Nevis-1525

UCR/D®/96-14
CDF/PUB/TOP/PUBLIC/3681
D@ Note 2957

20th May 1996

L0T£096-NV DS

T

The Top Quark

Stephen J. Wimpenny

Department of Physics. University of California. Riverside, California
92521. USA.

Brian L. Winer

Department of Physics, Columbia University, New York, New York
10027, USA.

KEY WORDs: Tevatron, CDF, D@, Standard Model, Bottom, Higgs

Abstract

Since the discovery of the bottom quark in 1977, physicists
have searched for the top quark, the weak isospin partner of the
bottom quark. Indirect evidence and estimates of its mass have
been made; however, direct observation eluded scientists until re-
cently. In the spring of 1995, two experiments, CDF and D®. at
Fermi National Accelerator Laboratory reported the observation
of top-antitop quark pairs created from proton-antiproton colli-
sions. In this report we summarize the experimental status prior
to 1995 and discuss the experiments and techniques that in March
1995 resulted in discovery of the top quark. Studies of the top
quark’s properties, such as its mass and production cross section,
are just beginning. We present an overview of the current status
of these measurements and perspective on the prospects for the
future.

(To appear in Annual Reviews of Nuclear and Particle Science.)
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1 INTRODUCTION

The Standard Model of particle physics unifies the strong and elec-
troweak interactions into a single gauge field theory based on the group
SU(3).@SU(2)L@U(1)y [, 2]. An essential element of the model is its
family or generation structure in which the fundamental particles are
grouped into three parallel families of leptons and quarks (Table 1).
Each family consists of two isospin doublets : one lepton doublet and
one quark doublet. The discovery of the T-lepton [3] at the Stanford
Linear Accelerator Center (SLAC) in 1977 established the existence of
the third lepton generation. The same year, the discovery at Fermi
National Accelerator Laboratory (Fermilab) (4] of the bottom (b) quark
also established the existence of the third quark generation. Once the
charge of the b-quark was determined to be Qs = —%, it was natural to
expect that the missing partner of the doublet should be a quark with
charge -{—%. Today that partner is known as the top or t-quark.

In this paper we review the search for the top quark and its discov-
ery by the CDF (Collider Detector at Fermilab) and D@ collaborations
at Fermilab in March 1995 [5, 6]. We begin with an overview of the
experimental evidence that supports its existence and summarize the
direct and indirect estimates of its mass. The remainder of the article
is devoted to a discussion of the CDF and D@ experiments and the
discovery of the top quark. We conclude with a review of the current
knowledge of the top quark and give a brief perspective on the prospects
for future measurements.

1.1 Indirect Evidence for the Eristence of the Top Quark

The most compelling argument for the existence of the top quark
comes from measurements of the weak isospin of the b-quark, It, which
takes values of 0 or —% depending on whether the b-quark is in an 1sospin
singlet or doublet state. Within the Standard Model, the bottom quark
is expected to be in a doublet state with the top quark being its isospin
partner.

Measurements of b-quark decays and the coupling between the Z° bo-
son and b-quarks have distinguished between these two alternatives. The
results come from low energy processes involving off-mass-shell Z° - bb
decays and the study of decays of the Z° resonance. The experimental
evidence are the forward-backward asymmetry in ete~ — bb [7]; the
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absence of flavor changing neutral currents in 6-quark decays [8, 9]; the
absence of large tree level B{BY mixing [10, 11] and the Z° partial de-
cay width into bb pairs, I';. Of these. the latter is the most powerful
measurement, both in precision and because the interpretation of the
results is not subject to ambiguities from other gauge bosons (Z’) which
are predicted in some extensions of the Standard Model. Based on mea-
surements of the ratio of the partial to full hadronic decay width, Ry =

[s/Thaa (12], the partial width for the Z® — bb decay is
T4(Z° — bb) = 384 + 4 MeV, (1)

consistent with the value of 381 MeV expected for If = —:1,- and 1ncom-
patible with the value of 24 MeV expected if I = 0. This provides very
strong evidence that the b-quark exists in a weak isospin doublet and
therefore provides evidence for the existence of the top quark.

1.2 Indirect Constraints on the Mass of the Top Quark

There are several indirect constraints on the mass of the top quark,
M¢. Measurements of BS B mixing and the decay width of the W boson
provide lower bounds, and radiative corrections to the W and Z boson
masses provide an upper bound. Additional information comes from
the analysis of precision electroweak measurements at the Z° resonance
and from vV scattering experiments. By assuming the structure of the
Standard Model and fitting the mass dependence of measured parame-
ters one can dervie an estimate of value of Af,. Here we summarize the
main features of these calculations.

1.2.1  BYBY Mixing

Measurements of Bfi)Bg mixing at the T(4S) resonance give a value
for the mixing parameter vq = (B — B + X) / [(BY — X) of
0.168 + 0.024 [11, 13]. From theory x4 = z2 / (1 4 z3) and this is
related to the top quark mass via the relation:

TBIV'tdl2 BBfg :\lt 2
Za0.15 [3.3 » 10-165] [(0.14 Gev)z | \ 40 Gev/c2 (2)
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[14]. Translating the measured value of x4 into a lower bound on z4
corresponds to a lower bound on M, of 60 GeV/c® at the 95% confi-
dence level (CL).

'1.2.2 THE DEcay WIDTH or THE W BoOSON

Although the W decay width, I'w, can be determined by direct
methods [15], the most precise determination uses a method based on
the ratio, Rexp, of the cross section x branching ratio for W and Z boson
production in pp interactions [16]. This is chosen because the ratio of
the two cross sections is relatively insensitive to both experimental and
theoretical uncertainties. R.yp is related to 'y through the relation

Uw-B(W—-fl/) _C_T_vl F(W-——el/)rz (3)
oz -B(Z —tt8-) ~ g7 [(Z — ¢+6-)Tw '

Rexp =

The combined result for 'y obtained by this method is 2.062 £ 0.059
GeV [17] in excellent agreement with the Standard Model expectation
of 2.077 & 0.014 GeV 18] where the top quark is assumed to be heavier
than the W boson so that the decay W — tb is kinematically excluded.
Translating the experimental measurement into an upper bound on I'w
yields a lower bound of M, > 64 GeV/c? at the 95% CL.

1.2.3 RADIATIVE CORRECTIONS TO THE W AND Z BOSON MASSES

Additional information comes from the measurements of the W and
Z boson masses, Mw and Mgz, which are sensitive to the top quark
mass through one loop radiative corrections. In the Sirlin scheme for
the weak mixing angle, sinfw [19] can be expresseded in terms of a
correction term Ar to the predicted values of Mw and Mgz:

AZ

’\/[2 = T )
W (1 — Ar)sin“fw

(4)

and

4A?
(1- Ar)sin229w ’

JW% =

(5)
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where 4 = (1av/2Gr)'/? and Ar represents the effect of one-loop ra-
diative corrections [20, 21]. While the dependence of Ar on the mass
of the Higgs boson. My, is weak [22], the dependence on the top quark
mass becomes important once M, becomes large. Calculations using the
measured W and Z masses prior to the startup of the ete~ colliders
at the Z° resonance (LEP and SLC) result in an upper bound of M, <
200 GeV/c? at the 95% CL [23].

1.2.4 CoMBINED FiTs To ELECTROWEAK DATA

Since 1990 there have been major improvements in the precision of
the electroweak parameters. By using data from LEP, SLC and vN
scattering, it has been possible to extend the previous analyses and
exploit the mass dependence of other electroweak parameters. Several
such analyses have been performed, leading to estimates of the value of
M, in the range 150 < M,< 210 GeV/c?, where the variation comes
predominantly from the uncertainty in the value of the Higgs boson
mass [12, 24, 25]. Taking a nominal Higgs mass of 300 GeV/c?, the
corresponding result for the top quark mass is

M, = 178 *11 (stat) *18 (syst) GeV/c?, (6)

where the first error is the statistical error from the fit, and the second is
the additional uncertainty from varying My. A feature of some of these
analyses [24] is that, if My is left as a free parameter, the fits show a
preference for small values of My close to the present experimental lower
bound of 58 GeV/c? [26]. This also leads to results for M, which are
around 20 GeV/c? lower with somewhat smaller errors. For example.
recent fits by Ellis, Fogli and Lisi {27] and Chankowski and Pokorski [28]
which impose no My constraints, give results of M, = 156 f}‘é GeV/c?
and 156 + 11 GeV/c?, respectively.

1.3 Top Quark Searches at ete™ Colliders

The cleanest signal for top quark production below the WtW-—
threshold would be ¢t pair production in ete~ collisions. However, be-
cause the beam energies at current machines are too low to produce tf
pairs, searches have only provided limits on M, which are restricted in
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reach to approximately \/s/2. Two different techniques have been used
to search for top quark production. The first uses the cross section ratio
_ o(ete” —hadrons) _ o(ete” — 3 qq) BZQZ 7

olete” —ptp~) — olete —ptp~) v

which should show a jump of AR = 3Q?% = % units at the tf threshold.
The second uses the event shape. The lighter quark pairs are produced
back-to-back carrying the total center-of-mass energy and thus give rise
to highly collinear events. In contrast, near the ¢ threshold, a heavy
top quark pair is produced practically at rest. Each top quark will then
decay into three partons (t — Wb, W — fv and ud, ¢§), giving rise to
more spherical (isotropic) events.

