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ABSTRACT 

SEARCH FOR THE TOP QUARK IN 
ELECTRON-MUON EVENTS IN THE COLLIDER 

DETECTOR AT FERMILAB 

'.A Disscrtuion Presente<! to the Faculty of the Graduate School of Arts &nci 

Sciences of Bra.ndeis t:niversity, Waltham, ~lassachussctts) 

by M.ilciades Conueru 

A search for tf - eµ - X in 1'P collisions at ./i = l.8 Tc\' is described. The 

production and decay of top quark-antiquark pairs is considered in the context of 

the Standard ~!odd. The analysis is based on data with an integrated luminosity 

of 4.~ pb- 1 recorded with the Collidcr Detector at Fcrmilab in the 1988-1989 n:n. 

An upper limit on the t[ cross section is obtained and the top quark i:i the ma.ss 

:aogc 28 lo i2 Gc\'ic2 is excluded at the 953 CL. The same limits &?ply to a 

possible fourth generation, charge - ~, b' quark, dccayini; via the charged c:.irrcr.t. 
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Chapter 1 

INTRODUCTION 

In. the Siandard Model (SM) the constituenu of all maner are arranged in three 

generations of quarks and leptons (Table 1.1). A fourth genera.lion is in principie 

ailo possible. Recent experiments at e• e- colliden have ruled out the possibility 

of a fotuth light neutrino, implying that a fourth generation is only a.llowed if its 

neutrino bu a mus in excess of - 30 GeV /t:2 [l). Experimental endence from 

meuuremenu of the forward-backward asymmetry in c+e- - "and from the 

absence o{ flavor-changing neutral-cunenu in bottom quark (I>) decays, implies 

the ui&tence of aa iaodoublet partner of the 6 quark to complete the third family. 

The postulated sixth quark ( t, or top) has not yet been observed. Searches for 

the top quark at e•c and yp experiments have placed lower limits on its mus. 

Phenomenology prondes lower limits on M.., obtained from fits to SM parameters 

to account for the obsened degree of B° So mixing, and upper limits by requiring 

consistency of SM parameters with the meuured W and Z boson mu1et, aad 

with weak neutral-current data. Some of this evidence will be briefly reviewed 

fuzther in this chapter. 

In the period from June 1988 to ~fay 1989 the Collider Detector at Fermilab 

( CDF) collected approximately 6 million events produced at the Tevatron proton­

antiproton collider at a center of r:::1LSs energy of ../f = 1.8 TeV. This is the largest 

center of mus energy attainable in tile world today, and the luminosity of the 

data collected represents an incr•ue by a factor of 100 over the data collected by 

CDF during the previous 198i run. With this data-sample, we have obtained a 

sensiti,;ty to top quarks with muses in the vicinity of the mus of the W boson. 

This thesis describes a search for the top quark performed with the CDF detector. 

The process investigated is the direct production of quark-antiquark pain, and 

( ( 

the sig11&uue l!Dlp!oyal. is the presence of both an electron a.nci a. muon wi;!l l:.:~ 

transvene moment& (Pr) and with opposite electric charges. 

The thesis is orgu.ized a.s follows : the remainder of Chapter 1 contains a 

snmmary of phenomenological comuainu and of the main experimental results 

from top quark searches. The QCD predictions for heavy qua.:k prociuc:-..jol: i:: 

hadron collision.a a.re bridly reTiewed, and the signatures for the top quark at the 

Tentron are discussed to motivate the methods of our top quark searcl.. 

Chapter 2 describes the components of the CDF detector tha.t a.re rele-ra.nt for 

the analysis. A brief description of the accelerator is also given. 

Chapter 3 describes the on-line triggers capable of detecting clect:Oil-muon 

eYentl. the variablet utilized off-line for the identification of electrons and muons. 

and studies of the selection criteria on electrons and muons using leptOllll from 

ze decays. Aho, t- data proceuing streams are introduced in this chapter. 

rust, an expraaline or 'Spin' outp11t stream selected leptons with high enough 

tranavene energy to ensure a small alllllber of events to process (during the course 

of the run, Spin was only about t- weeks behind data ta.king) but low er.oug!: 

to capture an important fraction of the top events which decay into leptons. The 

Spin sample hu the major advantage of having the full luminosity of :!:e CDF 

1988-1989 run. Second, a standard 'Production' output strea.m with reduced 

lepton thretholds allows a study o{ the backgrounds. When the analysis of this 

thesis wu performed, the Produclioa output stream had processed roug~y half 

the full luminosity of the Spin, but the low lepton thresholds allowed the co:.iection 

of a high statistics eµ. sample for comparison with expectations from bottom quark 

production. 

In Chapter 4 the top quark signal region is defined and motivated. 7he de· 

tection efficiency for ti-+ eµ. ... X iu this signal region is deri~d u a fo:;.ct:on of 

top quark mus and decomposed into separate geometric acceptance, :rar.svcrse 

momentum acceptance and reconstruction efficiency terms. The Spin eu ci&ta is 

shown and compared to Monte Carlo eipectations for various top muses. One 

candidate is fowid in the data in the signal region, whereu 33 evena &I:d 7.5 
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eftllts are apecied in this ttgion irom ti-+ ep-.- X al M .. = 28 GeV/i' and 

70 GeV/c', iupectiftly. We also show results from the Production ep da.1.& and 

compare it to Monte Carlo cxpectuions for Db -+ eµ - X. We find air agree­

ment betWttn these dal& and the Monte Culo predictions for the rates and for 

the shapes of distributions of several lci.nemuic vari&bles, iacludiug the u:imudw 

a.ngulu M:p&r&Lion bet ween the two leptons, missing tranTene eaergy aad lepton 

isolation. 

Gi vm tha.i we observe only one eTent in the signt.l region, and that the bulk 

of the eµ data is consistent with 6' production, in Chapter 5 we derive an upper 

limit on the ti crou section as a function of top quark DlaM M,... Systematic 

a.ncenainties are discu.ued, and the 953 CL upper limit Oil the expected number 

of natl in the sign&l region is obtained u a function of M- This Hmber is 

1Ued along witla the Monte Carlo calcul&Lion of the t{ detection ef!icimcy u & 

function of M,.., the integrated luminosity, and the IC!llileptonic branching ratio 

to pro-ride the vpper limit on the tI production a.a section, which is conftf\ed 

into a lower limit on M .. by using the predicted tl c:roa .ections. 

Chapter 6 contains the summary and conclusions of the ant.lysis. The possi· 

bility of extending the sensitivity for detecting top quarks using the 1988-1989 

CDF data is considered. The top quark disco-rery potenti&l for futme collider 

rum with upected recorded integr&ted luminosities of 20 pb-1 (1991) and 100 

pb-1 (1993) i1 discuued. 

1.1 STATUS OF SEARCHES FOR THE TOP QUARK 

When the &n&!ysis of this thesis wu car:ied out, the experiment&! lower bounds 

oa the mus of the top were .H,., > 28 Ge Vi c1 from the absence of tt production 

at the TRISTA:S ., .. .,- collider :2'., and M,.. > 41 GeV/i' &t the 95~ confidence 

level (CL) from searches &t the CER.'\ p; collider !3]. 

Since then. results from the TE\'ATRO:S p; collider from two independent 

channela become available. The CDF e-jeu ant.lysis excluding top quarks with 
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mass in the raage 40 - n GeV /c' and the CDF ep ant.lysis \this thesisj ex· 

cludiDg the range 28 - i2 GeV/c' ban: both been published ;s.&!. The e-jets 

an&lym searches for,,; -.. tf .... e.1X in eTelltl containing an electron. hro or mott 

hadromc jets. &nd missing transverse energy (.E;T-). The transverse mass varj. 

able My = y'2£+Er'°(l -cos~'-), with EJ. the electron transverse energy 

and ~-- the azimutht.1 separation bet.ween the electron and missing tr&llSffne 

eDergJ vecton, is used to distinguish the top signal &om the dominant Ir ~jets 

background. Extended aaalpes (which will be clilcuued in Chapter 6) are un­

derway at CDF. 

Recently, e• e- colliders with center-of-mass energies arOUDd the Zo mau &t 

SLAC aad LEP haft become anilable, &nd lo_,, bounds of M,.. > 44.8 GeV /c' 
1•] have been ttponed. AJ.o, & new 95" CL limit of M,.. > 69 Ge V / t? from & 

recat higher lu.miaomty run at the CERN 'fl collider hu been reported :7: by the 

U Al collaboration. The LEP renlt is bued oa a search for Zo .... tt, where the 

signature ued is the praence of &n Uolated charged particle from semileptonic 

t-decay. The UA.2 renlt is hued on & search for 'fl .... W - t' and p; - ti in 

events with an electron, one or more hadzomc jets, and missing transverse energy. 

A1 in the CDF e~jetl an&lysis, the tr&Jllvene mus variable is used to distinguish 

signt.l from backgrounds. 

1.2 PHENOMENOLOGICAL CONSTRAINTS 

The fonrard-b&ekward uymmetry (Ar•) in the process., .. .,- .... qu&rk-ai:aiquark, 

is defined in terms of the number of quarks produced in the electron (fo,.....ard) 

direction N{ &nd tbe number produced in the positron (backwud) direction 

N!, namely, ArB = (N{ - N!)/(N{ + N!). The process e.,.e- - ~can 

proceed through phololl annihilation or through Zo anmhilatior.. LS is shown in 

figure 1.1. The couplings to the b are also sho'Wll in the figure. The uymmetry 

arises from the interference between the u:i&l-vector coupling of the &.quuk to the 

Zo (tlj,) ud the n:c:tor co11pling to both -y (Q•) ud Zo (v.), and is proportion&! 
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to -.. The JADE co!l&bor&tion :s; has made the most accurate mea.sutt::nent o! 

the b-jet asymmetry, which was arried out at an e•e- center-of-mus energy of 

~.6 GeV. The meuumi value of A = 1-22.li : 6.0: 2.5 )3 implies an axial­

Tector coupling for the bottom quark (assuming Q, = -l for its charge) of a.= 

-0.90: 0.24:: 0.10. A conection faaor '.9: that tiles into accoul B° fjo miring 

(using the meuurement from the ARGt'S collaboration [10;), brings the JADE 

measurement lo .. = -1.15 ± 0.31±0.18. This ism good agreemot with the 

Studard Modd expectation of a.= -1 (for a weak i~ of -l) which implies 

that the bottom quark is a member of an SU(2) doublet and hence that the top 

qua.ri: exists. 

Absence of FCNC decays of the />-quark. 

At the time whm only "•ti,• quarks were knoW'll, Glaahow, Iliopoalol and Maiani 

pointed out that the exi1tence of a cha.rm quark (in a aa.me dotablet with the • 

quark) would explain the experimentally obscrred extreme suppression of llHor­

changing neutral-current (FCNC) a - ti transitions. The cancellation of such 

lia'IOr-changing transitions occun in general if all left-handed quark states appear 

in doublets and is known u the GIM mechanism (after the authon). In the same 

way, models Tith a Ii but uo t should have FCNCs 'risible in 6 decays. Kane 

and Pesi:m have shown [11] that in models in which the 6 quark ia a weak SU(2) 

singlet, the neutral current decays in acmileptonic 6 decays should occur at a rate 

such that f(B .... 1+1-X)/r(B .... 1•11X) ~ 0.12, which gives a branching ratio of 

at leaat 1.3 x 10-1 for b -+ 1+ 1-X. Figure 1.2 shows charged-current and neutral­

carrent diagrams contributing to semileptonic b decay. The CLEO collaboration 

hu searched for p.•µ- X and e-e- X final states in a sample of T(45) decays :12!. 
Expected sources of dileptons are semileptonic decays of both the B and the fJ 
from T(45) .... B!J, cascade decays, B .... vX .... 1+1-X, aemilcptonic decays 

of the D and the fJ from cc production in the continuum under the T(4S). and 

misidentified hadrons. The rates oi all these sources can be reliably calculated, 

and any excess of opposite-sign dileptons beyond the expected rate is attributed 

( ( 

to FC:SCs. The &aalysis sets a 90 3 CL limit of i'.B(ll - ,,·,.- X) - B(b -

e•e-X)] < 3.1 x 10->, well bdow the Kane-Peskin limit. and ra!es out moc!e!s 

lacking a top quark. 

B° fjo mixing. 

B°So mixing wu first o'-rrcd in.,; collisions by the t"Al collaboration ~13;. 

h bu .WO been obsened in e·e- collisions by the ARGt'S :io: cid CLEO )·( 

collUon.iions. 

Through mixing, a B° 111C10n can transform in\O iu anti-particle, :he So. 
before dec&ying. The second qua.ri: in the neutral B meson can be a a-quari: 

(S: = &.i) or an 1-qua.ri: (~ = ~•). S:.8: and ~b: mixing proceed th.rough 

'box diagrams' illustrated in figure 1.3. B° Bo pain can be produced in e·e- and 

'l'i experiments, and the signature for mixing is an excess of same-sigu dileptona 

from the ICIDileplclllic decays of both B mesons of a B" B° or fio fio final state. The 

ARGUS and CLEO measurements were based on a studies of S:B: pain produced 

in T( 45) decays. At the T( 45), ~~pair production is i:inematical!y forbidden. 

The raiio.,. = [N(B°B°).,. .V(fiofio)j/N(B°jjo), wu measured by ARGt:S to be 

r4 = 0.21 : 0.08. 

In a three-generation standard model, mixing is described by a pan.meter z 

which is related to experiment by .,. = z2 /(z2 • 2). The par&::leter ::, has an 

explicit M,2,.. dependance [15) which has been used together ..-;th the ARGt:S 

meuwement to set a lower limit of .v,. ~ 50 GeV ;c" )0,16.17 .. 

Radiative Correetiona. 

The standard model predictions for the Z and l\" mass and their :nterdepence. 

confronted with the measurements of .\/w and .\lz and with weu·neuaal-current 

data, ha Te implications on the top quark masa which have been discuued by 

variow authon, including [18,19,20.21:. 
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The stanciud model prediction for the W &nd Z muses is ;is;: 

_y2 = Ai • 
IF (l - ~r}sin· llF 

(l.l) 

.,..here the weak mlling &ngle Bw is defined by 

. 21 -1 (Jf ... 2 
nn IF= - Mz J • p .. 2) 

The coutut A = .jro./ v'2G,. depends on the precisely deh:rmined fine-nructUtt 

const&Dt o. ud muon decay comta.nt G,. a.nd hu the nlue A= 37.2805 = 0.0003 

GeV /c!'. ~r denotes the effect of one-loop r&di&tin correctiom [19~ of the kind 

illustr&ted in figure 1.4. ~r is & function of the top qnuk mua and the Higgs 

mus Ma, and u is shown in figure l.S the strongest dependance is 011 .V..,.. It 

&!Jo depends on the mus of other fermions such u the chum ed bottom quuks. 

but these ue constr&ined from low energy phenomenology. 

Some of the most important constrainU on M,.. are l11DZJDarized in figure 1.6 

'.21]. Since the Ma dependance of the ndi&tin com:ctions is small, Ma = 100 

GeV /c!' wu chosen for simplicity. The :::10' uncertainty b&nda 011 si112 lw ue 

india.ted u & fu.nction of M.., for sever&! detennin&tions: 

• M1 

By combining eqs. 1.1 ud 1.2. sin2 lw c&n be determined u & fu.nction of 

~r ud Mz (with no Mw dependuce). The measured nlue of l\lz c&n 

then be used to give the duhed lines in figure 1.6. 

• Alw/Mz 

The definition of 1in2 lw of equ&lion l .2 c&n be used together ... ith the 

meuured v&luc: of Jlw /Mz to derive the dotted lines in figure l.6. 

• 11N 

D&t& from deep-inelutic neu1rino-nacleon sc&1tering (vN) [22,23) hu le&d 

to determin&tions of of 1in2 lw shown with duh-doned lines in figure l.6. 
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As - in figure US. the combia&tion of .Vz with 11.Y neutral-cu=t ci&t& 

giYa an upper limit-or- 200 GeV/t:1 on JI,,., and the combin&tioll of .\fz with 

the Mrr/Mz delamin&lion Jidda e upper limit of - 250 GeV1t?. When ail 

d&t& are combined in & global lit, an upper limit on M..,. of - 210 GeVit? is 

obtained [2(. The SLAC meuurement of !tfz = 91.17 = 0.18 Ge\" c:1 :z4~ a.nd 

the CDF measurement of Mrr = 80.0 ± 0.2:: 0.5(±0.3) :25; wen asecl. as input. 

Today, more precise measiuemt:11.U of M., &nd Mz ue &'fail&ble. but the upper 

limit on M..,. is not chaaged importutly. 

l.S HADRONIC PRODUCTION OF HEAVY QUARKS 

In the: QU&Dtum Cbromodyumics (QCD) puton model. the sultuing cross 

RCtion of two hadrons into & p&ir of heaTy quarks (A+ B - Q + Q- X) is given 

by: 

tr(•) = ~ j U1U1iT;;(z1z 2•, m1 ,112)F,A(zi.11)F,•(z2,,.) , (1.3) 

when the structure fimctiom F,A are the prob&bilities of finding & p&rton i in 

hadron A with mome11tum fractio11 betwee11 z 1 ud z 1 - tlz 1 , m is 1he hury 

quuk mus. uad ../i is center of mus energy of the A - B sys:em. u is Ul 

ubitrary tea.le rel&ted to the: energy tea.le or 1hc: interaction. The: p&--tollic c:ou 

sectio111 0-,;, for the: proceu ij - QQX are c&lcul&ble u u exp&nSion of the 

strong coupling o.s [26]. In the lowest order(~), the: processes co:mibu:ing are 

those o( gluon-gluon fusion ed quarlr.-utiqauk &nnihilation: 

g+g-Q+Q 

q+q-Q+Q 

The Feynmu di&gr&mS for these processes &re: shown in figure l. 7. Two i::nporu.::u 

kinematic consequences of the leading order processes ue . '. l; :::e quark a.nd 

&nliqauk are produced back-to-back in the parton·p&rton cente: cl cus !rl.l:lle. 

ud rem&in b&clt-to-back in the plue tr&nsverse to the cowd.ir.g bea.ms: &nci (2! 

the hury quaru ue emitted with &11 &ver&ge tr&mvene moment= of about the 

quuk mus mq. 
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The idea that higher orde: procrsses c.ould h&'tt an import&nl role in heavy 

quuk production is sugested by consiciering the fngmentation (or splitting) oi a 

£..nal state gluon from gg - gg, into a pair of heary quarks. The splitting g - QQ 
occurs only a sma.ll fraction, of order - as( m2 ). of the time. HoweTer. ginn the 

luge crou section of gg ...... gg , it ca.n be a competitin quark production process. 

This process (gg .... gQQ) and other 2 - 3 proceaa of order~. as well as the 

ai p&rt of the 2 ...... 2 processes of 1.4 hne been calculated by Nuon. Daw10n &nd 

Ellis [26]. The following p&rton subprocesses were included in the cal~tion up 

to order ai: 

q+q-Q+Q .rs. cri 
g+g-Q+Q a},cri 
q+q- Q+Q+g a:i 
g+g-Q+Q+g cri 
g+q-Q+Q+q a} 

g+q-Q+Q+q a} (1.5) 

The theoretical hea•7 liavor crou sections are dependant on the dif£erent input 

quantities : puton structure functions, choice of reiiormalintion and factoriza­

tion scale "' the choice of running coupling as (or equivalently, the choice of the 

QCD pararnrter A, since as is a function of I'/ A), &nd the m&11 of the heavy 

quark. Figure l.9 [27! shows the µ·depend&nce of the tlX cron section for the 

leading order and next-to lea.ding order calculation. Tbe sentit.ivity to the scale 

µ i1 reduced with the inclusion of the O(Q~) corrections, making the theoretical 

prediction more reliable. Altuelli et al. '281 hue studied the total cross sections 

for top, bottom. and chum production using the results of :N'uon et al. :16:, 

together with a recent set of structure £unctions, DFLM [29}, allO obtained with 

next-to-leading accuracy. Their result' for n ...... tlX at ./i = 1.8 TeV are lined 

in Table 1.2. They quote a 'central nlue' cross section evaluated at µ = m &nd 

.\1 = 170 MeV (5 activellnon), and &n 'indicat.inerror', typically within - 303, 

derittd by varying µ and .\1 in the ranges lm $ µ $ 2m and 90 Me V $ .\1 $ 250 
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.YeV. Figure l.10 shows these aoss sections for yp coilisio:is at .. /i = l.S :eY 

and ,fi = 0.63 TeV. 

