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ABSTRACT

This thesis presents a search for top quark pair production via the
process pp — tt + X — WIW=bb + X — (LYv,) (£7;) bb + X, where £ is
either e, p, or 7. Using a sample of 10947 pb~"' of pp collisons at /s = 1.8 TeV
collected by the CDF detector at the Fermilab Tevatron we find a clear signal
for t¢ production in the ee, pp, and ey dilepton channels. We observe 9 events
where we expect 3.9 + 0.7 ¢t events (based on the theoretical production cross
section) and 2.1 + 0.4 background events. The tf production cross section
measured from this channel is o;; = 8.5753(stat) T} 3(syst) pb. Using a method
developed in this thesis to identify hadronically decaying 7 leptons we also
search for er and u7 dilepton events from ¢t production and decay. We observe
4 events and expect 2.5 + 0.4 background events. In 3 of the 4 events at least
one jet is tagged as due to a b quark decay. We expect 0.284+0.02 tagged events
from background processes. Based on the 4 tau dilepton events we calculate
the ¢£ production cross section to be o,;; = 10.2F153(stat) 4= 1.6(syst) pb. The
kinematics and topology of the candidate events are generally consistent with
the expectations, with two exceptions. Five of the 14 candidate events have
unusually large missing transverse energy. One eu event contains an electron
with very high E; (182 GeV) and an additional high-E; (23 GeV) isolated
positron. In 109 pb~" we expect (2.440.9) x 107° such “trilepton” events from
tt production and decay.

xx1






Chapter 1

INTRODUCTION

Grau, teurer Freund, ist alle Theorie,
Und griin des Lebens goldner Baum.

J.W. v. Goethe, Faust I, Studierzimmer

Soon after the bottom quark [1] had been discovered at Fermilab in
1977 the search for its partner, aptly named the ‘Top quark’, was on. Theoreti-
cal considerations within the Standard Model of particle physics in conjunction
with experimental results led to the general expectation that this additional,
sixth quark flavor had to exist. For example, the observation that the forward-
backward asymmetry Arp in the scattering process ete™ — Z/y — bb is non-
zero indicates that the b quark is in fact not a weak isospin singlet but rather a
member of an isospin doublet. This asymmetry is directly proportional to the
third component T?,f of the weak isospin of the left-handed b-quark, so that
one would expect App to vanish if the b-quark were a weak isospin singlet.

In 1984 the JADE collaboration reported a measurement of A%EB =
—22.8 +6.0 +2.5% [2] at the eTe -collider PETRA running at a c.m. energy
of 34.6 GeV. This indicated that indeed Arp and T?,f do not vanish, while for a
b-quark with T = —1/2 the Standard Model predicted A%EB = —25.2%. The

1



early measurements at the Z-pole from LEP reported in 1991, e.g. A%EB =
12.6 + 2.8 + 1.2% from ALEPH [3], were in agreement with the Standard
Model value at the pole of A%EB = 9.97%. The currently measured value
A%EB = 9.924+0.35% [4] from LEP is in excellent agreement with the Standard
Model. Therefore, a top quark is required as the T?,f = +1/2 partner of the
bottom quark to complete the third generation isospin doublet of quarks.

A similar argument for the existence of the top quark comes from
the absence of flavor-changing neutral currents (FCNC) in B decays. The
experimental limits on the FCNC decay B° — p*p~ in 1984 were , (B —
ptp™)/, (B® — all) < 7-107% [5]. Today the limit has been improved to
, (B = ptp™)/, (B® — all) < 5.9 -107° [4]. This strong FCNC-suppression
in the B sector indicates that a mechanism is at work for the third quark
generation that is analogous to the GIM mechanism [6] for the second quark
generation. Just as the GIM mechanism required a charm quark to cancel
unobserved FCNC transitions between first and second generations, a weak
isopartner for the b quark is needed for the third generation.

Since the electroweak interaction is chiral, i.e. distinguishes between
left-handed and right—handed particles, a theoretical problem known as the
‘chiral anomaly’ can arise for the coupling of three electroweak bosons to each
other, e.g. Z — v+, via triangular fermion loops. The contribution of each
fermion (quark or lepton) in the loop is proportional to TJQ§ where () is the
charge of the fermion. The total amplitude is proportional to 3, Tng; and
diverges unless the contributions from all fermions exactly cancel each other
and 3 TJQ§ vanishes. The divergence cannot be removed by the standard
renormalization procedures to remove infinities, which is why this effect is
called an anomaly. This would leave the electroweak model unrenormalizable.

Fortunately, the cancellation is possible provided there are two lepton and



quark doublets in each generation and if we take into account the 3 quark

colors:
S TR = Loy + (—1) (—1) + 3+ (2)2 +3 (—1) (—1)2 _ 0.
7 2 2 2\3 2 3

Again, this means that a weak isopartner for the b quark is needed for
this cancellation to work in the third generation of quarks and leptons and to
render the electroweak theory anomaly—free and renormalizable. In summary,
these theoretical arguments supported by experimental results made a strong
case for the existence of the top quark.

The earliest searches for the top were conducted in the late 70’s at
the ete™ collider PETRA at DESY [7, 8]. The idea was to look for a step
in the ratio of the total hadronic cross section to the dimuon cross section
R = o(ete” — 4 — hadrons)/o(ete”™ — v — pTp~) as the c.m. energy
increased. The pair production of a top quark and an antitop quark would
produce such a step near threshold, in analogy to what had been found near
the thresholds for ¢ and bb production. No step was observed up to the highest
energies that PETRA could reach; a limit of basically half the c.m. energy was
set, Myop > 23.3 GeV at 95% C.L.. This approach was continued in the 80’s at
the ete™ collider TRISTAN at KEK, which reached a c.m. energy of 61.4 GeV
and extended the limit to my,, > 30.2 GeV at 95% C.L. [9].

In 1984 the UA1 collaboration claimed a positive result in a search
for top quarks via the decay chain W — tb, t — £vb at the CERN SppS collider
(1/s = 630 GeV) [10]. In a data sample of 0.2 pb~*, 12 ‘isolated lepton + 2 jet’
events had been found with an expected background of 3.5 events. In addition,
the invariant mass of the lepton, neutrino and one of the jets had appeared to

be clustered around 40 GeV/c?. In this initial analysis no missing transverse

energy Fr had been required so that J/v, T and Drell-Yan — £T£~ + jets



(£ = e or p) processes were significant sources of background. However, they
had not been included in the analysis. Also, the background contribution from
bb, cc had been underestimated by about a factor of four, and the contribution
from W + jets events had been neglected [11]. Later UA1 analyses with more
data and improved background calculations showed that the oberved number
of events could be explained by background alone.

Further searches at the CERN SppS by UA1 and UA2 and later at
the Fermilab Tevatron by CDF (Collider Detector at Fermilab) all produced
negative results and increasing limits [12, 13, 14, 15] on the mass of this ex-
pected, albeit seemingly elusive new quark type. It wasn’t until 1994 when
the CDF collaboration turned up the first hard evidence for the existence of
top quarks [16]. This was possible because of a successful high statistics run
of the Tevatron collider in 1992-1993 (Run Ia) when CDF collected data cor-
responding to 20 pb~'. After increasing the total accumulated data to 67 pb~!
in Run Ib during 1994-95 the mounting evidence finally led to the firm estab-
lishment of the existence of the top quark by CDF [17]. At this time the DO

collaboration also observed top quarks [18].

1.1 Dilepton events

One key element of the discovery of the top quark is the observation
of events with 2 high-py leptons (e or p), at least 2 jets and large missing
transverse energy. These so-called ‘dilepton’ events are interpreted as the
production of ¢ pairs via the strong interaction and the subsequent decay of
each top quark' into a b quark and a W boson via the weak force. If both
W bosons in turn decay leptonically into ev or pr, 2 high-pr leptons and

!For simplicity we will often refer to top and antitop quarks generically as ‘top quarks’.



missing transverse energy due to escaping neutrinos can be observed. The
fragmentation of the b quarks gives rise to high-pr jets. The advantage of
a search for dilepton events is that they are expected to have the smallest
background of all ¢¢ decay channels. However, this channel also has a very
small acceptance.

The standard CDF analysis of top dilepton events is well established,
has been widely presented and is extensively documented. The most compre-
hensive documentations of the analysis to date are the Ph.D. theses by James
Romano [19] for Run Ia and Mark Kruse [20] for Run Ia4Ib. A detailed
publication in Physical Review D is forthcoming.

However, some results of the top dilepton analysis invite further ques-
tions, which this thesis attempts to address as a way towards further under-
standing in a ‘second-generation’ CDF top dilepton analysis. For instance,
Monte Carlo simulations show that a significant fraction of events with both
W’s decaying leptonically are not reconstructed as top dilepton events but
rather as ‘lepton plus jets’ events that contain only one high-pt lepton plus a
tagged b-jet. Also, it is interesting that the ¢ cross section based on the final
set of 9 candidate events is about twice as big as what is expected from theory,
even if it is a statistically limited measurement. Furthermore, the topology
and kinematics of some candidate events appear somewhat unusual. In this
thesis we address these issues after a brief review of the methods and results
of the standard dilepton analysis.

Another aspect of a second-generation analysis is how the scope of
the dilepton analysis can be increased. One avenue is the incorporation of
decays that involve the third lepton, i.e. the tau lepton. At the center of this
thesis is a search for dilepton events from ¢ decays with one electron or muon

and one hadronically decaying tau lepton:



tt — WHW=bb — (Lvy)(tv,) bb ({L=eorp)
Ls hadrons + Vr.

This decay mode of the top quark is predicted by the Standard Model
and the first and obvious motivation of the measurement is to test that pre-
diction. A second motivation is that this decay channel — which we will simply
refer to as the ‘v dilepton’ channel throughout this thesis — is especially inter-
esting as the top decay into a b quark, a 7 lepton and a tau neutrino v, involves
exclusively members of the third lepton and quark families and one should al-
ways be on the lookout for unexpected behaviour. For instance, the existence
of a charged Higgs boson H* with a mass below the top mass could enhance
the production of this type of event through the decay chain tf — H* W Tbb,
H* — 1%y, As the coupling of the H* to fermions is proportional to the
fermion mass, the leptonic decays of the H* are expected to be dominated by
decays into 7’s. The existence of a charged Higgs boson would be much less

visible in dilepton events containing only electrons and muons.

On a more pragmatic level, the motivation for this analysis is the fact
that most studies of the top system (e.g. kinematics, mass, cross sections) are
currently statistically limited — this is especially true for studies using dilepton
events due to the small branching ratio (BR) for this mode. Therefore, the
acceptance of the CDF dilepton analysis needs to be increased. Opening up
a new decay channel is one way of achieving that goal. As discussed below
the Standard Model BR for er and pr events is 4/81, i.e. the same as for the
standard ee, ey and pp dileptons combined. In principle the number of dilep-
ton events could be doubled by including 7’s . However, the branching ratio
for hadronic 7 decays is about 64% and each 7 decay involves an undetectable

neutrino v, which decreases the kinematic acceptance for the detectable 7



decay products. Also, 7 identification is not as efficient as electron or muon
identification. This means that the total acceptance for 7 dileptons is about
five times smaller than for the standard dileptons. However, CDF has col-
lected enough data in Run I that 7 dileptons from top decays can be observed
and become useful for studies of the top system. As will be shown in the
last chapter we expect that the 20-fold increase of data in Run II will firmly
establish this decay channel.

1.2 Organisation of thesis

In the remainder of this introductory chapter we will give the Stan-
dard Model predictions for top quark production and decay, and discuss the
properties of the CDF detector that are relevant for the top dilepton analysis.
Chapter 2 gives a brief description of the methods and results of the standard
dilepton analysis for electrons and muons and addresses related questions such
as the correlations with the lepton +jet channel. In Chapter 3 the dilepton
analysis using hadronic 7 decays is presented in detail. The kinematics of all
dilepton candidate events are examined in Chapter 4 to check if the selected
events actually look ‘top-like’. Chapter 5 summarizes the analysis and gives

an outlook for top physics with dilepton events in Run II.

1.3 Top production in the Standard Model

In pp collisions top quarks can be produced in ¢t pairs or as a single
top quark in association with a b. ‘Single top’ production occurs only via the
weak interaction in processes such as the s-channel production of off-shell W’s

(¢ — W** — tb), or via t-channel ‘W-gluon fusion’ (¢g — ¢'Wg — ¢'tb).
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Figure 1.1: Lowest-order Feynman diagrams for ¢¢ production via strong par-
ton interaction in pp collisions.

On the other hand, ¢t pairs can be produced via the strong inter-
action. For heavy top quarks (60 < my,, < 220 GeV/c?) this production
mechanism dominates at the Tevatron. The tree-level s-channel and t-channel
Feynman diagrams for strong ¢t production are shown in Figure 1.1. The

corresponding leading order parton (O(a?) cross sections are given by [22]:

a Bp alwBp (1 1+ 4
- =2 _CF(9 = L PP (p? 1 16)In [ —= | — 28 — 31

(1.1)
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with B=4/1—0p p= ?t, (1.2)

and where a; is the strong coupling constant evaluated at the top mass m; and
§ is the center of mass energy of the parton system. To get the total tree-level
tt cross section in pp collisions this parton cross section is convoluted with
the momentum distributions of the partons inside the proton and antiproton.
At Tevatron energies (1/s = 1.8 TeV) the ‘gg luminosity’ [21] exceeds the
gg luminosity for v/ > 220 GeV so that the production of heavy top quark
pairs is dominated by the ¢g process, even though the parton cross section for
gg — tt is about three times larger than for gg — ¢ near production threshold
(\/§ ~ 2my).

Higher-order corrections to the tree-level parton calculation are not
negligible. Full next-to-leading order calculations for heavy quark pair pro-
duction were published in the late eighties [22, 23]. The next-to-leading order
corrections O(a?) were found to be on the order of 30%. The largest effects are
due to diagrams with t-channel gluon propagators [22]. Corrections beyond
O(a3) have since been calculated by several groups using soft gluon resumma-
tion techniques for initial state gluons [24, 25, 26]. The resulting theoretical

predictions for the ¢ cross section are shown in Figure 1.2.

1.4 Top quark decay in the Standard Model

The Standard Model predicts that the top quark decays into a W
boson plus a quark g via the weak force. Since m; > mw + m,, the W
is real. From unitarity constraints on the CKM matrix, which connects the
weak eigenstates and the mass eigenstates for the quarks, one expects the CKM

matrix element V};, to be very close to unity, Vi, ~ 1, so that nearly 100% of



10

50 T T T T

o [pbl

40 | e Laenen et al.
ol Berger et al.

—— Catani et al.

20

1150 160 170 180 190 200

Top Mass [GeV/c?]

Figure 1.2: Theoretical predictions for the ¢ cross section in pp collisions at
the Tevatron from NLO calculations that also employ soft gluon resummation
for higher orders. In each set of 3 curves the middle curve represents the
central values and the upper and lower curves the +10 envelope.

top quarks decay to b quarks: ¢ — Wb. The other allowed decays t — Wd

and t — Ws are expected to be suppressed at the levels Rﬁi‘jz ~5-10"* and
[Vis|?

vop A 1073, respectively [4]. The partial decay width for ¢ — Wb [27] is:

G|V l2 m2 2 L 2\2
,(t — Wb) = ;J/ﬁt:r' ZVZV ((mthmb) —I—mt2—|—m£—2m%/v) x 2k, (1.3)
t w

where

(1.4)
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Figure 1.3: Matrix of ¢f final states in the Standard Model. We distinguish
5 final states: ‘Standard dileptons’ (diagonal hatch), ‘Lepton + jets’ (vertical
hatch), ‘All-Hadronic’ (horizontal hatch), ‘Tau dileptons’ (dense hatch), and
‘Tau + jets’ (no hatch).

is the W momentum in the rest frame of the top quark. Using Vj;, = 1,
mw = 80.4 GeV/c? and m, = 175 GeV/c? one finds , (t —» Wb) = L ~ 1.55
GeV. The top life-time is thus 7 ~ 4 x 107%°s.

Comparing this to the typical time scale Aéch ~ O((100MeV)™1)
~ O(107%5) of quark hadronization, which is a non-perturbative process, the
weak decay of the top is predicted to occur before hadronization starts. Effects
due to hadronization would be expected to play a significant role only if the
top quark mass were below 120 GeV [28].

The Standard Model picture then is that ¢ pairs are produced strongly



12

Channel Signature BR
Standard dilepton ee, pit,epp + 2 b jets 4/81
Tau dilepton er,ut + 2 b jets 4/81
Lepton + jets e+ jets,pp + jets +2 b jets | 24/81
Tau + jets T+ jets + 2 b jets 12/81
All-Hadronic jets,jets + 2 b jets 36/81

Table 1.1: Branching ratios of final states for ¢£ decay in the Standard Model.
The number of jets actually detected may vary from this naive prediction due
to effects such as initial state and final state gluon radiation, jet merging etc.

with the top and anti-top quark each subsequently decaying via the weak force
into a real W and a b (b) quark: t£ — (W*b)(W~b). Consequently, the ob-
served final states are distinguished by the decay modes of the W’s. If both
W’s decay leptonically the final state is an event that contains two leptons, i.e.
a dilepton event. If one W decays leptonically and the other one hadronically,
we have a final state with one lepton plus jets. Finally, if both W’s decay
hadronically the final state contains only jets, refered to as the ‘all hadronic’

final state.

We estimate the branching ratios for the different final states: The
partial decay width of the W into fermion pairs is given to lowest-order by

s oW — ff) = |Vip|2N. G;;gi", where the color factor N, equals 3 for quarks

and 1 for leptons. The CKM element |V;4/| = 1 for leptons. For the dominating

quark decays W+ — ud, W+ — 5 we also have |V;y| ~ 1 [4], so that
oW = ff') = C - N, with a common constant C for all fermion pairs.
Since there are 9 different fermion pairs available for W decays — taking color
into account — the branching ratio , o(W — ff')/, o(W — all) is ~ 1/9 for
all leptonic decay modes and ~ 3/9 for each of W+ — ud, W+ — ¢5. The
branching ratios for the different final states of t£ — (W *b)(W ~b) can be easily

read off of Figure 1.3 in which we plot all possible combinations of W+ decay



13

modes and W~ decay modes including their branching ratios. In Table 1.1 we
list the branching ratios for the different final states. As noted above, the BR
of 4/81 for tau dilepton events (er,u7) is the same as for the sum of ee, pp,

and ey dilepton events.

1.5 Overview of the CDF detector

The data used in this analysis were collected during CDF’s third
(Run Ia) and fourth (Run Ib) major physics runs. In Run Ia, which took
place in 1992-1993, 19.6 pb~! of data were collected. During the 1993 summer
shut down the Fermilab Linac system was upgraded. The resulting lower
emittances in the transfer of protons allowed the instantaneous luminosity to
be increased substantially and CDF was able to collect about 90 pb~! of data
during the Run Ib period 1994-1995.

Detailed descriptions of the CDF detector can be found in various
places. The best source of information for most of the detector hardware
except for the silicon vertex detectors is a series of NIM articles collected in
the CDF ‘Blue Book’ [29]. The original silicon vertex detector was replaced
after Run Ia with a radiation-hard version. These detectors are described in
Refs. [30, 31]. Instead of repeating this descriptive information, we describe
the detector only briefly and focus on some aspects of the detector performance
in Run I.

Figure 1.4 schematically depicts a quadrant of the central detector
with the components most relevant to the dilepton analysis. These are (i) a 4-
layer barrel silicon microstrip detector (SVX), located immediately outside the
beampipe, providing precise track reconstruction to identify secondary vertices

from b and ¢ quark decays, (ii) a central drift chamber (CTC), immersed in



Figure 1.4: Schematic drawing of one quadrant of the CDF central detector.
The projective tower geometry of the calorimeters is indicated. Note that the
forward calorimeters are actually located further upstream and downstream
than shown here. CES stands for Central Electromagnetic Shower-maximum
detector and CPR for Central Pre-Radiator.

a 1.4 T solenoidal magnetic field, used for tracking charged particles in the
pseudorapidity [32] range |p| < 1.1, (iii) electromagnetic (CEM, PEM, FEM)
and hadronic calorimeters (CHA, WHA, PHA, FHA) covering the range || <
4.2 and arranged in a projective tower geometry for identifying electrons and
jets, (iv) strip chambers (CES) embedded in the electromagnetic calorimeter

at approximately shower maximum for detailed shower sampling, and (v) drift
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chambers (CMU, CMP, CMX) outside the calorimeters in the region |y| < 1.0
for muon identification. The calorimeters also measure the missing transverse
energy Fr , which can indicate the presence of undetected energetic neutrinos.
A three-level trigger selects the inclusive electron and muon events used in the

dilepton analysis.

1.6 Calorimetry

1.6.1 Fiducial CEM coverage

The electromagnetic (CEM) and hadronic (CHA, WHA) calorime-
ters in the central region cover the pseudorapidity range —1.1 < 5ger < 1.1,
corresponding to the polar angle range 143° < 8 < 37°. The central calorime-
ter consists of 2 barrels (one for the positive and one for negative 7 range)
with 24 wedges each, so that one wedge covers 15° in azimuthal angle ¢. Each
CEM wedge consists of 10 projective towers (numbered 0-9 with increasing
In|). Due to its geometry, CEM tower 9 is not a full size tower and is not used
for electrons in the dilepton analysis, which reduces the fiducial 5 range for
electrons to |7ge| < 1.0. The determination if an electron is fiducial is based
on the shower position in the CEM as measured by the CES chambers. These
proportional chambers have wires parallel to the z-axis providing a ¢ sampling
of an electromagnetic shower. The strips perpendicular to the wires sample
the shower along the z-axis.

Figures 1.5 and 1.6 show the position measured in the CES for all fidu-
cial central electron candidates in the inclusive electron sample that pass the
tight selection cuts (see section 2.1.2) for Run Ia and Run Ib. The fiducial cov-

erage of every single wedge can be seen clearly. The region —0.05 < 5 < 0.05,
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Figure 1.5: Position of fiducial tight central electrons in the Run Ia inclusive
central electron sample as measured by the CES.
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i.e. 5% of the total coverage, near the 90° crack where the detector halves meet,
is explicitly cut out as the chambers are not fully efficient near the edge. For
the same reason showers with a distance < 1° from the nominal ¢ boundary
between wedges are explicitly removed. This is done by requiring that the
CES wire cluster closest to the extrapolated electron track be located < 21
cm from the center of the strip chamber in the » — ¢ plane [33]. The result-
ing loss in acceptance is 24 - 2°/360° = 13.3%. The region 0.82 < 7 < 1.0,
75° < ¢ < 90° is explicitly excluded as it is uninstrumented. This is the access
port (‘chimney’) for the cryogenic supply of the superconduction coil. The loss
in acceptance here is 0.4%. The total acceptance loss due to explicit fiducial
requirements is 18.7% of the purely geometric acceptance.

In general, the detector coverage appears quite uniform. However,
various detector inefliciencies can be seen in Figures 1.5 and 1.6. The wires
are split in a wedge at n = £0.62 which gives rise to a small region of ~ 0.01
units in 7 without gas gain, corresponding to a 1% acceptance loss. In Run
Ia the strip chamber region —0.275 < 5 < 0, 255° < ¢ < 270° had a readout
problem; likewise the chamber at —0.325 <7 < 0, 75° < ¢ < 90° during Run
Ib. We estimate the acceptance loss due to these effects to be on the order
of 0.7%. Furthermore, there are several very small regions visible with single

wire or strip inefliciencies.

1.6.2 CEM energy resolution

The energy resolution of the CEM for the high-pr electrons used in
the top analysis can be measured from Z — ee decays. LEP has measured

the decay width of the Z to be 2.490 4+ 0.007 GeV [4]. Figure 1.7 shows

the invariant mass of central-central dielectrons in the mass range 50 — 120
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Figure 1.7: Dielectron mass of Z/y — ee events. For the data (points) masses
are calculated using raw electron energies, i.e. the calibration to flatten out the
CEM response is not applied. This is compared with a Monte Carlo template
(histogram) generated using a CEM resolution AE/E = 13.5%/+/E[GeV] @
5.0%. Also shown is a Gaussian fit to the data.
\ \ \ \

¥’/ ndf
~

Co
L L L I LN B

7 8
constant term « [%]

N
[€Y]
~
an
[®))

Figure 1.8: Cubic fit of the x? obtained from comparing Z/y — ee data using
uncorrected electron energies in the peak region 80-100 GeV/c? to Monte Carlo
templates with different constant terms & for the energy resolution AE/E =

13.5%/4/ E[GeV] ® k %. The fit returns k = (4.8 + 0.9)%.
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Figure 1.9: Dielectron mass of Z/y — ee events. For the data (points)
masses are calculated using corrected electron energies, i.e. the calibration to
flatten out the CEM response is applied. This is compared with a Monte
Carlo template (histogram) generated using a CEM resolution AE/E =

13.5%/+1/ E[GeV] & 2.0%. Also shown is a Gaussian fit to the data.
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Figure 1.10: Cubic fit of the x? obtained from comparing Z/y — ee data using
corrected electron energies in the peak region 80-100 GeV/c? to Monte Carlo
templates with different constant terms & for the energy resolution AE/E =

13.5%/4/ E[GeV] ® k %. The fit returns & = (2.3 + 0.8)%.
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GeV/c?. Here both electrons are required to be fiducial and pass the tight
electron identification cuts (see section 2.1.2) of the top dilepton analysis.
The mass is calculated from the raw electron energies which are used in the
dilepton analysis for the cut on electron F;. No calibration is done to increase
the uniformity of the calorimeter response. The peak width is larger than 2.5
GeV due to radiative decays Z — eey and, more importantly, the finite energy
resolution of the calorimeter. This measured width provides a measure of the

resolution.

From test beam measurements the irreducible statistical resolution
due to sampling fluctuations in this lead—scintillator sandwich calorimeter is
known to behave as (AE/E)ga = 13.5%/4/E[GeV] [34]. Non-uniformities
make energy-independent contributions that are parameterized by a constant
term k added in quadrature to the statistical term. The total resolution is

given by
AE/E =13.5%/+/E[GeV] ® £%. (1.5)

To measure the constant term we compare the data to Monte Carlo
templates made with different values of resolution. We have generated Z/y —
ee decays with the PYTHIA [35] Monte Carlo, smeared the resulting electron
energies according to the resolution, and calculated the dielectron mass. Tem-
plates with various constant terms k are compared to the data by calculating
the x?’s in the peak region 80-100 GeV/c?. In Figure 1.8 we plot the reduced
x? as a function of k. Using a third-order polynomial, we find that the x? is
minimized for K = 4.8 £+ 0.9. The uncertainty is calculated from the value for

k where the reduced x? increases by one unit.