Although both methods have been used, the second technique has
proven the most sensitive and gives the best limits. From the machines
operating below the Z boson mass, the tightest limits come from the
experiments at TRISTAN [29] which give a lower bound of M, > 30
GeV/c? at the 95% CL. More recently experiments at SLAC and CERN
[30, 31] have raised this to M, > 46 GeV/c? at the 95% CL which is
the strongest limit available from current ete™ searches.

2 TOP QUARK PRODUCTION AT pp
COLLIDERS

The mass region above 46 GeV/c? has been searched by the experi-
ments at the CERN and Fermilab pp Colliders. Because of their higher
center-of-mass energy, these are the only machines capable of extending
studies into this region. Unlike the ete~ analyses. which are compara-
tively straight forward because of low background, the pp searches are
complex and require careful attention to the many competing back-
ground processes.

In a pp collider top quarks can be produced either singly or as a tf
pair. Single quark production proceeds through the weak interaction
and, depending on the value of the top quark mass, proceeds predomi-
nantly through either s- or t-channel W boson production (pp — tb+ X
or pp — tq+ X). In contrast, ¢{ pair production proceeds via the strong
interaction through either gluon-gluon (g9 — #f) or quark-antiquark
fusion (q¢ — tt). The production cross sections for the strong pro-
cesses have been calculated in next-to-leading order Quantum Chro-
modynamics (QCD) to a precision of ~ 20% [32] whereas the cross
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section for low mass single t-quark production can be predicted some-
what more precisely using the branching fractions and measured rates
for pp — W+ X — e(pu)y + X [33, 34]. For large values of M, the
t-channel process dominates single ¢ production. However, at present,
the calculations are still incomplete (see Section 2.3).

2.1 Low Mass Single Top Quark Production

If the top quark mass were below ~ 86 GeV/c2 (Mw + My), then
the 1 — ¢b decay would be the dominant mode at the CERN SppS
Collider energy of /s = 0.63 TeV. During the mid-late 1980’s, searches
performed by the UA1 and UA2 collaborations focussed on searching for
top through this decay mode. Using the semileptonic decay ¢ — 661y,
as a signature and searching for either e(p)r + > 2 jets or £¥€~ v 4 jets
(£ = e or p) events. no signal was observed, resulting in a mass limit of
M, > 69 GeV/c? at the 95 % CL [35]. In 1992 a new analysis of data
by the CDF collaboration at the Fermilab Tevatron Collider (y/s = 1.8
TeV), which was sensitive to both the single top and top quark pair
production, raised the mass limit to M, > 91 GeV/c? at the 95% CL
[36]. This kinematically excluded the production of single top quarks in
the decay of an on-mass-shell W boson.

2.2 tt Pair Production

At the Tevatron energy of 1.8 TeV. ¢ pair production is predicted to
be the dominant mode for top quark production. Two strong processes
(99 — tt. q¢ — tt) contribute with the gg subprocess dominating for
top quark masses above ~ 100 GeV/c? (see Figure 1). The combined
tt pair cross section as a function of M, has been calculated exactly
to O(a?) using perturbative QCD [32, 37] and with estimates of the
O(c?) and higher order corrections by using soft gluon resummation
techniques [38-40]. Inclusion of the higher order corrections increases
the cross section by ~ 30% relative to the exact O(a3) calculations.
The resulting predictions for the cross section at /s = 1.8 TeV are
shown in Figure 2.

The Standard Model predicts that a massive top quark decays with
~ 100% branching fraction into a real W boson and a b-quark so that ti
production is characterized by events containing the decays of two W’s
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and two b-quarks:
tf — WHbW~b. (8)

The experimental searches at the Tevatron are based on three categories,
depending on the different W decay modes. These are referred to as the
dilepton, lepton + jets and the all-jets channels. With the exception of
the all-jets channel, the searches focus on the presence of one or more iso-
lated. high transverse momentum electrons or muons, and a substantial
amount of missing transverse energy from the neutrinos, which escape
undetected. Because of the difficulty in the identification of 7 decays at
hadron colliders, the #f decays involving 7-leptons and neutrinos were
treated as corrections to the other channels. However, studies in which
the T decay modes are explicitly identified are in progress, and prelimi-
nary results have recently been presented. The experimental definition
of each search channel is given in Table 2 together with a list of the
contributing ¢f decays and their Standard Model branching fractions.

2.2.1 REsULTs FROM THE 1992-1993 TEvaATRON COLLIDER RUN

Between the summer of 1992 and the spring of 1993, data were taken
by the D@ and CDF experiments at the Tevatron collider. For D@ this
was the first run, and for CDF it was the first run with an upgraded
detector. In this section, we summarize the results from this run which
paved the way for the top quark observation two years later.

The D@ collaboration performed two separate analyses using 14
pb~! of data. They first looked for dilepton and lepton + jets events
consistent with ¢f production in the mass range M, > 90 GeV/c*. Three
candidate events (1 ey, 1 ee and 1 e + jets) were observed with a pre-
dicted background of 5.9 £ 2.5 events, consistent with no signal. Inter-
preted in terms of a limit on ¢f production, this corresponds to a mass
limit of

M, > 128 GeV /c? (9)

at the 95% CL [41, 42]. Figure 3 shows the D@ 95% CL limit on the
tt cross section, with the resummed next-to-leading order QCD tf cross
section shown for comparison.

Based on the limit set by the first analysis and the corresponding
results from the CDF collaboration (see below), a second analysis was
performed which focused on the high mass region M; > 120 GeV/c?.
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This included results from additional decay modes which were insen-
sitive to lower mass events. Seven decay modes were studied: three
dilepton channels (ee, pu, ey), two lepton + jets channels (e + jets,
# + Jets) in which toplogical analysis was performed (topological tag),
and two lepton + jets channels (e + jets, p + jets) in which an addi-
tional muon compatible with either a 4 — cuvora b —c+ X, ¢ — spy
decay was observed (b — u tag). A total of nine candidate events were
observed with a predicted background of 3.8 + 0.9 events. No clear
signal was observed in any channel (see Table 3) [42, 43]. The small
excess of events over background is statistically consistent with both no
tt signal and the predicted t{ pair cross section from QCD [38]. Figure 4
shows the resulting cross section measurement compared with the QCD
predictions for the mass region 140 < M, < 200 GeV/c®. For a top
quark mass of 180 GeV/c?, this corresponds to a pair production cross
section of

o =82+5.1 pb. (10)

During the same run, the CDF detector recorded 19 pb~! of data and
performed ¢t searches in the dilepton and lepton + jets channels where
the latter required that at least one of the b-quark decays was explicitly
identified, or tagged, by having either a displaced vertex or a detectable
b — ct7v; decay (where £ = e or p) (see Table 4). Twelve events
were observed, with three of the events satisfying both the displaced
vertex requirement and the b — cf~7 requirement. Again, no single
channel contained a signal of sufficient significance to establish that tf
production was observed. However, the combined data were compatible
with background at a probability of less than 2.6 x 10~3. In addition.
two pieces of evidence pointed toward the excess being caused by ¢
production. First. a jet in a dilepton event was tagged as a b-quark jet
by both tagging methods. Second, analysis of the events from lepton
+ Jets search showed evidence for a mass peak in the region of 175
GeV/c?, when the events were interpreted as ¢ candidates (Figure 5).
A full mass analysis of the events yielded a value of

M. =174 £ 10 (stat) 13 (syst) GeV/c? (11)
[44]. Altghough consistent with the predicted ¢f rate, the experimentally

measured cross section was somewhat higher than predicted by theory
[38]. For the fitted value of M., the production cross section was

o= 13.9 *$ 1 pb. (12)

Given the large statistical uncertainties of the measurements, the results
from the two experiments are consistent.
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2.3 High Mass Single Top Quark Production

For top quark masses above 150 GeV/cz, initial calculations of the
cross section for single t (f) production indicate that the rate may be
as much as 1-2 pb for large values of M, (> 170 GeV/c?) [45, 46].
The events arise through either s- or ¢-channel W boson production,
with small additional contributions from fusion processes such as gb —
W=t and qg — ¢'th. Of these, the t-channel processes give the largest
contributions to the cross section.

Although the lowest order calculation of the cross section for these
processes is complete, calculations of the higher order corrections are
still in progress. These suggest that the total ¢ or ¢ cross section for
the high mass region could be as high as ~ 1.8 pb [45]. Studies of the
kinematics of such events and more complete calculations are in progress
and should be available in the near future [46]. Experimental searches
for events of this type have just begun. and results are not yet available.

3 ACCELERATORS AND DETECTORS

3.1 The Tevatron Accelerator

The Fermilab accelerator complex ([47] and references therein) is
shown schematically in Figure 6. Protons are accelerated in a multistage
process by using a linear accelerator. a smail booster ring, and a ring of
conventional magnets in the main Fermilab tunnel. The Tevatron, a ring
of superconducting magnets, performs the final stage of the'acceleration.
Antiprotons are created by the collision of protons into a metal foil
target. The antiprotons are collected, stochastically cooled, and stored
in the antiproton accumulator ring. When a sufficient number (= 10!!)
antiprotons have accumulated. they are injected into the Tevatron.