In the case of the bonom quark. the theoretical prediction for :he cross sec:io:. 

has iarge uncertainties. The se&ie depeuduce of the bb c:.-oss section is s!.o-.r.z 

in figure l.ll for the }e&djng order and nui-to leading order calculations. In 

contra.st to the cue of the top quark, the inclusion of the higher order corttetio:i:s 

subt&Dtially increases the cros.s section, and also increases 1he semith;ty to tie 

sc.ale I'· The smaller mass of the bottom quark C&llSes the coupling coruta.zt to 

be larger and the higher order contributions become more important. 

1.4 FRAGMENTATION AND DECAY OF HEAVY QUARKS 

After 1. heavy quark ii produced, it 'fngmenu' or 'hadronizes' into a hadron 

containing its 111."l'Or, and some softer, light-111.TOred hadrons. An example o! t!:e 

fragmentation aC a top qurk is shown in figure 1.12. 

Tbe fragment1.tion function Dg of a hel.'t'y qurk Q into L Q-li&Toreci l:a.dro: 

H describes the probability that the hadron ca.rries away a fraction of the qua:£ ·s 

momentum between z = PB/Pq and z.;.. tlz. A softer fragmentation (i.e. :!le 

hadron curies away l9s of the quark's momentum) will resul: in more accompa­

nying hadrons with higher energies. Be-.vy quark fragmentation is modeled with 

the Peteraon parametrization ~30): 

B N 
Dq = . ( ) , )' 1 Z[l - l/z - <qJ(l - Z j 

where N is a normalization constant and the Peterson parameter< is propor.:o!la.i 

to l/M~. Tbe Peterson puametriza.tion adequately drscribes existing c L:>C b 

quuk fragmentation data. as is seen in figure 1.13, and is increa.singiy i:ude: !o: 

Q = c,b,t; u is shown in figure 1.14 :31:. 

In the spectator approximation, the heary quuk contained in the h..C..."On 

is assumed to decay independently of the other connituents, since the ec~ 

releaaed by the quark is much bigger than the typical quark binding energies. 

I! the top is sufficiently heny ( .! 150 Ge\' ic2) it will not form L ha.G:on 
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before deay'.ng, since it will have a width f ~ I ~V (or equiTalently, a lifetime 

~ 10-"s), and will decay v~ fut (in comparison to typical hadronic scales). 

The width r of the top decay is shown in figure l.15 as a fu:iction of the top mass 

)2]. 

The top quark decays into a JI" boson (charged current decay) and a bottom 

qU&l'k. This decay, t ..... W6 , is illustrated. in tigi= 1.16. The W , which an 

be real or virtual depending on 11'hether or not M,. > Mw - M-, will then 

decay into leptons (e.,, "'"'•or Tl') or into a pair of qU&lks (..l or ci). 

The decays into leptons are of great inienst. The top &emileptonic bra.nchiJag 

ratio is given in a simple aproximation by counting modes of K' decay. A11uming 

equal probabilities for the decay of the W into eii., p.V,., f'iiT, and to each of tM 

three colors of iul and ci, the semileptonic branching ratio for a given lepton 

species is: 
1 

Br(W ..... l"i) :! g 

The semileptonic decay spectra of heaY)' qurka, Q 

(1.7) 

qlfli Cl.ll be treated 

in a similar fashion u the muon decay µ.- - . .,,.e-;; •. Figure 1.17 1how1 the 

fractional energy spectra (z; = 2£;/mq) for I> - co and c - •o. Note that the 

electron is more energetic than the neutrino in O.decay, and the inftrle is true for 

c-decay; this i1 a consequence of helicity conservation [31 ]. A calculation of the 

charged-lepton and O.quark spec\ra from aemileptonic t-decays, including the W 

width r w, is shown in figures l.18 ud 1.19 [33]. In the region of M..,. near a.nd 

above the Mw, the inclusion of a non-zero W width becomes important lo obtain 

realistic spectrL 

An important characteristic of top semileptonic decays is the lepton isolation. 

The products of & top decay ,.-:;; hu·e a large in,"&rianl mus. and therefore ,.;u 
be di11rib11ted over a larger solid angle thu a lighter quark of the same energy. 

This means that the top-decay lepton will be well separated from the acompany­

ing bottom jet and there will be only moderate amounts of extra energy in the 

immediate neighborhood of the lepton. Being isolated. leptons Czom top decay are 

euy lo detect and to di11inguish from leptons from the decay of lighter bottom 
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ud charm quarks, where the decay products a.re much more collimated, giving 

llOll-isolated kptons. 

1.5 SIGNATURES FOB. THE TOP QUARK AT THE TEVATRON 

There are two ways of producing top qurb at a 71 collider: 

The production crou sections for these two processes are shown in fgure l. !O u 

a function of 11 ... The second process is kinematically allowed only if M..,.< 

Mw - M_. Al the Tevatron, hadronic pair production of top quarks (ti) 

dominates oftr the decay W ..... t£ except in the neighborhood of .\/, = 60 Ge VI t:2 

where they are comp&.r&ble. On the co11trary, at the CER."\ collider the main 

-tributing pioceu is W ..... d. 

Assuming a aem.i.leptonic branching ratio of i per lepton, both top quarks decay 

entirely hadronically «~of the time. However, the resulting multijet signature 

is enremely difficult to cllltinguish from QCD mul1ije1 backgrounds which hue 

very large production cross sections [34]. A tremendous enhancement in the signal 

to noise ratio is obtained by requiring at least one electron or muon in the final 

state. Figure 1.20 shows a list of final stales and their branchi::ig ratios. 

The cue in which one top quark decays semileptonically and the other hadron· 

ically accounts for 15 % of the ti rate for a given lepton species. This signature. 

lepton +jets, hu a f&vorable rate. However, ii hu a significant background from 

the leptonic decay of W bosons prod11ced in association with jets. 

By considering the dileplon fin&! states (eµ, ee, µ.µ)at the cost o! more moder· 

ate branching fractions (2.53, 1.23, 1.2%), the pre,;ou1ly mentioned background• 

ceue to be a problem. The ee and µµ. channels. besides having iower rate than 

the eµ. channel, have significant lepton pair background.a from Dreil· Ya.n and Z0 

decays. We have therefore chosen to explore the eµ. channel. 
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The requirement of both an electron and 1. muon 1.1 high tnruverse momenta 

with oppasite electric charge provides .. very clean tl signature.. rne major physics 

background for the top eµ channel comes from Ob production and from Z" - .,..,. 

giving an electron 1.11c! a muon in the li.nal st1.1e. These ba.cltground..s h1.ve lo .. rue 

a.nd distinct topol<>!ies 1.nd a.re diSC1Usee in Chapter 4. The double semileptonic 

decay of the tf pair (one top quark to evb 1.11d tne other to ,.,,0, with the assumed 

branching ratio of ft) contributes OTer 80 3 of the signal. The rest o{ the signal 

comes from sequential decays of a daughter I> or c quark or .,. lepton and is a.I.so 

considered. We do not further consider the process W ..... tJi process since, u 

mentioned earlier, it hu lower crou section than ti, and furthcrmott, the (soft) 

lepton from the & decay is of the same sign u the lepton from the t decay, 1.11d 

thu we a.re only neglecting the minute coutribution of oppasite-sign lepton pun 

from sequential dec1.ys. 

In extensions of the SM, the decay of the top into ch.vged Higgs bOIODJ, 

t ..... Bl>, could haft 1.11 important rate if M11 < M,.. [31}. The prc!ened decay of 

the charged Biggs in most models is H ..... .,.,, or ci. The cue t ..... rvh could be 

recognized by ita r-miuing Er sign&tutt. Leptonic decays of two n in 1. tl ewent 

could give eµ final 1tata, but most leptons .. ould hne small tr&DSverse momenta 

and would be cliflicult to separ1.te from ba.cltgrounds. We do not farther colllider 

this non-standard decay mode. 

( 
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T1.ble 1.1: The three generations of quuks 1.11d leptooa. The top quark 1.11d the 
t1.u-neutrino h1.ve not been observed. Quuk muses a.re iodica1ive only. Other 
muses were taken from reference [35]. 
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Mus ,,. 
'GeV' %1 I [nbJ l /C;' 

; 

20 228~ 

to 9.63~~J 

60 1.2~ 

80 0.285~ 

100 (D.873::J:J x io-1 

120 ; {0.331:'.!!:) x 10-1 

I 

140 I (0 144+o.OU) X 10-1 I · -o.on 
I 

160 · (o &9t '"°·0 .. ) x io-• ! I . -O.JT3 I 

' I 
I 

180 : (o.Js2:::::i:l x io-1 : 
I ; 
I . 

200 ; (0 187..., _) x 10-• l 
1 . -o.oo ! 

Table 1.2: Heavy quark production cross section in pp colfaions at 1.8 Te\". From 
reference i 28). 
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Figure 1.1: Feynman diagr~ for the process ,-,- - ob. 
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Figure 1.2: Contribution• lo aemileptonic 6 decay from a )charged current decay 
and b) neutral cum:nt decay. 
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FigUtt 1.3: Box diagrams for a) B:J3: and b) B: ~ mixing. 
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Figure 1.4: Diagrams for one-loop radiatitt corrections. 
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Figure l.S: The dectroweu correction factor ~r u a function of M,.. From 
referena it9;. 
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figure 1.6: The = lcr uncenain1ics in 1in2 iw by nrious determinaliono. See 1he 
tex1 for an expiana1ion. From referen~ :21:. 
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Figure 1.7: Lowes\ order Feynman diagrams for heavy quark production. 
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Figure 1.8: Feynman ruagrlLIDS for a) gluon 1plitting and b) !inor excitation. 
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Figure 1.9: The top quark cross section vs. µ at 1.8 Te\'. From reference :27. 
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Figure 1.11: The bottom quark cross 1ection vs. µ al l.@ Te\". From reference 
:zr;. 
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Pt; ETA 

Tm> 11.8 -1.83 
-> Td•• 8.7 -2.16 

-> Td• 8.7 -2.lS 
·> Numu 22.5 -0.64 
-> llu• 36.9 -0.57 
-> bottom 8.2 0.06 

-> BdeO 7 .4 0.07 
-> 8dO 7.3 0.07 

-> D• 5.4 0.31 
-> E• 2.7 0.19 
-> Nue 0.5 0.75 
·> K~r- 2.4 0.31 

-> KOL 2.4 0.31 
-> Pi- 1.6 -0.10 
-> PiO 0.9 -1.02 

-> SIA- 0.7 -0.94 
->~ 0.2 -1.34 

-> 9- 0.1 -0.34 
->~ 0.0 -0.22 

-> IC· 0.1 -3.46 
·> Pi· 0.1 -2.03 

Figure 1.12: An exa.mple of top quark fragmentation. 
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a) b) 
ARGUS MARK-..i 

c-o· 
-N -0 

0 0.4 0.8 0 0.4 0.8 
z = p ( D*)/p{c) z =E(B)/ E(b) 

Figuze 1.13: The fragmentation functions for c - D• and b - B from the Argus 
&nd Mark·J experiments. compared to Petenon model for f = 0.18 and f = 0.0:8 
reapectin.ly. From reference [3i:. 
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Figure 1.14: Comparison of the Q = c, 6, t fragment&tion functioDJ in the Peterson 
model, usuming t = 0.40/m~ with m. = l.S,m. = 4.j &nd m, = 40 GeV/c'. 
From reference [llj. 
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Figure 1.15: Dee&y width f ... for the top quuk u & function of ia mus. At ;, • 
mus r ... - M:._, &t luge mus r ... - Mt.,.. From reference :32:. 
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Figure 1.16: The weal charged curren\ decay of the top quark. 
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Figure 1.17: The fractional energy •pectra r, = 2£, ·mq of deay ieptons anri 
quarks for band c semileptonic decays. From reference :31:. 
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dashed lines correspond to the 1.pproxim1.tion of zero W width. From rderence 
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a) Pil ..... w ..... fl b) 111-ti 
II , ... ,..,.i; 
ii e+11 ..-b 

e..-v ... • I'+" ... b ,. ... ., .... r+11 ... b 

L 
e+11+1> 
µ+v+• 
r+11+• 

e+11 .... 2jets m e+v-r 4jets cm 
µ+v+2jets m µ, +v+ 4jets <H> 
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µ, + r + va + 4 jets (/d 

Fi gun 1.20: Parton final Uatcs and cvcnt topologies for a) W decay and b) top 
pa.ir production. Only final states containing at leut one electron or muon from 
the top dttay are 1bown. The branching ratios arc indicated in parentheses. 
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Chapier 2 

EXPERIMENT SETUP 

2.1 THE TEVATRON 

( 

The Tevatron [36,37 ,38] is & two-kilometer diameter proton-an:i;noton accelen· 

tor, located in the Fermi :Sational Accelerator Laboratory in Batavia. Illinoi1. Ir 

is the world'1 highest energy accdentor system and the first lu!r-sc&ic snpercon· 

ducting SJllChroton. In the rttent 1988-19~ collider ni.n. the Tcntron opente<i 

al a beam energy of 900 GeV, that is, aw c:e:ntcr·of-mus energy of 1.8 TcV. 

Typical starting luminosities were L.- 2 x 103' cm-21-1 , and the beam lifetimes 

were in the range 12-24 houn. An integrated lnminooty of J L.Jl = 9.7 pb- 1 wu 

delivued over the 10-month run. The CDF detector recorded 4.7 po- 1 of data to 

t&pe. It is to be noted that the initial gO&l for the run wu to record l pb-1 . and 

the extraordinary performance of the accelerator exceecied all expectation.<. 

Figure 2.1 shows the Fennilab acceleu.tor complex. T!ie Tevatron ring of 

superconducting magnets is located beneath the original Fe.-mil&b accelerator 

kn.own u the Main !Ung, in the same tunnel. The !'.Ii.in IU:.g is a 400 Ge\' 

proton accelerator made "'-ith conventional magnets. In co:lidc operation. the 

Main !Ung 1<,rv""' for injecting 150 Ge\' protoM and antiproto:u into the TcV1ltron 

for further acceleration. It also poovides & 120 GcV proton beam ..,·bch is targeted 

for producing the antiprotons for the collider. 

The accelerator chain leading to protons in the !'.lain Ring coi:sisu of a 200 

~le\' Linac feeding an 8 Gev Booster Accelerator wh..ich ir.;eca :he proton• i:ito 

the Main !Ung. Delivering antiprotons to the !'.lain Ring for their subsequent 

injtttion to the Tcntron is much more complicated. The e:ae:::i>ic of beam.lines 

and rings show in ligure 2.2 is referred to u the Antipwtoi; Source. Batch .. 
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o£ Protons &om the Boo.ter are sent to the llain Ring, a.caknted to 120 GeV. 

and dumped U> an antiproton production t~. Tne phase space density oi the 

resulting 8 GeV antiprotollS is increased by a factor of - 10 in two concentric 

triangular accderaton. the Debuncher (outer) and the Accumulator (inner\, be­

fore they are sent to 1he !>lain Ring. The stacking rate of antiptotons in the 

Accumulator is 2 x 1010 ;/houz. 

When a suit&ble stack of - 4 x 1011 &11tiproto11S hu been achieved. a porti011 

is atraC\ed in 13 'buckeis' which are injected in the Main lling, wbe:re they are 

accelerated to 150 Ge V &11d then coalesced into a single bunch which is injected to 

the Tefttron ring. The whole cycle is repeated =til 6 bU11ches of anti protons are 

left circulating inside the Tevatron (at 150 GeV) in opposite direction with other 

6 bunches of protons previously injected. With 12 bU11ches in the Tevatron ( 6 

proton and 6 antiproton), a proceu of adjusting the interaction points (cogging) 

talia place so that the croui11g1 are centered in BO, the place along the riq where 

the CDF detector ii located. Then, the Tevatroa ii ramped to the full energy, 

&.11.d whe:n the store u 900 GeV becomes stable, a 1ynem of quadrupole magnets 

(the low-beta quads) is energized to focus or squeeae the beams to achieve a high 

w interaction rate. 

2.2 THE CDF DETECTOR. 

The Collider Detector at Fermilab (CDF) ~39] was built to study the colliaions 

of protons with antiprotons at the Fermilab Tevatron Collider. Perspectitt &11d 

cutaway views of the CDF are shown in liguzes 2.3 L11d 2.4. The appro:icimate 

dimenaions of the detector are 26 m (length) x 9 m (height) x 8 m (width), it 

weighs - 5000 tons &nd has - 70000 ch&11nels of elecaonic readout. 

Particles emerging from the interaclion point will encounter in sequence a ver· 

tex time projection chamber (VTPC) which provides tracking informa1ion for 

vertex reconstruction: a central tracking chamber (CTC) imbedded in a mag· 

netic fidd for measuring charged particle momenta; electromagnelic and hadronic 

calorime1ers for measuring particle energies; &11d muon detec1ors. ln thia 11tttion 
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we desaihe some features of the detector important to the a.nalY5is presented in 

this thesis. 

The CDF coordinate JYStem ii ahoWD in figure 2.3. It is a right ha.nded 

coonfuiate syuo:m with the posititt Z uis pointing along the proton direction 

(eut), the positive Y uis pointing upwards, &11d the posi1ive X u:is pointing 

outwarda &om tile beam circle. Cyliaclrical coordinues (R. I, 4'), wi1h R being 

the perpendicular distance to the beamline, ; the azimuthal angle, &11d I the polar 

aagle with respect to the Z u:is, are also shown in figure 2.3. The pseudorapic!ity. 

ddined as 'I= -ln(Wl.(1/2)), is olta used instead of the polar L11gle I. 

2.2.1 Tracking 

Vertex Time Projection Chamber 

The Vena T'lDle Projection Cham.her (VTPC) [40], shown in figure 2.5. conaists 

of 8 time projection chamber modules which extend 1.4 m along the beam , on 

each side of tbe c:cnter of the detector. The most important function of the VTPC 

is to provide the necessary tracking information for Z-vertex determination. The 

eYent Z-vertex at the Tevatron has a Gaussi&11 distribution with a tr of 35 cm. wd.l 

covered by the VTPC. The \'TPC nu:rounds a 5 cm dia.meter b"Yllium beam 

pipe and i1 itsel! surrounded by the central traclring chamber (CTC). The active 

volume of the VTPC extends in the radial direction from R=7 cm to R=21 cm, 

covering the region I'll< 3.25 (or 3.s• <I< 176.5). 

Each of the modules is divided into two 15 cm drift regiollS by a center high 

voltage grid. The drift regions are divided into 8 octants. Electrons drifting away 

from the center grid will reach the endcap octant wh.ic.h has 24 parallel sense 

"ires strung perpendicular to the radial direction in the R·4> plane. There are 

3072 1en1e wires (8 modules x 16 octanu/module x 24 wires pc: oct&nt). The 

times of arrival of the electrons to the wires are :read out wi1h FASTBL'S TDCs 

&11d allow track reconstruction in the R-Z plane. By finding the convergence poinl 

of all 1he tracks in the event, the eftllt Z -vertex is rccon1trut1ed ,..; 1h a 1~-pical 

resolution of - 0.3 cm. Eacb octant endcap also has H pads ( &t total of 3072 for 
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the whole \!PC) arnaged in three rows which are iud out by FASTBt"S FADCs 

and prt!Tide 6 information. The track 9 is determi.D.ed by fitting a Gauaian to the 

meuurecl charge distribution on a pad row. The resolntion in the o determio.a.tion 

is of - o.s•. The pad d&t& together with R-Z 'lrire reco111truct.ion in.formation 

proTide complete three-dimensioul tracking which is most ueful in the region 

1.0 < l'I: < 2.D (or 15° <I <JO-) to complemmt the limited CTC information. 

and in the region 2.0 < ~' < l.25 (or l.5" <I < 15") where the VTPC gives the 

only tracking aftilable. 

