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ABSTRACT 

We review top quuk uuehe. culied out at cnF with data coUeehd dwin, the UU-19S9 Collider Run. 
The I .. telt analY'eI live .. lower limit on the top quark man of 91 GeV/ c1 at the 95 % confidence level, 
anumin, Standard Model decay •. 

When the last Fermilab collider run started in 
1988, the experimental lower bounds on the mass 
of the top quark (M,.,.) were 28 GeV Ic l from the 
absence of tt production at the TRISTAN e+e­
collider (1], and 41 GeV Ic l at from searches at 
the CERN pfJ collider (2]. Since then, e+e- col­
liders with center-of-man energies around the ZO 
mas. at SLAC and LEP have become available , 
and lower bound. of about 46 GeV /c l have been 
reported (3) . Also, improved lower limits of up 
to 69 GeV Ic2 have resulted from the last runs at 
the CERN pP collider with";; = 0.63 TeV (5]. 

The Fermilab pP collider with ..Ii = 1.8 TeV, is 
the world '. 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- 1 collected during 
1988-1989. 

backgrou nds . Useful top quark signatures em­
ploy at least one lepton (e or ~) . Figure 1 shows 
a list of final state. and their branching ratios. 

CDF is a lolenoidal detector with good elec­
tron and muon identification capabilities. Elec­
tromagnetic and hadronic calorimeters with pro­
jective towers cover neady the full solid angle. 
Inside the region I'll <1.2 1 the central tracking 
chamber (CTC) measures charged particle mo­
menta with precision 6Pr/P:J.:::: 0.0011 (GeV/c) -I . 
A vertex time projection chamber (VTPC) lo­
cated between the beam pipe and the central 
tracking chamber provide. tracking information 
out to I'll = 3.25. Electron. are identified in the 
rapidity regions I'll <1.0 (central calorimeter) 
and 1.26 < I'll < 2.2 (plug calorimeter) . Elec­
tron candidate. have calorimeter clusters with 
mostly electromagnetic energy and with lateral 
shower profiles consi.tent with test beam elec­
trons. They mud be "Iociated to a hack ex­
trapolating to the calorimeter .hower position. 
For central electroDs, the track momentum must 
be in good agreement with the calorimeter en­
ergy. In the plug region, where the CTC resolution 
and efficiency are degraded, energy-momentum 
matching is not required, and tracks in the VTPC 
are alia uled (or position matching. Electron 
pairs from photon con versions and Dalits decays 
can be rejected if a second nearby track forming 
a low mass pair is found in the CTC. Photon con­
versions can also be rejected if no track is round 
in the VTPC. M uonl ate identified in the region 
I'll <1.2 by requiring that the tower to which the 
candidate track extrapolates has energy deposi-

Top quarks are expected to be produced at the 
Fermilab collider mainly via the process pP _ te. 
The cross section (or this procus h .. been calcu­
lated to order o:~ (41 and is known with a theo­
retical uncertainty of .... 30%. Each top quark i. 
expected to decay into a W boson &lid a bottom 
quark, t _ Wb (charged current decay). The 
W , which can be real or virtual depending on the 
man of the top quark, then decays into a pair of 
quarks (uJ or ci) or into leptons (ev, jJV , or TV ). 

The final states of the top quark decay are either 
three jets or ajet accompanied by .. charged lep­
ton and a neutrino. Assuming a semileptoruc 
branching rat io of i per lepton, purely hadronic 
final states are the mali abundant but are very 

1"1 ::: -In(tan(' / 2)). ' II the anile to the proton 
difficult to distinguish from large QCD multijet direction. 
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tion consistent with that of a mimmum ionit­
ing particle. The region If/I <0.6 is instrumented 
with muon chambers, outside of the calorimeters, 
for triggering and improved muon identification. 

The first CDF top IUults came Jrom searches 
in the e+iet. (61 and e~(7J chan~el;. Tite e+ iet. 
sample of 104 events was selected having a cen­
tral electron candidate with ET > 20 '(3'eV. min­
ing transverse energy llT > 20 GeV, ai\d1at le~t 
two jets with ET > 10 GeV. The n)&jor back­
ground after thue cuh is from hi'gh: P;' Wevents 
produced in IUIsociation withjeh. The transverse 
mass variable Mf" = J 2E;'JT(1 "0,",,",';.,,). with 
E,j. the electron transvene energy and aq,1I1 ~\pe 

Charge PT " ~ 
CeV/ " deg. 