In the Tevatron, protons and antiprotons are restricted to bunches,
six of each type, and the beam energies are raised from 150 to 900
GeV. Close to each of the interaction regions, the beams are focused to
give a beam spot size of ~40 um at the interaction points. During the
1994-1995 run, proton and antiproton bunches cross once every 3.5 us,
and the accelerator delivered instantaneous luminosities of up to ~ 2 x
1031em ™3~ 1. For the combined 1992-1993 and 1994-1995 runs (Run I),
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the Tevatron delivered more than 150 pb™' of integrated luminosity to
both CDF and D@.

3.2 Detectors

The CDF and D detectors are large, general purpose facilities that
study many aspects of pp collisions. Although the two detectors are
considerably different in construction and the technologies they employ,
the essential features of the particle detection and identification systems
are very similar. The detectors rely on particle track finding devices
near the interaction point. hermetic calorimeters outside the tracking
chambers. and a muon detection system outside the calorimeters. The
detectors have evolved over their lifespan and will continue to evolve
in the future. In the following sections, we give a brief overview of
each detector as it was configured for the 1994-1995 run and focus on
the portions that played key roles in the top quark discovery. More
complete discussions of the D@ and CDF detectors can be found in
References 48-50 and references therein.

3.2.1 THaeE CDF DETECTOR

The CDF detector is the older of the two facilities. It first observed
pp collisions in 1985 and has collected data during all of the subsequent
Tevatron runs. The CDF detector as it existed for the 1992-1993 and
the 1994-1995 runs. is shown in Figure 7.

The CDF tracking system is located inside a solenoid that produces a
1.4 T magnetic field parallel to the beam direction. This is surrounded
by the calorimeter system, which is divided into electromagnetic and
hadronic sections. Finally, a muon detection system is located behind
the calorimeters. The detector readout is controlled by a multilevel
trigger which reduces the event rate from 300 kHz to ~ 5-10 Hz which
1s stored for off-line processing.

The tracking system starts with a four layer single sided silicon-
microstrip detector (SVX) (50]. The device is a barrel 51 cm long.
However, because of the size of the luminous region (¢ ~ 30 cm), the
geometrical acceptance of the device is only 60%. The strip pitch is 60
(53) pm on the inner 3 layers (outer layer). The single hit resolution
of the device is 13 um. and the impact parameter resolution is ~15 ym
for high Pr tracks. In top decays, secondary vertices from long-lived




14 WIMPENNY & WINER

baryons and mesons with heavy quarks (4,¢) can be located with an
average precision of 130 gm. Outside the SVX is a vertex drift chamber
(VIX) which is used to locate the interaction point along the z-axis
(beam axis). The SVX and VTX are surrounded by the central tracking
chamber (CTC), which has an active volume of 320 c¢m length and an
inner (outer) radius of 31 (132) cm. Tracks are reconstructed in the
CTC to provide information both the plane transverse to the beam axis
{r—¢) and along the beam direction (z) and consequently, a momentum
measurement due to the presence of a magnetic field. The momentum
resolution for the CDF tracking system is § Pr/Pr = [(0.0009Pr)? +
0.0066)%]}/? where Pr is in GeV /c.

The calorimeter system covers the preudo-rapidity (n) region |n| <
4.2 (n = -ln tan(6/2), where @ is the polar angle with respect to the
proton beam). The central electromagnetic (CEM) section has lead
absorber and scintillator plates, which are connected to wavelength-
shifting bars and read out by phototubes. Behind this are the central
hadron (CHA) and wall hadron calorimeters (WHA), both consisting of
steel absorber and scintillator plates. In the central region, the en-
ergy resolution is & 14%/+E for electrons and ~ 50(75)%/VE for
isolated pions. In the forward/backward direction (1.1 < || < 4.2),
the calorimeters are gas (Ar-Ethane) proportional chambers with lead
absorber for the electromagnetic compartments (PEM,FEM) and steel
absorber for the hadronic compartments (PHA,FHA). The electron en-
ergy resolution of the forward/backward calorimeters is ~ 25%/vE and
for isolated pions is & 110%/v/E. The calorimeter segmentation con-
sists of projective towers with An x A¢ = 0.1 x 15° in the central region
and Anp x A¢ = 0.1 x 5° in the forward region.

The central muon system consists of several subsystems, labeled
CMU. CMP. CMX, and FMU i Figure 7. The CMP resides behind
an extra 60 cm of steel absorber, and its coverage overlaps with the
CMU in 53% of the solid angle within || < 0.6. Collectively, the track-
ing chambers provide muon coverage out to |g| < 1.0. In this region,
the detectors consist of four layers of drift chambers, which locate a
track stub that can be matched with a tracks reconstructed in the cen-
tral tracking system. The system is used to detect both the high Pr
muons from W boson decays and the lower Pr muons from semileptonic
b-quark decays.
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3.2.2 THE D@ DETECTOR

The D@ detector is the newer of the two facilities. It was commis-
sioned in 1992 at the start of Run I and went on to record 14 pb~! of
data during the 1992-93 run. The detector configuration for the 1992-93
and 1994-95 runs is shown in Figure 8.

The detector has three subsystems: a compact central tracking sys-
tem for charged track detection and vertex reconstruction; three large
uranium liquid argon sampling calorimeters for electromagnetic and
hadronic energy measurement; and a muon spectrometer for muon mo-
mentum analysis. The data acquisition is controlled by a multilevel
trigger system which reduces the event rate from 300 kHz to ~ 2-3 Hz
which can be recorded on tape for off-line processing.

The tracking system consists of a vertex drift chamber (VITX), a
transition radiation detector (TRD), a central drift chamber (CDC),
and two forward drift chambers (FDC). This provides charged parti-
cle tracking over the pseudorapidity range || < 3.2 and measures the
trajectories of charged particles with a resolution of 2.5 mrad in ¢ and
28 mrad in 6. From these measurements, the position of the interaction
point along the beam direction (z axis) can be determined with a resolu-
tion of 8 mm. The central tracking system also measures the ionization
of the tracks to distinguish single charged particles and ete™ pairs from
photon conversions.

The calorimeter is a hermetic uranium liquid argon sampling de-
tector contained in three cryostats (one central, CC, and two forward.
ECN. ECS) which provide coverage out to pseudorapidity |n] = 4.5. The
calorimetry in each cryostat is divided into three separate sections : one
for electromagnetic shower measurement (EM) and two for hadronic
shower measurement and containment (FH.CH). The electromagnetic
calorimeter is 21 radiation lengths deep and is segmented longitudinalily
into four sections. The third section (at electromagnetic shower maxi-
mum) has a transverse segmentation of An x A¢ = 0.05 x 0.05, while
the other three sections have a transverse segmentation of Anp x Ad =
0.1 x 0.1. The hadronic calorimeter is 7-9 interaction lengths deep and
is segmented into four {CC) or five (ECN,ECS) longitudinal layers. Its
transverse segmentation is Anp x A¢ = 0.1x0.1. Energy measurement in
the transition region between the CC and EC calorimeters (0.8 < || <
1.4) is supplemented by massless gap detectors which are mounted in-
side the cryostats (MG), and by scintillation counters (ICD) that are
mounted between cryostats. The energy resolution is ¢/vE & 15 %/VE
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for electrons, ~ 50 %/V/E for single hadrons and &~ 80 %/VE for jets
(where E is in GeV). For minimum bias events, the energy resolution
for either component of the missing transverse energy, Et is 1.1 GeV +
0.02 x (XEr), where ZET is the scalar sum of all the transverse energy
in the calorimeter.

The muon system consists of three layers of chambers, with magne-
tized iron toroids located between the first and second layers. The muon
spectrometers provide coverage out to pseudorapidity || = 3.6, although
for the top search only the central portion (|n| < 1.7) is utilized since
most of the muons from top quark decays lie in the central region. The
central, or wide angle muon spectrometer (WAMUS) covers || < 1.7
over the full azimuthal angle except for || < 1 and 225° < ¢ < 315°
where the innermost layer is removed to accommodate the supports for
the CC. The innermost WAMUS layer has four planes of proportional
wire drift tubes, and the second and third layers have three planes each.
The magnetic field in the iron is 1.9 T, orientated transversely to the
beam direction, providing momentum measurement with a resolution of
o(1/p) = 0.18(p—2)/p?+0.008 where p is in GeV/c. The thickness of the
calorimeter plus the iron toroids varies from 14 to 19 interaction lengths
and minimizes the background from hadronic punchthrough. In-flight
7 and K decay background is also negligible because of the compact
calorimeters and central tracking volume. The system is used to detect
both the high Pr muons from W boson decays and the lower Pr muons
from semileptonic b-quark decays.

4 EXPERIMENTAL SEARCH AT THE
TEVATRON

The analyses leading to the discovery of the top quark focused on
the search for ¢f pair production through the dilepton and lepton +
jets channels (see below). Although the CDF and D@ analyses differ
somewhat in detail. their principal features have much in common.

The initial phase of the experimental search consists of simple count-
ing experiments in which the event selection is made and the expected
number of events from background sources is estimated. In the absence
of tf production, the number of observed events should be consistent
with the estimated background. However, if tf production is present.
and the experiment has sufficient sensitivity, the number of events ob-
served in the data will be significantly larger than the estimated back-
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ground. By early 1995, both experiments had accumulated sufficient
integrated luminosity to be sensitive to a signal corresponding to a pro-
duction cross section of several picobarns. In this section we discuss the
CDF and D@ counting experiments used to observe tf production.