Central Tracking Chamber 

The Central Tracliing Chamber (CTC) ;uJ is a cylindrical drift chamber ,with 

inner radi111 of 0.28 m and outer radi11.1 o{ l.l8 m, which enc:11.ds 1.60 m a.long the 

beam-line on each side of the center of the detector. It is louted outside of the 

VTPC and in.side a 1upetto11ducting solenaidal magnet that provides a Ulliiorm 

U Tesla. magnetic field parallel to the beam direction (see fipre 2.4). The CTC 

coTen the region 111! < 2.0 (or is• < B < 165"). 

The most import&llt function of the CTC is \0 provide a measurement o{ the 

momentum of charged particles to be 111ed both at the trigger Ind ud in the 

off-line analysis. 

The chamber hu 84 layen of sense wires which are grouped into 9 superla.yers. 

Five of the 111perlayers, which consist of 12 11C11SC layers of wires strung parallel 

to the bea.m-li.ne, are called axia.l saperla.yen, and provide information for tu.ck 

reconstruction in R-f;. The other four 111perlayen are called stereo 111perlayen 

and are interleaved with the five axial superlayen. The stereo superlayrn pro,;de 

tra.d.ing information in the R-Z pla.ne, they have 6 ia)'!'n o{ wires each, with their 

wires strung with a.n angle to the beam line Iha.I a.lterna.tes from ... J• to -J• from 

one stereo 1uperlayer to another. The 1uperlayen are didived into celli which are 

rotated by 45" with respect to the radial direction (aee figun 2.6). The electric 

field is by construction perpendiculu to the direction of the cell, and the 45' cell 

tilt wu chosen in so that direction of the drifting dectrolll in the gu (which 
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ue nhjected to the Lomitz force of the~ dcctric ud magne-..ic f.cidi) is 

&pprQXimately perpendicular \0 the ndi.al direction. There are 660 cdls in \bf, 

chamber, with the number of cells per 1uperlayer inaeuing from 30 (innermost 

superlayer) to 120 (outermost saperlayer). The uial c.ells ha~ 12 sense wires 

and the stereo cells hue 6 sense wires, Ultaling 6156 sense Tires for the chamber. 

Each of the 'lrins is read oat with FASTBUS multiple hit TDC.. 

The momentum resolution of the CTC for trach in the region :'I < l.D (or 

40" <I< lW) isll.Pr/P# = 0.0017( GeV/c)-1 . This resoiution cu be imp~ 

by im.poUng the requilement that the tracb emanate from the beam-line. The 

beam pa.it.ion may be displaced from the origin by a few hundred miC?Olll, and 

ita position is detamined for each store by 1tudying the distribution of the trad: 

impact parameter (distance of doeat aproach of the track to the Z uis ) u a 

fuaction of the~ for all tracks. The resolution of the central tracking chamber with 

a beam-<OIUU'ained fit is t:.Prf P# = D.0011( GeV/c)-1 . The tracliing resolution 

degnda beyOlld '111 = 1.0, that i1, fortrach which do not aou all the 1uperlayers. 

At 'I = 1.7 (or I = 20") , for iutance, the resolution for the beam-constrained 

cue is lli'r/P# = 0.00({ GeV/c)-1• 

2.2.2 Calorimetry 

The ca.lorimeten cover the region I'll < 4.2 (or dowu to - 2° rdati"" to the beam 

ui1) and are organiud into 171tem1 covwg different regions in 'I : central elec­

tromagnetic (EM) and hadronic (HAD) calorimeten, endwall HAD calorimeter, 

ping EM and HAD ca.lorimeten, and forwud EM a.nd HAD calorimeters. The 

CDF ca.lorimeten are subdivided into 'towers' or cells in 'I-~ apace which project 

baclr. to the interaction region. Each tower contains an electromagnetic compa.rt· 

ment a.nd a hadronic compartment. The coverage and 'I - ¢ Kgmentation are 

1howu in figure 2.7 for the hadron calorimeten. The electromagnetic calorimeten 

have a slightly different 1ha.ring of the rapidity coverage. The central a.nd end wall 

calorimeters consist o{ alter111.ting la.yen of plutic scintilla.tor and absorber. For 

the plug and forward regiom (gu calorimetry), proportional chamben are used 
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instead of Kintill&tor. For absorber, the hadnia calorimeters use steel, and the 

EM ca.lorimeters 1llC lead. Table 2.1 summarises the pn>perties of the alorime­

ters by systeln. We llO'S de1cribe some of the faturs of tile cmtnl &ad end....U 

c.&lorimeien which a.re more rden.at for the ua.lysis of this thesis. 

Central Electromagnetic Calorimetn 

The cmtn.l calorimder ii di'rided into 4 'arches'. Each arch coasists of 12 15" 

wedges lt&cked to form u. 1lpright semi-circle. Two arches tollch each other sidc­

by-side and !Ke the other set of two arches &l 'I = O, and the usemblage COftn 

the the pseudo-rapidity regiOll up to 'I = ±1.1 u.d the full ' = 2r uimuth. 

The cmtn.1 dectromapetic c.&lorimeter (CEM)[42J is a lead·Kintillator sampling 

c.&lorimeter occupyiag the bottom. part of each of the 48 1s• central calorimeter 

wedges. 

There are 31 la,en oC 5 mm thick scintillaior, intede&v.:d with 30 layi:n of l 
iacb lead gi'ring a total of - 18 radi&tiOD lengtha (X1), induding - ix, from the 

toienoid magnet coil. Each wedge lih the one lhown in figure 2.8 cont&iu 10 

towen (dCllOted 0.9, with tower 0 being the clORSt to 'I = O} o{ .111 - 0.1 each. 

Light from the Kintillator in each tower is collected on waftlength shifters and 

_, through lightguide1 into two phototubel. 

Tiie energy raolutiOll of the CEM for dcctrou i1 6£/E - 0.14/./f. The 

energy ac&!e WU determined &l tile test beam, u.d C•U'f llOurCel &re med to 

track the energy response to - 13. A 111ore sophisticated in aitu self-calibration 

lcbeme usiag the E / P (c.&lori111eter energy-to-track momentum) distribution of an 

indtui?e dectn>n 1&mple wu used to determine the Zo mUI with an uncertainty 

due to the calorimeter Cllcrgy scale of - 0.23 [43]. 

Strip Chambers 

Tiie central dectromapetic c.&lorimeter ia i11.1trumentcd with a proportional wire 

chamber, known u strip chamber (CES}l42,'4]. The 1trip chamber is located 

at & depth of 5.9 Xo (including the solenoidal coil). The 1hower maximum in 
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zadiatiaa lmgths fo: eiectroas ia gittn by t_ = 6..2 -;- lll(E/10) :44], so the 

strip chambc:r is locaicd aear shower m&Ximum. for & luge range of energies. The 

miWa ~ of the chamber is to dekrmine the position of elcc1roa ud phoioa 

~ aad to allow lep&Btion of multiple shOWton in a aingle tower. Each 

chAmbcr COft!IS all ta towen of & c.&lor:imeter wedge ud pro'rides pulse height 

radoat iJl two orthogoul 'riews: uode wires stnulg a.I011g the beam directioJl 

gift tlte • i.nfanm.tioa u.d cathode strips that ra.11 in the ' direction gift the 'I 

i.nformalioa.. The chamber ia di'rided in two sectiona at 53• from the beam uia 

(or 'I = 0. 70) : the 90" side ud the 45• side. There &re 32 &node wire logic.al celh, 

e&eh 14.5 mm in widtll, read out Oil each of the ha.1-n:s. There a.re 69 16.7 mm 

wide cathode strip chu.aela Oil the 90" ha.If ud 59 20.1 mm wide strip channels 

OD the u· side. AD el.ecuo:a is typic.&lly well cont&iaed within be cells in either 

'riew. The politioa relclutiOD from test·be&m meuuttmat1 ii - 2 mm for 40 

GeV tat.beam el.ectrou u.d behaws u (l/JrlZ.eliCl1At). A~ n.riable 11Mful 

ill divri,,,;nating apinat maltiple lhowen ii daaibed ia Chapter 3. 

Central RDd End..U Hiu!ronic Calorimeters 

The CCDtn.l hadron c.&lorimeter [45] hu the 1&111e 'I - .; ICplClltation u the cell· 

tn.1 dcctromapetic calorimeter, but it only reache1 util tower 8. The Clld wall 

module1 extend the COYenge of the central h&droa c.&lorimeter out to 'I = 1.3; 

h&dronic \ower1 6, 7 u.d 8 are shared between the central and Clldwall calorime­

ters (ace figure 2.9). Each «lltra.I hadron c.&lorimeter wedge hu 32 2.5 cm nee! 

layers interleav.:d with l cm layers of scintillator. The eadwall hadron c.&lorimeter 

module1 han 15 5 cm layus of lleel interleaved with l an layers of scintill&tor. 

The depth in absorption lengths is 4. 7 A &11d 4.5 A for the central &11d en....U 

c.&lorimetcn, rt!lpectivdy. The energy resolution of the calorimeters, meuured 

at the tatbea.m for 50 GeV pions, is 113 and 143 for the central and enciwall, 

rapec:tiftly. 
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2.2.S Muou Detectors 

CDF haa two systems to detect muons which ha"" peaetrued tbe alorimetas: ( l) 

a forwud-backwa.rd DI.DOil spectrometer ;46; compomed of large magneti.Eeci 1U:e.l 

k>rOicla with dri!t chamber planes and triggmng scilltill&tion countcn, covering 

the regi<a bet- :r &11.d 16° rd.atift to the beam uli, and (2) a central muoc 

system coft:ring the rqion "I. < 0.63. We will describe the second synem, which 

wu med !or our analysis. 

CenUal Muon Synem 

The central muon detector ~4 7 ,48,49] is placed at a radial dinance of 3.47 m from 

the beam-line. outside of the central hadzon calorimeter, coft:ring the region of 

I'll < 0.63 (or do...,. to 56" with respect to the beam axis). Muons are identilied by 

their paietration of the 4.9 absorption lengths of the central alorimeter; the muon 

detector measures their positio111 and pro-rides a level-one trigger (momentum 

meanranent). The geometry of the muon detector is shown in figure 2.10. Each 

ce:ntral worimeter wedge fits a muon detector wedge 2.26 m long and subtending 

12.r in • (this leans 2.4" gaps between muon wedges). The muon detector 

wedges are subdivided into three dri!t chamber modules of (.2" each, giving a 

total of 144 modules ( 48 wedges x 3 modules/wedge) in the detector. 

Figure 2.11 shows the cross section of a muon drift chamber. The chamben 

han: (layers in the radial direction, ud each layer hu 4 cdh. Each cell contai111 

a wire which is lll'llllg along the length of the chamber. Sense wires from alternate 

cello within the same layer are connected 011 one end of the wedge and arc read 

out independently on the other side mo.king possible a Z determination by charge 

division. 

Wiien a particle tran:nes the chamber, it hit1four1e111t: wires (see figure 2.11). 

Wires of the two outer layen are offset by 2 mm from the wires of the two inner 

layen. By detcmlining which pair of sc111t: wires wu hit lint, the track ambiguity 

in •can be resolved. The ugle a between the track and the senae wires can be 

measured by compariag the times of arrival of the drift electrons to sense wire. in 
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altcnWing la,-ers. The relatiomhip bet,_. this angle md the traa tr&lUYcne 

momentum is gi~ approrima.&cly by a = •:;:. = 130 mR/ Pr, where e is the 

dectron charge, B = 1.4 T is the m&gnitude of the magnetic lidd, L i1 the ramu 
of the IOlenoid. and D is the radial di.rta.nce to the muon chambers. Thettfore. 

the m'llOll chambers provide a measurement of the muon tnnnene momentum. 

Multiple scattmng in the alorimeter steel will de!ect the muons by 85 mR/ Pr 
and dominates the momentum resolution which is fl.Pf P = t:..a/a = 653. 

2.2.• Trigger 

The objectin of t!ie CDF trigger system ;so] i1 to reduce the cvez:1 rate from the 

# inelutic collision rue o{ - 60 KHz (at'= 10"' cm-•s-1 ), to a rate of - l H.z 

(output to m"°etic tape) which must contain the events necessary for studying 

kno'll'll or expected physia (such u QCD jets, W /Z bosons, bottom and top 

quark, etc.) u well u polsible unexpected physics. Thus, the trigger wu designed 

to mah decisio111 bued 011 the topology of the tran.svene enagy in the event 

(total tr&111•erse energy 1 missing tr&111•erse energy), and on the idi:ntifie&tion of 

lepto111 (electrons, muons, and tau), photons, a.nd jets. The trigger hu 4 leYels 

of decision, denoted leve!J 0 through 3. The LeTel-0 trigger uses 1cintillation 

counten for detecting inelutic #collisions. Level-! and Leve!-2 are a 1y1tem of 

FASTBUS-bued microcoded processon; full readout of the detector components 

is done alter the Level-2 decision. The Level-3 trigger consists of & 'farm' of V~E­

bued processors nm.ning oflline·like algorithms to improve background rejection. 

Level-0 

At Le .. eJ.o, hiu in both the Eut and West beam· bea::i co:inters are required 

to coincide, inside a 15 111 window centered in the beam crouing time. The 

beam-beam counten (BBC) :s1! are two pla.nes of scintillation counters located 

perpendicular to the beam-line, at a distU>ce of 591 cm from the interaction region 

(one to the cut, and one to the west). Each plane consists of 16 time-of-flight 

counten wbich are arranged as shown in figure 2.12. The BBC cover the region 
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3.24 < l>li < 5.90 (or from 0 .32" to 4.4 7" ...-ith respect w the beam-line). The BBC 

pnrride & IDCUlUall.ent oi the integr&ted luminOlity ior the experiment which is 

ued for both on-line luminosity monitoring &nd for physic. analyses :52}. The 

presence of & beam-beam connter 'minim.nm biu' trigger (with & r&te of 44 KHz 

&t !. = 1030 cm-2.-1) is & prerequisite for subsequent leYela of triggering. 

Le-1-1 

At Lnel-1, & decisicm is m&de in the 3.5 I" between beam crouings based on 

i.afm:mation th&t ind odes the total tr&nSYerw energy in the eYCDt ( sep&r&te totals 

lor EM and h&dron &re aTailable), the presence of stiff" tr&eb in the CTC, and 

the u:istenoe of muoa e&ndid&tes in the central muon chamben. The output rate 

of Lenl-1 into Level-2 is - 1-2 KB.a. 

Prompt analog llipw from the calorimeters &re aftilable at Lnel-1. The 

aaalog lignala &re nmmed in FASTBUS cards &t the trigger end {&bout 200 ft 

&way from the detector) into logical trigger towers o{ .lt) = 0.2 and t.,P = o.1s•. 

The coaner calorimeter •egmentation reduces the number of towen &om &bout 

5000 to a more muageable 1000. The towers &bove & progn.mm&ble threshold 

a.re added &nd the sep&r&te EM ud EM+h&dron totala &re comp&red to the 

thresholds (also programmable ). 

The tracking information avail&ble &t l.eYd·l is proYided by the h&rdwue 

Central Fut Trader (CFT) [53], which uses p&rtial inform&tion £rom the uial 

sapetl&yen of the CTC to quicltly find tracks in 2-climensions (R-~) with a mo­

mentum resolution of t:..Pr/ Pl = 0.035( GeV /c)-1• On the average, it ta.kes the 

CFT 2.5 JI.I to se&rch for all high momentum tr&eks in &n event. The operation 

of the CFT i1 bued on the fact that &ny 11iff CTC traclt will crou at !cut one 

tense wire of e&ch superl&yer within 3.5 mm. For e&ch beam crouing, a pattern of 

'prompt hits• is identified by the application of &n 80 111 coincidence gate on the 

fut-out wire d&tL Momentum determination i1 &ehieYed by comp&ring the wire 

patterns with look-op-tables 1tored in memory. The CFT hu I! progtamm&ble 

thresholds between 2.5 &nd 15 GeV. 
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The centr&l maon Leni-1 trigger will occu:r if the dilference in drift times 

bet1Fft:ll hita in a.h.eru&te l&yers of & muon tnc.k, is sm&ller thu. & prognmmable 

threshold. As teen in Seaion 2.2.3, this is eqain.lent to imposing a cut on the 

CVYUUR. or tr&nnene momentnm, of the tnc.k. 

The oatput r&te of Lenl-1ef1-2 KHz is reduced by the Lenl-2 to - 3 Ba. Only 

thai., after the l.eYel-2 decision, the time couuming proceu of readiilg-out all 

the detector components ( - 1 ms) is en&bled. The l.eYd-2 triggtt decision is 

m&de by & set of procason which receive infonn&tion pused to them from the 

rat of lhe LeYel-2 h&rdwa.re in the form of 'cluster li1t1'. The cluster lists include 

& calorimeter cluster list &nd a 'golden muon' list. 

The calorimeter cluster infonn&t.ion origin&tes from special FASTBCS ha.rd­

wa.re (the Cluier F"mder) th&t ua lhe trigger towu inform&iion to produce & 

liat of clusters with theli EM &nd total Er, duter width, position in the deteetor, 

&nd the momenta tr&eb ueoci&ted in -· The golden muon list includes the muon 

position &nd tr&n1verse moment& &nd is gener&ted by &nother piece of h&rdwue 

(the Muon Matchbox), which dem&nd.s th&t a Levd-1 muon trigger ('brus muon') 

is m&tched in ,P with & stiff" lrad found by the CFT. The l.e•d-2 Processon ta.ke 

the lista &nd calc:ul&te physical qu&ntilies on which to b&se the trigge..-ing deci­

lion. For ex&mple, 'electrons' e&n be selected bued on the the ratio of HAD to 

total energy, cluster width, &nd presence of &n usociated high Pr track. 'Muons' 

&re selected by imposing & cut 011 the tr&ek momentum, &nd &n option to limit 

the amonnt of energy in the &1sociated calorimeter cell is also possible. Other 

triggen include Tau , Photon . Dilepton , Jet , Sum Et. ud Missing Et triggen. 

The entire Levd-2 decision toes approximately 10 ,.a, ud the output rate into 

Levd-3 is - 3 Ha. 
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Le'Rl-S 

After an event J1U1eS the Leni-2 trigger. the d&ta from the detector are digitized 

and read by IC&llDU modula. The data. from the lca.nDeII are then read by the 

EYl!:llt Builder (a Id of F ASTBt:S modules), which forma.ts than into the 1ta.nda:O. 

CDF d&ta formal a.nd pushes the t'TCllt inio Leni-3. wel·3 [M,55} is aa a:n.y or 

farm o! VME bued panllel micro-procesron dndoped by Fermilab'1 Adnacecl 

Compater Program (ACP). Carn:ntly wel-3 consists o! 58 ACP nodes executing 

filter algorithnu written in FORTRAN. The algorithms a.re vt:ry llimil.ar to thOIC 

ued in the olf-lin.e analysis and \Ue a.dvantage of better clute:ring a.nd tr~g 

( u compared to Level-2) for 1harpenllig thttsholds, better pa.nicle ident.ifi.e&tion 

and removal of va.rious kinds of noise. ED.sting Levd-3 filters inclade Missing 

Er, Catral Muon, Catral Phoion, Diphoton, and Forward Mnon filters. The 

Levd-3 filtering rejects - 50'-" of the Cftllts, and bu an output rue to tape of 

1-2 Hs. 
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Figutt 2.1: The Fermilab accelerator complex. 
Figure 2.2: The Antiproton Source. 
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Figure 2.3: A 1quema1ic pcnpectin new of the CDF detec1.<>r. 
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Figure 2.4: A cut-away new of the forward h&lf of the CDF. The detector is 
forward-backward symmetric &bout the inier&ction point. 
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Figure 2.5: Sch.,zn&tic view of \woof \he VTPC modules. 
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Figure 2.6: E.Ad view o{ the Central Tracking Chunber sho....,ng the diaposition 
of the 1uperl&yen &11d celli within the superl&yen. 
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Figure 2.8: A central calorimeter wedge, showing the light-gathering system. 
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&11d plug re1pecli~ y. 
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Figure 2.10: Central muon chamber ioe&lion with respect 10 a central calorimeter 
wedge. 
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Chapter 3 

DATA ANALYSIS I : EVENT SELECTION 

S.1 TRIGGERING 

The CDF trigger system makes a selection based many physics quantities or 

object& such as total transverse energy, missing tr&n1Ve?S<! energy, jeu, photons, 

dectrons, muons, taus, dilepton.s, etc. Reference :56l describes the triggers used in 

the 1988-1989 CDF RWl. Three of the triggen are capable of detecting Electron­

Muon eftlltl. There are an inclusin electron trigger with a nominal threshold of 

EJ > 12 GeV, an inclusiTe muon trigger with nominal threshold of p; > 9 GeV, 

aad an electron-muon trigger with threshold(£;., J>T) > (S GeV, 5 GeV/c). 

