon tags
a only the ~ 2% level. Events selected for the lepton + jets +
p-tag analysisarerequired to containan e or p with Ep (Pr for
muons) > 20 GeV, andto have || < 2.0 (1.7) respectively. At
least threejetsarerequired with Er > 20 GeV and |n| < 2. The
Frisrequiredtobeat least 20 GeV (35 GeV if the Fr vector is
near thetagging muon in an e+jetsevent), andin p + jetsevents
isrequired to satisfy certain topological cuts aimed at rejecting
backgroundsfrom fake muons. Loose cutson the aplanarity and
Hr are dso applied. Finally, the tagging muon is required to
have Pr > 4 GeV and to be near one of the jets, as would be
expected in semileptonic b decay. In95.7 pb~?! of e, p + jet data
with a muon tag, 11 events are observed on a background (W
+ jets, fakes, and residual Z'’s) of 2.58+0.57 events. Theory[7]
predicts 9.0+£2.2 and 5.2+1.2 events for M;,, = 160 and 180
GeV respectively. Figure 3 shows the clear excess of eventsin
the signal region compared to the top-poor regions of one and
two jets.

Table 1l summarizes event yields and backgroundsin the DO
cross section analysis. A tota of 37 eventsis observed in the
variousdilepton and lepton + jets channel son atotal background
of 13.4+3.0 events. The expected contributionfrom ¢z (M., =
180 GeV) is21.2+ 3.8 events.

Events

10 |

1 = Observed B
[ e Total Background ]

>3
Jet Multiplicity

Figure 3: Number of observed (e, 1) + jets events with a soft
muon tag compared to background predictions, as a function
of jet multiplicity. Note the excess in the ¢ signal region with
W+ > 3jds.

When combined with aMonte Carlo caculation of the ¢z ac-
ceptance, these numbers can be converted into ameasurement of
the cross section. Figure4 shows the cross section derived from
DO data as a function of M;,,. For DO's measured top mass of
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170 GeV, described below, the measured ¢t cross section is
o = 5.2+ 1.8 pb (DO Prelim.), 2

in good agreement with theory.

Table I11: Summary of event yields and backgroundsin the DO
cross section analysis. Expected ¢¢ contributionsare caculated
for Mo, = 180 GeV.

Channel [ Ldt Bkgd. Expectedtt Data
eu 905 0.36+£0.09 1.69£0.27 3
ee 1059 0.66+£0.17 0.924+0.11 1
m 86.7 0.55+0.28 0.53+£0.11 1

etjets 1059 3.81+£1.41 6.46+1.38 10

ptjets 95.7 5424 2.05 6.40+£1.51 11

etjetdu 905 1.4540.42 2.43+£0.42 5

ptietsy 957  1.13+£0.23 2.78+£0.92 6

Total 13.4+£ 3.0 21.24+3.8 37
= 20

=

s oo

8 15

n Theory

& »»»»»»»»»»»» Bergeret al (1995)
8 --------- Laeneret al (1994)

101

0 ‘ ‘ ;
140 150 160 170 180

Top Mass (GeV/%)

Figure4: DO measurement of the ¢ production cross section as
afunction of M;p.

[1l. TOP QUARK MASS MEASUREMENT

Thetop quark massisafundamenta parameter inthe Standard
Model. It plays an important role in radiative corrections that
relate electroweak parameters, and when combined with other
precision electroweak datacan be used to probefor new physics.
In particular, the relationship between My, and M;,, displays

awell-known dependence on the mass of the Higgs. A precise
measurement of the top mass istherefore a high priority of both
experiments.

The primary method for measuring the top mass at the Teva-
tron is aconstrained fit to lepton + 4-jet events arising from the
processtt — WbWb — lvjjbb. Inthese events, the observed
particlesand £ can be mapped one-to-oneto partonsfrom the
tt decay. However, thereare 12 possi bl ejet—parton assignments.
The number of jet combinationsisreduced to six if one b-tagis
present, and to two if two b’saretagged. To select the best com-
bination, both experiments use alikelihood method that exploits
the many constraintsin the system. Each event isfitted individ-
ualy to the hypothesisthat three of thejets comefrom onet or ¢
throughitsdecay to Wb, and that thelepton, F7, and theremain-
ing jet come from the other ¢ or ¢ decay. Thefit is performed for
each jet combination, with the requirement that any tagged jets
must be assigned as b quarks in the fit. Each combination has
atwo-fold ambiguity in the longitudinal momentum of the neu-
trino. CDF choosesthe sol utionwith thebest x?, while DO takes
aweighted average of the three best solutions. In both cases, so-
lutions are required to satisfy ax? cut. The result is adistribu-
tion of the best-fit top mass for each of the candidate events. The
final value for the top mass is extracted by fitting this distribu-
tionto aset of Monte Carlo templates for ¢¢ and background. A
likelihoodfit i s again used to determine which set of ¢ templates
best fits the data. Because this measurement involves precision
j et spectroscopy, both experiments have devel oped sophisticated
jet energy corrections, described bel ow, that relate measured jet
energies to parton four-vectors. Uncertainties associated with
these corrections are the largest source of systematic error.