4.1 The Dilepton Decay Channel

The searches in the dilepton channel are optimized for the decay
chain

tt — WHbW b — ¢t ubt~ b, (13)

where ¢ represents either an electron or a muon. This gives the charac-
teristic signature of two isolated, high transverse momentum leptons;
missing transverse energy from the two neutrinos: and at least two
hadronic jets from the fragmentation and decay of the b-quarks and any
initial state gluons. The combined branching fraction for the searches
in this channel (ee + pyu + ep) is ~ % because of the experimental re-
quirement that the W bosons decay into e or p final states. The factor
is not exact because of corrections for W+ — r+*u, — ¢tup, v, decays
(see Table 2).

Experimentally this is the cleanest signal, but because of the small
cross section x branching ratio. the expected number of events is very
small. A consequence is that even very rare background processes must
be considered in attempting to establish the signal. The most sig-
nificant of these come from Z° and continuum Drell-Yan production
(2% 5" — ete”.uTp~ 7F77), vector boson pairs (W+W= Wz9),
heavy flavor production (bb, ¢&). and processes in which jets have been
misidentified as leptons. The backgrounds involving two real leptons
are estimated from the data where possible and from a combination
of Monte Carlo simulation and data for processes which have not been
measured experimentally (W+W =, W*Z°). The fake (or misidentifica-
tion) background is calculated from the data by convoluting the rate of
the actual parent process with a parametrization of the misidentifica-
tion probability. The accuracy of the resulting calculations is tested on
control samples in the data [42, 44] and by varying the selection cuts
on the signal event sample [6, 44].

The rejection against these backgrounds is performed primarily by
event kinematics. Both D@ and CDF follow the same general strategy,
the specifics of which are listed in Tables 5 and 6. In addition, both
experiments make invariant mass cuts to exclude dielectron and dimuon
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events from the Z° pole. CDF requires the azimuthal angle between the
Er and the nearest lepton or jet to be > 20°. This reduces backgrounds
from Z° — r* 7~ and Drell-Yan events in which the Fr is the result of
Jet mismeasurement. For both the dilepton and lepton + jet searches
(Section 4.2) D@ makes a cut on the variable Hr, which is defined as :

Jets
Hr= Y Er+E% (14)
Inl < 2.5

for the ee and ey channels or

Jets

Ay = Z Er (15)

Inl < 2.5

for the up and lepton + jet channels. E% is the transverse energy of the
leading electron in the event. This is especially powerful in the rejection
of the residual diboson and Z° — 7+ 7~ backgrounds.

From the analysis of the first ~ 67 pb™! of data from Run I, CDF
observed a total of six candidate events with an expected background of
1.3 & 0.3 events (Table 7) [5]. The corresponding analysis by D@ used
~ 50 pb™! and observed three events with a background of 0.65 +
0.15 events (Table 7) [6]. Figure 9 shows an event display of a striking
ep event from the D@ analysis [42). The characteristic topology of two
high Pr leptons along with missing energy and jet activity can be clearly
seen. Both groups have presented preliminary results based on the full
Run I datasets {51, 52]. These are based on ~ 100 pb™! for D® and
~ 110 pb™! for CDF and are included in Table 7 for comparison with
the published results.

4.2 Lepton + Jets Decay Channel

The searches in the lepton + jets channel are optimized for the decay
chain

tt — WHbW b — ¢t vbggb, (16)

where ¢ represents either an electron or a muon and ¢q is a light quark
pair, either a c§ or ud, from the decay of the second W boson. This
gives the characteristic signature of one isolated, high transverse mo-
mentum lepton; missing energy from the neutrino; and four jets from
the fragmentation of the ¢¢ pair and the two b-quarks. Because the
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branching fraction for the lepton + jets channel (~ ‘%) is much larger
than that of the dilepton channel (~ g"f), most of the evidence for top
quark production comes from these analyses. As with the dilepton
channel, the branching fractions are not exact because of corrections
W+ — rtu, — £*vy,v, decays (see Table 2).

The challenge of the lepton + jets searches is to separate the ¢f signal
from the large background from pp — W + multijet events and QCD
multijet events in which one of the jets has been misidentified as an
electron. The cross sections for both processes are much larger than
for the expected tt signal (e.g. ~ 17 pb for W+ > 4 jet production).
Although a large fraction of the background can be rejected by imposing
tight lepton identification and kinematic cuts, a signal to background of
~ 1:5 still remains (see Figure 10) even after requiring at least four high
transverse momentum jets (EJ®* > 15 GeV). The additional rejection
is achieved by a variety of techniques using the tf event characteristics
and the strengths of the two detectors. Tables 8 and 9 summarize the
standard lepton + jet event selection for D@ and CDF, respectively.

4.2.1 b-QUARK TAGGING TECHNIQUES

The first method used to search for the top quark involves identify-
ing the b-quarks from the top quark decay. This has the advantage of
identifying the actual decay products of the top quark. One of the W
bosons is identified from the primary lepton and the missing transverse
energy. In the cases where both b-quarks are identified, the remaining
Jets are from the hadronic ¥ boson decay and initial or final state gluon
radiation.

Two methods are used to identify b-quark jets. The first relies on
finding a low transverse momentum electron or muon from the semilep-
tonic decay of a 8- or sequential c-quark. The Pr of these leptons can
amount to several GeV/c. The second method relies on the long lifetime
(=~ 1.6 ps) of B hadrons and the large Pr of the b-quark. This combi-
nation gives rise to a B hadron decay vertex, which can be separated
from the primary interaction point of the proton and antiproton. For
M, ~ 175 GeV /c?, the average separation is approximately 0.5 cm. This
makes it possible to locate displaced vertices on a case-by-case basis by
using a precision silicon-vertex detector. Currently, only CDF has such
a device, although both detectors will have excellent silicon tracking
devices for the next collider run in 1999 (see Section 6).
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4.2.2 TAGGING b — v X

Both CDF and D@ have performed searches for additional low Pr lep-
tons in the lepton + jets data. Based on the semileptonic branching
fractions, 22% of b-quarks will produce a muon in the final state either
directly from its semileptonic decay or from the semileptonic decay of a
sequential c-quark. A muon from a c-quark decay, on average, will have
lower momentum than one from the semileptonic decay of the b-quark,
and the efficiency for finding these muons will be lower. Another 22%
of the b-quarks will produce a low Pr electron. The efficiencies for lo-
cating a low Pr electron is only about 1/3 of the efficiency for locating
a low Pr muon. Candidate leptons must have Pr greater than 2 GeV/c
at CDF and 4 GeV/c for the D@ search. No upper limit is placed on
the lepton Pr. In principle, some dilepton events could also pass this
event selection; however, any events passing the dilepton selection are
explicitly removed from the lepton + jets analysis. The D@ analysis
imposes the additional requirement of Hr > 140 GeV to give optimal
rejection against the residual background from W + muitijet and QCD
multijet events. For both experiments, the total tagging rate of ¢f by
one or more low Pr leptons is about 20%.

With this search technique, the backgrounds are similar to those of
the dilepton decay channels. For the CDF analysis, the major back-
grounds are fake leptons and electrons from unidentified photon conver-
sions. These rates and the smaller W + bb and W + ¢é backgrounds are
determined directly from inclusive jet data. The remaining backgrounds
from diboson production (WW,WZ ,ZZ), Z — ¢¢ decays, and Drell-Yan
production are determined by the same techniques as for the dilepton
analyses [44]. For D@, the higher muon Pt requirement and the Ht cut
significantly decrease the fake lepton background, and the W + b and
W + c¢ background dominates. This and the other background contri-
butions are calculated by the same methods as in the dilepton analyses
(42].

The search results are summarized in Tables 10 and 11 for CDF and
D@, respectively. D@ observes six events with a combined background
of 1.2 £ 0.2 6], and CDF observes 23 b-tags in 22 events with a predicted
background of 15.4 & 2.0 tags [5]. Figure 11 shows the results of the
D@ search, plotted as a function of the exclusive jet multiplicity. While
the data are consistent with the expected background in the 1 and 2 jet
samples, a clear signal excess is visible in the > 3 jet sample. The CDF
data shows a similar behavior.
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4.2.3 TAGGING BY A DISPLACED VERTEX

Identifying b-quarks by the presence of a secondary vertex that is
displaced from the primary interaction point is a very clean way of
locating b-quark jets. This technique will be the primary technique
used for future studies of the top quark (see Section 6). It is a cleaner
technique than the soft lepton tag discussed above and has the advantage
that the false tag rate is small and can be accurately predicted from the
data itself. The remaining backgrounds come from non-top events which
contain b-quarks. Fortunately their rate is small.