S-mce evenu for the top ~arch are required to contain a high Er electron 

accompanied by a muon which may or not enter the muon chambers (and there­

fore the muon will not always fire the trigger), the most relevant trigger is the 

ELECTRON .12 trigger. We find that this trigger is highly efficient for the event• 

in the top quark signal region. 

Given the high efficiency of the ELECTRON .12 trigger, the value for this anal­

ysis of the MlJON..9 &nd ELECTRON .. 5-\IUO:>..!i triggers is that they provide 

a sample of low Pr events with sufficient statistics to show consistency between 

the eµ data and expectations from bli production. 

3.1.1 Inclusive Electron Trigger 

The electron trigger requirements are: 

(1) A CEM trigger tower with Ef" > 6 Ge\' is reqired at the Level-1 trigger. 
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(2} At Lnd-2, a clusier ..-ith E/11 > 12 Ge\" and ..-ith H.W; Ell < O.lZS ;, 

reqaired with a CFT track with PT > 6 Ge Vic pointing at it. 

(S) At the LeYd-3 trigger the thresholds a..-e sharpened &nd other C'J.l! arc applied 

:sr;. The same eiectron clusuring algorithm used in the off-line (witii finer 

calorimeter segmentation than the LeYel-2 clustering) is useci. and .,.-enu 

are rcqullai to han a cluster with transven<! E.\I energy £f11 > 12 Ge V 

and with a ratio of dectroma.gnetic to hadronic energy HAD IE .\I < 0.125. 

A fan track reconstruction. with momentum resolution. t:;,f>T / Pj = O.OOi( 

GeVleJ-1 is iued, and a track with traDSYerse momentum &bovc 6 GeV/e 

is required. There are n.o further cull on candida1e1 ..-itb Ef11 > 20 GcV; 

for candidates in the region 12 Ge V < Ef 11 < 20 Ge V a laLeral sharing cut 

of L•h.r < 0.5 ( L~hr is defined later in this chapter) is applied. 

The turn-on efficiency of the ELECTRO:S..12 trigger has been musured using 

data collected by a lower threshold (7 GeV) electron trigger [58,S9;. The fraction 

of clusLen (selected !or ha.-ing satisfied the 7 GeV dectron trigger plus some 

electron quality cuts) which also pus the 12 Ge\' trigger is determined as a 

function of cluster Er. The result is 1hown in figure 3.1, and it is seen that the 12 

GeY Electron trigger reaches full efficiency at abon.t 15 GeV. More precisely. this 

efficiency has been determined ;s9; to be (98.0 ± 0.5) 3 for electrons with E~ > 15 

GeV inside the fiducial region of the CEM calorimeter. Consistency checks of the 

previous meuurement were possible by checking whether the ELECTRON .. 12 

trigger wu satisfied for electrons in data collected with a missing Er trigger 

(with a treshold of 25 Ge\'), and in data from Photon triggers (with thresholds 

of 10 Ge\' and 23 Ge\'). 

3.1.2 Inclusive Muon Trigger 

(1) At Lnel-l, the difference in drift times in at least cne out of two pairs oi 

alternate layers mwt be below a threshold defined to be 503 efficient for 

5 Ge\'/c muons. The Lcvel-1 threshold wu lowered to 3 Ge\'ic for~ the 

second half of the 88-89 Run :6ol. 
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(2) At Lcnl-2 a CIT track with tl'&llSTC?R momentum abon 9.2 Ge\' c (903 

efficiency point) is required. 

(S) A Lcvel-3 track with tn.nsvene momentum a.hove 11 GeV1c is requized to 

match the maon chamber hits within :10 cm in fl. 

The muon trigger dliciency bu bttn nudied in references :58.61.62;. The turn-on 

shape of the trigger is studied by looking at muon candidates in data. collected with 

otber triggers and it is found to be consinent ..-ith expectations £.rom multiple 

scattering. The e!licieJacy for muons with Pr > 15 GeV /c, determined £.rom 

comnic-ray data gathered during special running periods and from muons in events 

pusillg other triggers. is found to be (90.0 = 0.2)"[61,62;. The best hypothesis 

as to why the efficiency is not higher at such high Pr is that aometimcs the muon 

will cause a 6-ray to be emitted and the uomalous drift times will confuse the 

triggering condition. 

s.1.s Electron-Muon Trigger 

The definitions of electron and muon for thi1 trigger are similar to the inclusive 

triggers alrea.dy described, with different thresholds. 

(1) At Level-!, at !cut one trigger tower with£#" > 3 GeV is required. The 

inclusive muon Level- I trigger is alao required. 

(2) At Level-2 a cluster ,.;th EJ" > 5 Ge\' ud with BA.D/E.\I < 0.125 is 

required with a CFT Ira.ck with Pr > 4.8 GeV /c pointing at it. In addition, 

the muon stub trigger must be matched in ~ with CFT track abon 4.8 

Ge.V/c (or 3 Ge\' 'c for the - the second half of the 88-89 Run). 

{ll) At Level-3, two tracks a.hove 3 Ge\"/c a.re required. 

The efticiency of the electron-muon trigger wu studied :ss; for a small data 

sample taken before the Level·! muon threshold wu lowered to 3 GeV/c. A more 

complete 1tudy is still needed , but we will mention the technique employed and 

the result that indicates good efficiency for thee,. trigger. The electron and muon 
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pans wuc nudicd scparudy. ElcctrollS above 5 Ge\' pusing mu:.ciar<i electron 

idcnillication cuts TCR selected from a 1&mple oi muon triggttS. Since a mu<n: 

trigger Tu altt.ady present. the determination of the efficiency o! the elecuon 

pan of trigger ( u a f=ction of !'}-) Tu possible by checiring ..-nether ti:.e e,. ..-as 

sa\isfied. Similarly, the maon pvt wu iested by selecting muons £.rom a 1&111pie 

of electro11 triggers. Since an electron trigger T&I already present. the efficiency 

of the muon pan of the trigger (u a f=ction of PT) TU determined by checking 

the uatu.s of the ep. trigger. It W"U concluded that the electl'Oll·muon trigger i.s 

- 7S,. d1icient near the(!'}-= 5 GeV, PT= S Ge\'/c) th.rcsiiold. 

S.2 DATA PROCESSING 

Two data processing streams W"erc used for the ualysis of this thesis. 

Spin 

An exprcssline or 'Spin Cycle' [63; selected electrons and muons with thresholds 

set high enough to ensure a. small number of evenu for processing, but low enough 

to capture &11 important fraction of the 'most interesting· events. including top. 

possible exotics, and W and Z boson events. Initial selection ,..as based on LevC:· 

2 and Lcvel-3 quantities and fut {lower resolution) tracking algorithms. with 

a small CPl: consumption ( 20 seconds of \'a.x-780 CPt" per event). Once the 

number of events wu significantly reduced, the full reconstruction progra.m ( 240 

seconds of Va.x-i80 CPU per event) wu applied. During the course of the run. 

Spin was only about two wtth behind data ta.king and wu crucial ir. ailo..-ir.g 

fut access to the data for phy•;<> analyses and for checkin~ the behu-ior of 

the detector. At the time we ca.,ied out this analysis.the Spin samp:e had t!:ie 

a.dvuitage of having the full lurr..io.osity of the CDF !9S~·l989 run. 

Spin itself ha.d sc•eral output streams. For the top sea.rch and for z• - ,- ,­
studies, we used an inclusive electron output strea.m (TOSOJ). This stream kep: 

electrons with Ef > 12 Ge\' with looser electron quality cuts than used ii: our 

a.nalysis. For Zo - p.• ,,_- studies we used the muon category of an 'electrowe&it 
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physics' output strum (EWS03). Here, all muons Tith PT > 15 GeVjc WeR 

selected wita lOORr muon qualiiy cuts than used in our analysis. 

Production 

A rt&Jld&rd reconstruction and filtering program, ·Profiuction' '.64.65;, wu &pplied 

on aH the nw daa at a natunlly slower pace tho Spin. Wha the a.nalysia of tlw 

lhesis ..,.. fuli.ahed, roughly half the full la.mi.nosity ..,.. avail&ble from Production, 

but the lower lepton thresholds allowed the collection oi a high 1\&tisucs '"" sample 

for comparison whith expectations from botton qua:k production. An incluin 

muon output stream ( MU"COO) with & PT > 4 Ge V / c cut (on events pusing 

the electron-muon trigger), a.nd with looter muon quality c:uts I.ban uecl in oar 

a.nalym, was used to furthu select ennts for our 6' study. 

s.s ELECTRON SELECTION 

la this section we define the Y&ri&bles used off-line to identify electrons (66} and 

gin the cut values used. We also present a measurement of the efficiency of the 

selection criteri& on electrons from Z9 decay. 

S.ll.l Electron Selection Criteria 

Efficient identi1ic&tion of electrons with minimal isolation requirements is &Chined 

by exploiting the fine granularity of thie central calorimeter, the excellent spatial 

ud momentum resolution of the central tr&clcing chamber, and the capabilities 

of the strip chambers to determine both the position and sh&pe of EM showen 

in the tp and z views. 

Electrom&gnetic clusters with an usociated tr&ek &re considered for the elec· 

tron selection. Electron showers are small rel&tive to the tower dimensions and 

typically deposit most of their energy in a single ca.iorimeter cdl. For electrons 

auffuciently far from wedge edges (- 2 cm) to guuutee full calorimeter respoMe. 

the shower will 1101 crou wedge bound&ries. Hence, calorimeter clusters for elec· 

Iron (and photon) identification &re defined with up to three towers adjacent in 
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Fiducial Region 

Fiducial c:uts are applied on the CD{ dusters to aTOid cr&cits between ca.iorimeter 

modules and to ensure proper energy measurement : 

( l) The cluster tower with the largest energy deposition (seed) must be one of 

towen 0-8 of the CEM. 

(2) The ertrapol&ted track position at the strip chamber radius (IlcES = 184 

cm) must be at le&1t 2.5 cm uni.y from the bou.ad&ries between central 

calorimietu wedges (15• bou.ad&ries). 

(ll) The nrip chamber shower position must at least be 9 cm &W&y from the 

Z = 0 plane (909 crack). 

Electron Identilication Variables 

The following vari&bles arie used to identify electrons: 

(1) The ratio betWttll the h&dron.ic and EM energy in the cluster: HAD1EM. 

An almost pure sample of electrons from W .- .,., wu selected by requiring 

sufficiently high electron transverse energy and missing tr&111Tuse momen· 

tum, namely, Ef > 30 GeV and £T" > 30 GeV. Figure 3.3 show1 the 

h&dronic fr&etion distribution for the W electrons and for 50 Ge\" test· 

beam electrons ud charged pious. There is fair &greement between the W 

&nd test-be&m electrons for this distribution, anci it is seen that the hadron.ic 

fraction can be used to aelect electron1 with high dficiency ud .,..j1h good 

pion rejection. 

(2) A measurement ofthe lateral shower profile of th., three-tow.,r cluster: L•hr. 

The lateral shower profile is defined u 

L•hr = ' J.f• - P. 
~ yt0.14./ £)2 - \.lP.)2 

(3.lJ 
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.,.Jaae lhe inda k of the 5Ullllllation ~ailds the to~ adjacent to the seed. 

M,. is the mea.sureC energr in \o...:r i:. P. is the energy ~ in tower 

l:. For de\ennicing P,, the direction of the electron candidate is calcu­

lated by using lbe evl:ll.l Ver\eX z_ &DO the position Z-. of the shO'll'eI 

in the strip chamben.The:n. an energy-dependenl shoW1'f profile {with bolh 

Wenl and longitudill&l showu dev-elopm=t) obtained from ten-beam mea­

inuemeau [S7'. is used \o predict the energy sharing in the adjacent towen. 

Tbe normalization of the denominator contains the krill jp1 which is the 

eror m P. induced by a 1 cm change in the showu position and the term 

O.Hv'E which reflecu the statistical fluctuations iuh=t in the energy 

meumanent of E.M showers. The electron energy corresponds to the sum 

oftower EY energies: E = L·\I•· 

(S) The ratio of the calorimeter cluster energy to the track momentum: E/ P. 

(4) The distance between the mnpolated track position ud the strip chamber 

shower position i.n the.; and :t. views: R.6• and Ez. 

( 5) The shape of the strip chamber shower profile in both vicw1 is compared to 

test-beam electrons with x2 variables : x! and x! [67). The~ is defined as 

, K(E ) f'(qtN - rr.-">3 
X = CUI · {;;f (er,)' • (3.2) 

where the sum extends over n=ll channels, conesponding to about 15 

cm. The qt'- are the meuured channel pulse heights normaliaed to the 

total charge in the 11 channels. The ti(• are the predicted normalized 

ch&nnel depositions hued on parametrizations of test· beam strip-ch1.mber 

da.ta. Thia x' is minimized using the shower cer.tcr a.s a free pa.ra.rne­

ter. The shower position is thus obtained and the minimum x' cu be 

used to teat a single electron (or photon) hypothesis. fluctuations in the 

1ingle channel pulseheight are taken u er, = 0.026 - 0.096 · q~. An over­

all energy-dependent normalization K(EcEJI) is introduced to obtain an 

energy-independent x'. The CES energy resolution is only about 20 3 
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and 30 ~ for 50 Ge V and 10 Ge V electrons respectively so it is beue: 

to 11SC the energy measured i.n the CEM for the normalization. Showe 

fluctuations scale u 1/ JE. but the normalization must take a. ciifferent 

fomi due to non linear response of the CES. The non-l.i.nearity ar.ses be­

came lhe CES is loc&ted at a fixed depth (- 5.9X0 ) in the calorime­

ter and its sampling ol shoYer energy depends on the electron energy. 

An energy normali&uioa th&i compensaies for this non linear response 

K(Ec.11 ) = 1.792 · 2.11Lo(&ea11 l Yhere the factor 1.792 was ch05ell so :hat 

K(Ec&JI = lOGeV) = 10.0. A typical electron showu has a width of - 2 

cm and is fully contained in the 11 channel cluster. The x2 is useful lo dis­

criminate against cues i.n Yhich mott than one particle hits the calorimeter 

cell conu.ining a shower. Photons from ..-0 .... -r"I decay have 1.11 openi:g 

distance at the strip chamber depth of Rcu = 184 cm that relates lo liie 

..-0 transverse momenta..m &proximately u ~ :=: * cm. For ..-0•1 above - 7 

GeV, the t- photom will be contained in the cluster. The presence of two 

photom 'lrill be eaaily identified by a large T&llle of x2 for r 0 's of llp lo - 20 

GeV, above this energy, the clOM:Dess of the photons makes it mott difficull 

to aep&r&te the two shoYen. The x2 is al.lo useful to dllcriminate again.st 

charged pions. Figure 3.4 sho1n the distribution of the average strip cha.m· 

ber x2 for the w electrons and for teit-bea.m electrons ud charged pions. 

a.nd it i1 seen that this variable can be llsed efficiently 10 select electrons 

vhith high ttjection power against charged pions. 

Ta.hie 3.1 contains the values of the cuts for the variables used for fC.lecting 

electrons in this analysis. Figures 3.6 to 3.12 show distributions of these Yariable> 

for electrons from Zo .... e•c-. ~ote tha.t we do not base the .election on tl:c 

amount of extra energy surrounding the electron, that is. we cio not ma.i<e a:iy 

explicit iaolation cuts. The selection cuts imply nevertheless. minimal isola.tion 

requirements within the thtte-tower cell occupied by the electron. Consicie: for 

inlt1.11ce the sta.ndard cut on the energy sharing variable of L•hr < 0.2. The 

imposition o! this cut on a 50 GeV electron hitting the center o! 1. tower. !or 
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•hich the expec".ed energy in each adj&ClCl!t tower is - 250 Me\", me&AS thl.l no 

more thlUI 1.4 GeV of excess energy is ailowai in the S1llll oi the adjaa:nt towers. 

Our electron selection allows identifying electrons Tery neu jets (or other panide 

activity), so long u no enr& particles onrl&p with the electroll in its tluee-tower 

ceIL 

Conversion Eleetrom 

After the fiducial and electnni. selection cuts an: applied, electron.a from pho\Oll 

con~ns and Daliu decays of r 0 •s (r0 - e .. e-7) an: :remOTed uUig an algo­

rithm described in detail in referena: [68,69). We lOORly refer to both photon 

conftrsions and Daliu deca71 as 'conveniOllS'. Photoiu may coaftrt in the the 

inner or ouier walls of the VTPC and in the inner wall of the CTC, and the 

e+e- pair is detected in the CTC. For conTenio111 in or beyond the 01ater wall of 

the VTPC, the pair will not be preceded by a VTPC treck.. Electron candidates 

without a matching VTPC track or with a leCOlld nearby oppositely charged 

CTC track forming a low ff•e- elfective mus an: rejec1ed u photon conTenion 

e&11didates. The low-mus pair cul al.lo rejects electrom from Dalila decays. It is 

coll.lidered there is no matching VTPC track if V.11 , the ratio of the number of 

found VTPC hits 10 the number of expected VTPC hits along the road connect­

ing the nent Tertex to the electron cluster, is less thu 0.2. The cut on e!ectin 

m&11 is .v ••• - < O.S GeV /e. The radius of conversioa R. is takeu to be the 

distuce from the origin to the point where the tracks an: tugeut. Figure 3.2 

shows the distribution of R. for the events tagged u conftnions by the effective 

mus cut. Two clear peaks are present, distinguishing pain from Dalitz decays 

and conveNions at the VTPC inner v;all (at 2.5 cm) from conversion at the outer 

wall of the \'TPC or inner wall of the CTC (at - 28 cm). 

The VTPC hu high track finding efficiency, indicating that electrons withoul 

a matching \'TPC track pro,;de a , . .,ry pure sample of outer wall photon conTer­

sion1. Such a 1ample is used to determine the number of co11Tersion1 nol identified 

by the M ••• - cut, either because the secoud CTC track is too soft to be found, 
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or b«&ux the pair mass iJ outside the a:.t n.lue. For a:i ind.Wve elenro:t sa.m· 

pie with q. > 15 GeV • it .,... estim&led with tllls metho<i tha.t the c:onTerSion 

remonl algorithm is - 88% efficient and that - 53 of unidentified co11ttnio11S 

remain in the sample after the cuu an: applied ;6!!.69.70:. A:i ovr.-dciency .or 

fraciion o£ 'good' clectron.s mistakenly tagged as con~oiu by the ~:ith.m, of 

- 5" wu estimated by studying like-sign low-mass pain :68.69,70'. 

S.S.2 Electron Selection Efficiency 

The Method 

The efticieucy of the electron selection criteria is measured for high Pr Hectrons 

by using a sample of Zo - e• .,- . The method consists of selecting a sample o! 

dielectrom in which at leut one electron puses the selection criteria. Then, for 

nents with dielecuo11 inftriut m&11 inside a window centered near the Zo peu. 
we look at the second electron and check whether or not it puses the cuts. let ,"Ii 

be the number of eTenh inside tbe mus window with at leut one tight electron. 

and N;!. the number of nents with both electrons passing the tight cuts. The 

number of 'uncut' or 'unbiued' electrons is N - IV;: .. , since each of the S;!, 
even.ti contributes two electrons. The efficiency of a given cut i is given by 

.. -.·;_ .. -N~ .. 
t' = --'::7"--..,,':"!;-= 

i.V + ~V;!_ 
\3.3) 

where IV;... is the number of events in which both electrons pus the cut i. ~c 

1tati1tiw error on this efficiency, giTen by binomial statistia, is 

; ' c'(l - c') 
.le = \ V - \""'' . .. .. ,.,. 13.41 

The overall efficiency and ils statistical error are obtained by se11ing 1 = all in 

the above formulu. 

The zo-+ e·e- Sample 

We selected Zo - e• e- candidates by requiring one tight central electron anci a 

second loose central electron with the following requirements. 
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( 1) One tig}lt central electron. 

• The candidate must be inside the CE~ fiduci~ repon a:u: pass the 

electron identification cuts listed in Table 3.1. 