M easurements of thetop mass in other channel s (dilepton, all-
hadronic. . . havelarger uncertainties, and give resultsconsi stent
with thelepton + jets measurements. These channelswill not be
discussed here. | now describe the CDF and DO measurements
in more detail .

A. DO Measurement of M.,

The DO top mass measurement begins with event selection
cutssimilar to those used in thelepton + jets cross section analy-
sis, with two important differences. First, all eventsarerequired
tohaveat least four jetswith Er > 15 GeV and || < 2. (Recall
that in the cross section analysis, soft-muon tagged events were
allowed with only threejets.) Second and more importantly, the
cut on the total hadronic Er (= Hr), which proved extremely
useful for selecting a high-purity sample in the cross section
analysis, isreplaced by anew “top likelihood” cut that combines
severa kinematic variables. A straightforward Hz cut would
inject significant bias into the analysis by pushing both back-
ground and signal distributionstoward higher values of M; and
making backgroundlook likesignal. Thetop likelihoodvariable
combinesthe 7, the aplanarity of the W + jets, thefraction of
the Er of the W + jetssystem that iscarried by the W, and the
Ep-weightedrmsn of the W and jets. Thedistributionsfor each
of these variables are determined from ¢£ Monte Carlo events,
and the probabilities are combined such that the bias of the fit-
ted mass distributionsisminimized. Thetop likelihood distribu-

36



tionsfor signa and background Monte Carlo events are shown
in Fig. 5. The advantages of this variable are demonstrated in
Fig. 6, which compares fitted mass distributions for signal and
background Monte Carlo events after the likelihood cut and af-
ter the cross section (Hr) cuts. The top likelihood cut gives a
significantly smaller shift inthe fitted distributions. Thisis par-
ticularly truein the case of background events, where the cross
section cuts “sculpt” the background distribution into a shape
that looks rather top-like. The reduction of this source of bias
is particularly important since the DO top mass sampleis nearly
60% background. A total of 34 events passthe selection cuts, of
which 30 have a good fit to the ¢t hypothesis.

MC top signal

0 01 02 03 04 05 06 07 08 09 1

1001 MC W + jet background l

0 01 02 03 04 05 06 07 08 09 1

200, QCD background
0 e ﬂ S L T I 1 RS S
0O 01 02 03 04 05 06 07 08 09 1

Figure5: Toplikdihooddistributionsfor e+jets signal and back-
ground Monte Carlo events. The DO top mass analysis uses
eventswith top likelihood > 0.55.

For reconstructing the top mass, one desiresto know the four-
momenta of the underlying partons as accurately as possible. In
practice one observes jets, usualy reconstructed with a fixed-
cone algorithm, and several effects can complicate the connec-
tion between these jets and their parent partons. Calorimeter
nonlinearies, added energy from multiple interactions and the
underlying event, uranium noise in the calorimeter, and energy
that fallsoutside of thejet clustering cone al must be accounted
for. The DO jet corrections are derived from an examination of
eventsinwhich ajet recoilsagainst ahighly electromagnetic ob-
ject (a“y"). Theenergy of the"y” iswell-measured inthe elec-
tromagneti c cal orimeter, whose energy scal e isdetermined from
Z — ee events. It isthen assumed that the component of the
Er dongthejet axis () isdueentirely to mismeasurement

Background

500 05 :
: Cut efficiency
m, = 160
150 200 250
Fitted mass (Ger;c

150 200 250 100

Fitted mass (Ger;c

ol
100

200 m, =140 m, =160
200
100 150 200 250 100 150 200 250

Fitted mass (Gevﬁt Fitted mass (Gevfﬁt

m =180 [~ m, = 200

200 200 i
i

o= : == 9 = : b
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Fitted mass (GeV?@t Fitted mass (Gevﬂ)

Figure6: Fitted mass distributionsfor background eventsand ¢¢
events of various masses in the DO analysis. Histogram: parent
sample. Dot-dash: after top likelihood cut. Dots. after cross-
section cuts. Note the smaller bias introduced by the likelihood
cut.

of thejet energy, and a correction factor for therecoil jet energy
is obtained by requiring £7 | to vanish. The correction factors
are derived as afunction of jet Ez and 7.