Figure 12 shows a schematic picture of a secondary vertex. A long-
lived B hadron will travel a distance L,, measured in the plane trans-
verse to the beam axis'. When the hadron decays, the decay particles
emanate from the point of decay and will not necessarily point back to
the primary vertex. As a result, the decay products have a significant
impact parameter (d) (or minimum distance of closest approach) with
respect to the primary vertex. The algorithm uses tracks with a signif-
icant displacement from the primary vertex (d/oq > 3) to reconstruct
the position of the secondary vertex and to measure L,,. The typical
uncertainty on Lg,, or,, is ~ 130 pm, but the distribution is broad
and extends to 40-50 ym. For an acceptable tag, the secondary vertex
is required to be displaced from the primary vertex by more than 3
standard deviations. |Lzy /o, | > 3. Tags with L, > 0 are considered
b,c hadron candidates. Tags with L;, < 0 come primarily from track
mismeasurement and are used to measure the rate of fake tagging due
to instrumental effects. The efficiency of the tagging algorithm to iden-
tify at least one b-quark jet in a #f event is about 40% [5]. The rate of
misidentifying a non-b jet within the fiducial volume of the SVX. as a
b-quark jet is about 1% or less [44].

The dominant backgrounds to the tf search in this channel are W +
bh and W + ¢¢ and fake tags, which account for 60% of the total back-
ground in this. Other background sources are flavor excitation processes
such as s¢ — We. diboson production (IWW,1WZ) and Z — rr decays.
The rates for these processes are calculated using Monte Carlo simula-
tions except for the fake tag background. which is determined directly
from the data [44]. The background predictions are tested in various
control samples, one of which is the lepton + jets data itself.

In lepton pius 1 and 2 jet events, the contribution of ¢t events should

!The current silicon-vertex detector at CDF only provides information in two
dimensions, the directions transverse to the beam (x and v).
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be small. Figure 13 shows the number of events before and after 6
tagging as a function of jet multiplicity. In the control region (the 1 and
2-jet samples), the background prediction agrees well with the observed
data. The two jet sample contains some tf and single ¢ or { events and
therefore a slight excess is expected. The signal region, Niet > 3, shows
a clear excess above background. The figure also shows the expected
distribution when tf production is added to the prediction. In the signal
region CDF observe a total of 27 tags with a predicted background of
6.7 & 2.1 (see Table 10) [5]. The 27 tagged jets occur in 21 events. The
six double tagged events are very unlikely to be from any background
source. Table 10 also includes the preliminary results for the full Run I
analysis.

The power of this technique is illustrated by Figure 14, which shows
an expanded view of an e + jets event in the CDF detector. In this event
both b-decays have been identified using the displaced vertex technique
and appear as well defined secondary vertices. As a cross check of the
tagging, the reconstructed invariant mass of the remaining two jets in
the event (Jet 2 and Jet 3) is 79 GeV/c?, consistent with the hypothesis
that they come from the hadronic decay of a W boson.

4.2.4 ToprPoLOGICAL EVENT SELECTION

Topological isolation of ¢ events relies on the fact that the jets from
heavy top quark decay will be both more centrally produced and more
energetic than the jets from W + multijet background. The topological
separation performed by D@ and CDF differ from one another, and each
is reviewed in turn.

The D@ analysis begins by requiring that there be > 4 jets with
transverse energy, £3°°>15 GeV, and, to keep this analysis orthogonal
to the the b6 — cuv tag, that theie be no additional muon consistent with
a semileptonic b- or ¢-quark decay. Two topological variables Hr and
Aplanarity (A) are then used to separate the signal and background.
Hr(see Section 4.1) measures the transverse activity in the event and
a large value of Hr is indicative of the decay of a massive object. The
aplanarity measures the activity transverse to the plane of maximum
activity and is proportional to the lowest eigenvalue of the momentum
tensor for the observed objects. .4 takes the value of 0.5 for highly
spherical events and 0.0 for planar events. The ¢f events tend to be more
spherical than the W + multijet background [42]). Table 8 summarizes
the selection cuts used for the analysis. Since a substantial fraction of
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the background rejection comes from the H+ requirement, it is essential
to demonstrate that the Hr distribution for the background processes
is well understood. Figure 15 shows the Ht distributions from the
background dominated channels e + £t + two jets and e + F1 + three
jets (E%'Et >15 GeV). Shown for comparison is the calculated background
which includes W + multijet production as derived from a Vecbos Monte
Carlo simulation [53], and the misidentification background from QCD
multijet production. which is calculated from an independent dataset.
The agreement is very good. as is the case for the distributions in A and
the other variables used in the event selection.

In addition to the standard selection cuts (see Table 8), a loose
selection was performed in which the Ht cut was removed and the
cut on the aplanarity was reduced to 0.03. This selection of events
was used to check the accuracy of the background calculations and to
provided a less restrictive data sample for mass fitting (Section 5). With
these cuts and ~ 50 pb~! the D@ analysis found eight events with
an expected background of 1.9 + 0.5 events for the standard selection
and 23 events with an expected background of 15.7 + 3.1 events with
the loose selection [6]. The preliminary results from the D@ 100 pb~!
analysis are included for comparison [52].

The primary search technique used by CDF relies on the 6-quark
tagging. However. kinematic analyses have been used to provide a more
complete search for #f production. CDF has used two different tech-
niques. The first analysis [54] is a likelihood analysis of W + > 3 jet
events in which the transverse energies of the second (ETs) and third
(Er3) highest £ jets are used to differentiate between the tf signal and
background. The second [53] starts from a sample of W + > 4 jet events
(see Table 9) and uses a transverse energy variable H to separate the
signal and background.

Since the jets from tt decays are expected to be emitted at larger
angles (#) than those from directly produced ¥’s with associated jets,
each jet is required to have |cos(™)| < 0.7, where 0* is the jet polar
angle in the center-of-mass frame of the event. Next. an event relative
likelihood (L) is formed using £1» and E13 where

[(_1-%)(;‘1_\/.!_)]

L: . Nn dETE \n dETs (17)
( 1 dNJ&)( 1 i&s)
Nuxg dET2 7% Nvkg dET3

This classifies the event as top-like or background-like. Events with
In(L£) > O are more consistent with tf production than W + multijet
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background events. Calculations with the Vecbos [53] Monte Carlo pre-
dict that 22 £ 5% of the W + multijet background will have In(£) >
0. By assuming that all of the events with In(£) < 0 are background
and normalizing to the shape of the expected background, a prediction
of 7.2 & 2.1 events is obtained for In(£) > 0. From 67 pb~"! of data, 25
events had In{(£) < 0, and a further 22 had In(L) > 0 (see Figure 16)
[54]. Because the likelihood distribution is derived from Monte Carlo
simulations, this technique has uncertainties associated both with the
shape of the jet ET spectrum and the detector energy scale. Nonethe-
less, even with these uncertainties folded into the analysis, the data are
consistent with a pure background with a probability of only 0.26% [54].

The second CDF analysis is based on the total transverse energy of
the event and uses the variable H where

Jets

HZZET+ET+E%, (18)

which is similar to the variable Ht used by D@, except that the Et
is included. The M analysis uses the shape of the full  distribution
for the analysis. A Kolmogorov-Smirnov test is performed to test the
consistency between the data and the calculated background from W
+ multijet events. The data are incompatible with a background-only
hypothesis (probability < 1.6 x 10~%) [55]. However, when a tf com-
ponent is added, the combined (¢ + background) distribution agrees
reasonably well with the data (see Figure 17) [55]. As with the In(L)
method. the analysis of the H distribution has uncertainties associated
with the shape of the predicted H spectra and the detector energy scale.
This technique also allows the extraction of the top quark mass and a ¢
production cross section [55]. The values agree with the measurements
described in Section 3.

4.3 Other Decay Channels

[n order to complete the study of top quark decays, it is necessary
to investigate other possible decay modes. such as the all-jets mode
and explicit 7-decay modes. Preliminary results using the all-jets de-
cay mode have been presented by both collaborations. Two additional
decay modes are in the early stages of analysis and preliminary results
have been presented. CDF have made an exploratory study of the decay
modes explicitly involving 7-leptons and D@ have searched for events
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containing electrons and a substantial amount of missing transverse en-
ergy.

4.3.1 ALL-JETs DEcAY CHANNEL

The signature for the production of ¢f events in the all-jets channel is
six (or more) high transverse momentum jets with no significant missing
transverse energy, i.e.

tf — WHbW=b — qgbqgb, (19)

where the two ¢¢ pairs are light quark pairs from hadronic decays of
the two W bosons (either cs or ud). The large branching fraction for
this channel (%) mabkes it attractive in terms of the number of ¢ events
expected. However, there is a very large background from QCD multijet
production that is kinematically quite similar to the tf signal. For ex-
ample, even after requiring that an event contain at least 6 jets (Efet >
15 GeV) the signal-to-background ratio is still only ~ 1/1000.

Both experiments have presented preliminary results from the anal-
ysis of this channel. D@ uses a combination of topological selection and
b — p tagging to reduce the level of the background. For a full descrip-
tion of the variables used and the techniques used to tune the selection
cuts. we refer the reader to Reference [52]. After applying strict topo-
logical cuts and requiring a single b — u tag, 15 events survive with an
expected background of 11.0 £ 2.3 events. With a double b — 4 tag
there are two events with an expected background of 1.4 + 0.4 events.
D@ determines preliminary tf pair cross sections of 4.4 + 4.9 pb and 3.9
+ 9.8 pb for the single- and double-tag analyses, respectively. The re-
sults are statistically limited at present but they are in good agreement
with the cross sections measured from the other decay channels (Section
5). A determination of M, is in progress, and results are expected to be
available soon.