Central e + 31.7 -0.81 132 
Central ,. 42.5 0.80 269 
Forward ,. + 9.9 - 2.0 98 

Jet 1 1. 1.1 341 
Jet 2 S 2.8 88 

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

asimuthal separation between the elech:on .~~d . bines the results from two searches (8]. 
milling tranlvene energy vecton, is used to dis- i) Dilepton an&lysil : an extension of the pre­
tinguiah the top signll1 (rom the W + je.t. b~\c- viou, e~ analysis including the channels ee and 
ground. Figure 2 .hows the trantvene m8:lt .. ~s-,,, ~~, The search has also been extended to include 
tribution for the CDF data, which is seenl ~o be elections in the plug calorimeter. ii) b tag anal­
consistent with eJ:.pectatioD' from_~: ~q!l9Jl . de- o.ysis : a search in lepton + iet. events for a low 
cay alone. The top quark would ~h9.w,dlP as .1\., <t tansverSe momentum muon as a tag of a bottom 
exceu of events in the low trannerse mass,h quark ih tl- illb qqo decays. 
gion. The absence of such an excess implies that In tne dilepton analysis we require Z each lep­
Me., > 77 GeV Ic2 at the 95% CL (6]. We note 1'on. t6 hive' PT '> 15 GeV Ie. After the PT and 
that this method of discrimination is no longer lept"On identification cuh, there are 4 e~ , 271 ee, 
useful for top masses at or above the W mass, an'a 1l2 :~Jt events. Kinematic and event topol­
when the top quarkl dec .. ), into real W bosons 08Y cuts"a'fe then applied to reject the remain­
and the transverse mMt di.tributions become in- ing backgfoundll~ A back·lo-back cut , requiring 
diatingui.hable. ar/Ju ~ 160 degrees, where 6r/Ju is the dilepton 

The e~ .ignature requires ~ cenhN elechon azimuthal opening angle, is placed to suppress a 
and a muon, both with Pr above a 15 GeV/ c small expected ZO _ rr background. For dielec­
threshold (signal !egion). Eacll event has heen tron and 'dimuon channels, the 6r/Ju cut also reo 
triggered by at leut o~e , of ~4e . central' electron duces large backgrounds from ZO and Drell-Yan 
and muon trigger.l, which are higJtlyeffici!;~t ,above evenh'';- These background. are reduced further 
15 GeV/c. Theh,ightr&lll,,:ene .I~lpm~ntu:Jllf*hr.eth- by a 'dilepton invariant mass (Mit) cut around 
old sepu&tea th~ .. ti , ign,al from bli ~4 R&lti" tht' Zo :· ptak and a cut on miSiing tranlverae 
ele misidentification backgrounds, which cQncen- energy: We remove ee and IJ~ events with 75 
trate at low Pr. )i.sure 3 ~sho.wl ~DF ·.ele~hon,!. ~'Mt'l ~ 10'5 GeV/c2 or with liT < 20 GeV. In 
muon data lelect'i~ with$,j. > 15 9 .eV and P'; > ltt ''event., there would be two undetected high 
5 GeV Ie. There is one event in the top quark sig- tra~sveue energy neutrinos, and the two leptons 
nat region. This ~gh.-Pr. e~ eyent ~" .. 9- ~i1epton ' are not1expected to be back-to-back. Therefore, 
azimuthal openins.:al!gIe of 137 degrees: '{I,here with~ !nese" cuts, most of the ti acceptance is 
is also a lecond IUI-!.,?n. candidate in 1.be event in , ' preserved . . ;>.~ 
the forward legion, .. ~d ~p1e jet activity (see ~ or thei271 ee and 112 ~JJ evenh, 50 ee and 15 
Table 1). With one c&ndid&;te event, a liJnit of :rp~ ~venrl''Iurvive the invariant masl cut. The 
M,., > 72 GeV/r;} at the 95% C~ ,WAQ~taiDeJ;i,- KG I-, C 

- ·.1.Fo~ Ike tubut 01 .,. UUIII with cintron in the pille 
from the e~ analysi. (7] . "alo'ri"me·l~ and mllon ddeeled olluide Ihe muo n. " I\&m. 

A final limit of M,., > 91 GeV Ic2 has been ben, the electron. Ihl'uhold h. .. been. failed 10 30 GeV 10 
obtained by CDF in a latel analysis that eom- en'lll'e thai Ihe 1rillet';1 efficlCIII. 
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distribution of tl.rPtt versus ~T for these events 
is shown in Figure 4 along with Monte Carlo pre­
dictions for Mt ." = 90 GeV/ c2, After imposing 
the AtPll and IT cu ts , no dicledron or dimuon 
events remain in the data. A total of 1.5 ± 0.8 
background events, mostly from Orell-Van and 
particle misidentification, are expected in the ee 
and Ill-' channel, after all ell ts. 