• £} > 20 ~v 

(2) A second IOOR central decuon: 

• A CUl cluster with HADIE.\f < 0.125. &11d illside the CEM fiducial 

region. 

• Ef > 20 GeV 

• f'T>lO~V/c 

(S) An isolation cut requiring that that the transnne mergy in the towers 

within a cone of RE ..j..A-)1 - (.1'1)1 = 0.7, excluding the electron energy, 

be leu than 12 GeV, is applied to both electron e&11didata. This cut i1 

intended to reject remnant background. from QCD dijet and W .._ jet e-.ents, 

and does not reject a significant number of ze e .. ents, .. 1hall be shown later. 

This selection results in a sample of 135 oppo.ite-sign didectron e .. enu. The 

dielectron invari&nt mus for lhae events is shown in figure 3.5 and peaks near 

the Zo mus. The innriant mus i1 e&lculated as 

M ••• - = y2Ef EF ( cosh .i,,.·.- -ca& A41'"•-) , (3.5) 

..-here ~.,···- &11d ti_. .. -are the e- .- difference in pseudo-rapidity and in az. 

imuthal &ngle, respectively, determined using the tracking infotmation. We han 

not applied calorimeter energy corrections in ::nalUng this plot. For the CDF 

meuurement of the Zo mass '.43j, corrections for the ab50lute ene:gy scale of the 

calorimeter of - I 3 &nd for the tower-to-tower variations in ruponse of - 2 

3 were appl.i~. There are no same-sign events with M .. > 65 GeV,'c' in the 

sample, indicating that the dielectron sample under the zo peak is very clean. 

&nd hence it is ideal for the efficiency It ud y. 
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Results 

We use the e .. ents in the mass intern! 80-105 ~ V; e to perform the d!icie;.cy 

mea.suranent. ln this window there are 114 eYGlts h&Ting u iea.st one dect:ttt. 

pusiq the selection cuts. In 72 of the 114 ""9ts, the 5eCOnd elearon also puses 

the sdectioa cuts. This gins an unbiased sample o! 186 electrons. 

Figaies 3.6 to 3.11 ahow the clisuibutiOD.J of the ftrious electron identilie&tioa 

nri&bles for the electron sample. figura 3.&, 3.14 and 3.15 show the distributia11S 

of EM/HAD, the atra energy in a coae of R=0.7 sunouding the elect:roa. 

anci Pf, which 1"ft ued to select the second electron in the eTents. It is 1ee2 

from these dinributions that the cut1 applied on the second electron &re not a 

significant biu. Tile results of the eflicie:ncy study are summari.led in Table 3.~. 

ln this table, N- is the number of times the second electron puses a g; .. en Cllt. 

and N,.., is the number of times the second electron f.aW a P""" cut aclusi-.eiy. 

The efficiency of tlie selectioa £or electrom going into the fiducial region of the 

calorimeter is 

e:_ = (77 ± 3)" , 

where the subindex iao is placed to emphasi&e that thi1 result was obtained fro: 

Zo decay electrons -.hich &re isolated. The single cuts causing the iargest i:ic­

cienciea are the x! cut and the E/ P cut. Figure 3.13 1how1 a scatter plot oi ~ 

,.enua E/P, and it can be seen that ennu having large E/P are likely to i:a...., 

large x! &I well. This i1 consistent with photon bremutrahlung : the dect:-on 

emits a photon that separates in azimuth from the bending electron causing a 

distortion in the strip chamber energy profile in the azimuthal ,;ew . At :!-.e 

same time, if the photon is hard enough it will cause a discrepancy bet...-ur. :~e 

calorimeter energy and the tu.cir. momentum. 

3.4 MUON SELECTION 

ln thi1 section we define tb.e variables used to identify muons &nd give the c:;: 

values used. We all<> present a measurement of the efficiency of the 1elect;on 
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criteri& oa muons from Z" decay. 

S.4.1 Mlloa Selection Criteria 

The line granularity of the CDF calorimeten &nd the exa:llent 1p1.tial ud mo­

mentum resol11t.ion of the CTC ue med to li.nd muons by requiring that the 

tower to •hich a track enrapolaies has energy deposition cominent with that 

of a minimum ionizing particle. High Pr muom cu be el!icieatly found in CDF 

in the rapidity range i11i < 1.2, tlw is, in the regioa cowered by the central &nd 

endwall calorimeters and by the central tracking chamber. H the track goes into 

the region i11i < 0.63 •hich is instrumented with m11on chambers, then a m1.tch 

in azimuth bet•een the CTC track and the muoa chamber eegment C&D. be used 

to reject backgrounds. The preHD.ce of a muon chamber megment is al90 ueful for 

owe-triggering of muom. H the muoa track hu no auociated muon eegmeat, 

thea it cu Rill be accepted by teqUiring 1. 1-e Uolation cat. The itola1i- cut 

it necasary to replace the background rejection power inhaen& in demuding a 

muon chamber segmeat. C&ndidates with 1.nd without a muon chamber track ue 

kaoW'D u CMUOs (central muon objects) &nd CMIOs (a:ntral minimum ionizing 

objects), respectinly. 

Fiducial Region 

The nme fiducial cuts defined Car electrom are 1.pplied OD CMIOs to 1.YOid cr1.clu 

between calorimeter modules. No explicit fiducial cuts are 1.pplied on CMt:Os, 

since the muon chamber geometry i1 such th&t tracks going through wwt.1 are 

avoided n&turally. The geometric regiom coTered by CMUOs &nd C~IIOs &re 

illu1tr1.ted in figures 3.25 to 3.27 ,..hich &re acatter plots of 'I Yer.us~ modulo 15' 

for CMUOs &nd CMIOs from z• - ,. ... µ· decays. Figures 3.26 1.nd 3.27 show 

the CMIOs before 1.nd &fter the fiducial cuts. The CMIO region Cully contains 

the CMUO region except for rue cues. If the eTent Tertex is fu from Z = 0, 

then a track may be near Z = 0 1.1 R = Rcu (therefore f&iling the C!.UO fiducial 

cull) 1.nd neTertheleu be further 1.1ray th&n 9 cm from Z = 0 at R = Rcwu &nd 
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hit a muoa chamber. An.other rare ..ueptioa may occur for 1. low momentum 

track that paaes Hal 1. is• crack at R = Ren (illld fails the CYIO cuu) but 

is beading into the m'DOll chamben due to the magnetic field. In figure 3.%7. 

the eftllt with (i'lfl - 0.3,• - r) repraa.u a small inel!iciccy of the muon 

chamben: the track goes throagh the chambers but hu no usoci1.ted stub. &nd 

waa tlu:rdoic picbd 11p u a CMIO. The odaer 2 evenu near 17 = 0 legitim1.tely 

miu the muon c:h&mben. 

Maon Identification Variables 

The following requirements are used to select muom: 

(1) Minimum ionisation requirement. The calorimeter to'ftf to which the CTC 

track points is requited to contain lea th&11 2 Ge V of energy in the EM 

compartmaat, leu than 6 GeV of energy in the hadronic compartment, but 

more than 0.1 GeV in the sum of the tW"O computmenu. Figures 3.19 1.nd 

3.20 ahow the Ett" aad El'Z' di1tribut.iom for 57 GeV /c tes1-beam ml&ODI 

{49). TU aYenp enetgy depositions are of 0.3 GeV and 2 GeV in E..\f &nd 

hadronic enagy respectiTeiy. Figure 3.21 [48] shoWI the distribution for 

the sum E'l1r + E1fZ deposited by test-beam 57 GeV/c ch~ pio111. 

The small minimum ionizing peak corresponds to 1. mix of charged pioDJ 

•hich 'punch through' the calorimeter and muons untagged by the test­

beam COUllter. By using the tagging efficiency of the counter to subtnct 

the muon contamin1.tion from the events under the minimum ionizing peak, 

it wu inferred th&t the non-i11ter&etivepion punchthrough prob&bility i1 (0.7 

± 0.1) 3. 

(2) For CMt:O e&ndid1.tes a.zimuthal sepu1.tion at the muoc ch&IDbe: radius 

between the extr1.pol1.ted CTC traclr. &nd the muon ch&IDber traci must 

be oC sx .. _. __ < 10 cm. This represents .. 10(3)0' cul OD 15(5) GeVic 

muous, since multiple Kattering dellects muons exiting the calorimeter by 

- 15 cm/ Pr (th&t is, 85 mR/ Pr x the effecti\-e length of the calorimeter 

of 181 cm). 
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(3) Far CMIO auuiid&ia the trannerse energy in the towcn within a cone of 

R = J.:J.')2 - {L!.11)2 = 0.4, excluding the muon energy is mprired to be 

lea than 5 GeV. 

{4) Track quality cuts. The CTC track must hatt au. impact parameter (cfutance 

to the beamliae in the trannerse plane) 4 < 0.5 cm and a cfutance to the 

primaiy ttrtex along the beamline of IZ- - Z-1 < 5 cm. Thae 

cuts are plaad to reject oc:usional tracb wh.ich appear i.soia&ed due to 

ataeo mineconatruct.ion but which ue really coming from the core of a 

high IDllhiplicity jet. The track quality cuts han au. effi.c:iaicy of (99.6 = 
0.1) ~on 'good' traclta. Th.is wu determined from a Ample of W .... ev 

eYeDts selected by requiring elec:tro11.1 with £l > 25 GeV passing the cuts of 

Table 3.1 u.d ~ > 25 GeV. The distribatio11.1 of the impac:t panmetcr 

and of the of the tra.c.k-to-•ertex cfu\&nce along the bea.mliae are 1bowu in 

tigurea 3.17 and 3.18. 

Table 3.2 contains the nlues of the cuts for the nriablea ued for 1electing 

muons in th.is analysis. 

3.4.2 Muon Selection Efficiency 

Similarly to the elec:tron cue, the efficiency of the muon selec:tion criteria can 

be meunred for high Pr muons using a sample of z• - ,.•,.-. The method 

for obtaining an unbiased lepton sample bu been described in aection 3.3 for 

electrons, and i1 totally analogous in this cue. 

The Zo - p.• ,.- sample i1 selected by requiring one tight muon (C!lfCO) and 

a second loose muon (CML'O or C~l.IO). Events in wh.ich both muons are C!\UOs 

are not triggered on (unless the Zo bu .-ery high Pr and the event comes in with 

the jet or missing Er triggers) and are not at udied. The following criteria were 

used to select the Zo .... ,.. ,.- sample. 

(1) One Light CMt:O. 

• PT> 20 GeV/c 
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• The candicla1e mut a'tisfy t.he sd~on cuts of Tabie 3.2. 

(2) A second loose CMt:O or ODO. 

• PT> 20 GeVic with track quality ~uirements. 

• Fiducial cuts must be aa1isfied for C!l.llO candic!&ies. 

(3) A.a isol&tion cut ttquiring that there be no jet with E;' > 15 GeV centered 

wit!Un a cone of R : v<:J.~)2 _.. (.l11)2 = 0.4 about the muon candidates. 

Th.is isolation cut is intended to remove punch-through background. from 

QCD dijet and W - jet CYeDti. 

( 4) Cosmic ray ba.c.kgrounds are removed with a baclc-to-ba.c.k cut. E.-enu are 

tagged as cosmic rays and rejected if !11"' - '1"' ' < 0. l and ¢!'' - Cl" -

1110-! < 1.5°. In addition. a few remaining cosmic rays Tett removed by 

•canning (the eveu.u had not been recognlled u baclt-to-ba.c.k because the 

cosmic ray wu not going through the primary vertex and then wu a stereo 

miueconnruction ). 

A sample of 126 dimuon events comes from this selection. Thett are no same· 

sign eftll.ta in this sample. Figure 3.22 shows the dimuon invuiut mus ci.i1tri· 

bution for the sample. Figllles 3.23 and 3.24 show the dimuon i:i•-a.riant mass 

cfutributions for the CMt:O-C!lfUO and C!lll'O-CMIO evcnu sepa:atcly. E•·enu 

with invariant mus above 70 Ge\'/ c2 are used for the efficiency study. 

There are 49 CMliO-C!lll."0 and 69 CML'O-C!l.UO events ,..;th .u ••• - > iO 

GeV /c". In 47 out of the 49 C!IWO-C!IH:O events, the second muon also puaes 

the cuts, so an unbiased sample of 96 C!\lt.:01 is uailable for the efficiency study 

(since events with the second C!l.lt:'O pusing the cuts contribute 2 muons to 

the sample). The C!lllO •a.m?ie hu 69 events. Figures 3.25 10 3.35 show t~e 

diatribations of each of the muon identification variables for C:\!t:'Os &:1d c:.l!Os. 

The results of the efficiency nudy are •hown in Table 3.2. The C!lll"O effi· 

cicncy is (97.9::: 1.5) 3 and the C!l.110 efficiency i1 (95.7 = 2.5\ ~- Since these 

efficiencies agree within statistic.al erron, ud the source of inefficiency is com· 

mon and comes from cutting the tail of the Ludau distnoutior. for the tower 



enCigT deposition. we ta.ke the avuage and quote a single muon efficiency. Afoe: 

taking the uerage we a.I.so include the efficiency due to the track quality cuts. 

The resulting muon selection efficiency for muom with either an associated muon 

track or going into the calorimeter fiducial regiOJl is 

c!'.. = (97 ± 2)" (3.7) 

where the subindex U. is placed to emphasise that this result was obtained !iom 

Z9 decay muons which are isolated. 

3.S CONCLt:SIONS 

We hue 11hoW11 how electrou and muons are selected aad Ii.aft ptoTeD thal trig­

gering u.d .election efficiencia at high Pr are well udemood. 
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Ciat N- N1• Efficiency (3) ; 

: EM/HAD< 0.05 ! 108 3 96.8 ± 1.3 

I : 
I .War< 0.2 . 110 97.8 ± 1.1 
i 
I 

E/P < 1.5 100 92.5 :: 1.9 

I " 
Ill;< 1.5 cm 112 0 98.9 :: 0.8 I 

I 
I 

6z < 3.0 c:m 113 0 99.5 = 0.5 

I x! < 10 88 12 86.0 = 2.5 

x! < 10 104 6 94.6 = l.i 

All Cuu i2 77.4 = 3.1 

Table 3.1: Electron tdcction cut• and their efficiencies for electron• from 
z• -- e•e- going into the fiducial region o{ the calorimeter. 
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Cut 
i ' 
" CMUO .Eff. (%) CY.IOU. (3) : 

E';;i < 2 GeV 

' ; 
! £rn < 6 GeV ~ 

j E'lT/".,. E1rn) > 0.1 GeV i 
. I 

6X,_.._..,. < 10 cm 

£p<•·• - £¥""' < 5 GeV 

Total 

99.0 = l.0 100 

99.0: l.O 95.7 ± 2.5 

100 100 

100 

100 

97.9 = 1.5 95.7 = 2.5 

T&ble 3.2: ~1uon telectiou cuts &nd their efficiencies from zo --. ,.- ,.- for C~!t'01 
(muons with a.n usoci&ted muon chamber track) and for C~!IOs (muons v.-ith no 
a.ssocia.ted track going into tl:c f.ducia.l region of the ca.lorimeter). 
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Chapter 4 

DATA ANALYSIS II : COMPARISON WITH MONTE 
CARLO 

f.l MONTE CABLO DATA SAMPLES 

We have used the ISAJET ;n: !.lonte Ca.do program to generate samples of ti 

eYt:Dts (with M,..=28, 40, 60, 70, 80, and 90 GeV/c1), and have then passed 

the generated data through CDFSIM ;12~, a full detector simulation program 

, for comparison with the data and for the determination of acceptuces and 

dliciencies. For 1peaal studies to check the top production mocld in ISAJET, we 

compared with the PAPAGENO '.73) Monte Carlo. 

Dilepton backgrounds Crom QCD production and decay of heavy l!avors were 

simul&ted with ISALEP '.74], the 1pecial version oiISAJET tha.t allows generation 

of bouom and charm pain produced by higher order diagrams, including l!avor 

excitation a.nd gluon splitting. Since botlom pain are the dominant source of 

leptons, we looaely refer to the heavy flavor background as bb. 

Briefly, ISAJET generates events in 4 ateP9 : 

(1) Two partons (one Crom the proton a.nd the other from the anti-prolon) are 

picked wilh momenla given by a set of structure functions, we used the 

default parametrization of EBLQ (set I) :7s:. The panons arc then harci· 

acattered, according lo the elementary QCD crou sections of the proceSI 

being considered , to oblain lhe final 1tue partona. 

(2) QCD n.d.iative corrections (gluon bremutra.hlung) are a.ddcd to the initial 

and fin.al states. 

(S) Pa.rtons are fragmented into hadrons. and parlicies are allowed to decay. 

( ( 

(4) Hadrons irum the spectator system (beam jets) a.re added. 

The simuiation program CDFSil! tracis the particles of the evenl. one al 

a lime, througii the dlll'ettnt components oi the detecl<>r. =Ul they stop by 

deaying. con'l'a'ting. sho....,ring in the calori:netry or exit the c!etenor "rohm:e. 

The n:sult of lhe simul&tion program (r&• data format) is paucd through the 

S&me recomtruction progr&m used for real da.ta, and the output (track par&me\e? 

ci&t&-banks, jet buih, lepion candidue banks, etc .. ) a.re analyzed in the same 

way as the real reconstructed dau. 

4.2 DEFl!\TrION OF THE ti - eµ-.. X SIGNAL REGION 

The aim in defining a signal region is to c.hoose a por.io:i of phase space ..-ith 

good acceptance for the process of interest and which a.t the Rme time is not 

heavily populated by known backgrounds. 

We will distinguish our tl signal from the dominant bli baclcground by exploiting 

the marked difference in the lepton spectra. ln Figures 4.1 to 4.3 we show the 

lepton Pr distributions (with a cut of P} > 5 GeV /c) for ti u .\!,.. = 70 Ge\" ic? 

and 28 GeV /c1 and for bli. The parent quark Pr spectra. are aiso shown in these 

figures. and it i1 seen that the average top-quark tran1verw a:omentum i1 - .\! .... 

For the bb the mean quark Pr i1 also of the order of the quari: ::iass. •·hich cannot 

be apprecia.ted in the figure because we genera.led bottom 'icarlu ..-ith Ft"- > 

10 GeV /c a.nd we a.re sampling the tail of a ra.pidly fallin! spectrum. In special 

TUJlS, we lo-=ed the 1'-quark momentum threshold and fou.nd lhat 903 of the 

leptons with I'}> 5 GeV/c, originate from b quari:s ..-ith f1"',_ > 10 Ge\·,c, 

so lhis cut has a good efficiency for dilepton1. The l:arder ?Cec: quark s;iecaa. 

together with the ha.rder lepton spectrum in the quari< resl [:a!Ile (Cl-. apter J), 

gives rise to luger lepton Fr as the mus of the heavy q-.:a.:i< increases. 

Figures 4.-l to 4.6 show the distribution of ti events and bO nents in the P;- Er 
plane. <:mphasizing again tha.t the t quark decays gencute ;eptons with large 

transverse momentum, while the leptons from b qua.rk decay arc concentrated at 

much lower PT. The top cµ signal can be well sepa.rateci !ton: the bb - eµ - X 
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bad:poll.Dd by requiring t!w both £;.and PT be a.~ a common (sufficiently 

high) trannene momentum th..~- Figure 4.i shoYS the expected. number 

of events with Ef > PT md PT > PT as a function of the threshold PT 
for si.m.nlAled ti and /ili (including the higher order contributions) ettnts. It is 

therefore co11ftllient to select the following signal rqion : 

{ 

£;. > 15 Ge\' 
Signal Region : 

PT > 15 GeV/c. 
(4.1) 

It is-. from Figure 4.7 that for the lumillosity of the Spia data sample of 

4.4 pb-1 , 33 evenu and 7.5 events a.re expected in the sip.al region for M,.. = 28 

GeVic3 u.d M .. = 70 Ge\"/e respectively. 

For the llli case, the 1pec:trum is steeply !al.l.i.ng, and - 1 e't'<:llt is expected in 

the signal region . It must be held in mind thu there is luge unccrta.i.o.ty in the 

bl> croa section (sec Chapter 1 ), but the point is that the signal rqion threshold 

is dectively cutting away m05t of the !Ji bad:po1111d, a.nd due to the lharpneu 

of the spectrum, uy surviving events would be neu threshold. There a.re also 

other variables such u lepton isolation, missing transverse energy and dilepton 

uimuthal separation, which can be used (but wen not needed) to further reject 

II& backgrounds. 