The constant term can be reduced by calibrating the CEM. The

calibration comprises corrections as a function of the shower position in local
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System 7 range Energy resolution
CHA 7] < 0.9 50%/VE & 3%
WHA | 0.7< |p| <13 | 75%/VE & 4%
PHA |13<|g| <24 | 106%/vVE ® 6%
FHA |24<|g|<42| 131%/VE & 3%

Table 1.2: Coverage and energy resolution of hadronic calorimeters from test-
beam measurements for incident isolated pions[16].

tower coordinates, corrections to account for tower-to-tower variations and
time-dependence, and global energy scale corrections [36]. As Figure 1.9 shows
the Z peak is significantly sharper after the calibrations are applied. Using the

same fitting method as above we now find for the constant term x = 2.3+0.8%.

1.6.3 Jets

The hadronic calorimeters of CDF measure energies of jets up to a
pseudorapidity 7 = £4.2. The resolution for incident pions was measured in
test beams after construction; the results are shown in Table 1.2. The top
dilepton analysis uses only jets in the more central region || < 2.0.

The energy resolution also has been measured for jets in situ by
balancing dijet events. The total transverse momentum of the initial pp system
is zero. An imbalance in F; between two jets in a dijet event can be due to two
effects: One effect is recoil against initial state radiation which will give the
dijet system transverse momentum. The recoil jet might actually be lost giving
rise to missing transverse energy. The other effect is the finite resolution in the
Er measurement of the two jets. The jet energy resolution can be measured in
dijets from the projection of the missing transverse energy along the direction
of the jet to be tested. This method takes radiation effects and unclustered

energy outside of jets into account [37]. At least one of the jets must be in the
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Figure 1.11: Jet energy resolution as a function of jet Er for central jets
with 0.2 < || < 0.8 measured from dijet balancing. For comparison a
parameterization of the CHA resolution AEZ"/EX' = 80%/(Er[GeV])/?4%
is shown. Note that this is not a fit.

region 0.2 < |n,et| < 0.8. These central jets are well away from the boundaries
between different calorimeters components and thus provide the best energy

measurement for jets available at CDF.

The result of this measurement for central jets with 0.2 < |5;e| < 0.8
is shown in Figure 1.11. As expected the resolution for jets is not as good as

for isolated pions. A reasonable parameterization of the CHA for jets with

Er < 125 GeV is given by AE/Ei = 80%// Er[GeV] @ 4%.

At the boundary between the two detector halves, —0.1 <7 < 0.1,
and at the boundary between central and plug detector, 0.95 < |p| < 1.25,
where particles get lost in the gaps, the resolution for jets above 25 GeV is
found to be (15 £+ 2)%, independent of Ey .
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1.6.4 Missing transverse energy

The missing transverse energy Fr is useful for inferring the presence
of particles that escape direct detection, such as neutrinos. It is defined as the
negative of the vector sum of transverse energy in all calorimeter towers with
|n| < 3.6 [32]. The 5 range is restricted because the final focusing magnets of
the Tevatron obscure part of the forward hadron calorimeter. To be included
in the sum, the individual tower energies E (not E7 ) must exceed thresholds
of 100 MeV in the CEM, CHA, and WHA, 300 MeV in the PEM, 500 MeV in
the PHA and FEM, and 800 MeV in the FHA.

Ideally, the measured transverse momentum would exactly balance in
events where all particles produced are detected and absorbed in the calorime-
ters, and Fr would vanish. Due to energy flow through gaps in the detector,
limited n coverage of the calorimeter, and finite resolution of the energy mea-
surement, there is also a finite resolution on the fr measurement. We can
measure this resolution for dilepton events using Z — ee and Z — ppu events.
The leptons are required to pass the identification cuts used in this analysis
and to form a mass 75 GeV/c?> < My < 105 GeV/c?. Events containing jets
with E7 > 10 GeV are excluded and all hadronic energy deposition is required

Eguimel=tme _ Y For Z — pu events

to be in time with the hard scattering (
the vector sum of the calorimeter E7 is corrected by vectorially subtracting
the energy deposited by the muon and adding the pr of the muon as measured
by the CTC. In Figure 1.12 we plot the z- and y components of Fr in the

selected events. The data fit well to Gaussians centered at zero with widths

o ~ 5 GeV, which is a measure of the average Fr resolution.

Figure 1.13 shows that the Fr resolution degrades as the scalar sum

of transverse tower energies, Y. E7, increases. For Z — ee events the Ep’s
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Figure 1.14: The Fr significance Sp,, as defined in the tau dilepton analysis
(chapter 3), for Z events.

of the two electrons have been subtracted from } Er. The increase can be
described by a square root function, which indicates that the Fr is due to
statistical fluctuations in the overall energy measurement. Consequently, a
figure of merit for the momentum imbalance in an event is the ‘Fr signifcance’
Sy = Br/v/3 Er. It roughly gives the number of standard deviations that
the Fr is away from zero. Figure 1.14 shows Sy, for Z events as defined in
the tau dilepton analysis. Here the full \/3 E7 is used for Z — ee events; for
Z — pp events the pr of each of the two muons have been added to the }° Ep
for consistency with the electron case. There are only 2 out of 3350 Z events

with Sg, > 3 GeV'/2.

1.7 B-tagging

Figure 1.15 shows the impact parameter d with respect to the primary

vertex of the interaction for electron tracks in the SVX in Z — ee events.
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Z — ee events.

At the CDF interaction region, primary vertices have a Gaussian distribution
along the beam direction with o ~ 30 cm and transverse to the beam axis with
a 0 ~ 40 pm. The primary vertex is found for each event by a weighted fit of
the SVX tracks and the VTX z-vertex position of the event, with appropriate
corrections for detector offset and slope. The sign of d is given by the location
of the beam in the transverse plane relative to the circle that describes the
track trajectory in the transverse plane. For positively charged tracks, the
CDF convention is to assign a negative sign to d when the location of the
beam lies outside of the circle, and a positive sign when it is outside. This
convention is reversed for negatively charged tracks. Also shown in the figure
is the significance of the impact parameter d/oy. The uncertainty o4 on d is
computed for each track from the measured momentum and multiple scattering
based on the traversed material. The core of the d distribution can be fitted

to a Gaussian giving an average resolution of ~ 9um. The core of the d/oy
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distribution can be described by a Gaussian with width ¢ = 0.6. This is to
be compared with Monte Carlo simulations which show that ~ 30% of tracks
from b decays in tt events have d/oy > 3 [16].

The acceptance and efficiency for tagging b quark decays in ¢ events
have been studied extensively for the top discovery [16, 17, 38]. A Monte
Carlo study of tf events (my,, = 170 GeV/c?) using a detailed simulation of
the SVX detector gives the following results: A b-jet that falls within the
SVX fiducial volume and passes the track requirements for the SVX tagging
algorithm (‘SECVTX’) is called a ‘taggable’ jet. The algorithm searches for
either three SVX tracks passing loose requirements or for two SVX tracks
passing more stringent requirements. Of all ¢¢ events that pass the lepton +
jets selection (> 3 jets with Ep > 15 GeV and |g| < 2.0) 30.2 £+ 0.7% have
exactly one taggable b-jet, while 34.1 + 0.7% have two taggable b-jets [38].
Consequently, 64.3 & 1.0% of all such events have at least one taggable b-
jet. The efliciency of the SVX tagging algorithm for successfully tagging a
taggable jet is 55 +4%. Combining this efficiency with the acceptance gives a
total efficiency of 43 + 4% for tagging at least one b-jet in a ¢t event.

1.8 Muon Chambers

1.8.1 Detector Coverage

The central muon system consists of three separate sets of muon
chambers. Located behind every one of the 48 wedges of the central barrel
calorimeter is a four-layer Central Muon (CMU) drift chamber, covering the
region || < 0.6. These chambers detect particles emerging from the CHA.

The Central Muon Upgrade (CMP) system consists of four layers of
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Figure 1.16: Position of isolated, tight central muons in the Run Ib inclusive
central muon sample as measured from the muon track. a) All muons, b) CMU

only, ¢c) CMP only, d) CMU-CMP, e) CMX only, f) CMU-CMX.
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drift chambers that are placed behind the yoke or walls of 0.6 m of uninstru-
mented steel shielding in the region || < 0.6. The areas above (near 90°)
and below (near 270°) the detector are not completely covered due to space
limitations.

The Central Muon Extension (CMX) system extends the central
muon coverage to the region 0.6 < || < 1.0 for azimuthal angles satisfy-
ing 315 < ¢ < 75 and 105 < ¢ < 225. It also consists of four layers of drift
chambers.

Figure 1.16a shows the position in 7 — ¢ space of all isolated central
muon candidates in the Run Ib inclusive muon sample that pass the CMUO
identification cuts (see section 2.1.2) for the top dilepton analysis. There are
about 54,000 events in this sample. The ¢ and 7 are determined from the
muon track. We observe a reasonably uniform coverage of the central region
for muons.

Figures 1.16b-f give a breakdown by muon detector system. The
dense bands in the plot of ‘CMU only’ muons (Fig. 1.16b) indicate the gaps
in the coverage of the CMP at the top and bottom of the detector and also
at the corners where the yoke and shielding walls meet. Likewise the bands
in the ‘CMP only’ plot (Fig. 1.16¢) are due to the gaps between calorimeter
wedges. About 82% of the muon candidates in the region |5| < 0.6, or 60%
of all muon candidates, are ‘CMU-CMP’ muons, i.e. they are detected by two
independent muon systems (Fig. 1.16d). The shape of the edge near n = +0.6
in the n — ¢ plot for these muon candidates is a consequence of the CMP
geometry near the corners.

The CMX muons (Fig. 1.16e) account for 27% of all muon candidates.
Equivalently the extension to 7 = 1 increases the single muon acceptance

for the top dilepton analysis by 37%. Only a very small fraction of muon
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candidates are CMU-CMX muons, as expected from the small geometrical
overlap of the two muon systems.

Figure 1.17 is the analogous plot for Run Ia. Additional features are
2 dead CMU wedges.

1.8.2 Momentum resolution

Similarly to measuring the CEM resolution with Z — ee decays
we can measure the momentum resolution of the tracking system with high-
pr muons from Z — pp decays. Figure 1.18 shows the invariant mass of
central-central dimuons in the mass range 50 — 120 GeV/c?. Both muons are
required to pass the tight CMUO identification cuts (see section 2.1.2) of
the top dilepton analysis. The momentum of a track is determined from its
curvature obtained from a combined SVX-CTC fit. In addition there is a
constraint that the track originate from the beam. With increasing momentum
the tracks become straighter and the relative uncertainty on the curvature and
thus on the momentum increases. The momentum resolution can therefore be

parameterized as
Apr/pr = [(/100) x pr[GeV/c] @ 0.66]%. (1.6)

For high-pr tracks the term proportional to pr dominates over the constant
term. Here we use 0.66% for the constant term due to multiple scattering as
given in Ref. [16].

To measure a we have generated Z/y — pp decays with the PYTHIA
Monte Carlo, smeared the resulting muon momenta according to the above
parameterization of the resolution, and calculated the dimuon mass. A set of
templates with various a’s is compared to the data by calculating the x*’s in

the peak region 80-100 GeV/c*. In Figure 1.19 we plot the reduced x* as a



34

300 T

LT Enthies 2876 |
= : UDFLW 90.00 1
© 250 - OVFLW 98.004
> i x'/ndf  7.166 /8]
= [ Constant 243.1 ]
E 200 = Mean 90.647]
[ Sigma 5.456 ]

150 } {
100 } {
50 } {

[+ ]

OSO 60 70 80 90 100 110 120

M,, [GeV/c*1

Figure 1.18: Dimuon mass of Z/y — pp events. Data (points) are compared
with a Monte Carlo template (histogram) generated using a tracking resolution
Apr/pr = 0.09% x pr[GeV/c] @ 0.66%. Also shown is a Gaussian fit to the

data in the peak region.

— C T T

© L o |
-

\ r n

12 = —

S i ]

10 — —

8 — —

6 — —

4 = |

2 — —

L | ‘ | | ‘ | ‘ | ‘ | | ‘ | ]

0.06 0.08 0.1 0.12 0.14
o [72]

Figure 1.19: Cubic fit of the x? obtained from comparing Z — pp data
in the Z peak region (80-100 GeV/c?). Monte Carlo templates are used
with different parameters a for the track momentum resolution Apy/pr =
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function of @. A third-order polynomial shows that the x? is minimized for
a = 0.091 £+ 0.015. The uncertainty is calculated from the value for o where

the reduced x? increases by one unit. The result is

Apr/pr = (0.091 + 0.015)% x pr[GeV/c| @ 0.66%. (1.7)
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Chapter 2

DILEPTONS WITH
ELECTRONS AND MUONS
ONLY

Daf} ich erkenne, was die Welt
Im Innersten zusammenhalt.

J.W.v. Goethe, Faust I, Nacht

In this chapter we summarize the methods and results of the standard
dilepton analysis, which uses only electron and muons. We present the event
selection, acceptance and efliciencies, backgrounds and the observation in the
data. The acceptance correlations between the dilepton channel and the lepton

plus jets channel are investigated.

37
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2.1 Acceptance and efficiencies

2.1.1 Geometrical and kinematical acceptance Az eom.p,

The first step in calculating the total acceptance for dileptons from
tt decays is getting the combined geometrical and kinematic acceptance Ageom.py -
The geometrical acceptance is given by the (fiducial) coverage of the relevant
detector components (CEM, CHA, CTC, CMU, CMP, CMX). The kinematic
acceptance reflects the fraction of dilepton events for which both leptons have
pr above a certain threshold. This threshold is set at 20 GeV for both leptons,

which allows the preferential selection of leptons from W decays.

For the kinematic part of Aycom.p, we rely on the Monte Carlo genera-
tion of tt events. We assume that these correctly describe the production of the
tt system and its subsequent decay into dileptons. We have generated 80,000
tt Monte Carlo events using PYTHIA 5.7[35|4+ CLEO4+TAUOLA[39]+QFL for
Myop = 175.

In the PYTHIA generation the b quark from the top decay is allowed
to radiate gluons[40]. For the quark fragmentation we use a hybrid scheme
with Lund string fragmentation for light quarks and ‘Peterson fragmentation’
for charm and heavier quarks[41]. We use PYTHIA’s internal CTEQ2L parton

distribution function for the generation of events.

The CLEO package is used for decaying b quarks. For 7 decays we use
the TAUOLA package which takes the 7 polarization into account before the
detector simulation is applied. The geometrical acceptance of the detector is
obtained with the QFL detector simulation which gives the detector coverage

and response. Figure 2.1 illustrates that the branching ratios of W’s, 7’s ,
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and b’s into electrons, muons, and hadrons are modeled properly in the Monte

Carlo.

To ensure that the reconstructed electrons and muons (ELES, CMUO
banks) found in the simulated event records correspond to generated particles
at the generator level (listed in the GENP bank) we match them to each
other. We do this by requiring that the distance AR = \/(A¢)2 + (An)? in

7 — ¢ space between reconstructed object and generated particle be less than
0.04'. In Figure 2.2 we show the AR distributions. The electron distribution
has a longer tail due to electrons radiating photons at large angles.

For the matching we first identify all e’s, and p’s in the list of gen-
erated particles that have p$""” > 5 GeV. We use this low threshold at
the generator level because it is possible that the reconstructed pr or Er is
significantly higher than p$®™?; this is especially important for leptons from
semi-leptonic b or ¢ decays. Then we loop over all corresponding reconstructed

object banks and identify the banks that match to the generated particles.

The geometric and kinematic acceptance Ayeom.p, is simply defined
as the number of reconstructed dilepton events passing the following selection
criteria divided by the number of all generated ¢t — X events. This definition
includes the various branching ratios in Ageom.p,. Reconstructed electrons
with E7*° > 20 GeV have to match to an electron at the generator level that
is central (|n| < 1.0) and fiducial (‘CE’). Electrons that are identified as due
to conversions using a standard CDF conversion filter are excluded. Similarly,
reconstructed central muons with stubs in a muon chamber (‘MU”), or isolated
minimum ionizing tracks (‘MI’) that do not produce track stubs in the muon

chambers must match to a muon at the generator level with P;* > 20 GeV.

! As shown in the next chapter we require AR < 0.2 for 7 ’s because of the angle between
the 7 and its charged decay products.
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We count events with more than one matching lepton satisfying the
above cuts and categorize them. Events can only be in one category. We
search first for events with more than 2 matching leptons (“multileptons”)

and then sequentially for CE-MU; CE-MI;CE-CE; MU-MU MU-MI events.

Table 2.1 shows the results from this procedure. We list the abso-
lute dilepton acceptances Ayeom.p, as a percentage of all generated tt — X
events. For each category the acceptance is broken down by sources, i.e. the
combinations of particle decays that give rise to the 2 leptons (WW Wb, 7 7

, «..). ‘Charm’ means that at least one lepton is from a charm decay. The
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O or 7 decay. We

category w°,7 likewise means that one lepton is from a =
also break down the MU category by detector into a CMX sub—category and a
non-CMX sub-category ‘CMU(P)’ (CMU only, CMP only, CMU-CMP). For
each category we give a grand total and the total of all sources not involving

0

charm, 7%’s or n’s. All uncertainties are statistical only. The total geometric

and kinematic acceptance is found to be
Ageom-py = (3.62 1 .06)%. (2.1)

The contribution from W+ — £tv, W~ — £7'v' decays to this is 1.52% (not
including multilepton events), which is 30.7% relative to the full branching
ratio of 4/81 = 4.94% for these decay modes. Other significant contributions
at this level are from events with one lepton due to W decay and the other
from a semileptonic b decay (0.94%) or ¢ decay (0.36%) or due to a leptonic
7 decay (0.27%). However, the lepton selection criteria (see next section) are
designed to reduce the contributions from semileptonic heavy quark decays
while preserving efficiency for the decay modes W+ — £Tv, W — £~/ and

W —>tv, W > 1v, > Vv,

2.1.2 Lepton identification
Electrons

The following variables are used to select high-pr electrons:

e E/p: The ratio of the energy measured in the calorimeter and the mo-

mentum measured from the track curvature.

® Eh.a/E.p,: The ratio of hadronic and electromagnetic energy measured

in the calorimeter.
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ID variable TCE LCE

Er > 20 GeV > 20 GeV

E/p < 1.8 < 4.0

Ehad/ Eom < 0.05 < 0.055 + 0.045 E[GeV]/100
Lshr < 0.2 < 0.2

X?tr‘ip <10 -

|Az|(track-shower) | < 1.5 cm < 1.5 cm

|Az|(track-shower) | < 3.0 cm < 3.0 cm

|Az|(vertex-track) | < 5.0 cm -

Efficiency 0.815 4+ 0.007 | 0.896 + 0.005

Table 2.2: Identification cuts for tight central electrons (TCE) and loose cen-
tral electrons (LCE) and their efficiencies as measured from Z events [20].
Note that the E; cut is not considered a proper identification cut; it rather
determines the kinematic acceptance of the electron selection. It is listed here
for completeness.

e Lshr: The lateral sharing of energy between CEM towers compared to
the sharing measured with electrons in a test beam — expressed in a 2

like variable.

° xﬁtﬁ.p: The x? of a fit between the observed CES shower profile in the

z view and the nominal shape measured with test beam electrons.

e Az(track-shower): The distance in z between the extrapolated track

and the shower position measured in the CES.

e Az(track-shower): The distance in z between the extrapolated track

and the shower position measured in the CES.

e Az(vertex-track): The distance in z between the position where the

track intercepts the beam and the closest high-quality vertex.
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Figure 2.3 shows the distributions of these identification variables in Z — ee
data. One “leg” of the Z is required to pass the tight electron identification
cuts and be isolated (see below). If another ELES bank (“second leg”) forms
a mass 75 < m < 105 with the tight electron it is very likely also an electron
and can be used for getting distributions of the identification variables from
data with little bias.

We define two categories of central electron candidates: tight central
electrons (TCE) and loose central electrons (LCE). The cuts on the identifi-
cation variables that are imposed for each category and the overall electron
identification efficiencies using these cuts as measured with the second legs of

Z — ee decays [20] are listed in Table 2.2.

Muons

We define two categories of muon candidates: TCM muons are those that have
track stubs in the CMU, CMUP or CMX muon chambers. Tracks consistent
with minimum ionizing particles that are not associated with muon chamber
stubs are CMI muon candidates. The variables used to select high-p;y muons

are:

® dy: The impact parameter of the track with respect to the beam in the

r¢ plane as measured by the CTC.

e Az(vertex-track): The distance in z between the position where the

track intercepts the beam and the closest high-quality vertex.

e Awz(stub-track): The distance in the r¢ plane between the extrapo-

lated CTC track and the track stub in the respective muon chamber.

® N,sr: The number of axial super layers of the CTC with track hits.
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in the dilepton analysis.
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ID variable TCM CMI

PT 20 < pr < 250 GeV/c 20 < pr < 250 GeV/c

|do| < 0.3 cm < 0.3 cm

|Azcau] < 2cm n/a

|AmCMp| <5 cm n/a

|Azcnrx| < b cm n/a

|Az(vertex-track)| | < 5.0 cm < 5.0 cm

Nysr >3 >3

Nssi, > 2 > 2

Nyst + Nssr, > 6 >3

E.., < 2 GeV < 2 GeV

Eroa < 6 GeV < 6 GeV

E., + Epaa > 0.1 GeV < 0.1 GeV

Ik - < 0.1

I - < 0.1

Efficiency 0.917 £+ 0.007 (CMU,CMP) | 0.913 +0.013
0.897 + 0.018 (CMX)

Table 2.3: Identification cuts for tight central muons (TCM) and CMI muons
and their efficiencies as measured from Z events [20]. For CMU-CMUP tight
central muons only one |Az| cut needs to be satified. Note that the pr cut is
not considered a proper identification cut; it rather determines the kinematic
acceptance of the muon selection. It is listed here for completeness. Note that
CMI muons are by definition isolated, even though the isolation is rather a
topological cut than an identification cut.

® Nssr: The number of stereo super layers of the CTC with track hits.
® E...: The energy deposition in the CEM.

® FEjq4: The energy deposition in the CHA and WHA .

® I, and I.q: The track and calorimeter isolation as defined below (for

CMI muons only).

Figure 2.4 shows the distributions of the TCM and CMX identifi-

cation variables from the second leg of Z — pup decays. The cuts on the
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Figure 2.4: Distribution of central muon (CMUO) identification variables for
the unbiased second leg in Z — pp decays. The first muon is required to pass

tight cuts. The dotted lines indicate the cuts used for tight central muons
(TCM) in the dilepton analysis.
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identification variables that are imposed for both muon categories and the
overall muon identification efficiencies using these cuts [20] are listed in Ta-
ble 2.3. An upper limit of 250 GeV/c is placed on the py of the muons as
a track quality cut. Problems with the momentum reconstruction for very
straight tracks can lead to unphysically large momenta. Since we correct the
Er for the muon momenta this in turn yields unphysically large £ . This cut
is most relevant for rejecting cosmic ray events and has a negligible effect on

the top acceptance.

2.1.3 Dilepton selection

We define 7 combinations of electron and muon types as valid dilep-
ton categories. They are shown in Table 2.4. Each category requires at least
one tight lepton, TCE or TCM, which also must be isolated in the calorimeter
as well as in the tracking chamber. The calorimeter isolation I, is defined
as the ratio I, = E5™°/E5 for electrons and I, = E$™¢/ph. E$™ is the
total transverse energy measured by the calorimeter in a cone of 0.4 in n — ¢
space around the lepton excluding the energy deposit due to the lepton it-

cone

self. Similarly, I;,x is defined as the ratio I, = p5"¢/p5 for electrons and
I, = p5"¢ /Y for muons. Here p™° is the sum of the transverse momenta of
all tracks in a cone of 0.4 in 7 — ¢ space around the lepton track excluding the

lepton track itself. The tight leptons are required to satify the requirements
I.qi < 0.1 and I, < 0.1. (2.2)

CMI muon candidates are by definition required to satisfy these isolation cuts,
so that dilepton candidates involving CMI muons require both leptons to be

isolated.
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Dilepton type | combination
ee TCE-TCE
TCE-LCE
o TCM-TCM
TCM-CMI
ep TCE-TCM
TCE-CMI
TCM-LCE

Table 2.4: Valid dilepton categories.

2.1.4 Topological selection

In order to separate the top signal from backgrounds several topo-

logical cuts are applied:

e Cosmic ray removal: Dimuons are rejected as cosmic rays, if the

muons are back-to-back:

— A¢ > 178.5°, |n,, + 1,4, | < 0.1, or

— A¢ > 177°, |, + My, | < 0.25 and either at least one muon is out—
of-time with the beam crossing or the muons are out of time with
each other. The timing cuts are ¢, —t, > 18(22) ns for Run Ia(Ib),

t, —to < —14 ns and |t — t,2| < 14 ms.

o Z removal: Z — ee and Z — pu events are a copious source of high-pt
dilepton events. We remove dielectron and dimuon events where the 2

leptons form an invariant mass 75 < my < 105.

e 2 jet cut: In tf events there are canonically 2 jets from the decay of
the b and b. At least two jets with E7 > 10 GeV are required. The jet

energy is not corrected for detector response here.
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Etrigger 0.937 4+ 0.005
€50 0.949 £ 0.006
€Z—removal | 0.874 £ 0.009
€Rp 0.757 +0.013
€2— jet 0.844 4+ 0.012
€opp.—sign | 0.976 £ 0.006

Table 2.5: Summary of efficiencies that give the total acceptance for ee, ppu,
and ey dilepton events using 80,000 PYTHIA ¢£ Monte Carlo events (my,, =
175 GeV/c?). Each efficiency is calculated using only the events that pass the
preceding cuts. The values for €i44er, €7D, and €5, are taken from Ref. [20].

® Er : Due to the two high-p; neutrinos from leptonic W decays top

dilepton events are expected to exhibit substantial fy. We require

— Fr > 25 GeV. We correct fr for muons by adding the measured
muon pr to the transverse energy measured in the calorimeter. We

also correct for jets by using the standard jet corrections [42].

— A¢(Fr,l3) > 20° if fr < 50 GeV. The angle between Fr and the
closest jet or lepton in the r — ¢ plane must be greater than 20°
to protect against background events with large fake Fr due to

mismeasurements. This cut is not made if the Fr is sufficiently

large (Fr > 50 GeV).

e Opposite sign cut: We require the two leptons to have opposite charge

as expected for dileptons from leptonic decays of W W ™ in it events.
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2.1.5 Total Acceptance

The efficiencies of all cuts including the topology cuts for ¢t events

(myop = 175 GeV/c?) as determined from the PYTHIA Monte Carlo are listed

in Table 2.5 [20]. The total acceptance A;, for ee, pu, and ep dilepton events
is given by

Atot — Ageom-PT * €trigger * €ID * €Iso * €Z—removal * EEF * €2_jet * €opp.—sign (23)

The final result for A;,; obtained by averaging the results of the PYTHIA
Monte Carlo and a HERWIG Monte Carlo is [20]:

Apor = (0.74 + 0.02(stat) + 0.07(syst))% (2.4)

The dominating systematic uncertainties in the calculation of A;,; are
uncertainties in the lepton identification efficiencies (7%), Monte Carlo gen-
eration (3%), and initial and final state radiation (3%). For more details see

Ref. [20].