These jet corrections are “generic’ and are used in many DO
analyses, includingthett cross section analysis. Additional cor-
rectionsare applied for the top mass analysis. These corrections
account for the fact that light quark jets (from hadronic W de-
cays) and b quark jets have different fragmentation properties.
Furthermore, b jetstagged with the soft muon tag must have the
energy of the minimum-ionizing muon added back in, and a cor-
rection must be applied for theneutrino. These flavor-dependent
corrections are determined from ¢¢ Monte Carlo events. Thefla-
vor assignment of the jetsis established by the constrained fit.

Backgroundsin the 30-event final sample come fromthe QCD
production of W + multijets, and from fakes. These back-
groundsare cal cul ated for each channel beforethetop likelihood
cut. The effects of thetop likelihood cut and thefitter x? cut are
determined from Monte Carlo. Theresult is an estimated back-
ground of 17.4+2.2 events. The background is constrained to
thisvalue (withinits Gaussian uncertainties) in the overal fit to
tt plusbackground templ ates that determines themost likely top
mass.

Figure 7 shows the reconstructed mass distribution for the 30
events, together with the results of thefit. The resultis M;,, =
170 £ 15(stat) GeV. The statistical error is determined by per-
forming alarge number of Monte Carlo “pseudo-experiments’
with N = 30 eventsand Ny ,q = 17.4. The standard deviation
of the mean in thisensemble of pseudo-experimentsistaken to
be the statistical error.
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Figure7: Reconstructed top mass distributionfrom DO data, to-
gether with results of the best fit.

Systematic uncertainties come from the determination of the
jet energy scale from Z — ee events (=7 GeV), variations
among Monte Carlo generators (ISAJET vs. the default HER-
wIG) and jet definitions (6 GeV), uncertainties in the back-
ground shape (+ 3 GeV), variations in the likelihood fitting
method (+ 3 GeV), and Monte Carlo statistics (+ 1 GeV). The
final result istherefore

Myop = 170 £ 15(stat) & 10(syst) GeV (DO prelim.) (3)

B. CDF Measurement of M.,

At thewinter ‘ 96 conferences and at Snowmass, CDF reported
atop massvalue of My, = 175.6 +5.7(stat) & 7.1(syst) GeV.
This value was obtained using a technique very similar to that
reported in Refs. [1] and [3], with the main improvements be-
ing alarger dataset (110 pb~1) and a better determination of the
systematic uncertainties. This measurement used a sample of
eventswith alepton, 7, at least threejetswith Ep > 15 GeV
and |n| < 2, and afourth jet with Ez > 8 GeV and |n| < 2.4.
Events were further required to contain an SV X- or SLT-tagged
jet. Thirty-four such events had an acceptable x? when fit tothe
tt hypothesis, with a cal cul ated background of 6.412-} events.

This technique, while powerful, does not take account of all
the available information. It does not exploit the difference in
signal to background between SV X tagsand SLT tags, nor does
it useany informationfrom untagged eventsthat satisfy thekine-
matic requirementsfor top. CDF has recently completed an op-
timized mass analysisthat takes full advantage of thisinforma-
tion.

To determine the optimal technique for measuring the mass,
Monte Carlo samples of signal and background events are gen-
erated and the selection cuts for the mass analysis are applied.

This sample is then divided into several nonoverlapping sub-
samples, in order of decreasing signal to background: SV X dou-
bletags, SVX singletags, SLT tags (no SV X tag), and untagged
events. The mass resolution for each subsample is obtained
by performing many Monte Carlo “pseudo-experiments.” Each
pseudo-experiment for a given subsample contains the number
of events observed in the data, with the number of background
events thrown according its predicted mean value and uncer-
tainty. For example, 15 SV X single-tagged events are observed
in the data, so the pseudo-experimentsfor the“single SV X-tag”
channel each contain 15 events, with the number of background
events determined by Poisson-fluctuating the estimated back-
ground in this channel of 1.5 + 0.6 events. The standard like-
lihood fit to top plus background templates is then performed
for each pseudo-experiment. The mass resolutions are dightly
different for each subsample because single-, double-, and un-
tagged events have different combinatorics, tagger biases, etc.
Top mass templates are therefore generated for each subsample.
By performing many pseudo-experiments, CDF obtains the ex-
pected statistical error for each subsample.