In addition to the 6 jet requirement, CDF requires that the total
scalar transverse energy in the event. Y- Er > 200 GeV, that 5~ Ep/
Vs > 0.75. and that there be at least one displaced vertex b tag. For a
data sample of 110 pb™", 192 events are observed with an expected back-
ground of 140 + [4 events. The top mass and cross section are extracted
from this analysis. The mass distribution exhibits an enhancement near
180 GeV/c? and is consistent with the CDF mass measurement de-
scribed in Section 5. The tf production cross section is found to be
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1.9 1335 pb, at A4, = 175 GeV/c?, consistent with the measurements
described in Section 3.

4.3.2 7-DEcay CHANNELS

The CDF collaboration has searched for dilepton modes which ex-
plicitly involve the decay of a r-lepton (er or u7). Two techniques are
employed. Both start with events containing a high Pr electron or muon
and event selection similar to the standard dilepton analysis (see Section
4.1). The first technique searches for single-pronged hadronic 7-lepton
decays by searching for isolated single tracks which are inconsistent with
being either an electron or a muon. The second analysis searches for
either single- or three-prong 7-decays. This relies on identifying 7 lep-
tons by their calorimeter signature. Background events come from both
Z — 77 decays and events contining jets that fake the 7 signature. A
preliminary analyses using these techniques finds 4 events with a back-
ground of 1.7 £ 0.3 events in the single prong search and 3 events with
an expected background of 0.91 + 0.23 in the combined one and three
prong search [51].

4.3.3 THE ¢ + F£1 CHANNEL

The D@ collaboration has searched for single electron + Er events
with a large amount of missing energy (ET > 50 GeV) and for which the
¢+ ET transverse mass is incompatible with most conventional W — v
decays (ME > [15 GeV/c?). This search is sensitive to events from
both the t — ¥*h — e*wb and ¢t — W*h — rTvb decay chains.
After applying additional selection cuts to reject events which satisfy
the standard D@ dilepton and lepton + jet analyses, two events are
observed in 88 pb~! of data. Background events come from both W +
multijet and QCD multijet production. A preliminary analysis indicates

a background of 1.4 & 0.4 events and an expected signal from ¢t decays
of 1.1 + 0.1 events for M, = 180 GeV/c® [52].

4.4 Summary of Fvent Samples

The results of the published dilepton and lepton + jets counting
experiments performed by D@ and CDF are summarized in Table 12.
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Both collaborations observe an excess of events in all of the channels
studied which is consistent with the expectations for the production
and decay of a massive top quark. Table 12 also lists the probability
that the number of observed events could be the result of fluctuations
in the background. Interpreted in this way, the probabilities for the
CDF and D observations to come from background fluctuations are 1
x 107% and 2 x 107°%, or 4.8 and 4.6 standard deviations, respectively,
for gaussian background distributions.

Taken together. this is overwhelming evidence the two collaborations
are observing phenomena that within the context of the Standard Model
can only be attributed to the pair production of top quarks.

5 TOP QUARK PROPERTIES

The CDF and D@ counting experiments provide convincing evidence
for the production of a massive object which decays through the modes
expected for the Standard Model top quark. In order to test the inter-
pretation that the top quark is responsible for the observed signals, both
collaborations have measured the production cross section and identi-
fied subsets of events for which it is possible to measure the top quark
mass. In this section we summarize the results and compare to them
the predictions of theory.

5.1 tt Production Cross Section

A measurement of o(pp — {f) provides a test of QCD at the high
mass scale associated with the top quark (Q* =~ M?). The acceptance
of the CDF and D@ top searches depends on the value of M, because of
the change in the shape of the lepton and jet Et spectra with increasing
M;. Hence. the ¢t production cross section, oz, is determined as a func-
tion of M, from the number of events observed in each of the counting
experiments. Thus, for a given channel,

Nobs -B
AL
where Ngps is the number of observed events, B is the number of ex-

pected background events. 4 is the total acceptance, and £ is the inte-
grated luminosity.

(20)

Tt =
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The D@ collaboration uses the results from each of its seven searches
to obtain independent measures of the cross section and then combines
the results to obtain the best estimate of o,7. The results from the
50 pb~! analysis is given as a function of M, in reference {6]. The
preliminary result from the 100 pb~' data set is shown in Figure 18
compared with the predicted QCD cross section. Unlike the earlier
results. which showed a significant mass dependence, the new resuits
have only a weak dependence on M; over a large mass range [52].

The corresponding measurement from the CDF collaboration is based
on the combination of the cross sections from its dilepton and two lep-
ton + jets searches. The preliminary cross section based on 110 pb~!
of data is 7.5 713 pb [51] for the fitted top quark mass of 176 GeV/c2
(Section 5.3). This is shown with the D@ results in Figure 18 and in
Table 13. The two experimental measurements are consistent with one
another and with the predictions of QCD [38-40]. However, because of
the present large experimental uncertainties. a more definitive test of
the QCD calculations will have to wait for substantially more data.

5.2 Top Quark Decays

The Standard Model predicts that the top quark will decay to a W
boson and a b-quark almost 100% of the time. The ratio of branching
fractions. B(t — Wb)/B(t — 117q), can be measured from the ratio of
zero b-tagged to single b-tagged events and the ratio of single b-tagged
to double b-tagged events. If a substantial number of top quarks decay
to a 1" boson and a quark other than a 6. a deficit of double (single)
tags would be observed relative to single {non tagged) events. CDF has
measured B(t — Vb)/B(t — 117g) to be 0.94+0.27 (stat) & 0.13 (syst)
[56]. The CKM matrix element 1}, can be determined from B(t — Vb).
Assuming that there are three generations and a unitary CKM matrix
gives |Vip] = 0.97 £+ 0.15 £ 0.07 while relaxing the three generation
assumption gives a lower limit of |Vi,] > 0.022 at the 95% CL.

A comparison of the cross sections from the different decay channels
can reveal anomalies in the decay of the top quark. For instance, the
presence of charged Higgs bosons would elevate the lepton + jets cross
section relative to the dilepton cross section

_lepton+jets 3
= Tt ~ : +
R= T ~ L+ SB(t — HD). (21)
tt




Top Quark 29

lepton+jet tilept ) .
Here. the g,5P onHIEtS and o PO o corrected for their relative branch-

ing ratios, and B (t — H*b) is the branching fraction for decay t —
H*b. The present measurements are consistent with the Standard
Model expectation of 1 for both experiments (see Table 13). The com-
bined preliminary results give a value of & = 0.99+0.52 where the error
is dominated by the statistical uncertainty on a’?}lepmn.

In the Standard Model, the top quark has rare decay modes such

ast — v q,t — Z g, or even t — ZWb close to threshold. These
decays only occur through loop diagrams so that the branching fractions
are extremely small (10~7 - 1072). Any observation of these decays

would represent an enormous deviation from the Standard Model. The
CDF collaboration has searched for the flavor changing neutral current
modes. t — +(Z) ¢ (¢ = u.c). These decay channels use different event
samples than the standard top quark analyses. Typically, the events
are selected by the presence of a photon or Z — ¢¢, along with evidence
of a 11" and jets [56}. The 7-decay mode has a much larger acceptance
than the Z decay channel because the branching fraction for Z — ¢¢ is
only a few percent. Preliminary measurements indicate the branching
fraction to v ¢ and Z ¢ are less than 2.9% (95% CL) and 90% (90%
CL). respectively.

5.3 Mass Measurements

Both CDF and D@ have made several determinations of the top
quark mass using a variety of fitting techniques and data samples. The
most precise of these is based on a two-constraint fit. which reconstructs
the ¢ and ¢ in a subset of the lepton + jet events having four or more
reconstructed hadronic jets.

The fit constrains the invariant mass of the primary lepton and the
missing transverse energy to the measured IV mass. providing a de-
termination of the neutrino’s longitudinal momentum up to a two-fold
ambiguity. Next. two jets are selected as coming from the hadronic W
decay, and their invariant mass is constrained to the W mass. Lastly,
the two IV + jet systems, which represent the ¢ and ¢ quarks. are con-
strained to have equal mass. In the absence of tagged b-quark jets there
are a total of 24 possible configurations per event (12 from the jet as-
signments x 2 from the neutrino ambiguity). If one or more jets have
been tagged. these are assigned to either the b or b thereby reducing
the combinatorics. For each combination, a y? is formed based on the
constraints and the goodness of the fit. To determine the best estimate
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of the top mass in an event, CDF selects the lowest y> configuration.
D@ uses the same technique unless an event has several solutions with
similar values of v, in which case a x*-weighted average of up to three
solutions is used. Events are rejected if no configuration provides a min-
imally good fit. When the top mass for each event has been determined,
the distribution of A, is fit to a combination of the background (W +
Jets and QCD muitijets) and ¢f distributions. The best estimate of M,
1s then extracted by a maximum likelihood technique (42, 44].

The result of the CDF analysis is shown in Figure 19 for the CDF
67 pb™! data sample [5]. The fitted mass is

M = 176 £ 8 (stat) £ 10 (syst) GeV/c>, (22)

where the first error is the statistical uncertainty from the fit and the
second is the systematic uncertainty. The latter includes contributions
from the knowledge of the background distribution. the detector energy
scale. and biases associated with jet energy corrections, b tagging, and
Monte Carlo simulation of top production. For a detailed discussion of
these effects, we refer the reader to Reference [44].