2.1.6 Expected number of events in 109 pb~!

With A4,, in hand we can calculate how many ee, pp, and ey events
from tt production and decay we expect to find in Run I. Using the theoretical
estimate of the ¢Z production cross section for m,,, = 175 GeV/c? from Ref. [26]
we find:

L
= (4.840.7)pb (109 + 7(syst))pb~" (2.5)
x(0.74 £ 0.02(stat) £+ 0.07(syst))%

= 3.9+ 0.7 events,

where we take a 6% systematic uncertainty on the total integrated luminosity.
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2.1.7 Acceptance for it events with both WW’s decaying

into leptons

We find that 0.74% of all produced tt events are expected to pass all
cuts of the dilepton analysis. This is only 15% of the approximate branching
ratio 4/81 = 4.94% for ‘canonical’ dilepton events, where both W’s decay
leptonically. We investigate at which steps of the analysis canonical ¢t dilepton
events are lost. In Table 2.6 we list the percentages of canonical dilepton events
in the PYTHIA ¢t MC that survive the successive selection cuts. Figure 2.5
displays these percentages. The table also gives the efficiency of each cut with

respect to the events passing the previous cut.

The largest loss, about 50%, is due to the restriction of the analysis to
the central part of the detector. With the current configuration of the detector
this is unavoidable: In case of the muons the detector is instrumented with
central muon chambers only out to n = +1.0. For electrons the identification
requires tracking information, but the track finding efficiency of the CTC falls
rapidly for |5| > 1.1, so that only a small fraction of the plug calorimeter is
recoverable. This was done in the Run Ia dilepton analysis [16] and increased
the acceptance by a factor of 1.04. These problems will be remedied in Run
IT using extended muon chamber coverage in the plug and forward region and
using the new plug calorimeters together with tracking in the intermediate

silicon layers [80].

As already mentioned in the discussion of the calorimeter in Chap-
ter 1, the fiducial cuts on the electron are responsible for another significant
acceptance loss of about 40%. All other cuts give rise to losses on the order of

15-25%.
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ee
Cut # events | relative | efficiency wrt
passing fraction previous cut
%] K
Wt s etv, W~ - e v 1003 100 -
Both |55,| < 1.0 479 478+ 1.6 478+ 1.6
Both leptons pr > 20 405 404+ 1.5 84.6 + 1.7
leptons reconstructable & fiducial 247 246+1.4 61.0 + 2.4
ID and Isolation 193 19.2 £1.2 78.1 2.6
Z removal 145 145+ 1.1 75.1 +£3.1
Er > 25 127 12.7+1.1 87.6 £2.7
A¢ > 20 or Er > 50 117 11.7+ 1.0 92.1+24
Njer > 2 93 9.34+09 | 79.5+3.7
g
Cut # events | relative | efficiency wrt
passing fraction | previous cut
%] K
Wt - ptv, W=~ - u v 961 100 -
Both |nf.,| < 1.2 580 604+16| 60.4+1.6
Both leptons py > 20 499 519+ 1.6 86.0+1.4
leptons reconstructable 397 41.3+ 1.6 79.6 £ 1.8
ID and Isolation 319 33.2+1.5 80.4 + 2.0
cosmic ray removal 319 33.2+1.5| 100.0 +0.3
Z removal 245 25.5+1.4 76.8 £2.4
Er > 25 214 223+13| 87.3+21
A¢ > 20 or Er > 50 189 19.7+1.3 | 88.3+2.2
Njer > 2 157 16.3+1.2 | 83.1+2.7
e
Cut # events | relative | efficiency wrt
passing fraction | previous cut
%] K
W* - e, WF - uFu 1899 100 -
In5e:| < 1.0, |nh. | < 1.2 1047 55.1£1.1| 55.1+1.1
Both lepton pr > 20 883 46.5 + 1.1 843+ 1.1
leptons reconstructable & fiducial 641 33.8+1.1 72.6 £ 1.5
ID and Isolation 521 274+1.0 81.3+ 1.5
Er > 25 455 240+1.0| 87.3+1.5
A¢ > 20 or Er > 50 393 20.7+£09 | 864+1.6
Njer > 2 339 179+09 | 86.3+1.7

Table 2.6: Percentages of canonical dilepton events in the PYTHIA ¢t MC
that survive the successive selection cuts. The last column lists the efficiency
of each cut with respect to the events passing the previous cut. The lepton pr
and 7 information are evaluated at the generator level.
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2.1.8 Origin and relative fraction of ee, uu, and ey events

We study the expected relative fraction of the three individual chan-
nels, ee, pp, and ey in the Monte Carlo. After reconstruction and all cuts
we are left with 727 identified ee, up or ey candidate events in the PYTHIA
tt Monte Carlo simulation (80,000 events generated). In Fig. 2.6 we plot the
W decay mode vs the W~ decay mode at the generator level for these events.

We evaluate the various decay modes of the W’s that contribute to
the dilepton channel. The results are listed in Table 2.7 and graphically dis-
played in Figure 2.7. For 612 of the 727 events identified as ee, ey, or pp
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Figure 2.6: W+ decay mode vs W~ decay mode as obtained at the generator
level for 80,000 generated ¢ MC events. A total of 9569 events pass the
dilepton selection or the lepton + jets selection. Dilepton events are shown on
the left; lepton + jets events on the right. The numbers indicate the number
of events found for each combination.

ee, e, i 842 + 14 %
eT, uT 131 + 13%
TT 06 + 03%
e, 1t + jets 1.8 + 05%
T + jets 04 + 02%
all hadronic 0.0 + 0.1 %

Table 2.7: Contribution of various WTW~ decay modes to events identified
as dilepton events in the ¢ Monte Carlo (statistical uncertainties only).

dileptons both W’s decayed into e’s or p’s (84.24+1.4)%. The relative fraction
of the three WtW~ decay modes for these 612 events is ep (57.7+2.0)%, pu
(25.841.8)% and ee (16.5+1.5)%. If we ask instead how each of the total
727 events was reconstructed, we find very similar numbers for the distribu-
tion among the three categories: ep (56.5+1.8)%, pp (26.8+1.6)% and ee
(16.6+1.4)%.
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Figure 2.7: Contribution of various W*W~ decay modes to events identified
as dilepton events in the t£ Monte Carlo. For the cases where not both leptons
are from W decays the origin of the lepton that is not from a W is indicated.

Another 95 events originate from W* — e*(u*) WT — 7Fv decays,
which represent a fraction of (13.1 + 1.3)% of all reconstructed ee, ey or pp
dilepton events. We find that (99+1.0)% of these events contain a lepton-
ically decaying 7, as expected. Four events, corresponding to a fraction of
(0.6+0.3)%, are due to W* — 7ty, W~ — 77v decays. All 7’s in the four

events are found to decay leptonically.

The contribution to the dilepton channel from decay modes with
hadronic decays of one W, leptonic decay of the other W and a semi-leptonic b
decay is 16 events [(2.240.5)%]. Lastly, we have 3 events [(0.4+0.2)%] with a
hadronic W decay, at least one semi-leptonic b decay and a W — v — lvwv
decay. No events with all-hadronic W decays are found to contribute to the

dilepton channel.
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2.2 Correlation with lepton + jets channel

We investigate the correlation of the dilepton channel with the lep-
ton + jets channel [17, 38]. In principle, we expect that in the lepton + jets
channel one W decays leptonically into e or g and the other W decays hadron-
ically. However, as in the dilepton channel, it is possible for events with W
decay modes other than these ‘nominal’ ones to get accepted as candidates.
Contributing to this effect are semi-leptonic b decays, fake leptons from jets,
lost leptons and 7 decays. The event selection in the lepton + jets channel is

as follows:

e Lepton identification: Require one tight central electron or muon

(TCE, TCM) using the same definitions as in the dilepton channel.

e Isolation: Require I.,; < 0.1 on the lepton as in the dilepton channel.

The cut on the track isolation I, is not applied.

e FEr : Require Fr > 20 GeV. We correct Fr for muons by adding the
measured muon pr to the transverse energy measured in the calorimeter.

The Er is not corrected for jets.

e Jets: Top events in this channel canonically have 4 jets from the decays
of b, b and a W. To increase the acceptance at least three jets with
Er > 15 GeV are required. The jet energy is not corrected for detector

respomnse.

After all cuts we find 8842 lepton + jets events in the 80,000 event sample
from the PYTHIA ¢t MC. Here we have required that there be only one high-
pr lepton found. Specifically, we remove any events with two or more leptons

passing the dilepton identification and isolation cuts, regardless of missing Er
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require > 3 jets | require 4** jet

e + jets, p + jets 812 +04 % | 8.5+04%
all other top sources 188 +04% | 135 +04 %
ee, elt, Ui 5.6 + 0.2 % 294+02%
all 7’s 132 £ 04 % | 106 £04 %
€T , UT, TT 6.8 + 0.3 % 4.0+ 0.2 %

T + jets 6.4 + 0.3 % 6.7+ 0.3 %
all hadronic <0.1% < 0.1%

Table 2.8: Contribution of various W*W ™~ decay modes to lepton + jets events
(statistical uncertainties only). The column on the right gives the contributions
if a fourth jet with |ng4e| < 2.4 and Er > 8 GeV is required as in the top mass
analysis.

and jet multiplicity. Fig. 2.6 shows the W* decay mode vs the W~ decay

mode for these events.

For 81.2+0.4% of the lepton + jets candidates one W decays lepton-
ically and the other W decays hadronically. However, other top decay modes
contribute the remaining 18.8+0.4% of the candidate events. The various
contributions are listed in Table 2.8 and plotted in Figure 2.8. The dominant
contribution is due to 7 decays, either in the form of er or u7 dilepton events
or 7 + jets events. The majority (76.1+1.8%) of 7’s in er or ur events decay
hadronically. This explains the ‘misidentification’ of this event type as lepton
+ jets events, because the 7 produces a third jet in addition to the 2 b jets. For
the 7 4 jets events we find that all of the 7’s decay leptonically, so in this case
the e or p stem from the 7 and the jets are from b’s and a W decay. Another
significant contribution is from ee, ey, or pp dileptons that do not pass all
cuts to make it as dilepton candidates. Contributions from purely hadronic

W decays are small.
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The problem of misidentification improves somewhat if we require a
fourth jet with E; > 8 GeV and || < 2.4 as is done in the top mass analy-
sis [17]. The relative contributions for this case are also shown in Table 2.8.

We compare the total acceptances of events where both W’s decay
leptonically into e or g for the dilepton analysis and the lepton + jets analysis.
In the 80,000 generated t¢ MC event we find 3863 events of that type (%
of all events). In the dilepton analysis 612 events get accepted, corresponding

to a total acceptance for the ‘canonical’ dilepton events of
AP — (15.8 £ 0.6)%. (2.6)

For the lepton + jets analysis we find 493 events, which corresponds to a total

acceptance of

Al = (12.8 £ 0.5)%, (2.7)
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WW decay mode | Dilepton analysis | Lepton + jets analysis
ep 91 + 05% 72 £ 04 %
ee 26 + 03% 44 + 03 %
i 41 + 03% 1.2 + 02%

Table 2.9: Percentages of t& MC events with both W’s decaying into ev or
pv (Wt = v, W= — L7V £ = e,u ¥ = e,p) that get accepted by the
dilepton analysis and the lepton + jets analysis. Events are counted either in
the dilepton channel or in the lepton + jets channel, but not in both, i.e. the
percentages are exclusive.

i.e. the acceptance in the lepton + jets channel for these events is almost as

large as in the dilepton channel.

In Table 2.9 and Figure 2.9 the acceptances are broken up into the
three categories. We find that the acceptances for ey events are similar. As
noted above, in this simulation we accept about 50% more pp events than
ee events in the dilepton analysis. The ratio is reversed in the lepton + jets
analysis: We accept about three times as many ee events as pp events. This
increased acceptance for ee events is due to the fact that if one electron falls
outside of the central detector or fails just one cut, e.g. the fiducial cut, it
gets counted as a jet in addition to the 2 b jets, so that the events then can
get accepted as a lepton + > 3 jets event. For pp events this is not likely to

happen because the muons do not deposit enough energy in the calorimeters.

We note that there is a large potential for future improvement in
the ee channel here. If the handling of electrons could be improved so that
electrons are not mistakenly labelled as jets, the acceptance in the ee channel
could be improved significantly. If it were possible to pull all the ee events

out of the lepton + jets channel and identify them as dilepton events the ee

4.4%4+2.6%

ve = 2.7 ! In reality it will not

acceptance would increase by a factor
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be possible to get the full factor, but with the new plug calorimeter and some

rethinking on the handling of electrons a factor two might be achievable in

Run II.

2.3 Backgrounds

We summarize the background contributions in Table 2.10. The total
expected background is [20]

B =2.14 0.4 events. (2.8)
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Background ep ee + pp | determined
process from
Drell-Yan 0.00 4+ 0.00 | 0.61 4+ 0.30 | Data, MC
Z —>TT 0.38 +0.11 | 0.21 £ 0.08 | MC

ww 0.20 +0.09 | 0.16 +£ 0.07 | MC

Fake 0.16 +0.16 | 0.21 + 0.17 | Data

bb 0.02 4+ 0.02 | 0.03 +£0.02 | MC
Subtotal 0.76 +0.21 | 1.22 + 0.36

ee + pp + ep subtotal 2.0+0.4

other (WZ,ZZ, Wbb) 0.1 MC
TOTAL 21+04

Table 2.10: Summary of backgrounds in the ee, pp, and ey analysis after all
cuts [20].

2.4 Observation in the data

In the following we discuss the selection of data samples used for the

analysis. The results of the final ee, pu, and ey event selection are presented.

2.4.1 Data samples

The data collected in Run I represents 109 & 7 pb~! . In order to
handle this large amount of data three steps in data reduction are employed.
We begin with events that pass a predefined set of mostly unprescaled trig-
gers (so-called “STREAM 2” in Run Ia, “STREAM A” in Run Ib) including
the high-pr lepton triggers. Inclusive lepton samples are created by select-
ing events that pass offline high-pr lepton cuts. Out of these samples events
with at least one lepton passing tight identification cuts and an additional lep-

ton passing very loose cuts are collected in dilepton samples. The final event

selections are then applied to the dilepton data sets.
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central electron (ELES)

Er > 18 GeV

pr > 13 GeV/e

Ehad/Eem < 0.125

Lshr < 0.2

|Az(track — shower)| < 3 cm
|Az(track — shower)| < 5 cm
X?tr‘ip <10

Table 2.11: Cuts for selecting the inclusive electron data sample. All values

are taken from the ELES bank.

Inclusive lepton sample

The inclusive lepton samples are made by selecting events with leptons that
pass loose identification cuts. For Run Ia this was done for electrons by
David Saltzberg and for muons by Mark Krasberg [43]. In the case of Run
Ib (~ 90 pb~! ) this was done for electrons and muons at the University of
Chicago [44], independent from the efforts at Fermilab. The Run Ib input
consists of 131 8mm data tapes from STREAM A with approximately 4 mil-
lion events. The cuts used to select the inclusive lepton sets are listed in Ta-
bles 2.11 and 2.12. They were chosen to have little sensitivity to the changing
CDF data base (tracking, alignment, calibration) to provide stability. There
is no explicit trigger requirement in the offline selection, i.e. events containing
leptons that did not come in on a lepton trigger (“volunteers”) are accepted.
The data set was checked extensively to validate it for analyses that use high-
pr leptons. Also a cross—check with the ‘official’ data set at Fermilab [45] was

performed.
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central muon (CMUO)
pr > 15 GeV/c

Ep.qg <6 GeV
|Am0MU| <10 cm
|AmCMp| < 20 cm

|AmCM)(| < 20 cm

Table 2.12: Cuts for selecting the inclusive muon sample. All values are taken

from the CMUO bank.
Dilepton sample

From the inclusive lepton samples a dilepton subsample was made using the

following selection:

o We require at least one isolated, tight central electron or muon as the
primary lepton. For electrons the only difference from the final TCE
selection is that the electron is not required to be fiducial to make it into

the data set; for muons the selection is identical with the TCM selection.

e For the second lepton we require that the event contain

— a central electromagnetic cluster (ELES bank) with E; > 10 GeV

or

— atrack stub in a muon chamber that is associated with a CTC track

(CMUO bank) with py > 10 GeV/c or

— an isolated (I.y < 0.1 and I;;x < 0.1) track (CMIO bank?) with
pr > 10 GeV/c or

2Tracks that are associated with muon stubs are associated only with CMUO banks,
and not with CMIO banks, so that there is no double-counting between CMIO and CMUO
banks.
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CMUIa CMUIb ICEIa ICEIb
# of events in incl. sample 83051 313961 133805 474912
second lepton ELES 1386 1943 1593 7099
second lepton CMUO 766 3894 183 1052
second lepton CMIO 738 2001 343 1504
second lepton TAUO 744 2742 749 3273

Table 2.13: Breakdown of events in the dilepton sample, (CMU=incl. central
muon sample, ICE=incl. central electron sample).

— a narrow calorimeter cluster (TAUO bank) with |74 < 1.2 and

o < 0.13 (see next chapter).

Whereas the cuts on the primary lepton are very tight to achieve significant
data reduction, the cuts on the second lepton are as loose as possible. The
number of events in each category are listed in Table 2.13. Certain events,
such as ey events, can be found in the inclusive muons as well as the inclusive

electron samples, so we remove duplicate events throughout the sample.

2.4.2 Final dilepton selection

In Table 2.14 we list the number of observed dilepton events in each
category when successively applying the topology cuts of section 2.1.4. We
find 10 events that pass all cuts, 1 ee event, 2 pu events, and 7 ep events.
These events are the top dilepton candidates for the ee, pp and ey channels.
Schematic displays of the 10 candidate events are shown in Figures 2.10 and

Figures 2.11.
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Dilepton category
Cllt TCE TCE ee TCM TCM l.l/l.l/ TCE TCE TCM el.l/
TCE LCE TCM CMI TCM CMI LCE

Dilepton 2331 | 418 | 2749 || 2683 | 873 | 3556 || 36 | 11 4|51
Cosmic ray 2331 | 418 | 2749 || 2506 | 860 | 3366 || 36 | 11 4|51
Z removal 252 | 129 | 381 | 288 | 164 | 452 | 36| 11 4|51
Er > 25GeV 7 2 9 15 6 21| 15 2 2119
A¢ > 20° or 3 2 5 7 1 8| 15 0 2|17
Er > 50GeV

0 jets 0 1 1 0 0 0 3 0 0 3
1 jet 2 1 3 5 1 6 41 0 1] 5
> 2 jets 1 0 1 2 0 2 8 0 119
same sign 0 0 0 0 0 0 2 0 0] 2
opposite sign 1 0 1 2 0 2 6 0 1 7

Table 2.14: The number of events observed in the data after successive cuts
for the different dilepton categories. To qualify as a dilepton at least one tight
lepton (TCE or TCM) must be isolated.

Significance

From a Poisson distribution we calculate the probability for 2.14+0.4
background events to have fluctuated to > 9 events. One of the 10 final events
(Run 58281/Event 44805) is very likely a radiative Z decay, as one of the jets
is photonlike and forms an invariant mass of 87 GeV/c* with the two muons
(see Ref. [20]). More details on the event are given below in section 4.3.3.
We remove this event by hand for calculating the significance. Taking the
uncertainty of 0.4 on the number of background events into account we find
a probability P = 0.062% for such a fluctuation. This corresponds to about
3.2 o for a Gaussian distribution. If the background uncertainty is not taken

into account the probability is P = 0.033%.

As shown above we expect 3.9 & 0.7 events from ¢t decays assuming
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the theoretical tf production cross section, for a total expected number of
events of 6.0 + 0.8 events from ¢ + background. The probability for this to
fluctuate to > 9 events is P = 16.4%, which corresponds to about 1.5 o on a
Gaussian. Here the uncertainty of 0.8 events is also taken into account. Taking
the ratios of the probabilities we find that the ‘¢Z + background’ hypothesis is
about 265 times more likely than the ‘background only’ hypothesis.

We consider the fact that we observe more events than expected from
tt + background. Suppose there is an additional process due to new physics
not described by the Standard Model that produces dilepton events. If the
mean expected number of events from this process ‘pp — X — dileptons’ is 3
events so that the mean expected number of ¢t + background + X equals the
observed number of events, then the probability to observe > 9 events will be
54%. This is only about 3 times more likely than ¢ + background?.

Based on the counting experiment only we conclude that we have a
clear signal for ¢t production in this channel, but no significant evidence for

other processes due to new physics.

Cross section

The ¢t production cross section

__N—B (29)
o-tt_EAtot’ .

is calculated using B = 2.1 + 0.4 for the expected background (see sec-
tion 2.3), £L = 109 &+ 7 pb~' for the total integrated luminosity in Run I,
and Aot = (0.74 + 0.02(stat) + 0.07(syst))% for the total acceptance times

3If there is new physics with a mean expected number of events greater than 3 then we
have to ask for the probability for the total number of events to have fluctuated down to < 9
events, which is less than 54%. Consequently, this is the probability in the most favorable
case.
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Run 41540 Event 127085 Run 4504/ Event 104395
: thr= 0.83
i o
T - N B T\ = .
E(j1) =107.9 i 2 E(j1) = 44.0
E:(j2) = 44,3 N\ E(j2) =225
" MET = 134.2 MET = 114.5
e+ \\\\
e
Run 4/122 Event 38382 Run 57621 Event 45230
- _ MET
605 E(e) =506 1 gEs £ (e") = 49.0
VET Ex(w) = 37.8 o () = 25.4
e" E(j1) = 67.0 E(j1) = 25.8
(j2) = 10.7 Ei(j2) = 25.0
= 60.7 MET = 52.1
Run 58281 Event 44305 Run 65700 Event 272140
thr=0.79 | .
n=—0.06 1 Er(u) = 39.9
| Ev(u') = 29.3
E(j1) = 23.6
Ei(j2) = 13.6
MET = 27.2

Figure 2.10: Schematic (r, ¢) display of ee, pp, and ep top dilepton candidates.
The vector lengths represent the transverse momenta of the objects. Note
that we plot quantities as used for the dilepton selection; i.e. electron and jet
energies are not corrected, but fr is corrected for muons and jets. The dashed
lines represent the thrust axes of the events (see Chapter 4).



70

Run 66046 Event 380045 Run 6/5871 Event 129896
thr= 0.87 € E(e”) =105.6 . =071 F(e”) =181.8
n=0.14 E.(u) = 52.5 Eru) =27.3

E(j1) = 19.0 E(j1) =71.0
E(j2) = 16.2 E(j2) = 26.2
E(j3) = 13.1 MET = 107.2
R E:(j4) =11.6
JZJB MET = 107.8
MET
MET
Run 68185 Event 174611 Run 69808 Event 659598
thr= 0.68 thr= 0.68 )
n=-0.14 . ) E(e”) =423
E(u*) = 55.7
£(j1) = 36.3
£(j2) = 33.3
E(j3) = 15.5
MET = 30.8

Figure 2.11: Schematic (r, ¢) display of ee, pp, and ep top dilepton candidates.
The vector lengths represent the transverse momenta of the objects. Note
that we plot quantities as used for the dilepton selection; i.e. electron and jet
energies are not corrected, but fr is corrected for muons and jets. The dashed
lines represent the thrust axes of the events (see Chapter 4).
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Run/Event SLT tag SVX tag

type jet tagged | vertex type | jet tagged
41540/127085 | p | p; = 8.7 GeV/c jl 2—track jl
57621/45230 | p | pr =21 GeV/c jl 4—track jl
63700/272140 | p | p, = 3.7 GeV/c j2 - -
69808/639398 | - | - - 5—track j2

Table 2.15: Top dilepton candidates with b-tags. Jets are ordered by Er, i.e.
41’ is the jet with the highest Er , ¢j2’ is the jet with the second-highest Er,
etc.

efficiency. We again remove the event that is likely to be a radiative Z de-

cay by hand for the cross section calculation, so that the number of observed

events is N = 9. The result is

o = 8.5f§:§(3tat)té:g(syst) pb. (2.10)

B-tagging

We use the presence of a soft lepton from semileptonic b decays (SLT
tag) [46] or of a secondary vertex in the silicon vertex detector (SVX tag)
as identified by the SECVTX tagging algorithm [38] to identify jets from b
quarks. We find that four of the ten events are tagged. Three events have SLT
tags and three events have SVX tags. Two events have a jet that is tagged by
both SVX and SLT. The tagging information is summarized in Table 2.15.
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Chapter 3

TAU DILEPTONS

Er scheint mir, mit Verlaub von euer Gnaden,
Wie eine der langbeinigen Zikaden,

Die immer fliegt und fliegend springt

Und gleich im Gras ihr altes Liedchen singt;
Und 1&g er nur noch immer in dem Grase!
In jeden Quark begridbt er seine Nase.

J.W.v. Goethe, Faust I, Prolog im Himmel

In this chapter we present a search for dileptons from ¢t decays with

one electron or muon and one hadronically decaying tau lepton:

tt — WTW=bb — (fv;)(Tv,) bb ({L=eorp)
Ls hadrons + Vr.

The first algorithm to identify hadronically decaying 7’s with CDF was devel-
oped to study lepton universality in W — 7v decays [48]. Top dileptons with
hadronic 7’s were previously searched for by [49]. The starting point for this
analysis was the work described in Ref. [50].

In the following sections we will discuss in detail all the steps of the
analysis: 7 decays, clustering algorithm in the calorimeter for 7’s, kinematical

and geometrical acceptance, 7 identification variables, identification cuts and

73
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their efficiencies, Z removal, topological cuts, total acceptance x efficiency and
expected number of events from top, backgrounds, observation in the data, and

cross section.

3.1 Starting the 7 search

3.1.1 7 decays

In Table 3.1 we list the dominant decay modes of the 7 lepton and
their branching ratios. The PDG [52] gives a total branching ratio for decays
into one charged hadron (“one-prongs”) of (49.83+0.35)% and (14.384+0.24%)
for decays into three charged hadrons (“three-prongs”), for a total of 64.21%.
The vast majority of the charged hadrons in the final state are pions; decays
into charged kaons occur only at the couple-of-percent level.