Because the subsamples are nonoverlapping by construction,
thelikelihoodfunctionsfor each subsample can bemultipliedto-
gether toyield acombined likelihood. Monte Carlo studies have
been performed to determine which combination of subsamples
produces the smallest statistical error. One might expect that
the samples with SV X tags a one would yield the best measure-
ment, because of their high signal to background. However it
turns out that the number of events lost by imposing this tight
tagging requirement more than compensates for the lower back-
ground, and actually givesadlightly larger statistical uncertainty
than the previous CDF technique of using SV X or SLT tags. In-
stead, the optimization studies show that the best measurement
is obtained by combining double SVX tags, single SVX tags,
SLT tags, and untagged events. For the untagged events, these
Monte Carlo studies show that a smaller statistical error results
from requiring the fourth jet to satisfy the same cuts as the first
three jets, namely Er > 15 GeV and || < 2. For the vari-
oustagged samples, thefourth jet can satisfy the looser require-
ments Ex > 8 GeV, || < 2.4. The median statistical error ex-
pected from combining these four samplesis 5.4 GeV, compared
t0 6.4 GeV expected from the previoudy-used method. Thisre-
duction in statistical uncertainty is equivalent to increasing the
size of the current SV X or SLT tagged data sample by approxi-
mately 40%.

The optimized procedure is then applied to the lepton plus
jets data. Table 1V shows the number of observed events in
each subsample, together with the expected number of signal
and background events, the fitted mass, and the statistical un-
certainties. The result is M;., = 176.8 &+ 4.4(stat) GeV. The
dtatistical uncertainty is somewhat better than the 5.4 GeV ex-
pected from the pseudo-experiments. Approximately 8% of the
pseudo-experiments have a statistical uncertainty of 4.4 GeV or
less, so the data are within expectations. Figure 8 shows the
reconstructed mass distribution for the various subsamples, to-
gether with the results of thefit.

Systemati c uncertaintiesinthe CDF measurement are summa-
rized in Table V. The largest systematic is the combined un-
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Table 1V: Mass-fit subsamples for the CDF top mass measure-
ment. Thefirst row givestheresultsfromthemethod of Refs. [1]
and [3]. The next four rows show the results from the subsam-
ples used in the optimized method. The last row shows the re-
sults of combining the four subsamples.

Subsample Nops ka_qd Fit Mass
(GeV)

SVX or SLT tag 34 6.4722 175.6 £5.7
(Prev. Method)

SVX doubletag 5 0.144+0.04 174.3+7.9
SVX singletag 15 1.5+ 0.6 176.3 £ 8.2
SLT tag (no SVX) 14 4.8+ 1.5 140.0+24.1
Untagged (B3 > 15) 48 29.3+3.2 1809+ 6.4
Optimized Method 176.8 £ 4.4

CDF Preliminary
M = 176.8+ 4.4 (stat.)x 4.8 (syst.) GeVfi
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Figure8: Top mass distributionfor al four of the CDF subsam-
ples combined.

certainty in the jet Fr scale and the effects of soft gluons (i.e.
fragmentation effects). Such effects include cal orimeter non-
linearities and cracks, the effect of the underlying event, and
Monte Carlo modeling of the et energy flow outsidethe cluster-
ing cone. The “hard gluon” systematic comes from the uncer-
tainty in the fraction of ¢ events where one of the four highest-
Er jetsisagluon jet from initia- or final-state radiation. The
HERWIG Monte Carlo program predicts that 55% of the time
a gluon jet is among the four leading jets. This systematic is
evaluated by varying the fraction of such events by +30% in
the Monte Carlo and determining the resulting mass shift. Sys-
tematics from the kinematic and likelihoodfit are determined by
using dightly different but equally reasonable methods of per-
forming the constrained fit and the fina likelihood fit for the
top mass. Such variations include allowing the background to
float, or varying therange over which the parabolicfit that deter-
mines the minimum and width of the likelihood functionis per-
formed. The “different MC generators’ systematic is assigned
by generating thett templateswith | SAJET instead of the default
HERWIG. Systematicsinthebackground shapeare evaluated by
varying the Q? scale in the Vecbos Monte Carlo program that
models the W + jets background. Studies have shown that the
relatively small non-W background is kinematically similar to
W + jets. The systematic from b-tagging bias includes uncer-
taintiesinthejet Ex-dependence of the b-tag efficiency and fake
rate, and in the rate of tagging non-b jets in top events. Monte
Carlo gtatistics account for the remainder of the systematic un-
certainties. Thefinal resultis:

Mo, = 176.8 &+ 4.4(stat) + 4.8(syst) GeV (CDF prelim.)
(4)

TableV: Systematic uncertai ntiesinthe CDF top mass measure-
ment.

Systematic Uncertainty (GeV)
Soft gluon + Jet Er scale 3.6
Hard gluon effects 22
Kinematic & likelihood fit 15
Different MC generators 14
Monte Carlo statistics 0.8
Background shape 0.7
b-tagging bias 04
Total 4.8

V. KINEMATIC PROPERTIES

The constrai ned fits described above return the compl ete four-
vectorsfor al the partonsin the event, and allow arange of other
kinematic variables to be studied. As examples, Fig. 9 shows
the Pr of the ¢ system as reconstructed from CDF data, and
Fig. 10 showsthe t# invariant mass and the average t and ¢ Pr
from DO. The distributionshave not been corrected for event se-
lection biases or combinatoric misassignments. Intheseand in
similar plots, the agreement with the Standard Model is good.
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Figure 9: Reconstructed Pr of thett system.
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Figure 10: Reconstructed ¢¢ invariant mass (top) and average ¢
ort Pr (bottom) from DO data.

A very important cross-check that the experiments are really
observing ¢t pair productionisto search for the hadronically de-
caying W in lepton + jets events. CDF has performed such an
analysis by selecting lepton + 4-jet events with two b-tags. To
maximize the b-tag efficiency, the second b in the event is al-
lowed to satisfy alooser tag requirement. Thetwo untagged jets
should then correspond to the hadronic W decay. Fig. 11 shows
thedijet invariant mass for thetwo untagged jets. The clear peak
at the W mass, together with the lepton, the £, and the two
tagged jets, providesadditional compelling evidencethat weare
observing ¢t decay to two W'sand two d's. Thismeasurement is
also interesting because it suggests that in future high-statistics
experimentsthejet energy scale can bedetermined directly from
the data by reconstructing this resonance.

Dijet mass of untagged jets in events
with a b tag and a second loose tag

CDF PRELIMINARY 110 pb™

Shaded:
Dotted:

non—top background
top 175 MC + bg
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Figure11: Reconstructed hadronic W peak indouble-taggedtop
candidate events.

V. BRANCHING RATIOS, V;

In the Standard M odel, the top quark decays essentially 100%
of thetimeto Wb. Therefore the ratio of branching ratios

BR(t — Wb)

B=—"+"_""
BR(t — Wq)

()

where ¢ isany quark, ispredicted to be one. CDF has measured
B using two techniques. The first technique compares the ra-
tio of double- to single-tagged lepton + jets events that pass the
mass analysis cuts, and double-, single- and un-tagged dilepton
events. Since the efficiency to tag asingle b-jet is well known
from control samples, the observed tag ratios can be converted
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into a measurement of B. CDF finds:

B =0.94 4 0.27 (stat) &+ 0.13 (syst), (6)

or
B > 0.34 (95% C.L.) ©

Untagged lepton + jets events are not used in this analysis be-
cause of the large backgrounds admitted by the standard cuts.
(Of course, the cuts were designed to be loose to avoid kine-
matic bias; the background rejection is normally provided by 5-
tagging.) The second CDF technique uses the “event structure”
cuts of Ref. [4] to increase the purity of the untagged lepton +
jetssample, alowing it to beincluded in thismeasurement. The
resultis:
B = 123753, 8)
or
B > 0.61 (95% C.L.) 9)

It should be noted that these anal yses make the implicit assump-
tion that the branching ratio to non-W final statesisnegligible.
Thefact that the cross sections measured in the dilepton, lepton
+ jets, and all-hadronic channels are in good agreement is evi-
dence that this assumption is correct. Alternatively, if one be-
lievesthe theoretical cross section, it isclear fromthe SV X and
SLT b-tag measurements that this cross section is saturated by
decaysto Wb. However, these “indications’ have not yet been
turned into firm limitson non-W decays.