4.J EFnCIENCIES FOR ti - eµ + X 

In this section we will determine the efficiencies that relate the observed cross 

1tttion for cp. events in the signal region to the total tf production cross section : 

(4-2) 

In this expression, the total eµ detection efficiency 'T-'• is norma.l.ized lo the 

double semi-leptonic branching ruio Br = ft. We will break up 'roea1 into 

various puts accounting for the geometrical acceptance, the acceptance to the 

signal rqion f'T cuts, and the lepton reconstruction efficiencies. 

~17 
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4..3.1 Geometric.J and i'T cuts 

We defute the acceptance due to geometrical and Pr cuts ( cc:....i.,.;. u the fractio:i 

of ti - eii.,. X CTCllls (normalised to the donble semi-lep":Onit branch.:.ng ratio of 

Ii;) with opposite-sign e and p. goiDg into the fiducial volume of tile detec:tor and 

pusing the sip.al repoc trannene momentnm threshold ol 15 Ge\". 

It is to be noted that this defillitioa ia principle allows efficiencies luger than 

l.0. The double oe:mi-leptouic decay of a ti pair (one top quazk to e11b and the 

other to p.vo) with u ua'llJlled branching ratio of f., contributes most 0£ the 

sip.al, but the remaining contribations from sequential decays of • daughter & 

or c quark or .,. lepton are also considered. Hence, the 'effec:tive branching ratio -

is larger thu. fi. In Table 4.1 we show the contributions to the ti - ep. - X 

signal from the £ollowillg 1101UC1S : i) both leptons come directly from the top 

decay; ii) at least one lepton is coming from the decay of a .,.; and iii) leptons 

comiJlg &om the decays of a b or c quark are inYOlved (but no lepton• from .,. , 

since thae Cftllll are COUJ1ted ill the previom category). These contributions were 

determined at the gCDer&tor Ind, with detector geometry and the signal region 

tranncne momentam cuts. After reconstruction and lepton identification c:its 

are applied, the small contribution of leptons from b and c quuiu will be further 

supressed since they are less isolated. anci :ns likely to pass implicit isola.1ion cuu 

such u HAD/ EM and L•h..-, thu. the first generation ieptonJ from top. It is 

seen that direc:t sem.ileptonic dec:a.ys of both top quarks account for over - 80 3 

of the lignal. 

For determining 'c-PT, we use the particle moment& &I the generator level 

&nd impoac the detector geometry. Vertex smearing is simulated using a Gaussian 

with a width of 35 cm, reproducing the real size and shape of t~c interactiou 

region. 

The geometrical cuts used for electrons and muons (C!\ft:Oo a.nd C~UOs). 

representing the fiducial cuts already dncribed in Chapter 3, a.re the following : 

• Electrons must have • Z coordinate a.t the strip chamber ra.d.ius f. Re Es = 

184 cm) in the interval 217 cm > •Z11a11,;.,, > 9 cm. that is. 9 cm away 

118 



( 

from the 90" cack and wi1hin tile outa edge of to"""' S {out to "I' < 1.0 

). In addition, the dist.ance a: R = Rcu to the 15° ~boundaries bet;ween 

e&lorimcter mO<!ules is ~ulled to be greater than 2.5 cm. 

• The c~rro region is ddi..ncd by the muon chambe geometry (out to,,, < 

0.63). The dwnbcrs are loar.ed at a radial distance Rc/lfil = 349 c:n from 

t~ beam-line, and the Z coordinate at this radius must be in the interval 

235 cm > iZ~...,, > 9 cm. In addition., ~ d.isu.nce at R = Rc11r1 
to t~ 15° boundaries m11St be greaier than 7.3 cm, to aTOid the 2.4' gaJll 

bet.,,.,.,11 muon modules. This is the nominal chamber geometry ud we 

haw: not included edge indliciencics or the effect of multiple scattering. 

EYmts failing to be dauilied as CMt;Os due to such (small) inefficiencies 

&re picked-up as C~lIOs anyway so we are justified in ignoring chamber 

edge effects for purposes of acceptance.. 

• The CMIO region is defined u haring I'll < 1.2. wbett 'I is the paeudo­

rapidity in detector coordinates and is determined by extrapolation to the 

EM calorimeten. The same 90" and 15' crack cuts defined for electrons are 

used. 

The acceptance of geometric&! and PT c_ut1 wu determined for two dilferent 

calculations: ISAJET and PAPAGE!'>O. We find that at high mus, both calcu­

lations agree to better than 10 3 and we haw: taken the intermediate value u the 

acceptance. The auociated systematic uncertainty is taken u hill tbe difference 

in acceptance between the two calculations. Table 4.2 1how this acceptance u a 

function of the top quark mus. At low lop mus, the agreement between both 

calculations is not u good uid we estimate a sy1tem&1ic uncertainty of - 30 ;c on 

the acceptance for .\/, .. = 30 Ge V / c2. It is also possible to decompose <'" G--..P, 

into two 1erm1; first •P. ,an acceptance to the Pr cuts (normali~ed to {r ); and 

second.<;.':....., &D acceptance to the fiducial geometry cuts (after tbc Pr cuu have 

been impoted). 

t:~p, = t;.':..... . tP';. (4.3) 
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TK separate geometrial and Pr aa:eptances are listed in T&ble ~.5 u a function 

ol top mass and it is seea that the Pr a.cceptan«! falls quick.!y with dec:rcasing lop 

mass and is ouly - 4 ~at .\!r.p = 28 Ge'i,'c2, giring rise to• large system.iic 

uncerta.inty . 

4.3.2 Electron Reconstruction Efficiency 

We now disCllSS the determination of the dliciency oi our electron selection criteria 

for electrons from top decay with ET > 15 GeV that go into the fiducial fC!]on 

of the calorimeter. Discussion of systematic erron due ma.i.niy to the uncertainty 

in t!ie top quark fragmentation will be deferred to Chapter 5. l.n Chapter 3 

we determined. the efliciency of the electron cuu for isolated electrons from a 

ze - e .. e- sample. Because the top is heavy, its deca:r products will be emitted 

at large angles with respect to its direction. Hence, in general, in the dec&y 

t - 11111, ~ lepton will be well separated (isolated) from the decay product• of 

its companion b quark. One way of characteriJin.g the degree of kpton isolation is 

by meuuring the transTenC energy inside a cone of radius R = ./~c)' - (~11)2 

= 0.4, excluding the lepton energy. To set the scale of what an "isolated" electron 

looks like in terms of this variable, we can see how it is distribu1ed in the Z" -

e·c- sample in Figure 3.16. This distribution is shown in Figures 4.9 and 4.10 for 

eiectrons with Ef > 15 ~V !rom top-quarks with muses of.\!, .. = 28 Ge\", .,.i. 

10 GeV /c2. ~lost ofthe top electrons are in fa.ct isolated, with a tail oflcs• isolated. 

top electrons. For comparison, electrons with ET> 15 Ge\' from hb ~lonte C&rlo 

are shown in Figure 4.11 and i: is seen th&t they are rdatively "non-isolated". 

Among the non isolated electrons there will he an extra inefficiency from the 

cues in which extr& puticles hit the ce.lorimeter cells occupif!fi by the electron. 

We account for this by decomposing the dliciency for electrons from top into the 

following terms: 

( 4.4) 

12Q 



The first 1.enn is the efficic:icr for u. isaialed. electron in.si~ the iducial re­

gion of the CEY to pass the eiectron cuts ud YU found in Chapter 3 to be 

c:. = 0.77 ± 0.03. The aeconci tennis the inef!iciencr introdu~ by the photon 

COllnMon cuts which is c'_ = 0.9S. The third term c'_ is the ef!iciency to ~jei 

overlap", or in other words. it repreents the fraction of ( uon-isolated) rn:nu that 

will !.ail the electron idcatiication cuts became they oTe?Up with particles from 

the b jet. In such an overlap case. the calorimetric micro-Uoia.tion cuts (inside the 

three knRr duster) of BAD/EM and L•h.- can be f&iled. We can use the top 

Monte Carlo to estimate this efficiency d11e to o...,.Japping particles. For this we 

take a sample of very isolated top eiectrons, deined as haTilag ~· - ET < 2 

GeV, and we compare cc.i, the ef!iciency for surviTing the calorimeter BAD/EM 

and L.h.- cuu. for this sample with that for the total sample of electrons. Namely, 

(U) 

Table 4.3 lists ~.,, ci!:11 L11d c:_ !or nriou. top muaes. Aho the total 

top electron identiic:ation efficiency, CYaiuated using Equation 4.4 is listed u 

a function of M,.. The o•enll lop electron idcatiication efficiency within the 

fiducial region ia - 69 3 and fairly independent of M,.. 

4.S.S Muon Reconstruction Efficiency 

We determine the top muon efficiencies in a similar way as we did for electron1. 

Again, we defer the discussion of systematic uncenainties due manily to the lop 

quark fra.gmentation to Chapter 5. 

The only difference now, is that the analysis isolation cuts cuts are some­

what different for C~HOs than for C~fl'Os. For both types of object, there 

is a calorimeter micro-isolation cut requiring that the energy deposition in the 

lower traYened by the muon be consi1tent with that of a minimum ionizing par­

ticle, namely the E';';i < 2 GeV, E~ < 6 Ge\", and ~ ~ £nD > 0.1 

GeV cuts. A further explicit isolation cut ia then applied on CMlOs. requiring 

£:<•.• - £r- < 5 Ge\". Given these cuta. we drcom~ the total efficiency for 

121 

( ( 

m'DODS from top decay in.to the roJlowing terms : 

(U) 

The lint term is the efficiency for an isolated muon ( C}!t'O O! C~UO) to ?ass the 

mllOll aelec:\ion cuts and was determined in Chapter 3 to be c:'.. = 0.97 = 0.02 from 

the ze - ,.•,.- sample. The -d term c"_, the ef!iciencr lo 'jet overlaps". 

repraa.ts lou iii eili.ciency due to non-isolated top muons a.nci i• determined using 

the Monte Carlo 10 find the £rut.ion of muons that do not fail the to~ cut1 due 

to oftl"lappiJlg particles(~_), and the fraction of muons that also pass the 

CMIO cone isolation cut (c:;,:1~): 

Similady as we did for electrons, the lower efficiency is determined by com· 

paring a sample of YerJ isolated muons ( deined u hu-ing Ef<•·• - Er- < 2 

GeV) with the total sample ol muons : 

•t.i c" __ =--. 
~ 

(4.8) 

Table 4.4 ahows the total efiiciency for top muona , where we ha"" required 

the muon to have Pr> 15 GeV /c and to go into the fiducial region. u a function 

of top mu.. The t&ble also lista variou1 terma entering 1he de1ermin&tion of ci ... 

4.S.4 The total ti__, eµ ~ X efficiency 

We han already ahown the determination of the •-uious terms entering the the 

detection ctliciency •i' .. .i for ti - <µ - X in the •ignal reg:on. We define •1.. lo 

be the combined eµ selection efficienc~· , that is 

(4.9) 

The total eµ detection efficiency is then 

( 4.10) 
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ill order for 11.11. ennt in the ti ...... e,. .,.. X signal rqjon to WI the trigger. it mus' 

fail th!. 12 GeV electron trigger (u seen eadier this hM a probability of about 2 

'JIE), the ep or 9 GeV Muou trigger. the 2S GeV !dissing Er trigger, 60 Ge\' Jet 

trigger , 120 GeV Total Er trigger etc •. About lWf the ti - ep - X ew:nu will 

haft a Muon uigger. An impott&At fraction (depaading on M,. )of the events 

will also haft a Missing Er trigger due to the presence of neutrinos 11.11.d muOll 

(muons appear as miHillg c:nergr to the calorimetry). It is ttasonable to assume 

that the probability of failing all these triggers simultaneously is about 1 % or 

lea, 11.11.d ..., estimate the trigger eflicic:ncy for ti ...... ep .._ X in the s.ignal region 

to be 

't"- = (99.0 = 0..5}°" . (4.11) 

Table 4.5 lists the other terms of Eqaat.ion 4.10 as a function of M,., and the 

results are plotted in Figure 4.8. The total ti ...... ep + X detection efficiency is 

o.e 3 11.11.d 12 " at M,.. = 211 GeV / c2 and 70 GeV / c', respecti'ft!y. Or in other 

'IFOl'lh, including the branching ratio, 0.02" and 0.33 of the total tl cross section 

is detected in the ep chan.nd for M..., = 28 Ge V / c' and 70 Ge V / c2, respectively. 

4.4 THE DATA 

The data 1ho1l'll in thi1 section correspond· to an integn.ted luminosity of 4.4 

pb-1 pr<><:eued by an upreuline or Spin Cycle (Chapter 3). From thi1 output 

stream, all events containing at least one electron with Ef > 15 Ge V pusing the 

electron selection cuts of table 3.1 were kept. A1 wu seen earlier, this choice of 

Ef threshold ensures high (- 98 3) trigger efficiency for electrons. A sa.mple of 

17646 eventl with electron candidate ia obtained. Then the photon con,·enion 

cut1 (Chapter 3) were applied. rcmoYing 5144 events. The electron Ei- s;iectrum 

of the resulting sample of 12502 events it shown in Figure 4.12. 

Backgrounds to the inclusive electron 1amplc come primarily from photon 

convenion1 and from charged pion• depositing most of their energy in the E~f 

calorimeter. As seen earlier. the unidentified conversion background is estimated 

to be 53. The charged pion background wu estimated by studying the uncut 
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BAD/ EJI distribution o( the inclllSive eiearon sample after all c.ther cuu are 

applied. The ef!ici..,cy to the H.-tD; EM < 0.05 cut is known to~ s-:;t ior test­

beain pion.a {Figure 3.3} and 95" for non-isolated electrou irom a con\"ttSion 

Ample. This information together ..-ith the nlllllben of events paas.ing a.nc! failing 

the B ADJ EM cut is sufiicieu: to estimate the nwn~ of electrons uc! pions in 

the 1&111ple. With this method, a charged pion background o! - 20% is infe=d 

:10}. 

Tiie inclusift dectrou spectrum h&S a uoulder near EJ. = 40 Ge V. correspond­

ing most.ly to electrons from W and Z decay. Electrons in the Wling component 

of the spectrum below the W region are beli.,..ed to arise preliomina.ntly from 

semileptonic decays of • quarks. The shape of the spectrum and the isolation 

properties of electrons ..-ith EJ. ~ 20 Ge\' are in good agreement with ISAJET 

[5) and moat remarkably, there is a signal of D° charm mesons accompanying the 

electron [76). D°1 from B -+ D"e-,, are expected in (68::: 15)3 of the semiiep­

tonic B·maon decays {77). The decay D° - K-r~ <><:cun {3.8 ± 0.4)% of the 

time {35], and is searched for by reconstructing the invariant mass of oppos.itely­

cbarged track pain inside a cce of R=0.6 about the electron. The charge of the 

electron in the decay detttmines the charge of the kaon (e~ K• or e-K-) and 

this is used to assign a mus (kaon or pion) to each traclr.. The inn.riant mus 

of Kr system sho1r11 in Figure 4.13, reveals an una.mbiguou.s D° signal near its 

mus of 1864. i ± 0.6 MeV / c2 '.35'.- As expected. no such pea.Ir. is obtained when 

the kaon mus is assigned to the 'wrong' sign track. The rate of signal events 

is consistent, ..-ithin uncertainties, with the hypothesis tha.t B/JX - eX' i• the 

dominant fOurce of electrons. 

After the electron selection, the muon cuts of T11ble 3.2 are 11;iplied .,.·ith & 

threshold PF >5 Gt\"!c if tht canci.id11te hLS a.n LSsocia.ted :nuon cha.mber tracil: 

(CMUO), and PF >10 GcV!c if not (C~l!O). Although our signaJ region is 

P;- >15 GeV/c, we have kept low thresholds for the muon to be able to""'' 

oome of the baclr.ground. The higher C.MIO threshold wu picked to reject f&lr.c· 

muon back.grounds. In summary, the analy1i1 thresholds used to select eµ events 

(from the Spin output stream) for the top search are: 

124 



( 

EJ. > 15 GeV 

Spin Sample Thresholds PT >5GeV/c ifCMl:'O { 4.12) 

>10 GeV/c ifCYIO. 

Tile electron and m11011 sdeetion gi-re a tot.al of 41 opposik-aign eµ eftllts. Fig­

ure 4.14 1hoY. the su.tter plot o! EJ. n. PT for th~ nents. Similat plots are 

fOD.D.d in figures 4.15 &lld U6 for 28 and 70 GeV /t:1 tf for integrated luminocities 

of 3 and 80 pb-1, respectively. There is only one eTent in the sigul region. where 

33 and 7.5 eftllts are expected from 28 and 70 GeV (i' tf respectift!y. 

In Fipres 4.li to 4.19 we compare the clistrib11tion of P;- (the smallest of 

Ef ud J'T) nnus A~.,. (the dilepto11 azimuthal separation) for the data and the 

ti Monte Carlo samples. The CDF data are concentrated U low PT"' and are 

clustcttd near the 00 (colinev) and lSO- (bac.k-to-b..:k) regiom in AQ.,.. We will 

see in the next section that thi1 angular distribution is chL"&Cteristic of bli. The 

e&11did&te event is we.II separated from the bulk of the data. For the tf ~fonte 

Carlo, the events have larger Pr, and a more uni!orm .l~.,. distribution which 

gets flatter u M .. increases. The latter is became the decay products of a heavy 

top are emitted at large angles, so the leptoll direction is only weakly correiated 

with the parent quark direction. 

The event in the signal region bu an isolated electron with ET of 31. 7 Ge V and 

an isolated opposite sign muon with PT of 42.5 GeV/c with a dilepton azimuthal 

opening angle of 137'. Other characteristics of the event include the presence 

of a second muo.n candidate with & transverse momentum of 9.9 Ge V ! c in the 

forward muon detector. and two small calorimeter clusten with transverse energy 

depotitions of 14 GeV and 5 GeV. Figures 4.20 &Ila 4.21 show a CTC display 

and a calorimetry display for the candidate. Table 4. 7 summarius some of the 

properties of the event. 

The lepton isolation and the missing Er distributions for the CDF data are 
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al.o dilfe:rat &om thoR for ti. As isoluion vuiahle we u.se : 

Ef< ... -ET 
lao= EJ. , (U3) 

with &ll analogous ddinitiOD. for muons. Figures 4.22 to 4.24 show the Cinributioll 

of elec\l'Oll isoluio11 for the CDF data and the ti Mo.ate Catlo. The le;nous in 

CDF data are predomiiwatly 11o.n-isol&ted. whereu they are qwte isolated for ti 

Monte Carlo. 

Ouz definition oi missing Er is : 

ET"-= :-<L:Er.cosc6;).,-p;cos~,.jz + '.-(L:Er.si.ncP.)-J'Tsino,.! i (U4} 
' . 

ET" =!ET.! , (4.15) 

where Er. is the transvene energy deposited in tower i of the calorimeter and 

.,_ill uimuthal coordinate. We ha.e corrected for the muOll momentum, which 

is umecn by the calorimeter, but do not correct for the energy deposited by the 

muon in ill tower. F"igures 4.25 to 4.27 1how the ~ distribution for the CDF 

data ud the ti Monte Carlo. The missing £.r becomes very different from the 

data only for the higher mass top. 

So far we have only presented opposite-sign data.. Same-sign e"cnts are ex­

pected from sequential decays of heavy flavors. The nnmi>er of ti scne-sign events 

with PT"'> 15 GeV/c i1 les1 than - 53 of the opposite-sign eve.nu in this re­

gion; same-sign eve11ts are not included as pan of the signal. For complete11ess, in 

Figuzes 4.28 and 4.29, we 1how the ET versus P; and the ~ versia .:.a. ... plots 

for the n.me·sign data of our sample. There are 22 1ame-1ign evei:.u in the s&m· 

pie. We note that the t:i.a. ... distribution has no peak neat o• (the opposite-sign 

data hu), and postpo11e the discussion and compa.rison v.-ith the b; expectation 

for the next •~ion. It is intereuing to note that there are 2 •=e-sign eve.nu 

with P;• > 15GeV/c. 011e of them, with Ef- = 79 GeV and P;=l6 GeLc. 

hu an isolated electron with a non-isolated muo11 c&lldidate. Lnci ca.a be inter­

preted u a W - ev, produced at high Pr, with a jet punc.hing through. The 

other, with ET= 23 GeV &lld P;=l9 GeV/c hu & fairly isolated muon with a 
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back-to-bad: aonisolaied electron, and e&11 be inierpreied u a Oh event ..;th one 

miudentiied lepton, or as a dijel neut (both leptom fake). The !act that the1e 

Hme-aip even.ta are pre9Cllt. implies that for future h.i~er lum.iaosity samples we 

may expect some non-isol&l.ed, easy-to-remoft l>M:kgroUJld in the sign.I region. 