We note that about 73% of all one-prong and 41% of all three-prong

Y. This analysis uses the method

decays are associated with at least one =
developed in Ref. [50] to identify 7%’s by searching for the photons from the
decay m° — v in the CES. By incorporating w°’s we are able to increase the

acceptance for hadronic 7 decays.

3.1.2 Finding 7 clusters in the calorimeter

Based on the above observations and taking into account the low 7
mass one expects an hadronically decaying 7 lepton to appear in the detector
as a narrowly collimated jet with low track multiplicity and possibly an elec-

9. A 7-searching algorithm can therefore

tromagnetic component due to a 7
start in two ways: One can either look for isolated tracks pointing at hadronic

energy in the calorimeter or search for narrow clusters in the calorimeter. The
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H Decay Mode Branching Ratio H
“Leptonic Decay Modes”
T — ev.v, (18.01 + 0.18) %
T — po,v, (17.65 + 0.24) %
“One Prong Hadronic Decay Modes”
0 neutrals:
T ST U, (1.7 £+ 04) %
T~ - K v, (0.67 + 0.23) %
T~ — K*(892) v, (145 + 0.18) %
Sum: (13.82 + 0.50) %
> 1 neutrals:
77 — pvy — 1 TV, (25.2 + 04)%
7~ — K 7%, (1.2 + 05)%
T~ — aw, » 7 2%, (96 + 04)%
7~ - 1 31, (1.28 + 0.24) %
Sum: (37.28 + 0.79) %
“Three Prong Hadronic Decay Modes”
0 neutrals:
TT s aaww, > T T T, (842 + 031)%

> 1 neutrals:

™ > .or ot >1r%, (563 + 022) %
T~ > (a17) v,

T — p07r_7r01/7.

T — p_7r_7r+1/,.
T o ptrTn T,

T > wr v, (1.6 £+ 04)%

Table 3.1: Current world averages for the branching ratios of dominant decay
modes of the 7~ lepton [52].

analysis presented here starts from calorimeter clusters; a track—based analysis
is presented in Ref. [53].

The tau clustering algorithm [54] begins by checking the E; of the
tower with the highest E7 in a standard CDF jet cluster!. If the E7 of this

tower is larger than 4 GeV, it is defined as the ‘seed tower’ for a tau cluster.

We use jets that are clustered using a cone of radius 0.4 in 7—¢ space for this.
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At least one calorimeter seed tower with E7 > 4 GeV
< 6 towers with E7 > 1 GeV in a cluster
Seed track with pr > 4.5 GeV within AR < 0.4 of cluster center

Table 3.2: Loose requirements for creating a tau cluster.

The calorimeter towers form a grid in 7—¢ space. All of the eight towers
surrounding the seed tower that have E;r > 1 GeV become part of the tau
cluster. The algorithm then selects narrow calorimeter clusters by requiring
that there be fewer than 6 towers in a cluster. Clusters with more towers are
dropped.

Next, the highest-pr track with py > 4.5 GeV/c pointing within a
cone of radius 0.4 in 7—¢ space from the cluster center becomes the ‘seed track’.
If there is no such track found the tau cluster is dropped. If there is a primary
z-vertex as measured by the vertex chamber (VTX) within 5 cm of the z of the
track this becomes the z-vertex of the 7 jet, otherwise the z of the seed track is
used. The calorimeter quantities (E7,7) of the cluster are recalculated using
this z. Tracks with pr > 1 GeV/c and a z within 10 cm of the z-vertex of the
T jet, that also extrapolate to a tower in the cluster, are defined as ‘shoulder
tracks’. The track multiplicity of the 7 jet is then defined as the number of
tracks (seed and shoulder) within a 10° cone of the cluster center. Table 3.2

summarizes the cuts imposed at the tau cluster level.

3.1.3 Identification of 7°’s in the CES

Here we describe the identification of 7°’s in the strip chamber (CES)
as developed in Ref. [50]. In the rest frame of the 7° the 2 photons from the

decay 7 — v+ have an energy mo/2 = 67.5 MeV. The maximum separation

of the 2 photons in the CES is § = R x %, where R is the distance of
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the photon shower in the CES from the interaction point (the radial distance
of the center of the CES is about 184 cm). For a 7° with an energy of several
GeV the separation is on the order of only a couple of cm. Therefore, the
algorithm takes the possibility into account that the two photon showers have
a significant overlap.

We start by extrapolating the tracks in the 10° cone associated with
the tau cluster to the plane of the CES inside the CEM. The average response of
the CEM [48, 50] to charged hadrons as a function of their py is subtracted from
the Er in the CEM tower to which the track extrapolates. In the following we
consider only towers that are left with EE > 0.1 GeV. For each such tower
we search the corresponding section of the CES for narrow strip clusters(5
channels) and wire clusters (7 channels). We accept strip clusters that have
E > 0.5 GeV and x?, < 20. Clusters with E > 20 GeV are accepted regardless
of the x?2, in order to account for overlapping photon showers. Wire clusters
are accepted if E > 0.5 GeV (no x2,,. cut). The cluster energies are then
corrected for local variations of the CES response. (for details see appendix of
Ref. [50]).

Next, we search for strip and wire clusters with matching energies.
We allow for 2 cases: 1) one wire cluster and one strip cluster match in energy
within 1 GeV. If both have E > 10 GeV they are only required to match
within 5 GeV. 2) the energy of one wire cluster matches the energy sum of
two strip clusters (to allow for photons overlapping in the z-view). The energy
matching requirement is the same as in case 1 except that if the wire cluster
energy as well as the energy sum of the strips are above 20 GeV they are only
required to match within 50 GeV. If we find a match we define the matching
strip and wire cluster as a 7° candidate. Its energy is given by the CEM energy

of the tower (after the subtraction of any energy due to a track pointing at
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the same tower as described above) and its position in the CES is given by
the wire and strip cluster(s). From this we can calculate Er,¢ and 5 for the
7¥ candidate.

If we do not find a match we consider a strip cluster with £ > 1 GeV
a ¥ candidate in order to maintain efficiency. In that case we measure only
the z-position from the strip cluster. We use the center of the tower as the

best guess for the local z-position in the chamber when calculating the ¢ of

the ¥ candidate.

0 candidate is found for a tau

It is possible that more than one =«
cluster. Using the information of all 7° candidates associated with a tau
cluster we define the p; of the 7 as the scalar sum of the p; of the tracks in

the 10° cone and the EFM of the 7° candidates as measured in the CEM:

Py = =Y Pt + > EfY (3.1)
0

trk

3.2 Geometrical and kinematical acceptance

We use the PYTHIA ¢t Monte Carlo and the matching method from
section 2.1.1 to calculate the geometrical and kinematical acceptance, Ajcom.p,,

for tau dileptons. Because of the angle between the 7 and its charged decay

products we require that the distance AR = \/(Agb)Z + (An)? in 7 — ¢ space
between the generated tau and the tau cluster in the calorimeter be less than
0.2, whereas AR < 0.04 is required for electrons and muons. Figure 2.2 shows

the AR distribution for 7’s.
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Figure 3.1: Top: The pr spectra of 7’s at the generator level (GENP) and
of their reconstructed charged decay products in er and pr tf MC events
(mip = 175). Center: One-prong 7 decays only. Bottom: Three-prong
decays only.
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Figure 3.2: Comparison of reconstructed pr spectra of tracks only and tracks
+ m%% for 7 decays in er and pr tt MC events (my,, = 175).



81

3.2.1 pr spectra

In Figure 3.1 we compare the pr of 7’s at the generator level with
the reconstructed ¥, pi** of the tracks associated with the tau clusters that
matches to the generated 7’s. The 7’s are selected from er and ur events in
the PYTHIA ¢t Monte Carlo. As expected from the presence of the T neutrino
in the 7 decay the reconstructed py—spectrum is much softer. This results in
a reduced kinematical acceptance for 7 leptons compared with electrons and
muons. In addition, due to the large fraction of one-prong decays accompanied
by 7°’s the effect is even stronger for one-prong decays compared with three-
prong decays. As mentioned above, the identification of 7°’s helps to gain some
of the lost acceptance back. In Figure 3.2 we illustrate this point by plotting
pt* and pf}k‘l"ro for one-prongs and three-prongs. For a cut at 15 GeV we find

an increase in acceptance of 22% if all track multiplicities are combined. The

increase is 37% for one-prongs; for three-prongs it is 5%.

3.2.2 Calculation of Ayom.p,

For the er and g7 channel we use the same definitions of primary
tight electrons and muons as in Chapter 2. Due to the softer p; spectrum for
7’s we increase the acceptance for hadronic taus by using pf}k""ro and lowering
the cut to 15 GeV compared with 20 GeV used for electrons and muons. We
choose not to cut on the E; of the 7 jet because of potential problems with
the detector simulation [55].

Table 3.3 gives a detailed break down of the results we obtain for
Ageom-pp- We list er and pr events separately, distinguish one-prongs and

three-prongs, and separate the events by the lepton origins, i.e. by the particle
decays that produced the leptons. All numbers in the table are in percent. We
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find a non-negligbhle contribution from b decays at this level. However, since
we later impose isolation cuts for both leptons (see below) there is basically
no efficiency for identifying 7’s in these types of events (see also Table 3.7).
Consequently, the only two classes of events that we are efficient for are those
with both leptons coming from W’s and events where the e or p comes from
a leptonic 7 decay and the hadronically decaying 7 comes from a W decay.
Therefore, we calculate the total acceptance Ayeom.p, based only on these two
classes. The result is

Ageom.py = (0.65 £ 0.03)% (3.2)

with 0.32% for er events and 0.33% for ur events. For one-prongs (three-
prongs) we get 0.39% (0.18%), and for other track multiplicities we find 0.08%.

In Table 3.4 we list the corresponding numbers if we do not use 7°’s
and cut on pf* > 15 GeV instead of pffk""ro > 15 GeV. In this case we find a

smaller acceptance Ageom.p, = (0.52 £+ 0.02)%.

3.3 7 lepton identification

3.3.1 Identification variables

In Table 3.5 we list the set of cuts we place on various variables for
identifying hadronically decaying 7’s. These cuts were chosen to be simple and
efficient for 7’s . At the same time they are intended to be effective in reducing
the misidentification of QCD jets as 7’s . As we show below, the identification
variables for 7’s are reasonably well modeled by the simulation. We therefore
use simulated 7 decays from ¢t pairs to set cuts and to calculate their efficiency.
Since the efficiency of the isolation cut depends on the topology of the event,
we choose the t£ MC over a W — 7v MC. In Figure 3.3 we show distributions
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T from w W | W | W b b b From Grand

{ from |14 b c T |14 T b Wor total

er(tot.) |0.32 ] 0.11[0.030.00 | 0.09 | 0.00 | 0.01 [| 0.46.02 | 0.59+.03
1-prong | 0.20 | 0.08 | 0.02 | 0.00 | 0.00 | 0.00 | 0.00 || 0.29+.02 | 0.30.02
3-prong | 0.09 | 0.02 | 0.01 | 0.00 | 0.02 | 0.00 | 0.00 || 0.124.01 | 0.14:£.01
other | 0.04 | 0.01 | 0.00 | 0.00 | 0.07 | 0.00 | 0.01 || 0.05+.01 | 0.15:.01
pr(tot.) [0.317]0.14 [ 0.03 [ 0.02 ]0.09 | 0.01 [ 0.02 [ 0.504.03 | 0.63+.03
1-prong | 0.18 | 0.09 | 0.02 | 0.01 | 0.00 | 0.00 | 0.00 || 0.30+.02 | 0.30.02
3-prong | 0.09 | 0.04 | 0.01 | 0.00 | 0.01 | 0.00 | 0.00 || 0.14+.01 | 0.16-£.01
other | 0.03 | 0.01 | 0.00 | 0.01 | 0.08 | 0.01 | 0.01 || 0.06+.01 | 0.17+.01

| er +pr [ 0.63]0.25 [ 0.07 [ 0.02 [ 0.18 | 0.01 | 0.02 || 0.96+.03 | 1.22+.04 |

Table 3.3: The geometrical and kinematic acceptance A,eom.p, for tau dilepton

events with |57,| < 1.2 and pf}k‘l"ro > 15 GeV calculated from the PYTHIA
tt Monte Carlo. All numbers are given in percent. They are relative to all
80,000 generated ¢t events, i.e. all branching ratios are included in these num-
bers. Here £ stands for e or g only. The acceptance is broken down by
track multiplicity of the 7’s (rows) and by the parent particles of the leptons
(columns).

of the identification variables for these MC 7’s together with distributions
for QCD jets from unbiased dijet samples (JET20 and JET70 samples, see
section 3.8.1) to illustrate how we can separate hadronically decaying 7’s from
QCD jet background. In the following we discuss each of the identification

cuts:

1. Track multiplicity:
Since 7’s decay hadronically into one-prongs and three-prongs we require
that a reconstructed 7 have a track multiplicity of either one or three in
a 10° cone around the tau cluster center. Two-prongs stem either from
a one-prong with an extra track in the cone or a three-prong where one

track misses the cone. However, Figure 3.3 shows that the ratio of signal
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T from w W | w W b b b From Grand
£ from w b c T w T b Wor total
et(tot.) | 0.25 | 0.08 | 0.03 | 0.00 | 0.08 | 0.00 | 0.01 || 0.36+.02 | 0.47+.02
1-prong | 0.14 | 0.05 | 0.02 | 0.00 | 0.00 | 0.00 | 0.00 || 0.21£.02 | 0.21+.02
3-prong | 0.08 | 0.02 | 0.01 | 0.00 | 0.01 | 0.00 | 0.00 || 0.114+.01 | 0.13+.01
other 0.03 | 0.01 | 0.00 | 0.00 | 0.07 | 0.00 | 0.01 || 0.044+.01 | 0.14+.01
pr(tot.) | 0.24 | 0.11 | 0.03 | 0.02 | 0.08 | 0.00 | 0.01 || 0.40+.02 | 0.51+.03
1-prong | 0.12 | 0.07 | 0.02 | 0.01 | 0.00 | 0.00 | 0.00 || 0.21£.02 | 0.21+.02
3-prong | 0.09 | 0.04 | 0.01 | 0.00 | 0.01 | 0.00 | 0.00 || 0.144+.01 | 0.15+.01
other 0.03 | 0.01 | 0.00 | 0.01 | 0.07 | 0.00 | 0.01 || 0.054+.01 | 0.15+.01
| er +pr [ 0.50 | 0.19 | 0.06 | 0.02 [ 0.16 | 0.00 | 0.02 || 0.76£.03 | 0.98+.04 |
Table 3.4: Same as Table 3.3, except using p4* > 15 GeV instead of
pﬁfk""ro > 15 GeV. All numbers are given in percent. They are relative to

all 80,000 generated tf events, i.e. all branching ratios are included in these
numbers. Here £ stands for e or g only. The acceptance is broken down by
track multiplicity of the 7’s (rows) and by the parent particles of the leptons
(columns).

to background for two-prongs is low, and so we do not use them. The

loss in acceptance is about 10%.

2. E/p:

Here we incorporate 7°’s by defining E/p as E'T/pf}k""ro

. Figure 3.4 shows
how this reduces the tail of the distribution on the high side. Because
one-prongs have a larger high tail than three-prongs we make differ-
ent cuts on the high side for one-prongs (E/p < 2.0) and three-prongs
(E/p < 1.5) to get similar efficiencies. This cut is mostly useful for

rejecting fake three-prongs and fake high-p; one-prongs (see Figure 3.3).

3. RMS cluster width o:
The RMS width o of a cluster is defined as the second moment of the
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Track multiplicity in 10° cone:
use 1-prongs and 3-prongs only

E/p cut:
0.5 < —22 5 < 2.0 (1-prongs)

trk-I-TrO
Pt

0.5 < -2 < 1.5 (3-prongs)

trk-I-TrO
Pt

Sliding RMS cluster width cut:
a4 < 0.11 —0.025 x E7/100 (1-prongs)
o < 0.13 —0.034 x Ep/100 (3-prongs)

Mass cut:
Mirk+ 70 < 1.8 GeV

# of m° candidates:
#r0 < 3

Isolation:

IT, <1GeV/e

Electron removal:
Reject 1-prongs with E/p < 4, EMFrac > 0.9 or
clusters with EMFrac > 0.95 as electrons

Muon removal:
Reject clusters with Er < 8 GeV, 0.05 < Egyr < 2 GeV,
0.5 < Epaq < 5 GeV or with a muon stub with |¢, — G| < 15°
as muons

Table 3.5: Summary of 7 identification variables and cuts.
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Ep distribution among the towers in the cluster:

Oy = \/0'(% + 0'72) , (3.3)

where o, = \/< (pi— < ¢ >)? >, and 0, = \/< (ni— < n >)%* >, with

¢; and 7; being the coordinates of the z-th tower in the tau cluster.

We use the center of gravity of the energy detected by the 2 photomul-
tiplier tubes for calculating ¢; in each tower to get the best possible
¢ resolution from the calorimeter. In the 7 direction the center of the
tower is used. Figure 3.3 shows how we can capitalize on the fact that =

clusters are narrower than clusters from QCD jets.

In Figure 3.5 we plot the mean RMS vs the E7 of the jet for 7’s as well
as for QCD jets. We see that the shower becomes more collimated with
increasing Er and the cluster width decreases. We take this effect into
account by making a sliding cluster width cut. We select the parameters
for the cut by using use the slope of the linear fit and setting the offset
such that the cut is about 90% efficient for 7’s . Since we find different
behavior for one-prongs and three-prongs we use different parameters for

the two cases.

. Mass:

We reconstruct the invariant mass of a 7 from the tracks in the 10°
cone and the 7%’s associated with a tau cluster. We use the position
information from the CES for the 7°’s as described in section 3.1.3. For
one-prongs without any identified 7%’s we set the mass equal to the =
mass (140 MeV). We find that a physically well motivated cut near the
actual 7 mass (1.78 GeV) has good efficiency for 7’s and good rejection

power against QCD jets, especially high-pr jets.
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5. Number of 7%’s:
Table 3.1 shows that 7 decays basically do not involve more than 2 7°’s,
so we require that we reconstruct fewer than 3 7° candidates in a tau
cluster, as defined in section 3.1.3. This cut is very efficient for 7’s after

all other cuts have been applied and gives an additional 10% rejection

of QCD jets (see Table 3.6).

6. Tracking Isolation:

For 7’s we define the tracking isolation I},

 as the sum of the transverse
momenta of all tracks in a cone with radius 0.4 in 5 — ¢ space around
the tau cluster center and with Az = 24,1 — 2, < 20 cm. The tracks that
define the track multiplicity associated with the tau cluster, i.e. the seed
track and the shoulder tracks, are exluded from the sum. Consequently,
only tracks that point near the tau cluster but that do not point directly
at towers in the cluster are used to form the 7 isolation variable. This
definition is different from that for electrons and muons because it is

not relative to the pr of the lepton itself. We place a tight cut on the
tracking isolation by requiring I7, < 1 GeV/ec.

7. Electron Removal:
Electrons produce very narrow clusters with one track pointing at them
and can therefore be mistaken as one-prong 7’s. We rely on the high
electromagnetic fraction in electron clusters to reject them. Note that
we cut on the usual E/p (= Er/pr) here because the EM energy of an
electron gets ‘interpreted’ by the algorithm as a 7°, so that the E/p value
used for the 7 algorithm (item 2) comes out wrong for electrons. The
removal is very efficient for keeping real 7’s (see the EM fraction for 7’s

in Figure 3.3).
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8. Muon Removal:
Muons are minimum ionizing particles and deposit typically about 300
MeV in the electromagnetic compartment and about 2 GeV in the hadronic
compartment of the calorimeter towers that they hit. However, as the
seed tower E7 requirement for a tau cluster is only 4 GeV it is not
unlikely that a tau cluster is created due to a muon. Tau clusters are
rejected either if there is a track stub in a muon chamber within 15° of
the tau cluster or if the energy depositions in the CEM and the CHA

are consistent with that of a minimum ionizing particle.

3.3.2 7 identification efficiency for i events

We list the efficiency of all cuts and the total 7 identification efficiency
€7p that we find for hadronic 7 decays using the PYTHIA ¢t Monte Carlo in
Table 3.6. We use two ways for calculating the single cut efficiency. First
we divide the number of dilepton events with an accepted tau cluster that
matches to a generated 7 from a W decay and passes the cut in question
by the number of accepted and matching events (869 events). The results
from this calculation are listed in the column ‘Cut in question only’. For
the second calculation we divide the number of accepted and matching events
that pass all identification cuts by the number of accepted and matching events
that survive all identification cuts except the one cut in question. The results
are listed in the column ‘All other cuts applied’. The second calculation is
intended to reveal correlations among the cuts. For example, cutting on the
number of 7°’s for all accepted events is only 92.9% efficient. However, if this
cut is applied after all other cuts have already been applied we only lose an

additional 2.2%. In the third column we list the efficiency for cumulative cuts.
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For calculating the total efficiency we simply apply all cuts. The ratio between
the events that pass all identification cuts (numerator) and all matched and

accepted events (denominator) gives the total identification efficiency of

€7p = (56.5 + 1.7(stat))%. (3.4)
In Figure 3.6 we plot €}, versus pf}k‘l"ro separately for one-prongs, three-prongs

and both combined. Note that the plotted efficiency is higher than 56.5%
because to make the plot the track multiplicity cut has been moved from the
numerator into the denominator. We find that the efficiency is basically flat
as a function of pf}k‘l"ro out to around 100 GeV/c. However, we observe a
slight turn-on for three-prongs. The 7 selection for three-prongs becomes fully
efficient at about pf}k‘l"ro = 25 GeV/c. After the three-prong efficiency plateaus
it is basically the same as for one-prongs.

In Table 3.7 we list the 7 identification efficiency for 7’s from b quarks.

We find a negligible efficiency of (0.5 + 0.3)%. As expected, most of these 7’s

are rejected by the mass cut, the track multiplicity cut and the isolation cut.

3.4 Check of 7 identification efficiency with
W — tv data

Since the 7 identification efficiencies are determined from a t¢ Monte
Carlo simulation we need to check these efficiencies with an appropriate 7
data set. Specifically, we are interested in checking if there are any systematic
discrepancies in the distributions of the 7 identification variables between data
and Monte Carlo, and if the identification cut efficiencies are sensitive to these.
The process W — 7v is an obvious source of high-py 7’s with hadronic

decays. The challenge here is to create a data sample with reasonably high
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Cut in All other cuts Cumulative

question applied cuts
Track multiplicity 1 or 3 88.6% 93.5% 88.6%
E/p with 7° 96.2% 96.5% 85.3%
slid. RMS Cluster width cut 88.1% 93.9% 77.1%
My < 1.8 GeV 83.8% 91.8% 68.4%
Number of 7° < 3 92.9% 97.8% 66.4%
IT, <1GeV/e 85.7% 93.2% 61.9%
Electron removal 95.1% 94.8% 58.6%
Muon removal 96.1% 96.5% 56.5%
TOTAL efficiency (56.5+1.7)%

Table 3.6: Efficiency of 7 identification cuts in MC top dilepton events for 7’s
from Ws.

Cut in All other cuts Cumulative

question applied cuts
Track multiplicity 1 or 3 17.4% 100.0% 17.4%
E/p with 7° 97.4% 100.0% 16.3%
slid. RMS Cluster width cut 43.9% 57.1% 7.9%
My < 1.8 GeV 9.7% 57.1% 2.4%
Number of 7° < 3 67.0% 100.0% 2.4%
IT, <1GeV/e 27.9% 22.2% 0.5%
Electron removal 99.5% 100.0% 0.5%
Muon removal 88.7% 100.0% 0.5%
TOTAL efficiency (0.54+0.3)%

Table 3.7: Efficiency of 7 identification cuts in MC top events for 7’s from b’s.



94

g “ :\ T T T ‘ L T T ‘ T L T T T L T T L L L L T T ‘ ‘ En\tr‘leé T T L ‘ T 4754:
L T ]
R S E %%% + L r
0.4 + + %
o2 :
O :\ 1 1 1 ‘ L 1 1 ‘ 1 L 1 ‘ 1 1 L ‘ 1 1 L ‘ L L ‘ L 1 1 ‘ 1 L 1 ‘ 1 1 L ‘ 1 1 1 \:

0 10 20 30 40 50 60 70 80 90 100
. T P [GeV]

1-prong Tau ID efficiency

? " :\ T T T T T T T T T T T T T L ‘ T T L ‘ L L ‘ L T T ‘ ‘ Em“t’f‘ieé T ‘ T 23\26:
o + Hr T
el T |
- 06 ++ ++ %%% ]
0.4 [ % + .
02 .
O :\ 1 1 1 ‘ L 1 1 ‘ 1 L 1 ‘ 1 1 L ‘ 1 1 L ‘ L L ‘ L 1 1 ‘ 1 L 1 ‘ 1 1 L ‘ 1 1 1 \:

0 10 20 30 40 50 60 70 80 90 100
3-prong Tau ID efficiency Ter e
é\ " 7\ T T T T T T T T T T T T T L ‘ T T L ‘ L L ‘ L T T ‘ ‘ Em\tr‘le% T T L ‘ T 75&‘»27
ool ]
T o6 L + —+ -
. I ++++++++$++ ]
Tk
o2 ;
D :\ 1 1 1 ‘ L 1 1 ‘ 1 L 1 ‘ 1 1 L ‘ 1 1 L ‘ L L ‘ L 1 1 ‘ 1 L 1 ‘ 1 1 L ‘ 1 1 1 \7

0 10 20 30 40 50 60 70 80 90 100
. T P [GeV]

Total Tau ID efficiency
Figure 3.6: Efficiency of 7 identification cuts as a function of pffk""ro. Top:

One-prongs only. Center: Three-prongs only. Bottom: Both combined.



95

W — tv content without applying any tau selection (neither offline nor in the
trigger) as this would bias the distribution of the 7 identification variables.
Typically, a W — 7v — hadrons decay has one jet from the 7, in addition
to missing transverse energy, Fr, due to the neutrinos. These events conse-
quently appear as ‘monojet’ events. Selecting the sample solely based on Er

minimizes the bias as far as the properties of the (7) jet are concerned.

3.4.1 Data samples
The Er sample

We start with the iy sample created by the Rutgers group from the
Exotic Streams XOXB_5P (XOX1.3P in Run Ia), which is fed by the Level
3 triggers EXOB(1).MET _30_.TRK_3 and EXOB(1) . MET_30_.COSFLT. The
selection and cleanup are described in great detail in Ref. [56]. The selection

cuts are:
o 1jet with E; > 15 GeV, || < 1.0, with > 1 associated tracks
e no other jet with Er > 10 GeV

e no other jet with Er > 5 GeV and a 3D angle to monojet of > 160°
(“dijet veto”)

o Fr > 20 GeV

o Missing Er significance Sy, = \/EETTT > 2.4.
Events that pass only the following two cuts are also accepted:
e > 1 tau cluster (TAUO bank) with Er > 10 GeV

o Fr > 30 GeV
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The sample contains about 760k events on 8 tapes.