Figure 20 shows the mass distributions and fit curves obtained by
D@ for both the standard and loose section cuts with the 50 pb~! data
sample [6] (see Section 4.2). Independent fits to the two distributions
give the same result for M;. From the loose selection analysis. D@
determines the top quark mass to be

My =199 T1° (stat) *1% (syst) GeV/c”, (23)

consistent with the CDF measurement discussed above. For a full dis-
cussion of the uncertainties and the error analysis. we refer the reader
to Reference [42].

The D@ collaboration has also presented an independent measure-
ment based on the analysis of their dilepton events. Because of the
additional ambiguities introduced by the two neutrinos, a different fit-
ting technique is needed. D@ has used an extension of the dynamical
fitting techniques discussed in Reference [57] to solve for M, [58]. .From
a preliminary analysis they obtain a result of

M, = 145 £ 25 (stat) £ 20 (syst) GeV/c*, (24)

which is consistent. within the large errors. with the lepton + jet deter-
minations. CDF is using an alternate technique for their dilepton events,
which uses the shape Et spectrum of the b-quark jets to measure M,.
Results from this analysis are expected soon.
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Several other mass analyses are in progress, and results based on the
full CDF and D@ data samples are expected in the near future. These
include fits to the all-jets channel (CDF,D@) using constrained fitting
techniques, unconstrained M, - Mw fits (D@) [59], and a shape analysis
of the ‘K distribution (CDF) {53].

5.4 Additional Measurements

The study of the kinematics of top quark production and decay has
just begun. To date, primarily because of the limited statistics, no
strong conclusions can be drawn other than the data are consistent with
Standard Model predictions in all of the variables investigated. These
include the kinematics of the ¢ system (rapidity, mass, Pr, aplanarity),
the W (hadronic mass, Pr), the b-quarks (Pr) and the leptons (Pr,
angular distribution) [59, 60]. No significant discrepancies have been
observed and more data are needed to put these studies on a firmer
footing.

5.5 Summary

The existence of the top quark has been experimentally verified and
the focus of the future research will be the study of top quark properties.
Measurements from the early data have established the top quark as the
most massive fundamental particle known to science. Its production
cross section and principal decay modes appear to be consistent with
Standard Model predictions. Refinement of these measurements and
a more complete understanding of its production and decay properties
will have to wait for larger data samples. The exploration of the top
quark sector of the Standard Model has just begun.

6 FUTURE OUTLOOK

The results from the current experiments have focused on the exper-
imental observation of the top quark. The data are statistically limited
and allow only a first examination of its production and decay proper-
ties. At the time of writing. the current Tevatron run is approaching
completion and no further data-taking is planned until 1999. For the
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next collider run (Run II), both the accelerator and the detectors will
undergo substantial upgrades. which will allow the extension of the cur-
rent studies of top quark production.

For Run II the Tevatron will undergo both energy and luminosity
upgrades. The accelerator is expected to reach an instantaneous lumi-
nosity of ~ 2 x 1032 and operate at a center-of-mass energy of 2.0 TeV.
Although the machine energy is increasing by only 10%, the t¢ cross
section grows by 40%. The tracking systems in both detectors will be
completely replaced to utilize the increased instantaneous luminosity
[62. 61]. Key elements of the detector upgrades will be the addition of
long (~100 cm) silicon-microstrip vertex detectors to provide precision
three dimensional tracking and secondary vertex reconstruction. In ad-
dition. D@ will add a 2 T solenoidal magnetic field for charged particle
momentum analysis.

Projections for Run II show integrated luminosities of in excess of
1 fb~" delivered to both detectors with the prospect of up to ~ 10
fb~! following additional upgrades to the accelerator complex. This will
enable the first precise measurements of top quark production and decay,
including the ability to set limits on rare decay modes such ast — ¢+
and ¢ — «++. Table 14 summarizes the estimated precision on selected
quantities for datasets of 1 and 10 fb™! . These are values for a single
experiment and are calculated assuming the theoretical cross section for
a top quark mass of 175 GeV/c*. The efficiencies used are extrapolations
from the 1994-1995 run values. For a more detailed discussion of top
quark physics with high luminosities we refer the reader to Reference
[63].

6.1 ('onstraints on the Higgs Boson Mass

In the absence of the physics beyond the Standard Model, the top
mass measurement will arguably be the most important of the Run II
measurements. With an estimated uncertainty of 3.5 (2.0) GeV/c? for
1 (10) fb™! of data (see Table 14), it should be possible to use the re-
lationship between M. and Alw (see Figure 21) to exclude very large
values of the Higgs boson mass. AMy. As such, the Tevatron measure-
ments are complimentary to the Higgs limits accessible to the upgraded
CERN e*e™ collider (LEP200). Alternatively, if the Higgs is observed.
the Standard Model becomes over-constrained and the measurements
can be used to check for self-consistency.
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6.2 Rare Top Quark Decays

The limits on the rare decays of the top quark will benefit from the
increased data samples. In addition, the branching fraction of the top
to longitudinally polarized W bosons (t — Wy + ) can be measured
from the angular distribution of the leptons in lepton + Jjet events. The
Standard Model predicts this branching fraction to be ~70% for a top
mass of 175 GeV/c?. Deviations from the predicted branching fraction
could indicate anomalous couplings at the t-decay vertex. The current
data samples are too statistically limited for a meaningful measure of
this quantity; however. with 1 (10) fb~! the branching fraction will be
measured to a statistical precision of 4.6% (1.5%) [63].

6.3 Single Top Quark Production

The primary focus of this article has been the top discovery and the
study of ¢ pair production. Studies of single top quark production (see
Section 2.3) require high luminosity because of the small cross section
(~ 1-2 pb) and large experimental backgrounds. Initial studies will be
based on the Run I data but this type of analysis is much better suited
to the large data samples expected from Run II,

Single top production is important because it provides access to
yuantities such as the top quark decay width, I';, which cannot be mea-
sured via tt pair production. The decay width is proportional to the
single top production cross section. o;;. From estimates of the measure-
ment precision on ay for M, ~ 180 GeV/c?. a measurement of T, to a
precision of 10% should be possible [63. 64]. If there are no anomalous
couplings to the top quark, this can be turned into a measure of [Visl
with a precision of ~ 4%. This is complimentary to the measurement
using B(t — 1Vb) which places a lower limit on |Vs| but does not provide
a good measure unless assumptions are made about unitary constraints
and the number of generations in the CKM matrix [56].

7 SUMMARY

[n this report we have presented a summary of the present knowledge
of the top quark. After 18 years of experimental searches. convincing
proof of its existence was finally reported during 1995. As the most
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massive fundamental particle known to physics, many questions about
its properties remain to be answered. We have summarized the results
of the discovery analyses and the first tentative studies of its properties.
These studies are still in their infancy, and many new and interesting
puzzles remain to be studied in years to come.
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Figure Captions

Figure 1: Lowest-order Feynman diagrams for ¢f pair production : (a)
qq¢ — tt; and (b) gg — ti.

Figure 2: The total cross section for the production of ¢ pairs in pp col-
lisions at 1.8 TeV. Two different calculations are shown, corresponding
to the results from References 38 and 39.

Figure 3: The D@ 95 % CL limit on 0,7 as a function of M, [41]. Also
shown are the range of QCD predictions for the cross section from ref-
erence 38.

Figure 4: The measured tf production cross section (solid line),(shaded
region corresponds to the one standard deviation error) as a function
of M from the D@ high mass study [43]. Also shown are the range of
QCD predictions for the cross section from reference [38).

Figure 5: CDF top quark mass distribution for lepton + jet events
collected in 1992-1993. (Solid histogram) data; (dashed histogram)
combined fit to t¢ and background (dotted) distributions.

Figure 6: Schematic of the Tevatron Collider complex at Fermi National
Accelerator Laboratory.

Figure 7: Schematic cross section of one quarter of the Collider Detector
at Fermilab. The detector is cylindrically and forward-backward sym-
metric.

Figure 3: A cut-away isometric view of the D@ detector.

Figure 9: A tf — ptvbe~5b candidate from the D@ dilepton analy-
sis. Shown in outline are side views of the central tracking system and
calorimeters. The solid lines coming from the interaction point repre-
sent the trajectories of charged particles in the detector and the boxes
drawn on the calorimeter indicate energy deposition in the calorimeter
cells.
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Figure 10: Comparison of the jet multiplicity distribution for data and
tf Monte Carlo after tight W and jet selection cuts have been applied.
The points are data from the D@ experiment and the shaded bands are
the expectation for tf production for M, = 180 GeV/cz.

Figure 11: Lepton + jets events from the D@ experiment : Number of
events with b — u tags (squares), and the expected number of back-
ground events (circles) versus jet multiplicity.

Figure 12: Charged-particle tracks (solid lines) reconstructed in the
CDF silicon vertex detector. The primary vertex is the pp interaction
point. L.y is the two-dimensional decay distance to the secondary ver-
tex, and d is the minimum distance of approach of tracks from the
secondary vertex when projected to the primary vertex position.

Figure 13: CDF Experiment : Number of events before displaced vertex
tagging (circles), number of tags observed (¢riangles), and the expected
number of background tags (dashed) versus jet multiplicity. The shaded
areas indicate the expectation for background plus a ¢f contribution.