The measurement of B above can beinterpreted as ameasure-
ment of the CKM matrix element V;;. However, it is not nec-
essarily thecase that B = 1 impliesV;; = 1. Thisinference
follows only in the absence of a fourth generation, where the
value of V;; is constrained by unitarity and the known values
of the other CKM matrix elements. In this case, V;; is deter-
mined much more accurately from these constraints than from
the direct measurement. (In fact, under the assumption of 3-
generation unitarity, V;; is actually the best known CKM matrix
element.) A more general relationship, which istruefor three or
more generations provided that there is no fourth generation b’
quark lighter than top, is

_ BR(t > Wb) _ |Vas|?
~ BR(t—Wgq) |Vag]? + |Vis|? + Vi[>

Since B depends on three CKM matrix elements and not just
one, a single measurement cannot determine V;;, and we must
make additional assumptions about V;; and V;4. In generd, a
fourth generation would alow V;4 and V;; to take on any value
up to their values assuming 3-generation unitarity. One simpli-
fying assumptionisthat the upper 3x 3 portion of the CKM mar-
tix isunitary. In that case, |V;q|? + |Vis|? + |Vas]? = 1, and B
givesV;, directly. However, as noted above, under thisassump-
tion V3, is very well determined anyway and this direct mea-
surement adds no improved information. Assuming 3x 3 uni-
tarity, the two analyses described above give Vi = 0.97 £
0.15 (stat) +0.07 (syst) and Vi3 = 1.12+0.16 respectively. A
moreinteresting assumptionisthat 3x 3 unitarity isrelaxed only
for V3. Then we can insert the PDG vaues of V;, and V;4 and
obtain:

B (10)

Vis > 0.022 (95% C.L.) (11)

for the first method, or

Vis > 0.050 (95% C.L.) (12)
for the second.

To see that a small value of V;; would not violate anything
we know about top, consider the situation with b decays. The
b quark decays ~ 100% of the time to We, even though v,
0.04. Thisis because the channel with alarge CKM coupling,
Wt, iskinematically inaccessible. The same situation could oc-
cur for top in the presence of a heavy fourth generation. How-
ever in thiscase the top width would be narrower than the Stan-
dard Model expectation. A more definitive measurement[11]
of Vi will be performed in future Tevatron runs by measur-
ing I';,w» directly through the single top production channel
pp — W* — tbh.

~
~

VI. RARE DECAYS

CDF has performed searches for the flavor-changing neutral
current decayst — ¢Z andt — g¢vy. The decay to ¢Z can
have a branching ratio as high as ~ 0.1% in some theoretical
model§12]. The search for this decay includes the possibility
that one or both top quarksin an event can decay to ¢Z. In ei-
ther case the signatureisone Z — il candidate and four jets.
Backgrounds in the ¢Z channel come from WZ and ZZ plus
jetsproduction, and areestimatedtobe 0.60+0.14+0.12 events.
In addition, 0.5 events are expected from Standard Model ¢t de-
cay. One event is observed. Under the conservative assumption
that thisevent issignal, the resulting limit is:

BR(t — ¢Z) < 0.41 (90% C.L.) (13)

The branching ratio of ¢ — ¢+ is predicted to be roughly
10~19[13], so any observation of this decay would probably in-
dicate new physics. CDF searches for fina states in which one
top decays to Wb and the other decays to ¢gy. The signature
isthen lvy + 2 or morejets (if W — lv), or y + 4 or more
jets (if W — j3). In the hadronic channel, the background is
0.5 events, and no events are seen. In the leptonic channel, the
background is 0.06 events, and one event is seen. (It isa curi-
ous event, containing a 72 GeV muon, an 88 GeV v candidate,
24 GeV of Fr, and three jets.) Conservatively assuming this
event to besignal for purposesof establishingalimit, CDF finds:

BR(t — gv) < 0.029 (95% C.L.) (14)
Thislimitisstronger than theq Z limit because of the Z branch-
ing fraction to ee + pp of about 6.7%, compared to they recon-
struction efficiency of about 80%.