The monojet sample

To isolate monojet events in this sample we apply additional cuts.
Note that the first two cuts are necessary as the Jr sample also contains

multijet events (see the last 2 items in the previous list):

o exactly 1 jet with Ey > 15 GeV, |g| < 2.0
e no other jet with Er > 7 GeV, |p| < 4.0
e the jet makes a tau cluster

¢ electron and muon removal

o YEr <100 GeV

e No energy deposition in the hadron calorimeters that is out of time with

the pp collision. (E;opm_of_time = 0.0 GeV)
e 1o spurious muon stubs (helps to reject cosmic rays)

e no track with py > 5.0 GeV within 35° of the Fr direction. This cut

helps to protect against jets lost in calorimeter cracks creating false Fr .

e no hits in any layer of the muon chambers behind the tau cluster

Next, we make some kinematic requirements to isolate W — 7v events: Fig-
ure 3.7 shows the Fr distribution for a W — 7v Monte Carlo. We expect
very few W — 7v events with Fr > 40 GeV and place a cut accordingly. As
a comparison, the fy distribution for a W — ev Monte Carlo is also shown.

The selection criteria are:
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In order to ensure that the 7 candidates are associated with a good vertex
we impose some stringent vertex cuts. Tracks associated with a (7) jet are

required to point back to a good vertex:

e > 1 good beam—beam vertex [57] as measured by the VTX detector
o |2ve7"tea7 - E7'—1,‘7"ack| <5 cm

® |Zyeriex| < 80 cm for vertex closest to 7 tracks
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Finally, we require that the Fr measured by the Level 2 trigger be larger than
35 GeV and that the leading Level 2 calorimeter cluster be in the central
calorimeter [58]. This requirement is necessary in order to have an unbiased
selection because the Level 2 trigger in Run I was configured in such a way
that the majority of events in the monojet sample turn out to be triggered by
clustered CEM energy. This biases the sample toward one-prong 7 decays be-
cause these have a higher fraction of associated m°’s, and also possibly towards

electrons faking 7’s . After this selection process we are left with 423 events.

3.4.2 W — Tv cross section

As the final number of events in the monojet sample is rather small
compared with the initial f; sample and also compared with the size of the
CDF W — ev and W — pv samples (about 50,000 events), we have checked
the cross section X branching ratio o - BR for W — 7v production and decay
as obtained from this sample. The calculation requires an understanding of

the various trigger efficiencies involved, which are discussed in Ref. [59]. We

find

- BR(W — 1v) = 2400 4 300(stat) + 1300(syst) pb (3.5)

The large systematic error is due to difficulties in measuring the trigger efhi-
ciencies at Levels 1, 2, and 3. This result for o - BR agrees with the CDF
measurement in the W — ev channel, o - BR(W — ev) = 2490 + 120 pb [60].
We conclude that we have a reasonable W — 7v sample for studying the 7

identification variables.
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3.4.3 Comparison of 7 identification variables

In Figures 3.9 — 3.16 we plot the distributions of all 7 identification
variables used for the tau dilepton analysis. In all figures the distribution of
a specific identification variable for the full monojet sample of 423 events is
plotted at the top. At the bottom we plot the same distribution for all events
where the jet passes all other T identification cuts except the one plotted,
which reduces the background significantly.

Figure 3.8 illustrates that requiring £ > 35 GeV at the trigger level
forces the Ep of the tau jet to be large (> 30 GeV) because the Fr is basically
determined by the monojet plus some smearing effect due to the underlying
event. This can bias some of the identification variables such as the cluster
width (higher Er jets are more collimated) or the E/p. In the following we
take this effect into account by comparing the monojet data to W — 7v Monte

Carlo and dijet data that have E7 spectra similar to the monojet data.

Track multiplicity and background normalization

Figure 3.9 shows the track multiplicity in the monojet sample. There
is a clear excess in the one-prong and three-prong bins as expected for a sample
with a significant 7 fraction. In order to determine this fraction we also plot
the track multiplicity for a sample of QCD jets (JET20) from the unbiased
dijet sample (see section 3.8.1). Because only 5% of the events in the W — rv
Monte Carlo have a track multiplicity of > 4 we normalize the distribution for
QCD jets to the monojet sample using the bins with > 4 tracks.

From this procedure we estimate the background in the monojet sam-
ple to be 234+22(stat) events and the number of W — 7v events to be 189+21
(45 + 5%). Note that the calculation of the statistical uncertainties takes into
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account the uncertainty on the number of monojet events with > 4 tracks (113

events) as the normalization is based on that.

We normalize the track multiplicity distribution obtained from the
W — v Monte Carlo (unhatched histogram) to 189 events and add it to the
distribution for the QCD jet background. The resulting summed distribution
is consistent within statistical uncertainties with the monojet data in the one-
prong, two-prong and three-prong bins. If we apply all other identification
cuts we also find agreement between the monojet data and the W — 7v Monte
Carlo in all bins. This gives us confidence that we actually observe W — v
candidates in the monojet sample and that the Monte Carlo simulation is
reasonable with respect to the track multiplicity. Note that we use the same
background fraction as obtained from the track multiplicity also for comparing

all other 7 identification variables.

Cluster width

Figures 3.10 and 3.11 display the RMS width o of the calorimeter
cluster for one-prongs and three-prongs, respectively. For the comparison with
the QCD jets from the JET20 sample we select the QCD jets in such a way
that the E; spectrum matches that of the monojet sample. This is necessary
as the cluster width decreases systematically with increasing E7; due to the
increasing boost of the particles in the jet. As expected for a sample with
significant W — 7v content, we observe a clear excess of events with small
cluster width over the jet background for both one-prongs and three-prongs.

Within statistics we find agreement between data and Monte Carlo.
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The distribution for E/p, which is defined as ptffﬁo in the tau dilep-
ton analysis, is shown in Figure 3.12 for one-prongs a;d in Figure 3.13 for
three-prongs. For the three-prongs we find a slight shift of the mean by 0.15
towards higher E/p in the monojet data compared with the Monte Carlo.

However, the placement of the cuts does not appear to be sensitive to this

shift.

Number of 7%’s

Figure 3.14 shows an excess of events with < 2 7% over the jet
background as expected for a sample containing W — 7v events. In the data
we find more events with one or two 7%’s than expected from W — 7v Monte
Carlo and fewer with zero 7%’s. This might be due to extra strip chamber hits
in the data from soft multiple interactions that are not simulated in the Monte
Carlo. On the other hand, the cut (< 2 ©%’s) is not sensitive as to how the

events are distributed among the first three bins (0, 1, or 2 7° candidates).

T Imass

Figure 3.15 shows the T mass as reconstructed from tracks and 7°’s.
Again, as expected for a sample with a significant 7 fraction, we find an excess
of events with low masses over the jet background. The Monte Carlo predicts
more events in the first bin, i.e. one-prong events without 7°’s, than are found

in the data. Again, the cut at 1.8 GeV is not sensitive to this.
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Track isolation

There is an excess over background of highly isolated (I, < 1 GeV)
events in the monojet sample as shown in Figure 3.16. Monojet data and

W — 7v Monte Carlo prediction agree well.

3.4.4 Uncertainty on the 7 identification efficiency

We now turn to measuring the efficiency of the 7 identification cuts.
Out of the 423 events in the monojet sample 103 pass all 7 identification cuts.
Having estimated the W — 7v content of the sample to be 189 + 21 events we

calculate

103
eb = 89 = (54.5 + 6.3(stat))%. (3.6)

In calculating the statistical uncertainty we take the uncertainty on
the W — 7v content and the binomial uncertainty on the ratio €}l into
account. The background due to fake 7’s is expected to be less than one event
and can be neglected in this calculation. The result agrees with the efficiency
found from the W — 7v Monte Carlo: €iP. = (56 & 1(stat))%. Since the
statistical uncertainty of 6% in the monojet measurement limits the knowledge
of the systematic uncertainty we cannot simply take the difference of the results
from data and Monte Carlo as the systematic uncertainty. However, we can
use this uncertainty of 6.3% from the monojet study as the total systematic

uncertainty. This means that we have measured the 7 identification efficiency

in the data with 6.3/54.5 = 12% relative systematic uncertainty.
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3.5 Z° removal

As mentioned above electrons can fake 7’s . This means that Z° —
ee + jets events are a potentially large background for er top dilepton events.
Instead of tightening the electron removal cuts and losing acceptance for real
7’s, we impose a Z removal cut to reduce this specific source of fake er
events. Following Ref. [50] we use a track-based Z removal in addition to
a calorimeter—based Z° removal in order to remove such (slightly pathologi-

cal) events [61]. This Z removal for er events is more stringent than the cut

that we apply for ee events in Chapter 2.

If an event contains a tight central electron, the algorithm searches
for an additional electron cluster in the central, plug or forward calorimeter
that passes the cuts listed in Table 3.8. If the invariant mass formed by the
primary electron and the cluster is between 66 and 116 GeV, the event is
rejected as a Z° event. Likewise, if there is an isolated track with a nearby
calorimeter cluster that satisfies the cuts listed in Table 3.9 and the invariant
mass of tight electron and track is between 60 and 110 GeV, we also reject the

event.

The calorimeter cuts remove 83.7% of central-central Z° events from
a VECBOS Z — ee + 2 jets Monte Carlo while retaining 100% of top er
events in the PYTHIA ¢{ Monte Carlo. With the track-based cuts 80.8%
of central-central Z° events are removed and 98.7% of er events are kept.
Both cuts applied together remove 86.7% Z° events and retain 98.7% of er
events. All percentages are obtained after lepton identification only, but before
topology cuts. As shown below the remaining necessary rejection of Z° events

is achieved by topological cuts.
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Central Plug Forward
Er > 15 Er > 15 Er > 10
Ehad/Eem < 0.1 Ehad/Eem < 0.1 Ehad/Eem < 0.1
I, <0.1 I, <0.1 I, <0.1
E/p<2 Xix3 <3
opp- sign to primary TCE
66 < m.. < 116 GeV/c?

Table 3.8: Cuts on calorimeter clusters for calorimeter-based Z° — ete~

removal from the er search.

pit* > 10 GeV/c in CTC
I, <0.05
Cluster w/ Er > 7 GeV + EMFrac > 0.7 within cone of 0.4 from track
track has opposite sign to primary TCE
|Z§lect7“on o Z(t)w‘ack| S 8 cm
60 < M.yih < 110 GeV/c?

Table 3.9: Cuts on tracks for track-based Z° — ete™ removal from the er
search.

3.6 Topology cuts

3.6.1 2z—vertex

In order to ensure that both leptons originate from the same hard-
scattering process, we require that the z-intercepts for the tracks of the primary
lepton and the tau candidate be within 5 cm of each other. For three-prong

events we use the average z-intercept from all three tracks:
|girack _ ztf“5k| <5 cm (3.7)

Recall that the identification cuts for the primary leptons e and p already

include the requirement that there be a beam—beam vertex in the VTX within
: : . verter track

5 cm of the z-intercept for the primary lepton track: |z — 23" <5 cm

and that this vertex be within 60 cm of the detector center: |z"**| < 60 cm.
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3.6.2 Jets

For the b jets expected in top dilepton events we use the same jet cut

as for the ee, pu, ey dilepton analysis:
> 2 jets with E7"™ > 10 GeV and || < 2.0 (3.8)

In Figure 3.17 we plot the jet E7 spectrum and the jet multiplicity
for jets with E¥" > 10 GeV and |g| < 2.0 for ¢t Monte Carlo events
with a reconstructed isolated primary lepton that matches to a lepton at the
generator level and an opposite—sign tau cluster that matches to a hadronically
decaying 7 from a W decay at the generator level. The identification cuts for
both primary lepton and tau are applied. The jet cut is (83.14+2.3(stat))%

efficient?.

3.6.3 Hr

It has been shown that a cut on the Hp variable [62, 63] can be
quite effective in reducing background in the top analysis while retaining high
efficiency for the top signal. Therefore, we apply an Hr cut using the following
definition of Hy for 7 dileptons:

Hr = E':epl + pf}k‘l"ro + By + Z E;"™ > 180 GeV  for er events  (3.9)
jets

Hp = ph + pt*t + Br + Y Ejrer™ > 180 GeV  for pt events  (3.10)

jets

Here we sum over all jets in the event, not just over the two jets with the
highest Er. In Figure 3.18 we plot Hp for 7 dilepton events in the t¢ MC
that pass the jet cut. The Hy cut is (91.74+1.9(stat))% efficient on the t£ MC

sample.

2We use binomial statistics for calculating the uncertainties on all efficiencies.
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3.6.4 Et ’ SET and A¢(Eta]l)

We correct the missing transverse energy Jr for muons and jets (but
not the tau jet) in the same way as for the ee, pp, ey dilepton analysis. We
define the Fr-significance Sy, as

Sy = N for er (3.11)
= Pr for pr (3.12)

so that er and p7 events enter on the same footing. We do not bother cor-
recting the Fr and Sp, in pr events for the Er deposited by the muon, as it

is small.

The top row of Figure 3.19 shows the standard plot of A¢ (Frjl)
the angle between Jr and the closest lepton (e, u, or 7 ) or jet, versus fr and
in the bottom row we plot Sy, vs Jr for er and pt events in the t£ MC passing
the jet cut and the Hp cut. Using the same topology cuts as for ee, pu, and
ep dileptons, fr > 25 GeV and A¢ (Ep 1) < 20°,if Fr < 50 GeV, we find an
efficiency of (76.3+£3.0(stat))%. An alternative cut on S, :

Sp, > 3 GeV'/? (3.13)

is (66.7+£3.4(stat))% efficient. The Sy, cut is slightly less efficient than the
topology cut used for ee, pp, and ep dileptons. However, cutting on the sig-
nificance of Fr instead of using the absolute value of Fr takes the fact into
account that large jets can yield large fluctuations and therefore large fake Fr.

Therefore, we use the Sp, cut in the er and ur event selection.
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3.7 Total Acceptance x Efficiency

3.7.1 Calculating A,

The total acceptance x efficiency A;,; for top dilepton events involv-

ing hadronic 7’s is given by:

— e, 1 €1 T €,
Atot - Ageom-PT XE€rgoX €D X€rp X €opp.sign X EtTiggeT X €Zremoval X €jets X EHp X Etopology
(3.14)
In the following we discuss the efficiencies that were not covered in the previous

sections:

® Eopp.sign-

From the PYTHIA ¢t MC we find €,pp.sign = (99.5 + 0.5(stat))%.

€trigger-

We do not specify a trigger path for the dilepton analysis. The combina-
tion of the Level 2 track triggers and ‘“W-no—track’ triggers for electrons
is expected to be close to 100% efficient [64]. The muon trigger effi-

ciency is determined by running the muon trigger simulation [65] on the

PYTHIA tt MC. The result is €},;,,., = (87.1 £ 2.8(stat))%.

In Table 3.10 we collect all the acceptances and efficencies for er and p7 events.

Putting everything together we find:

A = (0.065 + 0.006(stat))% for er (3.15)
Air = (0.069 £ 0.007(stat))% for pr (3.16)
Air = (0.134 +0.013(stat))% total (3.17)



er uT

Ageom-PT
€7D

€ID
€opp.sign
E;ﬁggev"
€Zremoval
€jets

€Hr

€topology

0.0032£0.0002 0.0033£0.0002

0.880-+£0.020 0.904+0.017

0.814+0.008 0.933+0.006
0.565+0.017
0.995+0.005

1.0 0.871+0.028

0.987+0.012 1.0
0.831+0.023
0.917£0.019
0.667+0.034

Table 3.10: Summary of efficiencies needed for calculating A;y .

Ageom-pp includes all branching ratios.

3.7.2 Systematic uncertainty on A

120

Note that

In this section we consider effects that result in systematic uncertainties in the

calculation of the total acceptance for tau dileptons. Below we list the effects

that we take into account. The effects that produce the largest uncertainties

are listed first:

1. Top mass uncertainty

2. Hadronic energy scale

3. Uncertainties in primary lepton identification and isolation

4. Multiple vertices

5. Underlying event

6. Difference between MC generators

7. Initial and final state radiation

8. Parton distribution functions
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9. CEM energy scale

10. pr scale

Uncertainty on A;, due to uncertainty on m,,,

The uncertainty on the top mass results in a systematic uncertainty
on the kinematics of the top decay products. It enters in the kinematic accep-
tance Ageom.p, via the lepton energies and momenta, and in the jet efficiency
€jets because jet energies depend on my,,. Both also affect the efficiency of the
Hy cut e,. To study this effect we have generated nine PYTHIA ¢t Monte
Carlo sets with top masses in the range 135 — 215 GeV/c?. In Figure 3.20 we
plot Ajcom.-p, 5 €jets and €p, as a function of top mass, with fits to straight
lines or parabolas. In all cases the efficiencies increase monotonically with
Myop. We also check the efficiency of the topological cut on Sp, and find that

its efficiency is very nearly flat over the considered top mass range.

To calculate the overall uncertainty we plot A;,; vs my,, in Fig-
ure 3.21. The total acceptance increases by about a factor of two over the
considered range of top masses. This behavior is similar to what is found
for the ee, pp, ep dileptons [20]. From a straight line fit we find a slope of
dAor/dmy,, = 0.0013 %/GeV/c?. Multiplying the combined current statisti-
cal and systematic uncertainty of 6.5 GeV/c* on the CDF top mass measure-
ment (my,, = 176.8 & 4.4(stat) + 4.8(syst) [68]), we find A4, = 8.5 x 107°.
This corresponds to a relative systematic uncertainty of AA;,/A;r = 8.5 X

107°/0.00134 = 6% due to the uncertainty in the top mass.
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Uncertainty on 7 lepton identification €7,

The following effects can introduce systematic uncertainties on the 7

identification efficiency:

e Hadronic energy scale:

This uncertainty enters only where the E; of the 7 measured in the
calorimeter is used in the tau identification. This occurs directly for
the cut on E/P = E'T/pf}k"'”o, and, with less sensitivity, in the cut on
the sliding RMS cluster width: o4 < 0.11 — 0.025 x E7 /100 (1-prongs);
a4 < 0.13 —0.034 x E;/100 (3-prongs).

The uncertainty of the hadronic energy scale in CDF is estimated to
be approximately 10% [66]. To estimate the systematic uncertainty we

calculate €7, by increasing or decreasing the tau jet Ep by 10%:
€rp = (56.5 + 1.7(stat))% for E; —» Er + 10% (3.18)

€7p = (56.0 + 1.7(stat))% for Er —» Er — 10%. (3.19)

Comparing this with the standard result €7, = (56.5 + 1.7)% we find a
relative systematic uncertainty Ae/e = +1%. Note that the statistical
uncertainties in the Er — FEp + 10% sample and E; — Ep — 10% are
highly correlated because we use the same events. This allows us to
estimate systematic effects that are smaller than the overall statistical

3 T
uncertainty on €7p.

e Multiple vertices:

An important part of the 7 identificaton and rejection of jet fakes is the
tight cut on the track isolation: I7, < 1 GeV/c. This is sensitive to the

presence of tracks from additional minimum bias events in the data. We
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Figure 3.22: Track isolation for tau candidates in pure ISAJET Monte Carlo
and in ISAJET Monte Carlo with additional minimum bias data mixed in.
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compare €7, for two ISAJET ¢t Monte Carlo sets (my,, = 175 GeV/c?).
In the first set minimum bias events from CDF data have been mixed
into the Monte Carlo events with a distribution that compares to that
expected in our data [67]. The second set is pure ¢¢ Monte Carlo. As
expected, the cut that is most affected by the presence of minimum bias
events is the track isolation cut. Its efficiency is decreased from 79.5%
in the pure Monte Carlo sample to 77.3% in the sample with minimum
bias events mixed in. In Figure 3.22 we compare the distributions of
the track isolation variable between the two samples. The spectrum is
shifted slightly towards higher values in the presence of additional tracks
from minimum bias events. The shift in the mean is 0.06 +0.02 GeV/c.

We find that the overall 7 identification efficiency is reduced from (44.4+
0.9)% to (42.3 + 0.9)%. We estimate the systematic uncertainty due to

multiple vertices from the relative difference in the two ISAJET samples

to be Ae/e = +5%.

Underlying event model:

We note that the 7 identification efficiency in the ISAJET sample (44.4+
0.9)% is smaller than the 7 identification efficiency €7, = (56.5 + 1.7)%
found with the PYTHIA ¢t Monte Carlo sample. The dominant differ-
ence is due to the modelling of the track isolation in the ISAJET sample
versus the PYTHIA sample. In Figure 3.23 we compare the distribu-
tions for the track isolation for 7’s . The 7’s are clearly less isolated in
the ISAJET sample. However, Figure 3.24 shows that this effect is not
T—specific; it also occurs for tight electrons. For muons we find a similar
effect. This points to a difference in the modelling of soft tracks from

the underlying event in the two Monte Carlos.
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We check which Monte Carlo models the data better by comparing a
PYTHIA central-central Z — ee sample to data in Figure 3.25. We
find good agreement between PYTHIA and the data and therefore use
PYTHIA for calculating the 7 identification efficiency. The efficiency of
the track isolation cut (I], < 1 GeV/c) for this PYTHIA Z-sample is
(92.1 + 0.9)%. For the data it is (88.8 £ 0.7)%. We take the relative
difference of 3.6% as an uncertainty in the 7 identification efficiency due

to the modeling of the underlying event in PYTHIA.

Uncertainty on 2—jet—cut efficiency ¢

The systematic uncertainty on the jet energy scale (hadronic energy
scale) of 10% results in a systematic uncertainty on the 2-jet—cut efficiency
€jets- We estimate this effect by recalculating € in the standard PYTHIA
tt MC for my,, = 175 GeV, where the jet energies have been increased and
decreased by 10%. The result is:

€jets = (79.2 + 2.5(stat))%  for B} — E% +10% (3.20)

€jets = (85.4 & 2.2(stat))% for B} — Ei —10%. (3.21)

Comparing with the standard result €;;s = (83.1 4 2.3(stat))% we find a
relative systematic uncertainty Ae/e = +£4%. This uncertainty agrees with the
uncertainty found for the ee, pu, ey dilepton analysis [20]. This is expected
as the jet energy spectra should be independent of the decay mode of the W

in dilepton events.

Uncertainty on Hy cut efficiency ¢p,

The systematic uncertainty on the jet energy scale (hadronic energy

scale) also results in a systematic uncertainty on the efficiency of the Hy cut.
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Figure 3.25: Track isolation for electrons from central-central Z’s in data and
in PYTHIA Monte Carlo. Top: Logarithmic scale, Bottom: Linear scale.
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We use the same method as for the 2—jet—cut efficiency and find:
e, = (92.1 + 1.8(stat))% for B3 — E +10% (3.22)

ey = (89.4 £ 2.1(stat))%  for EJ — EJ — 10%. (3.23)

Compared with the central value ey, = (91.7 4+ 1.9(stat))% we find a relative

systematic uncertainty Ae/e = +3%.

Uncertainties in common with ee, uu, ey dilepton analysis

We consider the systematic effects related to the primary electrons
and muons in a tau dilepton event to be similar to those found for the ee, pp,
and ey dilepton analysis because they are unrelated to the tau lepton. We

therefore adopt the following values for these systematic uncertainties from

Ref. [20]:

e Primary lepton identification efficiencies €;5;: A comparison of the effi-
ciencies for identifying electrons and muons measured in Z° data and Z°
Monte Carlo yields a scale factor for converting Monte Carlo efficiencies
into data efficiencies. The identification efficiencies depend on the isola-
tion of the lepton, so that the scale factor changes as a function of the
isolation. Due to the higher jet activity the isolation for a top event is
considerably different from the isolation in a Z event. Consequently, it is
not clear how well the scaling from Monte Carlo to data as derived from
Z events works for top events. This leads to a systematic uncertainty on

e, ¥
€;p, for tt events.

Recalculating the total ¢¢ dilepton acceptance using the lepton identi-
fication efficiency from Z° data plus or minus half the difference be-

tween data and Monte Carlo efficiencies yields a systematic uncertainty
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of £7% [20]. Since there is only one e or g in a tau dilepton event we

divide this result by v/2 so that €% = 5% for the tau dilepton analysis.

e Primary lepton isolation efficiency €}%: This effect is estimated to be

+2% by varying the isolation cut.
e Monte Carlo generator: Comparing PYTHIA and HERWIG gives +3%.

e Initial and final state radiation (ISR, FSR): Turning ISR and FSR on
and off in the PYTHIA ¢f MC makes a difference of 3% on A;,; , which

we use as the uncertainty.

e Parton distribution functions: Comparing MRS D0’ and CTEQ2pL in
HERWIG gives an uncertainty of +4% (using the full difference).

Uncertainty on kinematic acceptance A, .p,

A systematic mismeasurement of the Ey (pr) of the primary electron
(muon) or the pr of the tau candidate will result in a systematic uncertainty
on Agyeom-p,. For electrons the relevant quantity is the uncertainty on the CEM
energy scale; for muons it is the uncertainty in the pr scale of the tracks. In
the case of the taus we use the pr of the tracks and the CEM energy of any
7° candidates, so both those scale uncertainties need to be considered. Note
that the total F; of the tau jet is not used in the kinematic selection, so that

the hadronic energy scale does not enter here.
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e pr scale:

We estimate the uncertainty on the pr scale from the Z — pp events
shown in Figure 1.18. The mean of the Gaussian fit in the mass peak
region 85 < m,, < 95 GeV/c? is 90.64 GeV/c?. The relative difference
between this fit value and the Z mass as measured by LEP (91.187+0.007
GeV/c?) [4] is 0.6%, which we take as an estimate for the uncertainty on

the pr scale in this analysis.

e CEM scale:

We estimate the CEM energy scale uncertainty from the reconstructed Z
mass peak for tight—tight central dielectrons using raw electron energies.
Figure 1.7 shows that the fit to the peak region of 85 — 95 GeV/c?
gives my = 89.8 £ 0.1 GeV. Comparing with the PDG value m; =
91.187 £ 0.007 GeV shows a 1.4 GeV or 1.5% shift on mz. From this we
estimate the uncertainty on the CEM energy scale in this analysis to be

1.5%.

We recalculate Ageorm.p, with the lepton E7’s and pr’s increased and decreased
according to the above uncertainties on the pr and CEM scales. The result
is a 1% change in Ajcom.p,, which we take as the systematic uncertainty on

Ageom-PT .

