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ABSTRACT 

We review tap quark searches carried out at CDF with data collected during the 1988-1989 CalIidex Run. 
The latest analyses give a loner limit on the top quark mass of 91 GeVjc’ at the 95 % confidence level, 
assuming Standard Model decays. 

When the last Fermilab collider run started in 
1988, the experimental lower bounds on the mass 
of the top quark (A&,) were 26 GeV/c’ from the 
absence of tt production at the TRISTAN efe- 
collider [l], and 41 GeV/c’ at from searches at 
the CERN pp collider [Z]. Since then, e+e- col- 
liders with center-of-mass energies around the Zo 
mass at SLAC and LEP have become available, 
and lower bounds of about 46 GeV/c’ have been 
reported 131. Also, improved lower limits of up 
to 69 GeV/c’ have resulted from the last runs at 
the CERN fi collider with \/; = 0.63 TeV 151. 

The Fermilabp@ collider with fi = 1.6 TeV, is 
the wodd’r highest energy accelerator. This has 
allowed the CDF experiment to have the best 
sensitivity to top quarks at this time. In this 
paper we review CDF results from searches for 
the top quark based on a data sample with in- 
tegrated luminosity of 4.1 pb-’ collected during 
1966-1969. 

Top quarks are expected to be produced at the 
Fermilab collider mainly via the procns @ - tt. 
The ezoss se&on fox thin proreas hea been c&u- 

lated to order a: [4] and is known with a theo- 
retical uncertainty of - 30%. Each top quark is 
expected to decay into a W boron and a bottom 
quark, t + Wb (charged current decay). The 
W , which can be real or virtual depending on the 
mass of the top quark, then decays into a pair of 
quarks (odor ci) or into Icptons (ev, JLV, or rv). 
The final states of the top quark decay are either 
three jets or a jet accompanied by a charged lep- 
ton and a neutrino. Assuming a semileptonic 
branching ratio of b per lepton, purely hadronic 
final states are the most abundant but are very 
difficult to distinguish from large QCD multijet 

backgrounds. Useful top quark signatures em- 
ploy at least one lcpton (e or JJ). Figure 1 shows 
a list of final states and their branching ratios. 

CDF is a solenoidal detector with good elec- 
tron and muon identification capabiiities. Elec- 
tromagnetic and hadronic calorimeters with pro- 
jective towers cover nearly the full solid angle. 
Inside the legion /n( 11.2 ’ the central tracking 
chamber (CTC) measures charged particle me 
menta with precision SP=/P; z 0.0011 (GeV/c)-‘. 
A vertex time projection chamber (VTPC) lo- 
cated between the beam pipe and the central 
tracking chamber provides tracking information 
out to 171 = 3.25. Electrons are identified in the 
rapidity regions /vi cl.0 (central calorimeter) 
and 1.26 < 1~1 ~2.2 (plug calorimeter). Elec- 
tron candidates have calorimeter clusters with 
mostly electromagnetic energy and with lateral 
shower profiles consistent with test beam elec- 
trons. They must he associated to a track ex- 
trapalating to the calodmeter shower position. 
For central electrons, the track momentum must 
be in good agreement with the calorimeter en- 
ergy. In the plug region, where the CTC resolution 
and efficiency arc degraded, energy-momentum 
matching is not required, and tracksin the VTPC 
are e&o used for position matching. Electron 
pairs from photon conversions and Dalite decays 
can be rejected ifs second nearby track forming 
a low mass pair is found in the CTC. Photon con- 
versions cm also be rejected if no track is found 
in the VTPC. Muons are identified in the region 
ITJ( <1.2 by requiring that the tower to which the 
candidate track extrapolates has energy deposi- 

‘7 = -ln(tsn(e/l)). 8 is the angle to the praton 
direction. 
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tion consistent with that of a minimum ioniz- 
ing particle. The region (q/ <0.6 is instrumented 
with muon chambers, outside of the calorimeters, 
for triggering and improved muon identification. 

The first CDF top results came from searches 
in the e+jetr[6] and e&j channels. The e+ jet8 
sample of 104 events was selected having a cen- 
tral electron candidate with Es > 20 GeV, miss- 
ing transverse energy 8~ > 20 GeV, and at least 
two jels with ET > 10 GeV. The major back- 
ground after these cuts is from high PT W events 
produced in amociation with jets. The transverse 
mass variable bf;- = ~E;&(I - coax+..). with 
E& the electron transverse energy and A#., the 
azimuthal separation between the electron and 
missing transverse energy vectors, is used to dis- 
tinguish the top signal from the W + jeta back- 
ground. Figure 2 shows the transverse mass dis- 
tribution for the CDF data, which is seen to be 
consistent with expectations tram W boson de- 
cay done. The top quark would show up as an 
excess of events in the low transverse mass re- 
gion. The absence of such an excess implies that 
Mt, > 77 GeV/c’ at the 95% CL [6]. We note 
that this method of discrimination is no longer 
useful for top masses at 01 above the W mass, 
when (he top quarks decay into real W bosons 
and the transverse maas distributions become in- 
distinguishable. 