•.s COMPARISON WITH 6L BACKGROUND MONTE CARLO 

In this RCtion we show data with an integrated luminoaty of 1.8 ,e-1 proceued 

by the Production induin muon output 11n:am.. The cuu imposed by this filter 

for ep triggers were simply PT> 4 GeY./c and sx ___ < 10 cm, 50 it is useful 

for studying low Pr ep. CYCDU. 

At low Pr the CMIO requirements are not stn>ng enough to ensure a clean 

sample, 10 we only considered CMUOs for th.is sample. The cuts of Tables 3.1 

and 3..2 were applied on electrons and muons. with the following th?elholds : 

l Ef > 5 GeV 

Production Sample Thzaholda 

P; > 5 GeV /c aad OIUO only. 

( 4.16) 

We also applied the standard photon conYl!nion rejection cull (Chapter 3). The 

resulting sample hu N- = 269 opposite-sign and N _ = 148 same-sign events. 

The distribntion of these eve.nu in the PT - Ef plane is showu in Figure 4.30. 

\\'e will be comparing with the CDF da.ta with an ISALEP bl. Monie Carlo 

sample with an integrated luminosity of 0.64 pb-1 • The Monte Carlo sample hu 

.v_ = 259 and N_ = 40, a.nd their distribution in 1he Pr·ET pi&ne is shown 

in Figure 4.31. 

\Vhen comparing rates we note : ( l) the !\fonte Carlo rate for .V.,,, - ... ·_. is 

a factor o{ 2 higher than for the CDF data ( 467 pb vs. 232 pb ), &nd (2) there are 

comparatively much fewer same-sign events in the Monte Carlo. t.V-/.\'.,,, of 

0.15 vs. 0.55 ). Full comparison of bb Monte Carlo and data goes beyond the scope 

o{ th.is thesis &nd is not yet complete. HoweTer we comment that ( l) there is a 
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large ~cal 'IUlCCnai.nty in t~ Oh cnm; section. (2) the .Monte Carlo las no 

116 mlling {this .....id enhance the same-sign S&mple), (3) ~ h&~ not subtracteci 

fake lepton batlgrounds , (4) we do not know the d!iciencia (trigger. selection) 

well enough for these low Pr leptons. 

Despite the prohlema and limiutiODS listed above.. it is still i.nnnictive to looi: 

some more into the low Pr dat&.. A fun question is whether or not the sampie 

is enriched ill electrons and muons. F"i.guns 4.32 and 4.33 show the electron 

nriables for the CDF data, which Qn be compared Tith those ior the Yonte 

Carlo in rigures -t.34 and 4.35. Similarly, Figures -t.36 and 4.37 show the muon 

identification va.riAhles for the CDF data aad the Monte Ca.rlo respecti.-ely. There 

is Wrly good agteement for most 0£ the distributions, indicating a high content 

of electrons and muons in the CDF data. 

Sen we 1how a compari10n of some distributions that suggest that in !act 

we are oh.erviag QCD he&yY flaTOr production.. The missing Er distribution is 

shown for the data ill Figure -t.38 and for the Monte Ca.do ill Figure 4.39. The 

distribution of the electron isolation variable I ao = (Ef<o..t - Ef )/ Ef is shown 

!or data and for Monte Carlo in Figures 4.40 ud 4.41 re1pectiTdy. There is good 

agreement in both of these variables. 

A more revealing distribution is that of the azimuthal separation between the 

electron a.nd muon, ~¢.,.. First we look at this variable I.I the generation level. 

Figure (.42 shows t..•.,. for both •ame-sigu a..nd oppooite-sign events for Monte 

Carlo events generated with P;' .. > 5 GeV /c ,.,•1 < 1.0, .l.l!d :'7~l < 0.6 to reflect 

the geometry of the detector. The contributions of di:ectly product<! ce and the 

sum bl.+ ce are shown separately, together with the total which a.loo includes the 

h.igher order processes of flavor excitation and gluon spii t t:::g. All histogram• &re 

normalize to the total number of events .v ..... - N.,,.. One import&nt observa.tion 

is th&t there is & peak near ~~.~ = o• only for the opposite-sign sample. This 

peak is built up mostly of two sources of similar magnitude: (1) cucade decays 

from the dittct 6h e\"CDU (b ..... d 1v with the subsequenl c ..... l,av decay), and 12; 

h.igber order contributions, predomin&ntly from gluon splitting (g - bl., with a 

&emileptonic deay of each b or cascade decay of one b). Sii:ciiar ~c.~ distributions 
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are sho'lrll for the lfonte C&:lo events ai1e: C:etector simul&tioi: a:id :econs\rllc>.ion 

in figure 4.43. The Ame q'1a5tafrre fea.tllleS already motioned are 5«11. but we 

obscrTe that the opposite-sign, ..\¢, .. - o• pell is now smaile:- tl:.an Odore rea>n· 

struction. reiative to the peli at ..\o ... - 180". This may be understood because 

two leptons i:i the sa:ne 'je:' are harde: to reco:istruct. Finally. in figure 4.« we 

show the ..l~.., distributions for the CDF d&ta. Again we see in tl:.e data a peak 

in the opposite·•ign (and not in the same-sign) ~o ... - O" region. This means 

that the small ti.~ ... data has vtty low fake iepton backgrounds (punchtl:.roughs, 

fili electrons and remaining photon convemons ), which ha.ve an u:imutha.l dis· 

tribution that can.not depend on the pair .ign. We interpret the sign distribution 

o{ the small opening o.ngle data u evidence for b production, a.lthough ._ are 

not yet able to infer the relative contributions of the lower and higher order pro­

duction mechanisms. For the baa-to-back data it is no longer u clear that the 

backgrounds are u small. There is a moderate excess of opposite-sign data, and 

backgrounds should be subtracted before a complete diaeussion. 

4.8 BACKGROUNDS TO THE CANDIDATE EVENT 

We now discUll possible ba.cltgrounds to the h.igh Pr event found in the signal re­

gion. Fint we cliscuu the possibility that at leut one of the leptons in tbe event is 

fake (misido:ntified particle), and then we consider possible dilepton backgrounds 

from Zo decays or dibolon (WW and W Z) decays. 

Fakes 

Let us assume the pos•ibility that the muoi: in the t\"ent is fake. Then the back· 

ground proce"5 is electron-jets ..-here one jet fragments into a "singie particle" that 

mimics a muon. The number of such events expected in our sample can be esti· 

mated u the actual number of e-jeu evenu in the inclusi•·e electron 1ample, mul· 

tiplied by the prob1.bility that a jet fluctuates into a singie particle (P.....,.), and 

multiplied by the probability for a single particle to be non-interacting (P-). 

129 

( ( 

l\"amdy, 

N~,... = X_.,_ x P..,..i. x P,_;. 

We !ind the number of events wit.h ET > 30 Ge\" and at lea.st one jet wit!: 

E;' > 30 Ge\" to be .v._,_ = l iS. Jet fragmentation nuCies provide an estimate 

of 1he probability for a jet to fragment into a singie par.icie. Figure ·US sho11"1 

CDF resulu for the fragmentation fanc>..ion D(Z) = 4N/dZ. whe...., Z = P._,' P,. 

is the fra.ction of the jet'1 momen1um carried away by the track ;7S:. :Sear tlte 

muon track in onr ennt (Pf= 42.5 GeV /c), there exists a nearhy cluster of 5 

soft tracks (Figure <l.20) adding up to Pr = 5.6 GeV ic which concei•-a.bly coulc!. 

belong to the same jet. In that cue the momentum fra.ction of the track wOU:d 

be of aboul z = 42.5/48.1 = 0.88. An upper limit on P n..,1c ca.n be obtaiueci 

by integrating two last bins (Z bet--=u 0.8-0.9 and 0.9-1.0) of the fragmentation 

plot of Figure 4.45. Since the error bars in the last bins are iarge, ._ take u the 

fragmentation function the value at the bin pl111 the error bar which takes i:ito 

account systematic and statistical uncertai.nties. This gives P._u = 0.0006. Ii 

the bin of Z between 0.7-0.8 is alM> included then P.,.. = 0.002 and we take tb 

u a more conoe?T&tive upper limit. 

Based on test-beam data, the non-inte:active pion punch-throu~ probabii:ty 

wu found to be (0.7 = 0.1)3 in reference :48:. So the background due 10 real or 

fake electron - fake muon is : 

.¥!!,.., ~ 1 iS x 0.002 x 0.008 = 0.003 e\"ents . (4.!S 1 

The probability for the e\"ent having a real muon • fake electron is similarly ,·ery 

small. 

Background from Zo, WW and W Z 

We have estimated the signal r~on (P;' ... > 15 GeV/c) backgrounds from eµ -

X final •tates of the procesaea z• - .. .,. , zo - /,/,, and from n·n- and ll" Z 

production and decay. The resula are swnmarized in Table 4.6. The efficienoes 

for geometrical and PT cull, Cc-,p, were determined al the generator inel. For 
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Z" - iii •e use an ep. ttconstruction eiliciency of c~ - il.35 (or about 0.6 per 

lepton). For the other processes . .,..h_ich gi-re isoi&ted leptoru. Ye used t~ = O.il. 

obu.ined from the ~ lepton ei!icicncies in Cha.ptcr 3. 

In the signai. region. we expect 1.1 events from Zo - TT, 0.2 event !ran:. 

Z" - Wi. 0.1':' from H'W, cid 0.015 from WZ. From um alone, one coaid 

conclude tha.t the e-rent in the sigu.l region is probably ze - rr. Hown.:r, 

we now argue tha.t this is not the cue. Figuze 4.46 sho..- £;- vs PT for Moatc 

Ca.rl.o Zo -+ rr -. •P. .... X events generated inside the sigital region. The Ao_ 

cfotril>ution ii a.ho shown in this figure. The Pr spectrum is rapidly Wling and 

only - 2" of lhc eTCDtl have P;- > 30 Ge Vic; in addition, most of the CTCDts 

arc back-to-back. with oniy - 63 with ~¢.,. below 140". 0-rerall, the topology 

of the eTCDt in the signal region would be cxtre:mdy unusual for a Z -+ rr. 

This is &Uo true for Z -+ M, where the Pr spectrum falls c-ren more &harply 

(u evidenced by the smaller nluc of Cc-Jr in Table 4.6) because the B-maon 

which decays scmilcptonically only carries part of the momentum of the produced 

b-quark (Figure 1.14). 

Parenthetically, the event in Figure 4.14 with £;. = 37 GcY and PT = ll 

Ge V / c, hu back-to-back, isolated lepton1, and no significant extra. activity in the 

calorimetry. We consider this event to be a Zo - rr candiduc, and displays of 

it arc shown in Figures 4.~7 and 4.48. 

The Ef n PT and ~¢,~ distributions arc shown in Figure 4.49 for :Monte Carlo 

WW -+ eµ. .,. X events gencnted inside the signal rcgjon. In these variables, the 

topology of the event in the signal region i.J not inconsistent with WW. However, 

the presence of the forward muon and of the 14 Ge\" jet in the cv1:nt and the 

small cross section for thi• process mak1: it extrerndy unlii<ely for it to be wn·. 
The forward muon makes it plausible for the cv1:nt to be WZ, or W-Drdl-Yan 

(where the dimuon i1 from Z or Drell-Yan). Ber1: the rau is ai.rcady small, and 

the additional j1:1 ma.lees it enn leu likely. 

131 

( ( 

4.1 CONCLUSIONS 

w., ban: motinteG and defuied a sig:r.a.i region for the ti - <µ.-.\ sea.:cli il.ll.d !la..-c 

d1:termined the detection efficil:llcy as a function of.\!.,.. With this appr~. ,..., 

han searched for the top ill a ciata sample .-ith integrated laminosity o'. 4.4 pb- 1 

collected ciurllig the 1988-89 CDF run. In addition, we han: stuc!.il:d a su>n.:::ip;e 

oi dau with lower Pr thresholds. The balk of the data &ppe&n to be co=ste.::.: 

with apectations from QCD hca-ry davor pro<iuction, a.nd only onf: tf CJ11'ciidatc 

event was found in the signal rcgjon. We find that this event is difficult tc exp~air! 

in t1:rms of known sources of background. 
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.\f ... ,Ge\" ·c:: 

2! to 60 70 ~o 90 

i) 0.94 0.6i 0.82 0.80 0.78 0.82 i 

ii) 0.02 0.03 0.07 0.08 0.09 0.12 : 

' iii) 0.04 0.10 0.11 0.12 0.13 0.06: 
I 

' 

Table •.l: The contributio111 to the t{ - e,. ..- X signal : i) both leptou come 
clirectly from the top deay; ii) at leut one lepton is coming from the deay of a 
r; and iii) leptons coming from the deays of a b or c quark are involved 

I I Al,. t~ = atat.::: rga. 

! !GeV/c2; 

I 
28 , 0.0103 :±: O.OOlS : 0.0030 I 

40 0.043 :±: 0.002 = 0.007 

60 0.142 = 0.007 = 0.009 

70 0.209 = 0.008 = 0.008 

80 0.294 : 0.012 : O.G!5 

90 0.324 = 0.013 = 0.013 

Table 4.2: Acceptance to the 'I and Pr cuts normalized to the double semilcptonic 
branching ratio of f.. The acceptance has bttn ta.ken a.s the intermediate value 
betwttn the ISAJET and PAPAGE:\O cakulations, the a.ssociated systematic 
uncertainty is half tbe difference of the acceptances. 

:33 

( 

.v .. 
'.Ge\" ic2) 

28 

40 

60 

70 

90 

ct.i ~ ,. -- c• .. 
0.894 ' 0.943 0.948 :· 0.69 = 0.02 

I, 

: 0.904 ; 0.954 ' 0.948 !i 0.69 = 0.02 ' 
I 

' I 
' 0.892 : 0.949 i 0.940 d 0.69 = 0.01 : 
: I . ~ : 
' 0.868 ; 0.928 ; 0.935 :, 0.68 = 0.01 
' I n 

0.858 0.920 ' 0.933 ; 0.68 = 0.01 
I' 

I 
0.902 ! 0.943 ' 0.9S7 0.70 = 0.01 

( 

Table 4.3: The top electron efficiencies. £:.,. is the total electron detec~ior. ef. 
ficiency inside the fiducial volume, inclurung ios~ due to overiapping particies 
and to the photon con""rsion cull. Only the Monte Carlo sta.tistica.i uncertainty 
is included. 
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c:!., ._. ,CJllO " .u.., '~c..... c:...,.~ 
,,. 

I~~ a.I 1'. -... 
:Ge\" le': 

28 0.923 0.958 0.963 0.948 0.89 = 0.02 . 

40 0.918 0.963 0.953 0.953 0.88 = 0.02 ' 

;i 
60 0.900 0.971 0.927 0.951 , 0.86 = C.01 

70 0.898 0.972 0.924 0.950 0.85 ::: 0.01 

80 0.898 0.976 0.920 0.943 
'I 

0.84 = O.Dl 

90 0.926 0.969 U.956 0.968 . 0.90 = 0.01 

Table 4.4: The top muon efficiencies. t: .. i> 1he total muon detection efficiency 
inndc the fiducial volume, including ioHes due to overlap with other particles. 
Only !>Ionic Carlo 5l&lis1ical cr:ors a.re included. 
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I 

. \!.., ... .... , ... , .... 
tp, -c- -- ' 

-r..,., 
:ceV tc•: • 

28 0.035 0.30 . 0.61 0.0064 ::: 0.0ll 

40 0.120 ' 0.36 ; 0.61 :: 0.0260 = 0.015 

60 0.395 ; 0.36 , 0.59 ,. 0.083 = 0.004 

iO 0.520 . 0.40 '0.58 .; 0.121 = 0.006 

so 0.783 0.311 0.57 . 0.167 ::: 0.008 

90 0.896 0.36 . 0.63 0.203 = 0.010 

Table 4.5: The It - cµ-X efficiencies for: i) the Pr cuu. ii} geometric ace<?tuice 
(aI:er Pr cuu), iii) dilcpton reconstruction (after Pr and geometry c:it>l. Cid i"'· 
101al. Only the ~lontc Carlo statistical uncertainly is included. 
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~-TT 
t l 

~-6'iWlV JVZ 
I I 

" Jib] 200 910 7 2 

Br_, ep. 131 6.1 2.1 2.5 0.74 

·~ 
0.030 0.0056 0.32 0.32 

cir- 0.71 - 0.35 0.71 0.71 

! ! 

"• ;pb] 0.26 0.037 I 0.039 i 0.0034 : 
! ! l 

I i Enntl ill 4.4 pb-1 1.1 0.2 0.17 0.015 

T&ble 4.6: Backgrounds to It .... <µ. - X. Here, "• = "·Br· cc .... .Pr ·cir-. 
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Run 19250, Ev=t 20435. 

\ Chazge i Pr I) ¢ 

I
I , :ceV/cj: · :degrees! • 

I i 
! Centnl Electrcm I 
/ Central MUOD 

i Forward Muon 

Jet 1 

Jet 2 

.,. 

i ' 

31.7 
I 

-0.81 l 132 
i 

' 
! 

4.2.5 i -0.80 I ' . 269 

9.9 -2.0 98 

14 1.1 341 

5 -2.S I S8 

( 

T&ble •.7: Chuacteri1tiCJ o! the top eandid&te event. Ca.lorimeter Er is umi in 
the Pr column for the electron and jet clusten. 
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Figure 4.1: The generueci Pr spectra of a) the top quark. a.nd b) the leptons 
from t-decay , for direct tf po.ir production at M.,. = 70 GeV 1 e2. 
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Figure 4.2: The generated Pr spectra. of a) the top quarit. and b:• the leptons 
Crom t-decay , for direct ti po.ir production at M.,. = 28 Ge\" e2. 

HO 



( 

• 
' > • 0 

l'l 

' • c • • .. 

0 

' > • 0 

800 

800 

200 

0 

1000 

.. 1000 

' • c • 
~ ~00 

0 

t 
I p, 
I I l 
[ / I 
t I , 
I j 
0 

0 

a) 

'l'O 100 120 160 

(GeY/e] 

b) 

30 40 &O eo 

Lepton P,. 

Figu.re 4.3: The genera.ted PT 1pectr& of a) the bottom quark, ud b) the leploIU 
from />-decay , for direct bli production. 

141 

( 

0 

' > • !:.. 

! 
ci 

' • c • • .. 

30 

20 

0 10 

1211 

100 

"II 

&O 

0 _, 

·. 

·~ 

500 Ent~:es 

4.5' v·a·c~• 

20 

''.C..l 
&O eo 

[GeV/c) 

rJlJ~ 
f ~ 

nr l. 
"Ll I J Ul 

! l 
..; 

_,....1 

-l! 0 

Lept-on .,, 

.. 

( 

a) 

b) 

Figure 4.4: a) Ef versus PT . and b) lepton pseudorapidi1y distribution, for tf 
pain of M,.. = 70 GeV/c'. 
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Figure 4.5: 1.) Ef nnus PT , ud h) lepton poeudorapidity di1trihution. for tf 
pain of M,. = 2B GeV/c:l. 
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Chapter 5 

DATA ANALYSIS m : TOP QUARK MASS LIMITS 

5.1 SYSTEMATIC UNCEB:r.AINTIES 

We now estimate the the nrioas systematic uncenainties on the measured tl ..... 

ep. + X aou section, which is rel&ted to the number of ep. eTents in the signal 

region through the following equ&tion : 

B .v:; 
trtI· ,. =JU ·cj!'_, l5.1) 

TJuu, .,nematic uncertainties arise from our limited knowledge of the integrued 

lllJllinomty (j Uf) and of the tt-+ ep + X detection efficiency (c;."_,). 