Summary of systematic uncertainties

In Table 3.11 we summarize by listing all systematic uncertainties.
We consider the various sources of these systematic uncertainties as indepen-
dent and add all uncertainties in quadrature. The total systematic uncertainty

on the tau dilepton acceptance A;,; is +13%.
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Source affected quantity | systematic uncertainty
Top mass Aot +6%
Hadronic energy scale Aot +5%
Ejets :l:4%
EHT :l:?)%
€7p +1%
Primary lepton ID* €75 +5%
Multiple vertices €7p +5%
Underlying event €7p +4%
MC generators™ Aot +4%
Radiation (ISR,FSR)* Apor +3%
Primary lepton Isolation™ e +2%
Parton distribution functions* Aot +2%
CEM & pr scale Ageom Py +1%
TOTAL Aot +13%

Table 3.11: Summary of all systematic uncertainties on the tau dilepton ac-
ceptance. Uncertainties marked by * have been adopted from the calculations
for ee, pp, and ey dileptons in Ref. [20].

Including the systematic uncertainty on A;, the final result for the

total acceptance is

Aoy = (0.134 £+ 0.013(stat) + 0.017(syst))% (3.24)

3.7.3 Expected number of events in 109 pb—!

With A,,; in hand we can calculate how many dilepton events from
tt production and decay we expect to find in Run I. Using the latest es-
timate of the top production cross section by CDF from other top decay
modes (lepton+jets tagged by SVX or SLT, standard dilepton, all hadronic),
o7 = 7.771% [69], we find:
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—dilept
N7 —dilepton o-tf‘c Atot

exp
= (7.7 £2)pb (109 + 7(syst))pb~* (3.25)
% (0.134 + 0.013(stat) + 0.017(syst))%

= 1.1 4+ 0.3(stat) + 0.2(syst) events,

where we take a 6% systematic uncertainty on the total integrated luminos-
ity. If we instead base the calculation on the theoretical ¢t cross section
ofzhewy = 4.8 £ 0.7 pb [26] we expect N7 _*Po" = 0.70+0.07(stat)+0.15(syst)

events.

3.8 Backgrounds

3.8.1 Fakes

Jets from quarks and gluons (hereafter called ‘QCD jets’) can fake
hadronic 7 decays. Even though the 7 identification cuts discussed above
are tailored towards minimizing this background, there is always a (small)
probability for a jet to fragment with low track multiplicity. With the 7
identification cuts used here this process is basically indistiguishable from a
7 decay and hence constitutes an irreducible background®. An L+ Er+ >
3 jets (£ = e,p) event where one jet is misidentified as a 7 would produce a
fake 7 dilepton event. Sources for these events are production of W+ > 3 jets
events, and tt events that decay in the lepton + jets channel. The following

sections describe how we estimate these backgrounds.

3In principle, cutting on SVX impact parameters and identifying SVX vertices could
provide a handle here [70], but the efficiencies for real 7’s are rather low, so we do not use
this here.
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Dijet sample

We use jets from a dijet data sample to estimate the fake rate. By
using dijets we make sure that we actually pick up QCD jets and not other
potential sources of background. The assumption here is that the jets in
W+ > 3 jets events behave the same as QCD jets. The dijet sample is made
from a complete set of Run Ib jet samples. The trigger thresholds on the
transverse energy of jets had been set to 20 GeV, 50 GeV, and 70 GeV [71] to
produce these samples. The dijet selection criteria applied to the jet samples

are:
1. 2 jets with E¥™°" > 10 GeV, |n4et| < 2.0

2. |Ag;;| > 160° (back-to-back cut)

Jet selection with minimal bias

It was shown in Ref. [49] that naively using all the jets in such a
sample is problematic. The Level 2 trigger is biased towards passing narrow
jets with fewer tracks in the isolation cone near the trigger threshold because
these jets are contained in fewer towers. Because the 7 selection requires a
narrow jet and tracking isolation, this leads to an overestimate of the fake rate
near the trigger threshold. Conversely, non-triggering jets below the trigger
threshold tend to be wider and contain more tracks in the isolation cone,
leading to an underestimate of the fake rate. Using the Run Ib jet data we
have reproduced this behavior and therefore we use the method of Ref. [49] to

reduce the Level 2 bias in the jet selection:

1. Pick one of the 2 jets at random.
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2. Match the picked jet to a cluster of energy in the calorimeter found by
the Level 2 hardware trigger [71] within a cone of radius 0.4 in p — ¢

space. If there is no match, skip the event.

3. If the Er of the matched Level 2 cluster is below the trigger threshold,

skip the event.

4. If the reconstructed E7 of the other jet is below the trigger threshold,

skip the event.

5. If all the above conditions are fulfilled, put the other jet into the sample.

In this way we make sure that one of the 2 jets in the 7 range is
a Level 2 trigger jet, but we do not use it in the sample. The cut on the
reconstructed E7 of the other jet ensures that in principle this jet could have
passed the Level 2 trigger, but we make no Level 2 trigger requirement for this

jet and thus minimize the Level 2 bias of the sample.

The final sample consists of 40405, 29817, and 31491 jets with |ng.| <
1.2 from the JET20, JET50, and JET70 samples, respectively. Figure 3.26

shows the combined jet F; spectrum.

One problem with this algorithm is that the jets with 10 < E; < 20
GeV are by definition non-trigger jets. In order to get an estimate of the
fake rate in this E7 range, we make a second sample from the JET20 sample,
where we lower the threshold used in the algorithm from the 20 GeV trigger
threshold to 10 GeV. As there are no jet triggers below 20 GeV we have to

live with the remaining bias in the range 10 < Er < 20 GeV.
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Figure 3.26: The Er spectrum of jets in the QCD dijet sample with minimal
trigger bias used for estimating the 7 fake rate.
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Fake rate

For one-prongs we find that 94 events out of 101713 pass the 7 iden-
tification cuts for an average T fake rate of (0.09 4+ 0.01)%. In the case of the
three-prongs 180 events pass giving an average 7 fake rate of (0.18 + .01)%.
Consequently, the total average fake rate is (0.27 +0.02)%. All uncertainties
here are statistical. To obtain the T fake rate per jet as a function of jet E; for
QCD jets we simply apply the 7 identification cuts to the jets and divide the
Er spectrum of jets passing the cuts by the spectrum of all jets. The result
for one-prongs, three-prongs and both combined is shown in Figure 3.27. The
fake rate drops more sharply for three-prongs than for one-prongs. We find
that the total fake rate drops from 0.8% at 20 GeV to about 0.1% at 50 GeV
and then stays flat at the 0.1% level out to about 100 GeV. Beyond 100 GeV
we run out of statistics in the sample. In the same figure we also plot the
fake rate as a function of nflz. Near the crack between the plug and central

calorimeter the fake rate for three-prongs is larger than in the detector center.

In analogy to Table 3.6, Table 3.12 shows the efficiency, or rather
rejection power, of the 7 identification cuts for jets from the JET20 sample,

which is the sample with the highest fake rate.

Fake background

An l+Fr+ > 3 jets (£ = e, p) event where one jet is misidentified as
a 7 would produce a fake 7 dilepton event. A jet can be misidentified as a 7,

if B/ > 10 GeV, |je| < 1.2 and |Az| = |29 — zirack| < 5 cm. Such a jet

Jet e,n

is called a ‘r—taggable’ jet. We calculate the expected number of background
events from fakes by first multiplying the fake rate as a function of E7 bin-by-
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Cut in All other cuts Cumulative

question applied cuts
Jet makes a tau cluster 51.7% - 51.7%
Track multiplicity 1 or 3 16.7% 52.4% 16.7%
E/p with 7° 48.3% 85.9% 15.3%
Slid. RMS Cluster width cut 14.5% 58.1% 5.0%
Mypio < 1.8 GeV 32.8% 55.8% 1.8%
Number of 7° < 3 26.7% 88.9% 1.6%
IT, <1GeV/e 13.7% 43.2% 0.69%
Electron removal 50.8% 96.3% 0.67%
Muon removal 44.7% 85.9% 0.58%
TOTAL efficiency (0.584+.04)%

Table 3.12: Rejection power of 7 identification cuts for jets in the JET20
sample, i.e. with E" > 20. The percentages are relative to the total number

of jets in the sample (101713).

bin with the Er spectrum of all ‘r—taggable’ jets, in a £+Fr+ > 3 jets (£ =
e, i) data sample and then summing over all bins.

Since we need to apply the dilepton jet cuts, the Z-removal and
topology cuts (Fr , Sg, , Hr) to the £+Fr+ > 3 jets sample, this sample is
different from the official sample [38] used for the lepton + jets top analysis.
Note that we also take the cut on [zl — szl‘jck| into account by calculating
E;-Te‘twk for central jets. We obtain this quantity by extrapolating all tracks in
the event with pr > 1 GeV/c to the CES chambers in the calorimeter. Using
all those tracks whose extrapolated coordinates match within a cone of radius
0.4 in 7 — ¢ space to the jet cluster in the calorimeter, we define 229 as the

et

pr—weighted average of the track z-intercepts.

In 109 pb~" of data we find 186 £+ Jr+ > 3 jets (£ = e, p) events with
435 T-taggable jets. The falling jet Er spectrum for this sample is shown in
Figure 3.28. We multiply this spectrum with the fake rate shown in Figure 3.27
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and sum all bins. The resulting sum is divided by 2 to take the opposite—
sign cut into account as we expect the fake rate for same-sign events and
opposite-sign events to be the same. From this procedure we find a background

prediction for 7 fakes of

one-prongs: 0.24+0.02(stat) events
three-prongs: 0.54+0.04(stat) events
total: 0.78+0.04(stat) events

To obtain the statistical uncertainties we have added the relative uncertainties

of the fake rate in each bin in quadrature.

3.8.2 Physics backgrounds
Z — ete” + jets:

We use a Z — eTe™ + 2 partons VECBOS sample [73] to estimate
this background. This sample was generated using Q* =< pr >? and the
parton distribution function MRSDO0’. The preselection at the generator level
on the partons is Pr > 8 GeV/e, |n| < 3 and ARj; > 0.4; no requirements are
applied to the lepton. We start with the generator banks from this sample,
resimulate the event to generate all necessary banks and apply the dilepton
sample selection using the cuts described in section 2.4.1 to reduce the sample
size.

We choose the VECBOS generator as it is known to model the jets in
Z + jets events more accurately than other generators. We test this claim by
comparing the jet multiplicity and the jet Er spectra for Z — ete™+ > 2 jets
for VECBOS and data (109 pb~') in Figure 3.29. For this purpose we require
a dilepton with two tight central electrons (TCE-TCE; see section 2.1.2) of

opposite sign that form an invariant mass 75 < mz < 105 GeV/c*. We use
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the standard definition of a jet from Chapter 2 (Ey > 10, |9g:| < 2.0). The
VECBOS jet multiplicity is normalized to the data in the 2—jet bin (66 events)
and the VECBOS jet spectra are normalized to the number of data events with
> 2 jets (76 events). As expected, we find that the jet multiplicity for > 2
jets is in good agreement with the data. We expect to underestimate the 0
and 1 jet bin because the Z — ete™ + 0,1 partons matrix elements are not
incorporated here. Also, the jet spectra are well modelled within statistics.

Equally important for an accurate background estimate is the correct
simulation of the high tail of the Fr spectrum. The comparison is shown
in Figure 3.30. The Z + 0 jet VECBOS spectrum is stiffer than the data
spectrum. This is expected because in these events both partons are lost and
hence produce additional Ey. For Z+1 jet and Z +2 jets, which matter most
to us, we find good agreement within statistics.

These observations give us confidence that this sample will produce a
reliable determination of the Z+ jets background. We require one tight central
e or u as the primarylepton and apply the 7 identification cuts. In Figure 3.31
we plot Sp, versus the corrected Fr for the events in which we have found a
7 dilepton that passes all identification cuts and the opposite—sign cut. In the
plot on the right hand side the Sp, cut is applied. In the same plane we plot
the events that survive if we consecutively apply the other topology cuts, i.e.
the 2—jet cut and Hy cut. Note that there are no overflows in the histograms.
After all cuts have been applied we are left with no events.

We normalize the VECBOS sample to the data in the Z + 2 jets
bin. In the data sample we find 66 events; in the VECBOS sample there
are 721 events. Taking the statistical uncertainties on the number of events
and an estimated 8% uncertainty on the integrated luminosity into account,

we find that the VECBOS sample corresponds to an integrated luminosity of
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1200+195(stat) pb~' . Since there are no events that survive all cuts we set an
upper limit on the background from Z — ete™ +jets. At a 1 sigma confidence

level (68%) we expect < 0.09 background events.

Z — v + jets:

As we demonstrated above, the Z — eTe™ + jets VECBOS sample
models the jet activity and the iy well. We therefore use this sample also as
the basis for estimating the background from Z — 777~ + jets. We choose
this method over the ‘traditional’ CDF method of starting from a Z — ete”
data sample, where the ELES banks are replaced with generated 7’s and their
simulated decay products [19]. In order to get sufficient statistics one Z —
ete” decay must be redecayed many times as a Z — 777~. The problem with
this method is the fact that in the data some ee top signal events are expected
inside the Z window [74]. These are more likely to pass the 7 dilepton cuts
than Z events after being turned into top 77 events. The resulting background
estimate thus depends on the behavior of just a few events, which may in fact

be due to tt decays.

Instead, we make a Z — 777~ + jets Monte Carlo from the Z —
ete” +jets VECBOS sample [72]. In the resulting sample we require one tight
central e or p as the primary lepton and apply the 7 identification cuts. In
Figure 3.32 we plot Sp, versus the corrected Jr for the events in which we
have found a 7 dilepton that passes all identification cuts, the opposite—sign
cut and the Z removal cuts (top). We also plot the events that survive if we
consecutively apply the other topology cuts, i.e. the 2—jet cut (center) and
Hp cut (bottom). There are no overflows in the histograms. We find that 15

events (8 one-prongs and 7 three-prongs) survive all cuts. Normalizing to the
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integrated luminosity of the sample this yields an estimate for the background

from Z > 77F

T~ + jets of:
one-prongs: 0.74+0.26(stat) events
three-prongs: 0.64+0.24(stat) events
total: 1.38+0.36(stat) events

We find that the Hy cut reduces the background by about 40%. In Figure 3.33
we present the same data in the A¢ (Ep, 51) vs Er plane used in the ee, pp, ep
dilepton analysis for comparison. In this case 14 events pass the A¢ (£, 51) vs
Fr cut after the 2-jet cut and the Hr cut. However, since we use the Sy,
cut for the tau dilepton analysis, our background calculation is based on 15

events.

Drell — Yan — 7777 + jets :

The VECBOS generator is currently not set up to produce the full
Z /v interference with a Z peak on top of the continuous Drell-Yan spectrum;
it only generates the Z component. Therefore, we estimate the Drell-Yan
contribution to the background with PYTHIA. We generate 2 samples: one
Z — 7777 + jets sample (246 pb~') that only has the contribution from the
Z pole and a second Z/y — 777~ + jets sample (222 pb~') that incorporates
the Drell-Yan process and the full interference between Z and ~. For the latter
sample we require that the total energy v/5 in the c.m. frame of the incident
partons be greater than 40 GeV to limit the total production cross section.
PYTHIA returns cross sections X BR values of 285 pb for Z production alone
and 1070 pb for Z/v. In the Z/v sample we find (7 £+ 5)% more er and pr
candidates than in the Z sample, which we attribute to the Drell-Yan process.
This result is obtained before applying the jet cut, Sg, cut or Hr cut in order
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GeV. Plots on the left show all events; plots on the right show only events
that survive the Sy, > 3 GeV'/? cut.
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Center: after requiring 2 jets. Bottom: after requiring 2 jets and Hy > 180
GeV. Plots on the left show all events; plots on the right show only events
that survive the topological cut indicated by the line.



152

to get high statistics. Note that it is assumed here that the jet production
via initial state radiation in events propagated through the Z resonance is the
same as for events propagated by photons. Scaling from the VECBOS result
for Z’s we estimate the Drell-Yan background to be 0.10 + 0.07 events.

Z — ptu~ + jets :

By replacing e’s with p’s at the generator level and resimulating we
have also made a Z — ptu~ +jets sample from the Z — ete™ +jets VECBOS
sample. In Figure 3.34 we again plot Sp, versus the corrected Jr for these
background events. After all cuts we are left with no events and we set a limit
on the background from Z — u*p~ + jets events. At a 1 sigma confidence

level (68%) we expect < 0.1 background events.

WW, WZ :

We estimate the background from dibosons using PYTHIA4+TAUOLA
Monte Carlo sets (20k events each). Figure 3.35 shows Sy, versus the corrected
Er for WW. After all cuts we expect 0.18+0.09 background events from WW
and 0.06 4 0.03 events from W Z.

bb :

We generate 320,000 bb events using the PYTHIA+CLEO Monte
Carlo requiring pr(b) > 75 GeV. Pythia calculates a cross section of 260 pb for
this process; the Monte Carlo sample therefore corresponds to 1220 pb~!. We
find zero events passing all selection cuts and set a limit on the bb background of
< 0.1 events at a 1 sigma confidence level. As expected, the most efficient cut

for suppressing this type of background is the isolation cut. In 320,000 events
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we find only 7 isolated electron candidates and no isolated muon candidates.

250 7 candidates are found. There are no er or p7 candidates.

Background cross check and summary

We check if the Monte Carlo based background calculation is rea-
sonable by relaxing the topological and kinematical cuts, recalculating the
background and comparing to the data. In a first step we drop the Hy cut
and in a second step we relax the fr requirement by requiring £y > 15 GeV,
but not cutting on Sy, at all. This is done separately for events with one
jet and for events with > 2 jets. For events with one jet we again derive
Z — ptp” and Z — 777~ data sets from a Z — ete” + 1 parton VECBOS
Monte Carlo set corresponding to (1560+100) pb~! [73].

The results of the background calculations and the expected number
of events from top are listed in Tables 3.13 and 3.14. The section of the table
for > 2 jets and after all cuts summarizes the background calculation in the
signal region. We find that the background calculation agrees well with the
observed number of events in the data in all cases. This gives us confidence

that the background estimate for the signal region is also reasonable.

3.9 Observation in the data

3.9.1 Final candidates

We apply the 7 identification cuts to the events in the dilepton sam-
ple. In Figure 3.36(top) we plot the missing Er significance (Sp,) versus the
corrected missing Ep (Fr) for the events in which we have found a 7 candi-

date that passes all identification cuts, the opposite—sign cut and the Z removal



All cuts applied:

Nje: (10 GeV) 1 >2
7 fakes 0.47+0.03 0.78+0.04
Z —Tthtr~ 0.50+0.16  1.38+0.37
DY — vt~ 0.04+0.03 0.10+0.07
Z —ete” < 0.16 < 0.09
Z — ptu < 0.07 < 0.09
WwW 0.18+0.09 0.18+0.09
WZ 0.02+0.01  0.06+0.03
bb < 0.10 < 0.10
TOTAL BACKGROUND | 1.214+0.28 2.50+0.43
expected from top 0.13+0.03 1.1+0.4
DATA 0 4
Drop the Hy cut:
Nje: (10 GeV) 1 >2
7 fakes 4.0+0.2  1.57+0.09
Z —Tthtr~ 3.24+0.5 1.8440.41
DY — vt~ 0.2+£0.2  0.13£0.09
Z —ete” 0.2+0.2 < 0.09
Z — ptu 0.240.1 < 0.09
WwW 0.740.2  0.18+0.09
WZ < 0.1 0.07+0.03
bb < 0.1 < 0.10
TOTAL BACKGROUND | 8.6+0.6  3.79+0.47
expected from top 0.14+0.03 1.3 +£04
DATA 9 5
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Table 3.13: Comparison of the background calculation and data for relaxed
topological and kinematical cuts. Note that the column in the top table for
> 2 jets and after all cuts summarizes the background calculation in the signal
region. In those cases where no Monte Carlo events pass the cuts, an upper
limit at the 1o level is given.



157

Drop the Hy and Sp, cuts, but require fr > 15 GeV:

Nje: (10 GeV) 1 > 2
7 fakes 8.3+0.5 3.6+0.2
Z —1tr™ 12.74£1.0 4.6+0.7
DY — 1™ 0.9£0.6 0.3£0.2
Z — ete” 1.140.4 0.1+0.1
Z — ptu~ 0.240.1 0.440.2
WwW 1.3+0.2 0.3+0.1
WZ 0.1£0.1 0.1+£0.1
bb < 0.1 < 0.1
TOTAL BACKGROUND | 24.6+1.2 9.440.8
expected from top 0.240.1  2.04+0.5
DATA 28 11

Table 3.14: Comparison of the background calculation and data for relaxed
topological and kinematical cuts (continued).

cuts. In the plot on the right hand side the Sy, cut is applied. We also plot the
events that survive if we consecutively apply the other topology cuts, i.e. the
2 jet cut (center) and the Hy cut (bottom). Note that there are no overflows

in the histograms.

After all cuts we are left with 4 final candidate events for 7 dileptons:
2 et and 2 ur events. Note that these events are distinctly separated from
the other events in the top plot. Figure 3.37 shows that the location of the 4
candidate events in the Sy, vs Fr plane is consistent with the expectation for
tau dileptons from ¢¢ decays. The event displays for the 4 candidates are shown
in Figures 3.41 through 3.44. In Tables 3.15 and 3.16 we list the characteristics
of the 4 candidate events.

We note that for 2 of the 4 events the tau tracks have an impact
parameter d significantly different from zero. The impact parameter is given

by the distance between the primary vertex of the interaction to the point of
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Run 45880 64721 64934 65471
Event 31838 229200 416715 47719
Run Ia Ib Ib Ib
type e 7T ptr~ e 7T ptr~
Primary lepton:
E7.,pr [GeV,GeV/c] 27.3 46.1 60.2 22.3
¢ [deg] 255 241 66 181
Ndet 0.07 0.26 0.20 -0.08
Tau lepton:
Pkt [GeV /(] 81.9 33.9 30.0 45.5
pi* [GeV /(] 324 33.9 30.0 45.5
¢ [deg] 356 70 275 81
Ndet -0.25 1.08 0.03 0.12
Track multiplicity 1-prong 1-prong 1-prong 1-prong
E/p (using péfk‘l'ro) 1.03 1.88 0.67 1.53
ou [GeV] 0.069 0.067 0.077 0.086
# of m%% 1 0 0 0
Mypgro [GeV/c? 0.893 - - -
impact parameter
d [pm] 1 - 147 93
impact parameter
signif. d/o 0.04 - 9.4 6.8
I7, [GeV/c] 0.0 0.0 0.0 0.44
{1 mass [GeV/c?| 73.7 85.4 82.8 49.2
Niets 3 2 2 3
(un)corr. E%l [GeV] | 61.8 (39.6) 123.6 (95.9) 59.5 (42.6) 206.0 (169.3)
(un)corr. E% [GeV] | 32.0 (20.8) 67.8 (47.7) 26.1 (15.7) 57.8 (35.4)
(un)corr. E%S [GeV] | 24.6 (15.9) 16.8 (9.8) - 22.3 (14.2)
corr. fir [GeV] 71.0 112.1 54.9 66.1
Sp, [VGeV] 4.3 6.5 3.9 3.5
YE; [GeV] 271.6 254.8 197.0 328.1
H(EF™) [deg] 125.0 232.6 191.2 79.0
A¢ (B 5l) [deg] 59.3 8.3 8.9 0.2
Hy [GeV] 264.9 345.5 203.3 352.8
b-tagging SLT(e,j2) SLT(g,jl) SVX(j1) -
SLT(e, j2)
in mass sample ? yes yes no no
Comments not SVX fid.

Table 3.15: Characteristics of the 4 tau dilepton candidate events.
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Figure 3.37: The distribution of Sy, vs Fr for events with a primary lepton
and a tau candidate in the CDF data compared with the ¢£ Monte Carlo.
Three of the four final candidate events (stars) have b-tagged jets.

closest approach of the SVX track. Its sign is defined relative to the direction
of the corresponding cluster in the calorimeter. If the angle between the cluster
axis and the line from the primary vertex to the point of closest approach of
the SVX track is less than 90° the sign is defined as positive, otherwise it is
negative. In Figure 3.38 we plot the expected distribution of the signed impact
parameter for SVX tracks from 7’s and W electrons in the ¢t Monte Carlo.
The distribution for the electrons is basically governed by the SVX resolution.
For the 7’s we observe tails due to their lifetime of 296 fs, which corresponds
to er = 89pum. The larger tail appears on the positive side, but there is also
a significant tail on the negative side because the direction of the tau cluster

axis can be significantly different from the true 7 direction. If the angle that
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Run/Event | E [GeV] E, [GeV] E, [GeV] E. [GeV]
45880/31838
jetl 101.9 -26.1 -56.0 81.1
jet2 34.3 13.2 29.1 12.3
jet3 28.9 -20.8 -13.0 -15.3
64721,/229200
jetl 124.0 116.7 40.7 10.6
jet2 70.8 -44.3 51.4 20.1
jet3 19.0 -3.9 -16.3 8.9
64934/416715
jetl 61.7 57.6 -15.1 -16.0
jet2 55.3 -26.1 -1.0 48.8
65471/47719
jetl 208.2 -41.8 -201.7 -30.5
jet2 90.3 11.3 56.6 -69.4
jet3 22.7 20.0 -9.8 4.3
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Table 3.16: The jet 4-vectors of the tau dilepton candidates. Standard jet
corrections are applied [42].

determines the sign of the impact parameter is close to 90°, a small change in
the direction of the tau track can cause it to switch from the positive tail to
the negative tail of the distribution or vice versa.

The measured impact parameters for the three tau candidates with
tracks in the SVX are indicated by arrows. For both tracks on the negative tail
the angles, which determine the impact parameter sign, are close to 90°. Even
though we do not cut on the impact parameter, the fact that two tracks appear
on the tails gives additional support for the hypothesis that these objects are

T’s.

We note that a second analysis [53] of the data that identifies hadronic
one-prong decays of tau leptons using mainly tracking information finds the

same four events as tau dilepton candidates.



163

Njet (> 10 GeV) 1 > 2
expected | obs. ss || expected | obs. ss
7 fakes events 7 fakes events
All cuts applied 0.55+0.03 0 0.87+0.04 1
Drop the Hr cut 4.940.3 2 1.7940.10 1
Drop Hr and Sy, cuts, | 8.8+0.5 7 3.74+0.2 3
require fr > 15 GeV

Table 3.17: Comparison of fake background calculation and observed same-
sign (ss) events in the data for relaxed topological and kinematical cuts.

In Figure 3.39 we present the same data in the A¢ (Epjl) vs Er
plane of the ee, pu, ey dilepton analysis. All 4 candidate events pass this cut
as well. Two events clearly stand out from the background, the other two are

closer to the cuts.