The efi signature requires a central electron 
and a muon, both with PT above (L 15 GeV/c 
thmshold (signal region). Each event haa been 
triggered by at least one of the central electron 

Table 1: Characteristics of the top candidate 
event. Observed calorimeter ET is used in the 
PT column for the electron and jet clusters. 

bines the results from two searcher [u]. 
i) Dilepton analysis : an extension of the pre- 
vious ep analysis including the channels ee and 
pp. The search has also been extended to include 
electrons in the plug calorimeter. ii) b tag anal- 
ysis : a search in lepton i- jets events for a low 
transverse momentum muon as a tag of a bottom 
quark in ii - tub q$ decays. 

and muon triggers, which are highly efficient above 
15 GeV/c. The high transverse momentum thresh- 
old separates the if signd from b6 and parti- 
cle misidentification backgrounds, which concen- 
trate at low PT. Figure 3 shows CDF electron- 
muon data selected with E+ > 15 GeV and PT’ > 
5 GeVfc. There is one event in the top quark sig 
nal legion. This high-P* ep event has e. dileptan 
azimuthal opening angle of 137 degrees. There 
is also a second muon candidate in the event in 
the forward region, and some jet activity (see 
Table 1). With one candidate event, a limit of 
Mts > 72 GeV/c’ at the 95% CL war obtained 
from the ep analysis (i’]. 

In the dilepton analysis we require * each lep- 
ton to have PT > 15 GeV/c. After the PT and 
lepton identification cuts, there are 4 ep , 271 ec, 
and 112 J+ events. Kinematic and event topol- 
ogy cuts are then applied to reject the remain- 
ing backgrounds. A back-to-back cut, requiring 
A&r < 160 degrees, where A&c is the dilepton 
azimuthal opening angle, is placed to suppress a 
small expected Z” - TT background. For dielec- 
tron and dimuon channels, the A&c cut also re- 
duces large backgrounds from Z” and Drell-Yan 
events. These backgrounds are reduced further 
by B dilepton invariant mass (Ml0 cut around 
the Z” peak and a cut on missing transverse 
energy. We remove ee and pfi events with 75 
< Mel < 105 GeV/c’ or with & < 20 GeV. In 
tt events, there would be two undetected high 
transverse energy neutrinos, and the two leptons 
are not expected to be back-to-back. Therefore, 
with these cuts, most of the ti acceptance is 
preserved. 

Of the 271 ee and 112 /bp events, 50 ee and 15 
p& events survive the invariant mass cut. The 

2 For the sublet of cp events with eisctmn in the plug 
cdorimetu and muoz, detected out,idc the muon cham- 
her,, the electron t&&old ha, been raised lo 30 GcV lo 
enmre that the trigger is efficient. 

A final limit of h&, > 91 GeV/c’ has been 
obtained by CDF in a later analysis that com- 
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distribution of Abrr versus & for these events 
is shown in Figure 4 along with Monte Carlo pre- 
dictions for Mt, = 90 GeV/cl. After imposing 
the A&l and ,?& cuts, no dielectron or dimuon 
events remain in the data. A total of 1.5 f 0.8 
background events, mostly from Drell-Yen and 
particle misidentification, are expected in the cc 
and JL/.I channels after all cuts. 

Three at the four e@ events are rejected by the 
A.& cut. The three events have en electron in 
the plug calorimeter and therefore had not been 
found in the previous ep analysis. They also have 
*“mu FT 1 and are consistent with being back- 
ground events. The remaining event is the same 
candidate found in the previous analysis (71. A 
total of 1.2 * 0.5 background events, mostly from 
66 and particle misidentification, are expected in 
the ep channel after all cute. We note that these 
backgrounds concentrate at low 9, far from the 
candidate event. 

In the b tag analysis, we search foor additional 
low PT muons in the e + jelr and fi + jets 3 
samples. The low & muon in the event is em- 
ployed ae a tag of the bottom quark in the chain 
t + b - p. It is expected to have a soft trans- 
verse momentum spectrum, with an average of 
3 GcV/c for &, = 90 GcV/c’. Muone with 
PT c 1.6 GeV/c are stopped in the calorimeter 
and do not reach the muon chambers. We re- 
quire l+ > 2 GeV/c to avoid uncertainties in 
the detection efficiency of the lowest momentum 
muons. To prevent overlap with the dilcpton 
analysis, muons with PT > 15 GeVfc are ex- 
cluded. 