Figure 14: A CDF lepton + jet tt candidate shown as a closeup of the in-
teraction point. The lines emerging from the vertices are charged tracks
measured by the silicon vertex detector. The jets are reconstucted in the
calorimeter (not shown) and are labeled 1-4. Jet 1 and 4 each exhibit a
secondary vertex clearly displaced from the primary vertex. Jets 2 and
4, mostly likely the W — ¢q decay, have an invariant mass of 79 GeV/c2.

Figure 15: Hr distributions for (a) W + > 2 jets and (b) W + > 3
jet events. The points are DP data and the curves are the predicted
spectra calculated using the Vecbos Monte Carlo.

Figure 16: The CDF kinematic relative likelihood distribution, In(£).
Events with In(£) > 0 are more top-like and those with In(£) < 0 are
more background-like.

Figure |7: The CDF ¥ distribution. A combined fit of background and
tt is shown. and b-tagged events are shaded.
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Figure 18: The ¢ production cross section as a function of the top quark
mass. The shaded area shows the preliminary measurement from D@ as
a function of M. The point is the preliminary result from CDF, plotted
at top mass measured from the CDF data {5]. Also shown are the QCD
predictions from references 38 and 39.

Figure 19: The reconstructed mass distribution for the CDF b-tagged
lepton + > 4 jet data: (solid histogram) data, (dotted histogram)
background, and (dashed histogram) fit signal + background. The in-
set distribution is the change in log-likelihood for the fit.

Figure 20: The fitted mass and likelihood distributions from the D@ lep-
ton + jets analyses: (solid curves) signal + background, (dotted curves)
top signal, and {dashed curves) background. The shaded histogram in-
dicates the position of the events with a b — p tag.

Figure 21: Projected future measurements of Mw, and sensitivity to
the Higgs Boson mass: Mw vs My with a band representing the ex-
pected region for a top mass of 175 GeV/c? measured to a precision
of 2 GeV/c?. A hypothetical W mass measurement is shown with 20
MeV/c? uncertainty and plotted at the current experimental value.
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Tables

Table 1: The generations of the Standard Model.

Generation  Electric  Isospin
I II III charge, @ I3

Leptons
Ve V, Vs 0 %
e u T -1 —1
Quarks
2 1
(7 C t 51 51
d S b —3 -5




Top Quark 45

Table 2: Definition of the tf search channels and the contributing tf
decays. The symbol ¢ denotes the hadronic decays W+ — ¢5 and
W+ — ud and their charge conjugates. The multiplicative factors cor-
respond to the branching fractions for the appropriate = decays.

Channel Contributing decays Branching fraction
ce tt— etv.be™vcb %
tt— et v br v.b, 7™ — ey % x 0.18
tt— bt ub
with 7+ — ety v, 77 — e v, % x (0.18)2
o ) tt— ptv,bu~v,b glf
tt— /L+I/_”_b7'-l/—-,-b,7'— — PO, 8—21- x 0.18
tt— 7Y b1 U, b
with 7t — pty, v 77 - p v, + x (0.18)2
ep tt— etvebu~v,b =
tt— et v br b, T — T, % x 0.18
tt— ptv,brmvib, 1T — e, = % 0.18
tt— vty br b
with 7% — et 77 — uv,v, % x (0.18)?
e + jets tt— €7 v bgqb st
tt— THv.bqqb, 7t — ety v, 1—3— x 0.18
tt— etv.br~v.b, 7~ — hadrons % x 0.498
@ + jets tt— utv,bqgb =
tt— T+Vebq(jblT+ — utv.u, 1_% x 0.18
tt— p*tv.br~v,b, 7~ — hadrons —%— x 0.498
%

all-jets tt— qqbqgb
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Table 3: Event samples from D@ 1992-1993 high mass analyses.

Search Channel Total Background
dilepton ee pHu ep
0 0 1 1 0.76 £ 0.11
lepton + jets e + jets u + jets
(topological tag) 2 2 4 2.0+ 0.9
(b — u tag) 2 2 4 1.0 £ 0.2

Table 4: Event samples from CDF 1992-1993 analyses.

Search Channel Total Background
dilepton ee o ep
0 0 2 2 0.56%5.13
lepton + jets e+jets p+jets
(displaced vertex tag) 2 4 6 23+£03
(b — ¢ tag) 3 4 7 3.1 £0.3
Table 5: CDF dilepton selection cuts
Oppositely charged leptons Jets
Lepton 1 Lepton 2 Njet Edet Fr

Pt > 20 GeV/c Pf > 20 GeV/c > 2 >10 GeV > 25 GeV
tight id loose id In} < 2.4
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Table 6: D@ dilepton selection cuts

Channel
Quantity ee i ey
Pi (GeV/c) >20/20 > 15/15 > 15/15
Er (GeV) > 25 - > 20
Niet >2  >2 >3

E (GeV) > 20 > 20 > 20
Hr (GeV) > 120 > 100 > 120

Table 7: Summary of the CDF and D@ dilepton search results. The
results quoted in the upper part of the table are from the published
analyses (see text) and those in the bottom part of the table are the
preliminary results from the full Run I datasets.

Discovery analvses
Experiment Number of events  Background
ee pup ep  Total
CDF (67pb™") 0 1 5 6 1.3 +£ 0.3
D@ (50pb™") 0 1 2 3 0.7+ 0.2
Full Run I analyses (preliminary)
CDF (110 pb™" 1 2 7 10 2.1 + 0.4
D@ (100pb~Y) 1 1 3 5 1.6 + 0.3
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Table 8: D@ lepton + jets topological selection cuts

Channel
Quantity e + jets pu + jets
P: (GeV/e) >20 > 20
Er (GeV) >25 > 20
Njet >4 >4
Ed (GeV) > 15 > 15
Hr (GeV) > 200 > 200
A > 0.05 > 0.05

Tabie 9: The CDF lepton (e, p) + jet kinematic selection. The primary
lepton is required to pass strict selection criteria.

Quantity Cut
P% > 20 GeV/c
Er > 20 GeV
Njet Z 3
Efet > 15 GeV

|Tjet ] <20
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Table 10: Summary of the CDF lepton + jets searches. The numbers in
the upper part of the table are from the published analyses and those
from the lower section are the corresponding preliminary resuits from
the complete Run I dataset.

CDF analyses (67 pb™")

Search No. of Tags (Events) Background
¢ + jets (displaced vertex tag) 27 (21) 6.7 £ 2.1
{ + jets (b — ¢ tag) 23 (22) 15.4 £ 2.0
Full Run [ analyses (preliminary, 110 pb™")
¢ + jets (displaced vertex tag) 42 (34) 94+ 15
¢ + jets (b — ¢ tag) 44 (40) 26.2 + 3.9

Table 11: Summary of the D@ lepton + jets searches. The numbers in
the upper part of the table are from the published analyses and those
from the lower section are the corresponding preliminary results from
the complete Run I dataset.

D@ analyses (50 pb™")

No. of Events Background
Search e + jets u + jets Total
¢ + jets (topological tag) 3 3 8 1.9+ 04
¢ + jets (b — p tag) 3 3 6 1.2 £0.2
Full Run I analyses (preliminary, 100 pb™")
¢ + jets (topological tag) 10 11 21 9.2 £ 28

¢ + jets (b — p tag) 5 6 11 26 +£0.6
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Table 12: Summary of the results from the published D@ and CDF
counting experiments.

No. of Events Fluctuation
Search Data  Background Probability
D@ counting experiments
dilepton 3 0.7 £ 0.2 3 x 1072
lepton + jets 8 1.0 £ 0.4 2 x 1073
(topological tag)
lepton + jets 6 1.2 £ 0.2 2 x 1073
(b— p tag)
CDF counting experiments
dilepton 6 1.3+ 0.3 3 x 1073
lepton + jets 27 tags 6.7 £+ 2.1 2 x 1078
(displaced vertex tag)
lepton + jets 23 tags 154 £23 6 x 1072
(b — ¢ tag)

Table 13: Preliminary measurements of the t¢ production cross section
from the CDF and D@ dilepton and lepton + jets searches.

Search CDF (110 pb™") D@ (100 pb™ ")
dilepton 9.3 *34 pb 4.6 + 3.1 pb
lepton + jet (topological tag) - 3.9 £ 1.9 pb
lepton -+ jet (b — u tag) 7.8 132 pb 6.8 + 3.2 pb

lepton + jet (displaced vertex tag) 6.8 22 pb -

Combined 7.5 *1e pb 4.7+ 1.6 pb
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Table 14: Estimated precision of top measurements from Tevatron Run
IT with integrated luminosities of 1 and 10 fb~! with an upgraded de-
tector.

Measurement Expected precision
1fb~! 10 fb~!
oM, 3.5 GeV/c* 2 GeV/c?
So 11% 6%
bog 19% 10%
§Br(tt — ¢¢)/Br(tt — € + jets) 14% 4.8%
6Br(t — Wb)/Br(t — Wgq) 3.3% 1.0%
|Vis|, Lower limit > 0.22 > 0.40
61 Vas| 19% 4%
Br(t — W + s(d)) Limit <% < 2%
Br(t — c¢(u) 4+ v) Limit < 0.3% < 0.04%
Br(t — c¢(u) + Z) Limit < 1.5% < 0.4%
Br(t — H + b) Limit < 15% < 6%
§Br(t — Wy + b) 4.6% 1.5%

6Br(t — W, + b) 1.9% 0.6%
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