3.9.2 Same-sign events

We can cross-check the fake background estimate in the data by
searching for same-sign events because we expect the same fake rate for same-
sign as for opposite—sign events. The physics backgrounds are expected to
contribute only to the opposite-sign events. In analogy to Figure 3.36 we
plot Sp, versus the corrected iy for same-sign events in Figure 3.40. We find
one event (Run 66347/Event 48619) that survives all cuts, which is consis-
tent with the expectation of 0.87 events from the fake study. This event is
a pt(CMX only,pr = 46.9 GeV/c) T"’(pﬁfk""ro = 27.7 GeV/c) dilepton with
2 jets (no tags) and Hy = 277 GeV. The z-position of the event vertex is
outside of the SVX detector so that the impact parameter of the SVX tau

track cannot be determined. In Table 3.17 we compare the fake background
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Figure 3.39: Scatterplot of A¢ (Erp,jl) vs Er for CDF data (109 pb~'). Top:
after identifying a primary e or g and a 7 lepton. Center: after requiring 2
jets. Bottom: after requiring 2 jets and Hy > 180 GeV. Plots on the left show
all events; plots on the right show only events that survive the topology cut
indicated by the line.
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Nje: (156 GeV) | 1 2 3 4
Wbb,Wee | 02% 0.8% 1.2% 1.6%

Table 3.18: Expected number of SVX-tagged events per generic W event due
to heavy flavor as a function of jet multiplicity.

expected # of tagged events SVX SLT
from top 0.48 +0.12 | 0.24 £+ 0.06
7 fakes 0.14 £0.01 | 0.12 £ 0.01
Z —ttr™ 4+ bb, ce 0.02 + 0.01 | 0.01 +0.01
TOTAL 0.64 +0.12 | 0.37 + 0.06
DATA 1 2

Table 3.19: Expected number of tagged events among the four candidate events
compared to the observation in the data.

predictions for the relaxed cuts with the number of same-sign events observed

in the data. Within the small statistics we find agreement in all cases.

3.10 B-tagging

Checking the b-tagging information from the SLT and SVX tagging
algorithms we find that 3 of the 4 events are b—tagged. There is one event with
a SVX tag, one with an SLT tag and one event with a double SLT tag.

We calculate the expected background for the 2 largest backgrounds:
For 7 fakes we multiply the 7 fake rate with the jet F; spectrum of tagged
events (SLT or SVX) in the £+ Fr+ > 3 jets (£ = e, p) sample after applying
all other cuts. Based on 50 tagged events with 134 7—taggable jets we find a
background prediction of 0.256+0.016(stat) events.

The next largest background is expected to be due to Z — 77~ +
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Figure 3.41: The e 7" candidate 45880/31838. The hadronic 7 is at ¢ = 356°
and 74 = —0.25. The jet at ¢ = 66° and 74, = —0.38 is b—tagged by a soft
electron.
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Figure 3.42: The p* 7~ candidate 64721/229200. The hadronic 7 is at ¢ = 70°
and 7ge = 1.09. The jet at ¢ = 19° and 54 = —0.09 is b—tagged by a soft
muon and the jet at ¢ = 131° and 74 = 0.29 is b—tagged by a soft electron.
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bb, cc. We assume that the production of heavy flavors in Z + jets events is
very similar to that in W + jets events. Therefore, we use the estimate of the
number of SVX tags per generic W event from the detailed background study
by Guillaume Unal for the lepton + jets analysis [75] as listed in Table 3.18.
Based on the 15 events in the Z — 777~ Monte Carlo that pass all cuts we find
the expected number of tagged events in 109 pb~' to be (0.015+0.004) events.
As the SLT efficiency is about half of the SVX efficiency we add another 50%
to account for SLT tags and find (0.023+0.006) events.

In total we expect 0.279+0.017 events from the two dominating back-
grounds. The probabilty for this to fluctuate to > 3 events is 0.30%. For a
Gaussian distribution this would correspond to a 3 o excess.

As a cross-check we estimate the b-tag fake rate for the 4 7 dilepton
candidates. Using the b-tag fake matrices we expect 0.314+0.03 (0.1640.08)
fake tags from SLT (SVX). The probability for 0.4740.09 fakes to fluctuate to
> 4 tags is 0.16% or 2.9 o, consistent with the result above.

We estimate the expected number of tagged ¢t signal events. The
efficiency for tagging at least one b in a ¢f event with SVX (SLT) is about 40%
(20%). We expect 0.48 SVX—tagged events and 0.24 SLT-tagged events from
top.

Combining background and signal predictions we expect 0.6 events
with SVX tags in the data while observing one event. For SLT we expect
0.4 tagged events and observe 2 events. This information is summarized in
Table 3.19.

The number of SLT-taggged events in the data appears somewhat
higher than what is expected from signal plus background. The probability
for 0.37 expected events to fluctuate to 2 or more observed events is 6%. Since

one might worry about the quality of the SLT tags in the candidate events we
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Run 45880 64721 SLT cut

Event 31838 229200

QTRK # 11 12 -

fiducial y y required

not a conversion y y required

pr (GeV/c) 2.57 22.6 > 2.0

p (GeV/c) 2.8 24.0 -

Egpip/ P 1.4 0.93 > 0.32 (Ia); > 0.6 (Ib)
E ../ P 1.0 0.88 > 0.32 (Ia); > 0.6 (Ib)
Az match (cm) 0.38 0.01 < 1.3 (Ia); < 0.7 (Ib)
Az match (cm) 0.2 1.0 < 2.0

Xatrip/ 6 1.3 1.95 < 16

X2i./6 0.8 9.9 < 16

E/p 1.4 1.26 0.7<E/p<1l5
CPR counts 7615 25226 > 2000 (fa) > 1357 (Ib)
CTC dE/dX 14.55 nj/af. P> 15 < 16

EM energy (GeV) | 3.9 30.1 > 0.1
Enai/Eem 0.008 0.006 < 0.1

Table 3.20: Values of the soft electron tag variables for the two tau dilepton
candidate events with soft electron tags, and the cuts.

Run / Event 64721/229200 SLT cut

stub type CMU-CMP | CMU w/ CMP
CMU-CMP confirmation

pr (GeV/e) 5.1 > 2

# ADC hits in CMU 4 >3

# TDC hits in CMU 4 >3

x? CTC-CMU ADC match 0.22 0<x?<9

x? CTC-CMU TDC match 0.11 X2 <9

Table 3.21: Values of the soft muon tag variables for the tau dilepton candidate
event with a soft muon tag, and the cuts.
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All cuts applied:

Nje: (10 GeV) 1 > 2
DATA 0 4
# tagged events | 0 3
# tags 0 4
tag types - 1SVX, 3 SLT
Drop the Hy cut:
Njet (10 GeV) 1 > 2
DATA 9 5
# tagged events 3 3
# tags 3 4
tag types 3 SLT 1SVX, 3 SLT

Drop the Hy and Sp, cuts, but require fr > 15 GeV:

Njet (10 GeV) 1 > 2
DATA 28 11

# tagged events 4 4

# tags 4 5

tag types 4 SLT 1SVX, 4 SLT

Table 3.22: B-tagging results for relaxed topological and kinematical cuts.
Note that the table for > 2 jets and after all cuts gives the result for the signal
region.

check them in detail. In Tables 3.20 and 3.21 we list the values of the SLT
variables and the cuts. In general, we find that the values of the cut variables
are not near the cuts. One possibly ‘weaker’ tag is the soft electron tag in
45880/31838 because pr = 2.6 GeV/c while the cut is at py = 2.0 GeV/c. On
the other hand, there is a falling p7 spectrum for the SLT tags and we do expect
tags with low py. One of the tags is due to a muon with p; = 22.6 GeV/ec.
The probability to find a ¢ event with a muon from a b or ¢ decay with
pr > 20 GeV/cis (2.9+0.1(stat))%.
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We also check the b-tagging with relaxed topological cuts (see sec-
tion 3.8.2). The results are shown in Table 3.22. Dropping the Hy cut and
the Sg, cut (but requiring Fir > 15 GeV) nearly triples the number of events
in the data with > 2 jets but the number of tags increases by only one tag
(+25%). In 28 events with 1 jet we find 4 SLT tags; i.e. in seven times the
number of events as in the signal region we find the same number of tags. This
supports the notion that the jets in the signal region are from b’s as expected

in top decays.

3.11 Significance

From a Poisson distribution we calculate the probability for the ex-
pected mean background to have fluctuated to the observed number of events
before and after tagging. We also calculate the probability for the sum of
expected mean background and expected mean ¢t signal to have produced the
observed number of events. For the ¢t calculation we consider the theoretical
cross section (4.840.7 pb) as well as the ¢t cross section from our current mea-
surement (7.7 + 2 pb) that combines the ee, pp, and ep dilepton channel, the
lepton + jets channel and the all-hadronic channel [69]. In all cases we take
the uncertainties into account by a Gaussian smearing of the mean expected
number of events.

The results for the er and p7 channel are listed in Table 3.23 together
with the corresponding results from the ee, pu, and ey channel obtained in
section 2.4.2. Also listed are the results for the combination of both channels.
If a b-tag is required, the probability in the er and g7 channel for the back-
ground to fluctuate to > 3 events is 0.3%, which corresponds to 3.0 o on a

Gaussian distribution. The probability for background plus ¢t signal to have
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produced > 3 events is 3.2% for o'’ = 4.8 pb, and 6.7% for o'’ = 7.7 pb. Thus
it is 10-20 times more likely that the 3 observed b-tagged events are due to
tt production plus background than that they are due to background only.

3.12 Cross section

We calculate a tt production cross section from 7 dilepton events:

Nobsew“ved o NbackgTound

O = LA (3.26)

Nobsew“ved NbackgTound
?

where is the number of observed candidate events (4)
is the estimate for the background (2.5040.43 events), £ is the integrated
luminosity for Run Ia+Ib (109+7 pb~') and A,y is the total acceptance x
efficiency (0.134£0.013(stat)+0.019(syst))%. Note again that A, contains
all branching ratios of the W’s and 7’s. Taking a Poisson uncertainty on

Nobserved and propagating all uncertainties the final result is

oz = 10.27153(stat) £ 1.6(syst) pb (3.27)
In Figure 3.45 we compare the cross section measurement in the 7 dilepton
channel with the track—based analysis [53], and with the other CDF top cross

section measurements in the single lepton, ee, pu, ey dilepton and all-hadronic

channels as summarized in Ref. [69].

3.13 Summary and Conclusion

We have searched for dilepton events from tt decay with one high—pr
electron or muon and one hadronically decaying 7 lepton. For this purpose

we have developed a method to identify hadronically decaying 7’s in a hadron
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collider environment with good efficiency and small fake background from QCD
jets. The method takes advantage of the fact that hadronic tau decays produce
narrow clusters in the calorimeter that are associated with one or three high-
pr tracks. Applying a tight cut on the track isolation of the cluster reduces
the fake background substantially. The efficiency of the tau identification
method in a ¢t Monte Carlo simulation agrees with the efficiency measured in
a W — v data sample.

After applying cuts on the event topology to improve the ratio of
signal-to-background we expect ~ 1 signal events and ~ 2 total background
events in Run I (109 pb~'). In the data we observe 4 tau dilepton candidate
events; 2 er and 2 p7 events.

The fact that 3 out of the 4 events are b-tagged leads us to the
conclusion that we have found evidence for top quark decays into 7’s. If a tag
is required the probability for the background to fluctuate to > 3 events is
0.3%, which corresponds to a 3.0 o (Gaussian) excess.

The measurement of the ¢ cross section based on the 4 events is
consistent with latest measured values from other decay channels, given the
large statistical uncertainty. This is an important result because effects beyond
the Standard Model, e.g. the existence of a charged Higgs boson, could have

significantly increased the number of tau dilepton events found in the data.
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Tau dileptons (track—based, Ref. [531])

B
A Tau dileptons (this analysis)
-V Combined Lepton+Jets, ee, uu, ew Dil., All Had.

——— All Hadronic

+—6—— ee, uu, eu Dileptons (this analysis)

+A— Lepton + Jets
] Theory, Catani et al. (Ref. [26])
! ! ! ! !
0 10 20 30 40 50 60

tt cross section (pb)

Figure 3.45: Comparison of ¢t cross sections measured in different channels.
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Chapter 4

KINEMATICS AND
TOPOLOGY OF THE
CANDIDATE EVENTS

Ist es der Sinn, der alles wirkt und schafft?
Es sollte stehn: Im Anfang war die Kraft!

J.W. v. Goethe, Faust I, Studierzimmer

In this chapter we take a closer look at our candidate events. The
purpose of this study is to see if the kinematics and topology of the events
observed in the data after applying our selection are actually “top-like”. This
is not only an important cross check, but also offers the opportunity to look
for new phenomena because there is the possibility that our selection might
be sensitive to other things besides top quarks. Our motivation for looking
at the data in this way is the fact that we observe 14 ee, pp, eu, er, and ur
events, whereas the theoretical ¢£ production cross section leads us to expect
only &~ 5 events from ¢t decay plus ~ 4 background events.

The study is divided into three parts: In the first part we discuss
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inclusive kinematical distributions, e.g. the lepton pr spectrum or the Er
spectrum of the jets. The second part is a more global look at the events
using variables that relate to the full events such as the event thrust. In the

third part we discuss some unusual features of certain candidate events.

4.1 Kinematics of specific particles

4.1.1 Charged leptons

Er and p; spectra

In Figure 4.1 we plot the uncorrected E7 of the electrons and pr
of the muons in the 10 ee, pu, and ey and 4 er, pur candidates as used in
the lepton selection. Also plotted are the expected distributions for the two
largest backgrounds and for top events. Background and top contributions
have been normalized to the expected number of events and added together
for a comparison with the data. All subsequent one-dimensional plots in this

section are made in this manner.

The data show the expected falling spectrum. However, in the ee,
pp, and ey sample there are two leptons out on the tail of the distribution.

_|_

Both leptons are positrons in eTu~ events. The raw tranverse energy of the

positron in Run 66046/Event 380045 is Er = 105.6 GeV; the positron in Run
67581 /Event 129896 has E; = 181.8 GeV. Applying the CEM corrections we
find E™ = 109.8 GeV and EF™ = 197.1 GeV, respectively. From top quark
decays we expect 0.6 & 0.1 events with E% > 105 GeV and 0.06 & 0.02 events
with E% > 180 GeV. The contribution of the known backgrounds in these

regions is negligible compared with the top contribution. Run 67581/Event
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129896 is also curious for another reason (it has a third isolated lepton) and

will be discussed in more detail below.

The pr spectra of the primary leptons in the 4 er, pr candidates
agree well with the expectations. The pr spectrum of the tau candidates is
shown in Figure 4.2. The tau in Run 45880/Event 31838 with pf}k""ro = 81.9
GeV also falls on the tail of the expected distribution.

Dilepton invariant mass

The distribution of the invariant masses formed from the two leptons
are shown in Figure 4.3. The dip in the ¢f spectrum for ee, pu, and ey events
between 75 GeV/c* and 105 GeV/c? is due to the mass cut for ee and pp
events. The data are compatible with the expectations. The 2 py events fall

in the region where the background contributions are largest.

pr of the dilepton system

The pr spectrum of the dilepton system gt = pf* + pp? is shown
in Figure 4.4. Due to the large py of the positrons in events 66046/380045
and 67581/129896 these events appear also on the tail of the p* distribution.
The dilepton systems in the 2 pu events have softer pr than in the ee and
ep events. Again, the 2 pu events fall in the region where the background
contributions are largest. There are no peculiarities observed in the er and ur

data.
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Figure 4.1: The E7 and pr spectra of electrons and muons in the candidate
events compared with the expected spectra. Electron energies are not cor-
rected. Left: ee, pp, ey candidates. There are 2 entries per event. Right: er,
pt candidates. Background and top contributions have been normalized to
the expected number of events.
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pared with the expected spectrum. Background and top contributions have
been normalized to the expected number of events.
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Figure 4.3: The invariant mass my, formed by the leptons in the candidate
events compared with the expected spectra. Left: ee, up, ep candidates.
Right: er, pr candidates. Background and top contributions have been nor-
malized to the expected number of events.
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malized to the expected number of events.
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4.1.2 Neutrinos
Missing transverse energy Fr

Top dilepton events are expected to exhibit significant amount of
Er due to at least 2 neutrinos that escape detection. Additional Fr can be
created by mismeasuring jets as shown in section 1.6.4 in the introduction.
In Figures 4.5 and 4.6 we compare the observed Fr in the candidate events
with expectations. Figure 4.5 shows the Er which is not corrected for jets,
whereas Figure 4.6 gives the [y including jet corrections as it is used in the

event selection.

We find somewhat peculiar distributions because 5 of the 14 candi-
date events have F;®"" > 105 GeV. Four of these are ep events and there is
also one ut event. We expect 0.710.1 ee, g, and ey top events and 0.184+0.03
et and pr events with Fr" > 105 GeV. Not surprisingly, we find the two
events with the positrons that have very high F7 among these 4 ey events. For
Run 66046/Event 380045 the absolute value of the Fr is very close to the Er
of the positron; the Fr points directly opposite to the direction of the positron.
The other 2 events are 2 Run Ia events: the “DPF” event' Run 41540/Event
127085 and Run 45047/Event 104393. Note that the topology of these events
is shown schematically in Figures 2.10 and 2.11. Checking the pp events we
find them again in the region that has the largest expected background.

In Figure 4.7 we plot the angle A¢(Fr,£j) between the corrected Fr
and the closest lepton or jet versus the corrected Fr. In order to show the
expected scatter the Monte Carlo distributions for top and background are not

normalized. For the ee, up, and ey events the topological cut used in the event

I This was the first top candidate to be presented in public at the DPF conference at
Fermilab in 1992.
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selection is indicated. Again it is apparent that the pu events fall close to the
cuts. One of them (Run 63700/Event 272140) sits right in the corner of the
allowed region. The plot also shows that it is possible for Z — 77 background
to “spill” into this corner. We note again that 4 ey events fall near the edge

of the expected tt distribution because of the large £y in these events.

Even though we do not apply any cut in this plane for selecting the
et and pt events, we find that the 4 candidate events would pass such a cut.
The distribution for the {+Fr+ > 3 jets (£ = e,p) data sample that is used
to calculate the fake 7 background and the distribution for ¢£ Monte Carlo
are similar. This is not surprising because a significant number of fakes are
expected from real ¢ events decaying in the lepton + jets channel where a jet

fakes a tau candidate.

Er significance

Figure 4.9 shows the spectrum for the Jr significance, Sy, . For the
et and pt events the data appear quite compatible with expectations. For the
ee, pp, and ey channel only the two Run Ia events with large Fr end up on
the tail of the distribution. The two Run Ib events that contain the very high
Er positrons are closer to the center of the distribution because the large Er
of the positron contributes a large fraction of the > Er in the denominator
of the Sy, calculation. However, electron energies are much better measured
than jet energies, which typically produce false [y, when mismeasured. In
the case of very large electron energies the Sy, variable can underestimate
the significance of the Fr. In order to take this into account we take out the

contribution of tight and loose central electrons (TCE, LCE) by defining a
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second Fr significance variable, Ski

r ET

Sl =
b= SEr -y, B

Figure 4.10 shows that in this case all 4 ey events with large Fr also exhibit

(4.1)

large values of S %}T and are found on the tail of the ¢t Monte Carlo distribution.

In Figure 4.11 Sy, is plotted versus Jir. Again, the 4 ey events with
Er> 105 GeV appear in the fringes of the expected ¢t distribution. If the
topological cut from the tau dilepton analysis, Sy, > 3 GeV'/2, is applied to
the ee, pu, and ep channel three events will be lost, including the 2 pp events.
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4.1.3 Jets

Figure 4.12 shows that the number of jets with Er > 10 GeV,
In| < 2.0 found in the candidate events is compatible with the expectations.
The same statement holds for the E7 spectra of the leading and second jet in
the ee, pp, and ey channel shown in Figures 4.13 and Figures 4.14. The jet
corrections are not applied here. The 4 jets in the 2 pp events all appear in
the low Er end of the spectrum where the jets from background events are

expected.

The leading jets in the 2 u7 events are found in the tail of the expected
distribution. Run 65471/Event 47719 has a very energetic leading jet with
Er =169 GeV. We expect 0.009 £+ 0.003 tau dilepton events containing a jet
with Ep > 169 GeV from ¢t decays. Note that this is the only tau dilepton
event without a b-tag. The distribution of the second jet in the tau dilepton

events appears compatible with the expectations.

4.1.4 Summary of distributions with events in the tails

Table 4.1 lists the pr of the leptons, the [, the [y significance
(calculated both ways), and the Hy for all 14 candidate events. In Table 4.2
we summarize the information for those inclusive kinematical variables where
events show up in the tails of the distributions, i.e. for the py of the leptons and
the missing transverse energy. We list the mean expected number of events,
m, above a threshold, the observed number of events, N, and the Poisson

probability to observe > N events when m events are expected.
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Figure 4.12: The number of jets with Er > 10 GeV, || < 2.0 in the candi-
date events compared with the expected spectra. Left: ee, up, ep candidates.
Right: er, pr candidates. Background and top contributions have been nor-
malized to the expected number of events.

4.2 Global event kinematics

4.2.1 Total transverse energy Hr

Figure 4.15 shows the total transverse energy, Hyr = Ef}l + Ef}? +
Er + Y EX . of the candidate events. Due to the large mass of the top quark
all its decay products are imparted with large transverse energies, so that we
expect Hrp values in the 200 — 400 GeV range. In general, the data appear to
be compatible with this expectation. The 7 ey events all have larger Hy than
the ee and the 2 pu events. If one were to impose a cut Hy > 180 GeV as in
the tau dilepton analysis, only 10 events, the 4 tau dilepton events plus 6 eu
events, would pass the cut. The Hy distribution for the tau dilepton events
shows the two p7 events with Hy ~ 350 GeV. In this region the background

contribution is expected to be small and the top contribution dominates.
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Figure 4.13: The Er spectrum of the leading jet in the candidate events com-
pared with the expected spectrum. No jet corrections are applied. Left: ee,
pi, ep candidates. Right: er, p7 candidates. Background and top contribu-
tions have been normalized to the expected number of events.
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Distribution mean expected | observed | P(> N,m)
number m number N

p5 > 105 GeV 0.6 +0.1 2 12.2%

p5 > 180 GeV 0.06 +0.02 1 5.8%

B > 169 QeV 0.009 + 0.003 1 0.9%

(er, pr only)

Erem > 105 GeV 0.7+0.1 4 0.6%

(ee, pps, ep only)

Erem > 105 GeV 0.94+0.1 5 0.2%

(ee, pp, ep, et, pt)

Table 4.2: Summary of the information for the kinematic distributions in
which events are found in the tails. We give the mean expected number of
events (m) above a kinematic threshold, the observed number of events (N),
and the Poisson probability P(> N, m) to observe > N events when m events
are expected.

4.2.2 Thrust analysis

Since the previous section showed that some candidate events have
peculiar kinematical features we further analyze the general event shape of
the candidate events by performing a “classical” thrust analysis. The idea is
that this might be a way in which one could distinguish the pair production
of particles with high mass at low to moderate pr, e.g. top quarks, from
pair production of particles with lower mass but higher py that decay with a
signature similar to top dileptons. The latter event type would have higher

thrust and lower invariant masses.

The thrust axis @ of an event is defined as the unit 3-vector that

maximizes the expression for the thrust

Sila-p;|

thrust = —
>l Pi

(4.2)
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Figure 4.15: The Hy spectrum of candidate events compared with the expected
spectrum. Left: ee, pp, ep candidates. Right: er, p7 candidates. Background
and top contributions have been normalized to the expected number of events.

where 51 is the 3-momentum of the i-th particle in the event. It is that axis

along which the sum of the projections of all particle momenta 51 is largest.
The oblateness is defined using the “major” and “minor” axis in the

plane perpendicular to the thrust axis. The major axis is analogous to the

thrust axis in this plane, i.e. it maximizes

(4.3)

where Hfm] is the projection of the particle 3-momenta onto this plane. The

minor axis is the axis perpendicular to thrust axis and major axis. The
oblateness is the difference of the above expressions for major and minor axis,
(major — minor). The 3-momenta P of the following objects are used in
the calculation [76]: the two leptons, the four highest jets using uncorrected
energy, and Fr, where we set p, = 0.

We divide the event into 2 hemispheres using the plane perpendicular



199

Run Event ‘Name’ Thrust | miprust | Mopp | Oblate-
[GeV/c?) [GeV/c?) ness
41540 | 127085 DPF 0.94 62.28 | 64.79 0.20

45047 | 104393 | Pseudo ex | 0.83 95.02 | 57.30 0.24
47122 | 38382 | [a CEMX | 0.70 | 100.03 | 84.11 0.24
57621 | 45230 | Ibepl 0.76 72.40 | 49.32 0.45
58281 | 44805 Ly 0.92 21.38 | 26.65 0.23
63700 | 272140 Ib pp 0.79 49.68 | 22.74 0.19
66046 | 380045 | Ib CEMX | 0.87 | 107.95 | 61.97 0.29
67581 | 129896 | trilepton 0.71 0.06 | 179.51 | 0.17

68185 | 174611 Ib ee 0.68 39.70 | 65.68 0.27
69808 | 639398 | Ib ey 3 0.68 65.49 | 107.21 | 0.12
45880 | 31838 Ia et 0.64 80.04 | 142.96 | 0.28
64721 | 229200 | Ib pur 1 0.82 135.15 | 9.58 0.09
64934 | 416715 Ib er 0.73 72.14 | 82.60 0.30

65471 | 47719 | Ib pr 2 0.86 68.74 | 105.23 | 0.07

Table 4.3: Thrust, oblateness and invariant masses for the 14 top dilepton
candidates.

to the thrust axis and calculate 2 invariant masses: m;p,qyq 15 the invariant mass
of all objects in the hemisphere that the thrust axis points into, and m,,, is

the invariant mass of all objects in the hemisphere opposite to the thrust axis.

The thrust axes and thrust values are shown in the schematic (r, ¢)
views of the 10 ee, pp, and ep candidate events in Figures 2.10 and 2.11 in
Chapter 2. Figure 4.16 shows the corresponding information for the 4 tau
dilepton candidates. In Table 4.3 we list the values for thrust, oblateness
and invariant masses for the 14 candidate events. Note that we have used

uncorrected electron and jet energies to calculate these.

In Figure 4.17 we compare the thrust and oblateness of the top dilep-
ton candidates with t¢ Monte Carlo distributions that are normalized to the
data. To quantify the consistency or inconsistency of distributions we use the

Kolmogorov-Smirnov (KS) test. In the following we give the KS probability
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Figure 4.16: Schematic (r,$) view of the topology for er and pr top dilepton
candidates including thrust axes (dashed line). The vector lengths represent
the transverse momenta of the objects. Note that we plot quantities as used
for the dilepton selection, i.e. electron and jet energies are not corrected, but
Er is corrected for muons and jets.
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for all distributions with the value for the tau dileptons in parentheses. The
thrust distributions appear consistent with £ MC. The KS test returns a 70.2%
(93.3%) probability for the 2 distributions to be from the same parent distri-
bution. For the oblateness the KS test returns a 53.4% (70.3%) probability.