For top quark nmsses near the W mass, muons 
from b decays in tfevents are usually be well sep- 
arated from the leading jets. The two highest ET 
jets in such events tend to come from hadronic W 
decay or from gluon radiation, rather than from 
the hadronization of the b-quarks. For bsck- 
grounds from W+ jet8 events, on the other hand, 

I am 1 ~Lo. =ton nitf NC. 
’ GeV-j;’ dilei. b tag pb 

80 0.68% 0.20% 291 10.5 
90 0.80% 0.26% 150 6.5 

t 100 0.83% 0.29% 94 4.3 

Table 2: Detection efficiencies, etq, for the high 
PT dilepton and b tag analyses, the predicted 
central value of ti production cross section from 
Ref. [4] and the total number of events expected. 

ure 5 shows the distribution of the distance AR 
between the soft muon and the nearest of the two 
leading jets for the CDF data and for ti Monte 
Carlo. No candidates are found. The expected 
number of background events from W+ je2r with 
a fake soft muon is 0.9 +0.5. 

The detection efficiencies for the dilepton and 
6 tag analyses are summarized in Table 1. Also 
shown is the total number of events expected, 
N.. = etop x ntc x JLdt, where etw is the sum 
of the detection efficiencies of the two analyses, 
and J Cdt is the integrated luminosity of the data 
sample. The total uncertainty in et,,,,, taking into 
account correlstions in the uncertsinties in the 
two analyses, is 11%. The uncertainty in the 
integrated luminosity is 7%. 

Given one candidate event, and without sub- 
tracting backgrounds, we derive an upper limit 
on the ti production cross section as a function 
of Mt, (113 pb at the 95% CL for M,, = 90 
GeV/cZ). This upper limit cross section is corn- 
pared to theoretical lower estimates of 0,~ (41 to 
obtain a lower limit on the top quark mess of 91 
GeV/c= at the 95% CL for the dilepton and b 
tag analyses combined [8] (see Figure 6). From 
the dilepton analysis alone, the limit would be 
65 GeV/c’. 

Alot has been learned about the mass of the 
fake soft muons (from decays in flight and hadronic t 
punch through) are normally associated to the 

op quark since 1966. Now we are looking for- 
ward to the next 1992-1993 collider run, during 

most energetic jets. Thwc backgrounds are re- which about 100 pb-‘of data are planned to be 
duced by rejecting events where the muon is within collected by CDF. With such a data sample we 
AR < 0.5 ’ of either of the two leading jets. Fig- expect to find the top quark if it is as heavy es 

‘The p + jeta mmplc consimtm of 91 events with P$ > 150 GeV/c’. 
20 GeV/e aad )‘I/ < o.e, with the same jet and miwing 
cnun requirrmenk, ol the L + jet. ..r.plc. 

4ARis a distance mouuredin prsudonpidit~admuth 
,Pa~~ (rdk,,). AR i &A?,)~ + (Ad)z. 
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Figure 1: Parton final states and event topolw 
@es for top pair production. Only final states 
containing at least one electron or muon from 
the top decay are shown. Branching ratios are 
indicated in parentheses. 
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Figure 3: Electron transverse energy vs muon 
transverse momentum for CDF data with inte- 
grated luminosity of 4.1 pb-I. 
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Figure 2: Transverse mass distribution for the 
e + jets sample (points) The solid line car- 
responds to expectations from W boson decays 
alone. The dashed line is for Monte Carlo top 
events for M lop = 60 G&‘/c2 normalized to the 
total number of events predicted. 

Figure 4: Distributions of j?~ Y.Y A&C (a) CDF 
dielectron and dimuon data with integrated lu- 
minosity of 4.1 pb-‘. (b) Monte Carlo 6 + 
et + X events for MC,,,,= 90 GeV/c’ (unnormal- 
ized). Events with dilepton rnw in the range 75 
< Mcc < 105 are not included in the figure. 
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AR 

Figure 5: The ~4 distance AR to the nearest of 
the two most energetic jets for low PT muon can- 
didates in the lepton + jets sample. Also shown 
is the 90 GeV/cZ ti Monte Carlo prediction 
(arbitrary normalization). 

M top @V/c*) 

Figure 6: The 95% CL limits on n,i com- 
pared with a band of theoretical predictions from 
Ref. [3]. The three sets of experimental limits 
are: (1) from the ep analysis alone; (2) from the 
dilepton modes ee, ep and pp; (3) from the com- 
bination of the dilepton analysis with the b tag 
analysis. 
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