VIl. W POLARIZATION

The large mass of thetop quark impliesthat the top quark de-
cays before hadronization, so itsdecay productspreservethe he-
licity structureof theunderlying Lagrangian. Top decays, there-
fore, are aunique laboratory for studying the weak interactions
of abare quark. In particular, the Standard Model predicts that
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top can only decay into left-handed or longitudinal W bosons,
and theratio isfixed by the relationship

Wiong 1 M?
Wiepe 2 MZ -

(15)

For M, = 175 GeV, the Standard Model predictsthat about 70%
of top quarks decay into longitudinal W bosons. Thisisan ex-
act prediction resulting from Lorentz invarianceand the V. — A
character of the electroweak Lagrangian. If new physics modi-
fies the t-W-b vertex—i.e. through the introduction of aright-
handed scale—it may reveal itself in departures of the W polar-
izationfromthe Standard Model prediction. The W polarization
has recently been measured, albeit with low statistics, by CDF. |
describethismeasurement heretoillustratethetype of measure-
ment that will be donewith high precisioninfuturerunswiththe
Main Injector.

The W polarization is determined from the cos 8}, the angle
between the charged lepton and the W in the rest frame of the
W. This quantity can be expressed in the lab frame using the
approximate relationship[ 14]

2m3
cos 0] b

T 1o
where my;, istheinvariant mass of the charged lepton and the &
jet from the sametop decay, and m;,, ; isthethree-body invariant
mass of the charged lepton, the neutrino, and the corresponding
b jet. Thislast quantity isnominaly equal to M;, thoughin the
analysis the measured jet and lepton energies are used, and the
possibility of combinatoric misassignment is included.

Monte Carlo templates for cos 8; are generated using the
HERWIG ¢t event generator followed by asimulation of the CDF
detector. The simulated events are then passed through the same
consgtrained fitting procedure used in thetop mass analysis. The
fit is used here to determine the most likely jet—parton assign-
ment (i.e. which of the two b jets to assign to the leptonic
W decay), and to adjust the measured jet and |epton energies
within their uncertainties in order to obtain the best resolution
oncos 67 . Thesame procedureis applied to W +jets events gen-
erated by the VECBOS Monte Carlo program to obtain thecos 67
distribution of the background.

Thecos 8 distributionfrom the dataisthen fit to a superposi-
tion of Monte Carlo templates to determine the fraction of lon-
gitudina W decays. The dataset isthe same as in the CDF top
mass analysis (lepton + Fr + three or more jets with Ex >
15 GeV and |n| < 2, and afourth jet with Ex > 8 GeV
and || < 2.4). To increase the purity, only events with SV X
tags are used. The cos 8} distribution in this sample is shown
in Fig. 12 together with the results of the fit. The fit returns
alongitudina W fraction of 0.5573 23 (Statistical uncertainties
only). The statisticsare clearly too poor at present to permit any
conclusions about the structure of the ¢-W-b vertex. However,
with the large increase in statistics that the Main Injector and
various planned detector improvements will provide, precision
measurements of thisvertex will become possible. Studiesindi-
cate, for example, that with a 10 fb~! sample one can measure
BR(t — Wiony) with a statistical uncertainty of about 2%, and

have sensitivity to decays to right-handed W’swith a statistical
precision of about 1%[15].
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Figure 12: Resultsof fit to thecos 8} distribution, used to deter-
minethe W polarizationin top decays. The dataset isthe CDF
top mass sample with only SV X tags allowed.

VIIl. CONCLUSIONS

The Tevatron experiments have progressed quickly from the
top search to a comprehensive program of top physics. High-
lightsof therecently compl eted run include measurements of the
top cross section and mass, studies of kinematic features of top
production, and afirst [ook at the propertiesof top decays. Many
of these analyses are still in progress, and improved results can
be expected.

With a mass of approximately 175 GeV, the top quark is a
uniqueobject, theonly known fermion with amass at the natural
electrowesk scale. It would besurprisingif thetop quark did not
play arole in understanding electroweak symmetry breaking.
Current measurements are consistent with the Standard Model
but in many cases are limited by poor statistics: the world 2
sample numbers only about a hundred events at present. Both
CDF and DO are undertaking major detector upgrades designed
totake full advantage of high-luminosity running withthe Main
Injector startingin 1999. This should increase thetop sample by
afactor of ~50. Beyond that, Fermilab is considering plans to
increase the luminosity till further, the LHC is on the horizon,
andaet e~ linear collider could perform precision studiesat the
tt threshold. The first decade of top physics has begun, and the
futurelooks bright.
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