The event with the highest thrust of 0.94 is the DPF event. It is
known that this event can only be successfully fitted to a top hypothesis if
the neutrinos are assumed to go in the same direction and if the jets are
pulled considerably [77]. The next highest thrust is found for a pp event (Run
58281/Event 44805). As discussed in the following section this event can be
interpreted as a radiative Z decay, which would explain the large thrust.

Plotting the thrust vs the invariant masses in Figure 4.18 we no-
tice some peculiarities: For one ey event (Run 67581/Event 129896) we find
Myprust ~ 0. This is due to the fact that there is only one object, the 182 GeV
positron, in the thrust hemisphere. We also note that m,,, ~ m,, for this
event. The DPF and pp event are again outliers and also Run 66046 /Event
380045 appears in the tail of the top distribution.

There is also a more general unusual feature present in the data:
Except for the opposite thrust side of Run 67581 /Event 129896, the ee, pu,
and ey events do not have an invariant mass greater than 110 GeV, even though
this region is well populated by t¢ MC events. The KS test for these events
returns smaller probabilities, 25.1% and 24.1%, than for the one-dimensional
thrust distribution. The probabilities for the tau dilepton events are higher:
83.1% and 98.6%.

If we plot myprust VS Mopp as shown Figure 4.19 the KS test yields an
even smaller probability of 3.7% for compatibility with the t£# MC. Both uu
events again look rather “untop-like” in this view. This is consistent with our

finding that the inclusive distributions for these two events are background-
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Figure 4.17: Thrust and oblateness of top dilepton candidates compared with
tt 175 MC (dashed). Left: ep,ee,pp candidates. Right: er, pr candidates.
KS probability for thrust is 70.2% (93.3%), for oblateness is 53.4% (70.3%).

Values in parentheses are for tau dileptons.
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Figure 4.18: Top: Invariant mass in thrust hemisphere vs thrust [KS P =
25.1%, (P = 83.1%)]. Bottom: Invariant mass in hemisphere opposite the
thrust vs thrust [KS P = 24.1%, (P = 98.6%)]. Left: ep,ee, pp candidates.
Right: er, p7 candidates. Values in parentheses are for tau dileptons. Large
dots are data, smaller dots are ¢t 175 MC.
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Figure 4.19: Top: Invariant mass in thrust hemisphere vs invariant mass in
hemisphere opposite the thrust [KS P = 3.7% (P = 95.3%) |. Center: mpyyst—
Mopp [KS P = 44.1% (P = 95.4%)]. Bottom: mpyyst — Mopp vs thrust [KS P =
51.9% (P = 87.5%)]. Left: eu,ee,pp candidates. Right: er, ur candidates.
Values in parentheses are for tau dileptons. Large dots are data, smaller dots

are tt 175 MC.
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like. Interestingly, we observe a possible clustering of the 6 ey events and the
ee event in the mass range 40-110 GeV. The tau dileptons agree better with
the top distributions at 95.3% probability. Plotting just the difference of the
invariant masses we find a KS probability of 44.1% and 95.4% for ee, uu, and
ep dileptons and tau dileptons, respectively.

Given the low statistics evaluating the effect of background fluctua-
tions is difficult. Instead of mixing in the background using Monte Carlo we
choose to simply apply a strict Hr cut to suppress the background sufficiently
and redo the analysis. We require Hr > 220 GeV, which is about 80% efficient
for ee, pp, and ey top dilepton events (my,, = 175 GeV/c?) and 75% efficient
for tau dilepton events. Note that we have required Hy > 180 GeV in the
selection of tau dileptons.

The expected background with this cut is 0.4 events for the ee, pp,
and ey dileptons. About 4 events total are expected from top signal plus
background. For the er and pr channel we expect 1.1 background events and
about 2 events total. Five ey events of the ten standard dilepton events and
three of the four tau dilepton events pass this cut. Note that neither of the
two pp events passes this cut.

In Figure 4.20 we plot mp,us VS Moy, for the events passing the Hyp
cut as shown, which is the plot with the largest discrepancy between t£ MC and
data before applying the Hr cut. We find that the KS probability increases
to 25.6%. The increase is basically due to the fact that the low-mass outliers
— the 2 up events — do not pass the Hy cut. We conclude from this that the
low KS value obtained before is not indicative of new physics. However, we
still observe a clustering of 4 ey events in the mass range 60-110 GeV.

In Table 4.4 we list the KS values for all comparisons of the data with
tt Monte Carlo in the thrust analysis. We conclude that the distributions of
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Figure 4.20: Same as previous figure, except with additional requirement Hy >
220 GeV. Left: ep candidates.

mass in thrust hemisphere vs invariant mass in hemisphere opposite the thrust

Right: er, pr candidates.

[KS P = 25.6% (P = 93.9%) ].

Top: Invariant

Center: miprust — Mopp [KS P = 81L.7%
(P =97.5%)]. Bottom: mprust — Mopp vs thrust [KS P = 59.7% (P = 81.9%)].
Values in parentheses are for tau dileptons. Large dots are data, smaller dots

are tt 175 MC.
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Variables KS values

ep, e, pp | er, pt
Thrust 70.2% 93.3%
Oblateness 53.4% 70.3%
Mihrust VS thrust 25.1% 83.1%
Mepp Vs thrust 24.1% 98.6%
Mihrust VS Mopp 3.7% 95.3%
Myprust VS Mopp, Hr > 220 GeV 25.6% 93.9%
Mihrust — Mopp 44.1% 95.4%
Myprust — Mopp, Hr > 220 GeV 81.7% 97.5%
Myhrust — Mopp VS thrust 51.9% 87.5%
Mihrust — Mopp VS thrust, Hy > 220 GeV 59.7% 81.9%

Table 4.4: Probability for the compatibility of the data with the ¢ Monte
Carlo for the variables in the thrust analysis using the Kolmogorov—Smirnov
test.

the thrust and oblateness variables are in general quite compatible with ex-
pectations from top dilepton decays. The DPF event and the pp event (Run
58281/Event 44805) are in the high tail of the thrust distribution. The dis-
tributions of invariant masses in the two hemispheres as defined by the thrust
axis are less compatible with top dileptons in the ee, up, and ep channels,
mostly due to the two pp events. This is consistent with the fact that these
two events appear more background-like in the analysis of the inclusive kine-
matic distributions. There is no evidence for new physics, but it is interesting
that we observe a possible clustering of masses between 40 and 110 GeV. The
mass distributions in the tau dilepton channel appear to be quite compatible

with the top hypothesis.



208

4.3 Discussion of unusual candidate events

In this section we discuss the candidate events which have properties

that are unusual for top dilepton events.

4.3.1 The eep trilepton event (Run 67581 /Event 129896)

A closer look at this event which contains a positron with raw E; =
181.8 GeV reveals an even more interesting feature. The second “jet” in the
event with Ep = 23.4 GeV? at ¢ = 359° is highly electromagnetic, Ej.q/Ferm =
0.001, and has a single track with p; = 25.2 GeV/c pointing at it. Figure 4.21
shows the CTC display for this event.

The values of the isolation variables for the cluster are I, = 0.02
and I, = 0.094, i.e. it passes both calorimeter— and track—isolation cuts.
The associated track originates from the same vertex at z = —51.2 cm as the
e™, the p~ ® and the leading jet. The track curvature indicates a negatively
charged particle. Furthermore, the cluster passes all electron identification cuts
for a tight central electron, i.e. this cluster looks very much like an isolated
electron. Applying the electron corrections we find a corrected E;r = 26.5
GeV for this cluster. However, even though it has all the properties of a
good electron, it is technically not considered an electron candidate because
it fails the fiducial requirements: the wire cluster in the CES closest to the

extrapolated track position is located 21.4 ¢m from the center of the CES

2This is the raw Er based on the electron clustering algorithm (ELES bank), the jet
clustering algorithm yields Ep = 26.2 GeV (JETS bank).

3We note that the z—intercept of the muon track differs by 3.2 cm from the z position
of the vertex. However, the z—intercept is not very well measured because only the outer
three stereo layers of the CTC have useful z—information for this track and there is no
reconstructed track segment in the VTX. We estimate the uncertainty on the z—intercept
to be a few centimeters. Since there are no other z—vertices nearby it appears reasonable to
assume that the muon is attached to the same event vertex as the positron and the jet.
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[Run 67581 Evt 129896 DI L CAND 45880 31838. PAD PLUS 17MAR95 1:01:31 25-APR 97 |
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Figure 4.21: CTC display for the “trilepton” event (Run 67581/Event 129896).
The additional third lepton is at ¢ = 359° (right). It is isolated and passes all
TCE identification requirement, except the fiducial cut (because it is too close
to the wedge boundary in ¢).

chamber. For a fiducial electron the cluster is required to be located < 21.0 ¢cm
from the center, which corresponds to a minimum separation of 1° from the
nominal ¢ bounday between wedges (see also the section on fiducial CEM

coverage in the introduction).

The et and p~ are both isolated and would therefore originate most
likely from W decays, if we interpret the event as t¢ production and decay.
In that case the extra electron would have to be due to semileptonic b decay

or ¢ decay. We estimate the probability for observing an isolated electron
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(or positron) from such decays from our ¢¢ Monte Carlo sample. In 80,000
simulated events we find 1739 central electrons with Er > 20 GeV from b
decays and 605 from ¢ decays. Of these only 28 and 6, respectively, pass
both isolation cuts. The probability for finding an isolated electron from b
decays is (3.54+0.7) x 10~* and (7.5+3.1) X 107° for ¢ decays. This translates
into (2.2 & 0.4) x 107% and (4.7 & 1.9) x 10" expected dilepton events with
a third isolated electron in our data sample, respectively. Only statistical
uncertainties are given here. These estimates include the geometrical and
kinematical acceptance and the efficiency of the isolation cut. In addition, the
efficiency for identifying electrons from b decays also needs to be taken into
account. As discussed in Ref. [20], this is estimated to be only (10 +2)%, i.e.
considerably smaller than for electrons from W decays, even if the electron is
isolated.

This event has two features that are unusual for a dilepton from
tt decay: a positron with very large Er and an additional isolated electron.
Multiplying the combined probabilities for b and ¢ decays that produce isolated
electrons with the electron identification efficiency and with a probability of
0.009 £ 0.002 to find a positron with Er > 180 GeV in a dilepton event yields
the total probability of (3.9 4 1.4) x 1077 for such a dilepton event. In 109
pb~! we expect (2.4 £0.9) x 107° such events. We conclude that it appears
quite unlikely that this candidate event is due to ¢t production.

Another possible Standard Model explanation for this event could be
W Z + jet production with the subsequent decays Z — ete™ and W — puwv.
However, the positron and the electron form an invariant mass of 133.7 GeV/c?
using corrected Er, well above the Z peak. The transverse mass formed by

the p~ and the Fr is My = 92.7 GeV, which is also higher than the W mass.

Exotic explanations that invoke supersymmetry have been proposed
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Figure 4.22: Lego display of transverse calorimeter energies for the “other”
trilepton event (Run 57621/Event 45230). The pr of the muons are also in-
dicated (in medium gray scale). The additional third lepton, a muon, is very

close to the jet at ¢ = 254, = 0.5, which is also b—tagged by the SVX.

for this event, such as chargino pair production and decay involving a stau
particle [78], or squark pair production with the subsequent decay chain § —

ax, x — vh, 4 — 30 [79].

4.3.2 The epp trilepton event (Run 57621 /Event 45230)

This is another event in the top dilepton data sample that contains a
third high-py lepton: There is a second muon candidate with py = 21.4 GeV/c

that passes all tight central muon identification cuts in this event. However,
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this muon is not isolated at all (I;r = 1.30, I,y = 0.88) because it is very close
to the leading jet as the event display of the calorimeter in Figure 4.22 shows.
The proximity to this jet which is also b—tagged by the SVX indicates that
the muon is most likely due to a semileptonic b decay. However, the event is
unusual in that the muon has such high pr. From our study in the previous
section we expect only (2.940.1(stat))% of top events to contain a muon with

pr > 20 GeV/c from b or ¢ decay.

4.3.3 The ppy event (Run 58281 /Event 4805)

This event has the interesting feature that the leading “jet” at ¢ =
180° is 100% electromagnetic, which would be very unusual for a b-jet. Fig-
ure 4.23 displays the event in the CTC view. Since there is no high-pr track
(pr > 1 GeV/c) within a cone of 0.4 of the cluster this “jet” is most likely due
to a photon. The calculation of the invariant mass formed by the two muons
plus the photon with Ey = 17.9 GeV gives m,,, = 87.2 GeV/c*. Since this
mass is close to the Z mass we interpret this event as a radiative Z decay:
Z — ppy. Furthermore, the Fr in this event points within 3° of a third jet
with By = 9.96 GeV at ¢ = 356, so that it is likely that the Fr is due to a
mismeasurement of this jet rather than due to escaping neutrinos. If the trans-
verse energy of the third jet had been only 40 MeV bigger, the event would
have been removed by the A@(Fr,€5) > 20° cut. These observations explain
why the kinematics of this event do not look “top-like”. We note that we
expect only 0.07 events of this type in 109 pb~' [20], which is why no specific

removal cuts for radiative Z decays were made in our selection.
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[Run 58281 Event44805 DI L_CAND 45880 31838. PAD PLUS 16APR94 8:52:32 24- APR-97 |
Pt Phi Eta |EL(METS) = 18.1 GeV

Phi = 332.3 Deg
SUmEt = 70.5 GeV

z_3=-40.7, 2 trk

— l‘:|+
7 nore trks... - =
hit & to display PHI : 280.

ETA: -3.84

Figure 4.23: CTC display for the puy event (Run 58281/Event 4805). The
photon-like jet is near 180° (left) and forms a mass m,,, = 87.2 GeV/c* with
the muon pair. The event is interpreted as a radiative Z decay.

4.4 Conclusions

From this study of the candidate events we draw several conclusions:
Most of the candidate events exhibit kinematic features that are not untypical
for tt events — with a few notable exceptions. The most interesting exceptions
are the trilepton event, which appears to be a very unlikely top candidate, and
the fact that 5 of the 14 candidate events have large Fr. A more mundane
exception is the candidate event that appears to be a radiative Z — ppvy

decay. In the end, only more data from the next run will help to answer the
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question if these are just fluctuations or if we are beginning to observe some
sort of “new physics” in the dilepton channel.

Another potential problem concerns the distribution of events among
the three channels ee, pp, and ey, i.e. the branching ratios of ¢£ decays. Our
study of the kinematics indicates that not only the Z — pp~y event looks like
background, but also that the other up candidate appears to be “soft” for a
tt event. If we assume that this is one of the expected 2 background events,
we are left with 6 ey events (excluding the trilepton event), no pp events, and
1 ee event. From our results in Chapter 2 we expect the distribution to be
57% ep events, 27% pp events, and 17% ee events. This corresponds to an
expectation of 4 ey events, 1.9 pu events, and 1.2 ee events.

Finally, the kinematics of the 4 tau dilepton events appear somewhat
stiffer than expected for a sample with ~ 2 background events and ~ 1 top
signal event. This indicates a fluctuation towards a higher top fraction in the
observed sample, which is consistent with the fact that the number of tagged

events is also higher than expected.
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Chapter 5

CONCLUSIONS

Da steh ich nun, ich armer Tor!
Und bin so klug als wie zuvor.

J.W. v. Goethe, Faust I, Nacht

5.1 Summary of results

We find a clear signal for ¢ production and subsequent decay in the
ee, ujt, and ey dilepton channel using 109 pb~' of data collected with the CDF
detector. We observe 10 candidate events and expect 2.1 background events.

The tt production cross section measured in this channel is
off = 8.5753(stat)Lo5(syst) pb (£ = e, p). (5.1)

In this thesis a method has been developed to identify tau leptons
through their hadronic decays with good efficiency and a small fake rate from
quark and gluon jets. Using this method we have searched for the er and pr
decay channels of ¢t pairs. We observe 4 candidate events, where we expect
(2.5 + 0.4) background events and (1.1 £+ 0.4) top events. Three of the 4
candidate events also have b-tagged jets. Requiring tagged jets reduces the

217
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expected background to 0.28 events. The probability for this background
expectation to fluctuate up to > 3 eventsis 0.3%, corresponding to a 3 o effect.
Two of the tau candidates in the 4 er and p7 events have SVX tracks with
significant impact parameters (‘r—tag’), which supports the tau hypothesis.
Each of the four events either has a b—tag or a 7—tag, and one has both. The
kinematics of the four events also indicates that these events are more ‘top-like’

than ‘background-like’.

We interpret this result as evidence for the presence of the er and ur
decay channels of ¢t pairs, which the Standard Model predicts. We calculate a

tt production cross section from this channel based on all 4 candidate events

and find

T =10.27153(stat) £ 1.6(syst) pb (£ = e, p), (5.2)

consistent with current measurements in other channels and theoretical pre-

dictions.

By including the er and pr channel we have achieved our goal of
enlarging the top dilepton data sample. The overall sample has been increased
by 40% from 10 to 14 events, and the b-tagged sample by 75% from 4 to 7
events. The significance of the result after tagging is 5.1 o for all 5 channels

combined, compared with 3.2 o for the ee, pu, and ey channels alone.

Based on the theoretical ¢t cross section ofzhewy = 4.75 pb we would
expect 9.240.9 events from ¢¢ plus background. The probability for this to have
fluctuated to 14 observed eventsis 14.8%. Since we observe 5 more events than
predicted we have also studied the kinematics and topology of the candidate
events to see how ‘top-like’ the data are. This study shows general consistency

with the expectations, with a few notable exceptions. One pp event appears

to be more consistent with a radiative Z decay than with a tf event. Most
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importantly, one ey event contains an additional isolated positron. The prob-
ability for such a trilepton event to originate from ¢ production and decay is
found to be very small. In 109 pb~' we expect (2.4 +0.9) x 107° such events.
Furthermore, 5 of the 14 candidate events have unusually large Er of more
than 105 GeV. Only 0.940.1 such events are expected; the probability for
such a fluctuation is 0.2%. These unexpected findings raise the intriguing pos-
sibility that we are observing something else besides top decays in this sample.
However, only more data will reveal if these effects are simply fluctuations or

a glimpse of “new physics”.

5.2 Future Prospects

The CDF detector is currently being upgraded significantly for the
next collider run, which will most likely begin in the year 2000. During that
run CDF is expected to collect about 2 fb~! of data, which is an increase by
a factor of 20 compared with the data used in this thesis.

In this section we briefly examine how the increase in data and the
detector improvements will affect the top dilepton analysis. The hardware
improvements that will have the largest impact on the dilepton analysis are
the new scintillating-tile fiber plug calorimeter, the extension of the muon
system, and the new tracking system with the new SVX II detector and the
intermediate silicon layers (ISL). Details on the hardware upgrade can be found
in the Technical Design Report for the CDF II detector [80]. The new plug
calorimeter together with good tracking in the more forward region using the
ISL will provide clean identification of electrons in the region 1.0 < || < 2.0.

The muon coverage will be extended to the region 1.0 < |p| < 1.5 with the new
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Channel Total Acceptance Number of Expected

Acceptance increase events in Run I | events from
in Run I in Run II tt exp. | obs. | ttin Run II

tt events - - 520 - 13300

produced

ee 0.12% +70% 0.6 1 27

iy 0.20% +25% 1.0 2 34

ep 0.42% +43% 2.2 7 81

ee, [Lib, eft 0.74% +45% 3.8 10 142

er 0.065% +33%(+70%) 0.3 2 12 (15)

uT 0.069% +10%(+45%) 0.4 2 10 (13)

eT, Ut 0.134% +21%(4+55%) | 0.7 4 22 (28)

Table 5.1: Current total acceptances including all efficiencies and branching
ratios in Run I and expected acceptance increases in Run II for top dilepton
events. The numbers of expected events for Run I are based on the theoretical
cross section at a c.m. energy of 1.8 TeV, otheory — 4,75 pb [25]. Estimates

i
for Run II are based on o; = 6.65 pb at a c.m. energy of 2 TeV and a
data sample of 2 f6~!. Numbers in parentheses for tau dileptons assume that
tau identification in the plug region up to |n| = 2.0 is possible with efficiencies
similar to those in the central region. All other numbers assume only extension

of the acceptance region for electrons and muons.

theory

Intermediate Muon System. The gaps in the existing coverage of the CMP
(see chapter 1) will also be filled.

Based on our 80,000 event ¢ Monte Carlo sample we expect a relative
increase of 45% in the kinematical and geometrical acceptance for ee, pu,
and ey top dilepton events due to the increase in detector coverage, if the
same Er(pr) > 20 GeV(/c) cut is used in the more forward regions. In
the individual channels we expect an increase in acceptance of +70% for ee,
+25% for pp, and +43% for ey events. Assuming that fiducial losses and

lepton identification efficiencies in the more forward regions are similar to the
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current values in the central region, we expect that the total acceptance for
top events will increase by a corresponding amount from 0.74% to 1.07%.

Similarly, we expect an increase of 33% for er events and 10% for ur
events, for a total of 21% for tau dilepton events. This estimate is conservative
and only takes the improved acceptance for electrons and muons into account.
If the current tau identification method can be extended into the plug region,
say up to n = 2.0, an increase of ~ 70% in the er channel and ~ 45% in
the pur channel might be achievable for a total increase of about 55% for tau
dileptons. This will require good tracking out to = 2.0 because of the
importance of the track isolation in the tau identification. However, it would
be a very useful addition to the analysis as the tau dilepton channel suffers
from its small acceptance.

In Table 5.1 we summarize the expected increases in acceptance and
compare the expected number of identified ¢Z events in Run II with the cur-
rently observed events in Run I. In the ee, pp and ep channel we expect ~ 60
background events. For the er and g7 channnel also ~ 60 background events
are expected if only central 7’s are used, or ~ 80 events if 7’s can be identified
in the plug region. For this estimate we have assumed that the acceptance for
backgrounds in the plug region scales similar to the top acceptance, which is
probably an underestimate. While the expected ratio of signal-to—background
S/B =1:3 for Run Il in the 7 channels will be similar to Run I, the signifi-
cance S/+/B will improve from 1:2.5 to ~ 3 : 1.

The new SVX II vertex detector will cover a larger region than the
current SVX and will allow 3D track reconstruction. The efficiency for tagging
at least one b in a ¢t event with this new detector is expected to be about
65% [80], compared with 42% achieved with the current SVX. Consequently,

we expect 14-18 tagged signal events in the tau channels. Assuming that the
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rate for misidentifying light quark jets as b’s with SVX II is similar to what
is observed with the SVX detector we expect about 3-4 tagged background
events. This might be an overestimate because the 3D capabilities of the SVX
IT should reduce the mistag rate. In an analysis that employs tagging we
expect the background to be dominated by W+ > 3 jets events and ¢t events
in the £ 4 jets channel, where a jet is misidentified as a tau candidate. With
single b-tagging the signal-to—background ratio will improve to S/B =4.5:1
compared with the expectation without tagging and the significance S/+/B is
expected to be ~ 9 : 1.

For the measurement of the ¢t cross section, o,;, we expect a statistical
uncertainty of about 10% in the ee, pu, and ey channel, with or without b-
tagging. This is to be compared with the current 50% statistical uncertainty
in Run I. If we assume that the magnitude of the systematics in Run II will be
similar to those in Run I (8% on luminosity, 10% on acceptance, and 10% on
backgrounds), we find that the cross section measurement in these channels
will be limited by systematics. The total uncertainty for this measurement is
expected to be about 20%.

In case of the er and p7 channels we expect the statistical uncertainty
on the o;; measurement to be about 40% with central taus and about 37% if
taus in the plug region can be included. Requiring at least one SVX b-tag will
reduce the uncertainties to 30% and 25%, respectively, because of the large
reduction of the background. Even though this means that the measurement
will still be limited by statistics, it will be a large improvement over the current
160% uncertainty in this measurement. The measurement will have a precision
similar to that of the Run I result in the £ 4 jets channel using SVX tagging.
The expected uncertainties are summarized in Table 5.2.

Finally, since we observe a quite unusual event in the Run I data we
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Channel | b-tagging | plug 7’s (%)St“t Nys g
used used t[t%] [events] pb

ee, [LiL, el no - 10 70 (25) | 3.3 (1.2)
yes : 10 | 35(17) | 2.5 (1.2)

er, uT no no 40 34 (16) | 10.5 (5.0)
no yes 37 43 (19) | 10.3 (4.4)
yes no 30 11(9) | 5.2 (4.0)
yes yes 25 13 (9) | 4.7 (3.4)

Table 5.2: The expected statistical uncertainty for the measurement of the

tt cross section, (%)St“t, and the expected sensitivity to new physics in the
it

dilepton channels in Run II for 2 fb~! of data. The listed 95% confidence
limits Ng5 on the numbers of events due to new physics in the dilepton channels
are calculated assuming that the expected number of ¢t events, based on the
theoretical cross section, and background events will be observed. For the
numbers in parentheses systematic uncertainties are ignored, for the numbers
outside of parentheses we assume systematic uncertainties on the integrated
luminosity (8%), acceptance (10% for ee, pp, and ep, 14% for er,pur), and
background (20%) similar to the results in Run I. The limits on the numbers
of events are converted to cross section limits assuming that the acceptance
for new physics is similar to the acceptance for ¢ events.

estimate the expected sensitivity to new physics in the dilepton channels for
a data sample of 2 fb~! in Run II. If the observed number of events will turn
out to be similar or less than the sum of the expected ¢ events and expected
background events, one will be able to set a limit on the number of events
from other sources, e.g. new physics processes that contribute to the dilepton
channels. We explore what limits CDF might be able to set by calculating a
95% confidence level on other sources. For this calculation we assume that the
actually observed number of events in the Run II data will equal the expected
number of ¢ events, based on the theoretical cross section o,; = 6.65 pb at /s =

2.0 TeV, plus the expected number of background events. The calculation is
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done with and without taking b-tagging into account, assuming again a 65%
tagging efficiency. We also evaluate the effect of systematics where we assume
systematic uncertainties on the integrated luminosity (8%), acceptance (10%
for ee, pp, and ep, 14% for er,ur), and background (20%) similar to the
results in Run 1.

The results of the calculations are listed in Table 5.2. The limits
on the numbers of events, Ng;, are converted to cross section limits, ogs®,
assuming that the acceptance of new physics is similar to the acceptance for
tt events. Under our assumptions we find that the ee,up and ey channels
will be sensitive to new physics produced with a cross section of 2-3 pb after

accounting for systematics. The er and g7 channels will have a sensitivity of

about 10 pb, which can be improved to about 5 pb if b—tagging is employed.
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