Uncertainty in Luminosity 

The integrated lu.minooity was measured using the bea.m-heam counters (Section 

2.2.4). The portion of the inelastic yp crou section accepted by the BBC (about 

74'lli), hu been estima.ted to be "BBC = (44 ± 6) mb using extrapolations of 

lower energy data together with a Monte Culo determination of the geometrical 

a.cceptaace '.52]. The systematic enor in trBBc is propagated into the integrated 

luminosity, which is the ratio of the. number of BBC East · West coincidences to 

the BBC cross section. For our data sample, J Cdt = 4.4 pb-1 with a systematic 

uncertainty of 153. 

Uncertainty in the tl ..... ep. - X Detection Efficiency 

The detection efficiency cj!'...., is listed in Table 4.5 for diiferent values of .\/,.. 

Only statistical enon arc included in Table 4.5; we now discuss the systematic 

uncertainties iuolved. 
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• Top Quar& F~er.11.tion. 

Top-quark frapnenu.tion L'fect• the lepton isolation and thus has an i:npac1 

on the lepton d<!tection efficiency. 

To estllia.u the uncenainty in detection efficiency introduced by Ul1Ce· 

t&inty in the fragmen t&tion. the nlne of the f para.meta of the Pctenon 

parametriution was dwtged in ISAJET from f = 0.2/lP,.. tot= 1.5/.W,.. 

and the effect on the dearon identilic&tion effi.cie:ncy wu enluued ~79:. 

The luger nl1ie off resulted in a decreue in elec1ron efficiency ,..iUch we 

ban: multiplied by 2 to account for the muon in our ualysi1. This le&6 to 

uncertainties in the <µ detection efficiency of 3-0'Jli &nd 103 £or Jfi.p = 28 

Ge\','c2 and Mi.p = 70 Ge\'/c2 respccti .. dy. ThiJ i1 a co1uervative estimue 

(on:renimate), since the study o! reference ;;s: used electron isolation cuts 

not applied in our analysis. 

• Acceptance to Geometrical and Pr Cuts. 

Theoretical uncertainty in the 11 a.:id Pr spectra of the leptons from top 

decay will result in a systematic uncenainty in the ti - eµ. + X detec· 

tion efficiency. In order to estimate 1uch &11 uncenainty, we hue compared 

the ISAJET and PAPAGE:-CO calculations for tl production '.80]. The ac· 

ceptance for the 1ignal ~on momentum and geometrical cuts ( c:;,p,) is 

determined for each of the Monte Carlo calculations, and we find - 10 3 

agreement at high mass. Al low top mass the agreement is !cu good: PA­

PAGEXO gives a smaller acceptance, and it is found that the difference is 

due predominantly to the Pr cuts. We hue taken our estim&te of <~~Pr to 

be the intermediate vaiue bet,.ecn tbe ISAJET a.nd PAPAGEXO calcula· 

lions, and we use half the difference in the acceptances a..s our estimate of 

the sy1tematic uncertainty. The re•ulting uncertainties ,.ary [rom 303 to 

43 for 28 Gc\';c' a.nd 70 Ge\';c' rc•pecti\'ely. 

o Lepton Selection. 
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An addition&l 11.11cer.aiiity is associated ..-ith the .bowledgc oi :.l:.c eE.cien­

cies for isolated leptons(£' ... &nd c"._) which were de:crmine<i i.n Chapte 3 

for leptons from Zo decay. a.nd were used as a fw.or in the detc.-m.i.na.tion 

of ct'_.. We estimau a 43 f!a.t Ullcertai.nty on tii• lepton scicction. cor­

responding to sum in quMin.tUtt of the statistic&! uncenai::ties obtair.ce 

from our Zo studies (Chapter 3) for dectrons ( 3%) a.nd muons ( 33 ). 

Total Systematic Un«rtainty 

Table 5.1 is & summary of the systematic unccnainties discussed above. We have 

also included a coiumn with the Monu Carlo 1t&tistical error in the ~otal efficiency 

(£rom Table 4.5). The various uncenainties arc added in quadratu:e to obtain a 

total systematic error which Y&rics from 483 to 203 !rom .\f,,. = 28Ge\·.·c:= to iO 

GeV/c2. At high mass the systematic errors arc domin&ted by the uncertainty in 

luminosity; at low mass the unccnainty from the acceptance to the geometrical 

and P; cull, and the nncertainty from the top quark fr~entation becomes more 

import&nt. 

5.2 LIMITS ON tf PRODUCTION 

We now show how a 953 Confidence Lue! (CL) upper limit on the ti c:oss 

section i1 obtained. For clarity we begin with a simpiificd cue without ta.king 

into account systematic uncertainties. and after that we carry out the complete 

derintion including the systematic uncertainties :s1~. 

Ignoring the Effects of Systematic Errors 

If systematic errors &re negligib:e 1~ a counting expcri:ncnt such a.sou? sea.:c.h for 

ti - tµ-X events, the result of tht count is distributed &ccording to the Poisson 

<listribution: 

(n = 0, 1,2 .... ;, 

190 



( 

waae ihe - • is the a-renge 11umber of ohsened na1S - a luge •umber 

ol aperimeDls. 

Confidence lcnb far Poisso• distributions an mually deliaed in terms oC qo.&11-

titics callecl 'upper limits': the CL aaoc:iaud with a gina upper limi\ .V &11d &1l 

ob.crftd nl11e ne, is the probability that n > Rei if the me&J& oC the distrib11ti01l 

ia • = N. Ia other words, if the mean of the Poisson distributioa is greater or 

equl than the upper limit N, th.en t.he probability of obRniJlg .. or fewer eftDU 

is lowu tha or equal to 1-CL. 111 ov cue, we obsern .. = 1 nenu, so the 

95" CL upper limit 011 the number of ep nmts will be the mean of the Poisson 

distributio11 giring 5" u the probability for obRning 0 or l en:m. This means 

solring for N in the equation : 

(5.3) 

The IOl•tion is Nd"(95%CL) = 4.74 for l obsen-ed nail, ipormg systematic 

erron. 

Including the Ell'ects of System•tic Errors 

U we now include systematic uncenaintics, the result of our counting experimezu 

will 110 longer be distributed strictly u a Poi .. 011. There will be a 11ew distribution 

:P.(a,cr), ud the quutity tT will rdect how much it deviates from the Poiuoa. 

The underlying distribution is still Pois1011, &11d we assume that its meaa will 

8.uctuate according to a Gaussiu with a standard deriation equal to the total 

systematic uncertain\y tr : 

G..,.({)=Ce~ (U) 

Here, G..,..(() is the probability for the average o{ the u11derlying Poiuo11 to 

be between { ud { + d{. The normalization C = C(tr) is chosen so that 

}:" G.,({)d{ = l, that is, the Gausti&11 hu been truncated not to allow neg· 

ati..e numben of eYenU. The new dis\ribu\ion it then the convolutioa of the 

Poiuoa &11d the Gauui&11 : 

:P.(n, tr)= r Pt(n)G...,({)d{ . (5.5) 
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I.. ~ the 95" CL 11pper limit on the •umber of eTatts is detemll:ied io: 

a giftll ft!- al tr by solYiag b N in the equt.ioJl : 

(5.6) 

We ha-.e solYed eq1l&tioa 5.6 nama:ically using the system&Lic uncertainties 

ol Tdile 5.1. Tlae renlt for the upper limit on. the number o£ nmts is showu 

in Table 5.2. For iutaace., for a l}'lte:ma&ic una:nainty of tT = 20,.. we find 

,\';'{95'ltC'L) = 5.15 b 1 ohsened eftllt. This is to be compared 'lrith the 

smaller solutio11 of equa&ioa 5.3, where lfllelll&tic erron were ignored. 

The Upper Limit Croa Section 

The upper limit Oil the number of eftllU ca11 be COii~ into u upper limit Oil 

the tl production c:roA .ecti01l with the me of equ&tion 5.1, 1W11ely : 

-'9S"C L) = Nd°'(95"C L) 
,IC\ I"'. Ad , (5.7) 

where .,. O':. .... A11 = - = «r ••• r Br (5.8) 
tTlf 

is the tl ..... e~ + X acceptance oc ratio bet ween the observed chaunel cross 11tttion 

ud the total ti production crou tection. The accept&11ces A.;; are listed in 

Table 5.2, uing the nlucs for cT'...., of Table 4.5 ud the bruching ra\io Br = f.. 
Also listed in Table 5.2 an the 95% CL upper limits on the tf cross &ect.ioa, 

together with the theoret.ical expectations [26,28). 

Top Mus Limits 

The 95% CL upper limit oa the tf crou 1eetion is al.so ahown in Figure 5. l. a.long 

with the theoretical prediction for tr11• The 953 CL upper limit cross section cane 

intersecu the lower edge o{ the theoretical calculation bud at Mr.p = 72 Ge\"! c2. 

We ban chOICJl \o terminate the analysis at 28 GeV/c2 at the low end. As we 

ha..e 1e1:11, below thi1 mus, the efficiency for detecting the t qua:k beccmes small 
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and 1hc synematic uncertainties bccoc:::e luge. Top quulcs in the ma.ss range 28 

to 72 Ge V.1 c2 a.tt thus excluded a: the 953 conf.dence levd. 

5.3 LIMITS O:"i' THE MASS OF THE b' Qt:ARK 

The ep. signature can also be ~ to seuch for the production of pain of founh­

genention bottom quarlu (116'). The c:rou section for pair production of charge 

-~.II quarks, would be 1he same u that for tf '.82j. Assuming the II decays via 

the chugcd current inieraction into a vinual Wand a light quark (u or c), the 

lepton spectrum would be slightly harder resulting in higher detection efficiency 

(See Figure 5.2 ). Our limit on the t quark mus is then applia.ble to the II if ii 

is lighter than lhc top quark and bu a decay lifetime sufficiently short that its 

decay products appe&r to come from the interaction vertex. \\ith the auumptions 

stated above, a b' quark in the mUI range 28 to 72 Ge V / c2 is excluded at the 

953 confidence le-..,1. The most recent lower limits from othe: experiment& are 

M., > 46 GcV/c2 at the95'ili CL fromofe"e- collisions ;4] and J.!., > 54 GcV/c2 

at the 953 CL from 1'P collisions ;1:. 
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M .. · Moaw Carlo Moate Carlo • l.cp&oa ' 
. :Gev /c"; Acup<&a<1' Statisua Xlectioa fragm<Jli&tion •JUI Total 

i•.Prl 

28 0.30 0.17 0.04 0.30 0.15 0.48 

40 0.17 0.06 0.04 0.26 0.15 0.36 

60 0.06 0.05 0.04 0.15 0.15 0.23 

70 0.04 0.05 0.04 0.10 0.15 0.20 

80 0.05 0.05 0.(1.4 0.10 0.15 0.20 

90 0.04 0.05 0.04 0.10 0.15 0.20 

Table 5.1: The systematic unceru..inties on the expected number of tf - tµ ~ X 
events u a function of Jfc.p. 
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28 u 

60 20.S 

70 29.9 

80 41.2 

90 5G.l 

8.42 

6.57 

5.32 

5.15 

5.15 

S.lS 

[pbj 

11.9 x l~ I c~m x ioJ I 
2.33 x l~ I (9.&3=w x 103 I 

0.592 x 103 II (1.2~) )( 103 I 
392 556=~= 

284 

234 

I 

I 
Table 5.2: The upper limits on the number of e,. eYents ud on the ti production 
crou aection , together with the theoretical crou section. A:;' is the ep. channel 
acceptance. 
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Figun: 5.1: The 95't CL upper limit on the ti production crou aection u a 
functi011 of top quark lllUI. The sh&ded bud 1how1 the resnh of a theoretical 
calculation of the ti production crosa section !26,28i. 
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Chapter 6 

CONCLt:SION AND OUTLOOK 

( 

We ha.ft exploited the good electron and muon identification capabilities of the 

CDF detectOT to e&."fY oot a search for the top quark in the eµ channel. We have 

showu that I he eµ channel is very clean and hence a powerful tool for searching 

for the top, despite its low rate re.iati,.., to other channels. :'\o evidence for the top 

quark &as been observed and our analysis excludes top quarl<.s in the mau range 

28 to 72 GeV,'c2 at the 953 CL. The same limits apply to a fourth-generation b' 

quark decaying Tia the charged current. 

At this time. dfort1 continue al CDF to impron the sensitivity of the analyses. 

A natural extension of the eµ, analysis, now including the cc and µ,µ, dilepton 

modes, i.ndicates that .\fi.p > .\lw..,. .\/...._, meaning that the lop will decay inlo 

a real W boson and a bottom quark. \\i1h such a heavy lop. the decay Zo - ti 

is ruled out, and obsen;ug it is no longer pOS1ible a1 SLC or LEP-L Chances 

for observ&tion o! the top at the CER...'\ -pp collider al ya = 630 Ge\" are very 

slim because 1he decay W ..... tli is now forbidden, a.nd the ren:.aining mech&nism 

o! direct production o! ti pairs hu a minute cross section. For the near future. 

prospects o! disconry lie on the Fermil&b Tevatron collider or at LEP-U. Searches 

&t the LEP-II e·e- collider ..-ill be sensitive to top quark m&Sses up 10 its beam 

energy o! - 100 GeV. 

\\'e now discuss the prospects of discovering the top qua:~ at t!:e Tc,·atron 

within the next few years. Two expe:-iment1. CDF &nd DO. ue expected to be 

ta.king data limultLneously in consecutive runs projected for :991 and 1993. v.·ith 

luminosities to tape of about 20 pb- 1 and 100 pb- 1 respect;,·ciy. We base our 

discussion on estimates for the CDF detector. Two new hardware adciitions to 

CDF for 1991 will result in an improved sensitivity for the top. One is an upgracie 
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to &lie m SJ*-- Ail int...,...r;•tc m system. (0.6 < t.I < U) will be added 

to allow' bdter triger aa:epWia aa.I m- idn>ti&n•Y. b all - dwulds.. 

AJ.o. thc a:atnl - .,..._ will be 9pgndal witi tie additioa al - steel 

b impm-t m ideatmatMm. T1ie otJicr is tAe i»t•DatMe al llilicoa .UC­

ftric:K detedor (SVX) {83J. Tiie SVX will opm a JICW' dwmel by making pcaible 

the jdntifica•iaa al tie B jet fzom the t - Wi 4'ecay. T1ie B jets will be taged 

by tie pnsace oC KWral tncb witi latge impACt ~ T1ie dnice laaa 

an expected impACt paru:llCter raahdicm al 30 pm b 1 GeV /c tncb ad al 10 

,.m far tncka witi 10 Ge V / c or aboft. This is to 1le cc.npaml witli the B memn 

lifetime (er,,) of 300 ,.m. OftnlJ. B-tqgiq clliciacia of - 20" ue expected 

for B jets witi Pr> 30 GeV/c iM.SS). 

ha Table 6.1 the tl prodactioa crou sect.ion is &bow1a togd.her with the mi­

ma&ed cletected crou Mdiou m the e,. dwmel ad m the I( e or ,. )+jets channcb. 

Fm tJie e1& chau.el we &led oar aUma&ed ligul ngioa ~ of 0.5" at 

90 GeV /cl and 0.8" for 100 GeV /c" or larger. The maia backgiv1Ulds for the 

ep. clwmel come from ze - TT - e/I + X with & aou aectioa o{ 0.26 pb, and 

from WW - e11 + X with & crou section of 0.039 pb. Both hackgnnmds can 

be •abtantially redaced with little dect Oil the ti - eµ + X signal by reqairing 

llOllle jet acti'rity. ha additi011, the charaderirtic softer dilepton spectrum and 

baa-to-back topology of the ze decay. further l1lpres1 this backgrollJld by large 

fadon, with & small cfJect Oil the Iii.pal. 

We h&w: bued ou estim&te for the I+ jets case 011 the e+ jets Monte Culo 

study of reference [86], ud h&Ve ac&led the &eceptuce to include muons. The l+ 

jets selection requizes ~ > 20 Ge V / c, ~ > 20 Ge V, and &t least 2 jets with 

obte?Ted EF' > 20 Ge V. The &eceptuce for this selection r&nges from - 4" to 

9" from 90 GeV/c" to 200 GeV/c2. The W.o. jetl baagroand for th.ii ch&nnel 

hu & crou aection of - 9 pb (u determiaecl from the rates in our present CDF 

~).compared for enmple to 2.4 pb for the ti signal &t M ... =120 GeV/c", so 

additional backgrolllld rejection ia needed. R.aUing the jet Et threshold and/ or 

reqairing more jets will help improw: the Iii.pal to noite ratio. For a luge st&t.iatica 

run, & presence of ti nmtl in the l-T jets u.mple m&y be est&bli1hed by using the 
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;et mw1tiplirity al tie z+ jets ,,_ .. 1.o tletnmjw: ti... c-tnlra.tiaa of w ~ jda.. 

sm. ;. tie Cf e'ft:lda t.1iae will be • ia1 w deca,Dig mo ,..., quarb, sardimg 

far aa cnaa al tlijd - - tJ.e W - is U.O a pouihitity. We lodiew 

th&1 a deaa and pnimisQg way o£ a1alilirJiing a ti ligul Ur. tJ.e I+ jets sample is 

to ue tlae SVX to teg at last - B &ca the tl decay. A similar method, wit.Ii. 

1- ,,....,,., .. wl witi pabpl luge 1-kgroucl, is to teg tJ.e B by iU decay 

Wo • ~ aofi Jqii-. 

ha Table 6.2 - slaow estimatca of tlae n1Ullber of CftlltS ddected m oar fa~ 

twv daauela, e11 and l +jets + 8- far the imegrated lamiDOlitia expected far 

the CDF rus ill 1991 ud 1993. We haw: used B-tqgiag efliciau:ics al~ 

for JI ... ~ 120Gc V / c"; &t 90-100 GeV / c", where the B jets ue tofter, - med 

5-1°"-

We beline that - 4 eftllla ill the ~ channel. together witi - 2 nem &om 

ee &Del ,,.,. (after ze remcml1 cuts) and ~puied by additional nppaning 

ewiclace &om the l+ jets, will be n!iciem to cstaliliM the disanery of thc top 

quuk.. It lllu &ppean that the top quark will be obeened &t the Te..unm 1991 

nmi!M,. < 120GeV/cl,andiathe1993 nmi!M1op < 160 GeV/c1. Uthe silicon 

w:rte:x detector operates ncceminy, with the antic:ip&ted eflicimcies, th= it will 

be pouible to stretch the semifrrity to top quarks u he&ry u 140 Ge V / t:1 in tbe 

1991nmud180 GeV/c" in the 1993 run. lithe top hu not been diacoTUed by 

then, we will h&we to W&it for futaJe illteue luminosity runs "' the TeT&Uon or 

for futaJe accelerators snch u the Luge Hadron Collider (LBC) (n, ..;; = 20 

TeV) or the Sapereondacting SapercoJlider (SSC) (n, ..;; = 40 TeV). 
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.\!,.. tr.; "~~ 
,_,...; 

u er ti 
; :Gev:c>: :_pb:. :pb: . b' 

.P' 

90 150 0.75 6.6 
100 87 0.55 t.6 
120 33 0.21 2.4 
150 10 '0.063 '. 0.80 
180 3.5 : 0.021 . 0.30 
200 1.9 : 0.012 . 0.17 

Table 6.1: The total ti production cross section. together with estimates of the 
CDF detected cross sections into the eµ &11d l ..,. jet• ch&llJlels. 

: !t! ~ 
' ,.. 'I I [GeVtc2] i: 

i 90 
I 
I loo 

120 
150 
180 
200 

Ennu in 20 pb-1 

15 
11 
4.2 
1.3 
0.4 
0.2 

l-jct1 - B,..: 

13 
18 
17 
6 
2 

Evcnu in 100 pb-1 

~ 
ep . l - jet• - B .. , ~ 

is 63 
55 88 
21 86 
6.3 28 
2.1 
1.2 

11 

Ta.hie 6.2: The estimated number of detected ep eTcntJ. and of 1-Jc!J events with 
a.t leul one B jct 11.gged by the silicon Ycrtcx detector, for integrated luminosities 
of 20 pb- 1 &lld 100 pb- 1 . 
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