Three of the four CJA events ate rejected by the 
I1tPtl cut. The three event. have an electron in 
the plug calorimeter and therefore had not been 

M1..,. "" "" '" N •• 
GeV/ (:l dilep. b I. p' .. 

80 0.68% 0.20 0 . , ~9 1 10.5 
90 0-:-8.~ 0 .2~, 1- , 1.50 6.5 
100 0.83'10 9_.29 .0 ~ ~' . 94 4.3 · 

. ..~ ,. 
Table 2: Detection efficiencies, ·tt .." for the high 
PT dilepton and b ~ag analyses, - the predicted 
central value of tt productjon,croll section from , 
Ref. (4J and the to)~~ .. numf.~l' .of events expected. 

found in the previous ell analysis. They also have _. !_'/, 

small $x , and are consistent with being back· .,j'~ .1, . ~ 

ground events. The remaining event is the same ute 5 shows the ~ distribution"of'th'e distance tJ.R 
candidate found in the previoul analysis (7]. A ~l ~~een the.soft'tWuolfi.hd the nearest of the two 
total of 1.2 ± 0.5 background events, mostly from..:.: . Je§ding jets for di.t CnF 'data and for tt Monte 
bb and partide misidentification, are expected in ,. Ce,rlo. No candid"tes .are found. The ~expeded 
the ell channel after all cuts. We note that these .'. ~ber ofb.ackgtoulldi'events from W +jet.~ with 
backgrounds concentrate at low PT, far from the ._ ~ f,,~e seft muon is 0.9.£0.5. 1'1 '. \ ': 
candidate event. ~ J.' ~' 11'.he de~ection efficiencies' for the dilept6n and 

In the b tag analysis, we search for additionl!-l , .. b tag. analyses at6 iummalizedii Table 1. Also 
low PT muons in the e + jet. and ~ + jet. ~3 ' sho·wl;\. is the total number of<. events 'expected, 
samples. The low PT muon in the event is em.- .Ji'cw; = . f l.., x "eI ')( :rCdt, where tl..,. is the sum 
ployed as a tag of the bottom quark in the ch~ .'-Pt*h9 detection efficiencies of tlie two analyses, 
t - b - Il . It is expected to have a soft trans- ~:.ang.~J..cat is the integrated luminosity oUhe data 
verse momentum spectrum, with an average 9£ ~8lJlple. The total uncertainty in tl..,., taking into 
3 GeV/ c for Mt ..,. = 90 GeV/c~ . Muonl wi~~.::; a~unt : correlaticinl in the uncertainties in the 
Pr < 1.6 GeV/c are .topped in the ca1orimeh~w_.\wo;;analyse. , is <11%. The uncertainty in the 
and do not reach the muon chambers. We ~~lo integrated. luminosity is 1%. 
quire PT > 2 GeV/c to avoid uncertainties iti': · G iven one candidate event; and without sub- '~' 
the detection efficiency of the lowest momentum. ~tracti~g Q8ckgrounds, we derive an upper limit 
muons. To prevent overlap with the dilept~n~ ,of!. ,tn.~, tt .production croll section &I a fu'iic~ion ~ :" 
analysil, muon. with Pr > 15 GeV Ie are ~~;'b.;:<!,f #1"; ,(1,13 pb u.t the' 95%, CL· rin :Mi.,J.' :;:::!.90 . 
eluded. , .pe V le2J. This llpper' !iinit 'c'ros! :lectidrfi:i lconf"~ -· ! ~., 

For top quark mUICI near the W mau, muon~.: pared to theoreticdJ loW'er' ei€ihiale:s lOf "If -[41 til · :", j 

from b decays in tt events are usually be well sep:'~J; o,~n (lt.loJo;' er IirrtiV'oh tHe top cl'uarklh\ad ot 9F ~. 
arated from the leading jets. The two highest E'1'r- Ge}//c3 at .~he 95% rGL fof. thi dilep(ori"ind"b] i1.­
jets in such events tend to come from hadronic If '\ ~a& anaiY,sea combi-rced (8n~~e Figure .6) .. . Ff'Jb 
decay or from gluon radiation, rather than from _.~the ~i1ep~on', analysii alone~ ~'he linlit wOUICl. tie' 
the hadronuation of the b-quarks, For back· ".8SGeV/c2. I ~ 1 ~/;~'. ;l" J~ ": .. 'l:~ -··> ~" i '--J", 

grounds from W + jeb events, on the other hand;~ I . . . A)ot . h~~ b~en · It&:ll\~d ,eMut· ·th~ rrliistb'£.the ! .• ' 

.. 

fake soft muons (from decays in flight and hadronfc·. t~p'!' 9u"rk lince 19S5r N'Qw" we' a;d- looki:ng 'ro~r~· .' ~j >l l£r 

punch through) are normally usociated to the ·· ward tO lt~\I - qext 1992'1993 :c611id.er~ 'lun, 'during :..:::;;~.t ~ . lr 

most energetic jets. These backgrounds Me re-I .,,~hifh. sbout 100 pb- Ior.dilte. ate 'plaifnei:i:l o be :: ~ .. ~11.\\ '); • 

duced by rejecting events where the muon is withi~ ,:coll~Qted .bI. C;:DF~' With iudi .1Ii ~ata iample·~e .;: ~: ._ J : !e l •• 

dR < 0.5 4. of either of the two leading jets. Fig: . e~pect to .find th~ topTquatk"'i(.it is as heavy u:.~ .J •• ,}.. ~ ,.." ••• , 

j" 150 d vj 2 ." .c .1':> I~' ~ .. ! 11:' 
3The J.' + ;eh a&nlple (:onalat a of 91 e...,nt, with P;' > " ,,; . ~ : ,!?< ·t. • - ! l;, ': ILIU' ~ 

10 GeV Ie: IUId 1 .. 1 < 0.6, wilh the t&nle jet IUId mining. ) . ~J"'~ , r .:':' .;" ~ ( ... ".. t "JI.' 
. fh . ' , I _.":: '. ti~ \· .l- ."· cner(p' ~e:qll1t~c:nu 0 I e: e .,e I lamp e,. . • 'iI ;<::' " .: J." '..J' . ' _ •••• 

f 6R it a dj,llUle:e meuued II!. uudorapldjt),·al.lmuth 

'pace (radjlUl') . 6R =: (.o."p + (.6. .. )2 . 
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Figure 1: Parton final states and event .\0p.01<?,"; 
gies for top pair production. Only final states 
containing at leasLorie electron' or muo"rt from 
the top decay are shown. _Btanching ratiOs ;ar~{ 

Figure 3: ' Electron transverse energy vs muon 
transverse momentum for CDF data with inte· 
gi'ated"luo:;.inbsity of 4.1 pb -1 , 
r '~ ,::! , *' 

indicated in parentheses, _ .,;1 ..... J ".J;"-:' 'J 

N 
U 

:;; 
0) 

t9 
0) 

c 
0) 

> 
W 

,', 
'.!! .. , ' I. .; , ' ~) cor OAU 
r. ;;~! '!.' ~I "::,, ! 80 '_".:~:!~':_;;::_C_O _____________________________ , _ 

.. ,:.: \ 

" ,J ~ O~ : .' ' i _ '" 

~'~i 

" 
'~ 

, 
., 

(0 ) B-
<l 

0 , . 0 20 '0 " " 100 30 

"",,, ~ , .-~ ~) r.«)H1( CAAtO '" 1¢O'W CeV/c 1 

-/ '\: ,,,",,. r::: ~C'-n:., .. ~.·.:._·;·.~::,':;.-/.·:.~ ·_ --·--T , --:.-
/! \ ~ ')" L ~.!~tl~;'· 9,0 ' .': '. '!,~ " '.:~~ ':': .. : 

_// ',Iot .. j . ~~:~; :'''+' " . ~.: ;'r-,,' 1,,1;' ~ ' 4~ " .. ~: ,.,.::, .. ,'! .. ;:." :(. 
~ , _ ,)0 

'I'" . .... .:.:, : , ~ ~.;;;,., , : .lrih: <]'. ' :" • ' .. 

°0 '''40Y
': ' 80'''":: '; f26" ~.: ,~ :; !.~ , .00 20 10 50 80 ': ei:-' ":.\ , .' -z,r _ .. " '., -' . 

M . - (GeV/c .} ",-" ... ' ,- Ff r (''' I 
. .. ~ . k , ; /J . , ~: •. ' "')".1"'; " ' ~" 

20 

10 

Figure 2: Transveree ,mass ~di8tQ~)ltiqlk : for t he .:~i&'ttre ·4'! Distributions of h va t1tPlt . (a) CDF 
e + jets sample (p~int.§) " .The ,solid line cor~ I.! dielec.tlon: ·and dimuon data with integrat~d lu­
responds to expectations from W boson decays min05itY c:Of 4.1 pb':.. l. (b) Monte Carlo tt -
alone. The dashed line is for Monte Carlo top it + X events for M lop = 90 GeV /e 2 (unnormal­
events for Mfop = 60 GeV /e' normalized to the ized) . Events with dilepton mass in the range 75 
total number of events predicted. < Mu < 105 are not included in the figu re. 
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