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Abstract 

These lectures discuss a selection of QCD and Electroweak results from the CDF and DO 

experiments at the Fermilab Tevatron Proton-Antiproton Collider. Results are presently 

based on data samples of about 20 pb” at a center-of-mass energy of 1.8 TeV. Results dis- 

cussed include jet production, direct photon production, W mass and width measurements, 

the triboson coupling, and most exciting of all, evidence for top quark production. 
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1 Introduct ion 
. . 

In 1987 the Fermilab Tevatron Proton-Antiproton Collider began operation, and the Collider 

Detector at Fermilab (CDF) recorded its first data. The energy frontier had moved from the 

SppS Collider at CERN (6 = 630 GeV) to the Tevatron Collider at Fermilab (A = 1.8 

TeV). Seven years later, in 1994, the Tevatron Collider is in the middle of its third major 

data taking run. The Collider physics program not only includes the exciting prospect of 

confirming the first evidence for top quark production and studying the properties of this 

very heavy fundamental particle, but also includes the precision electroweak measurement 

of the W mass, improved measurements of the W width, the threeboson couplings, a great 

variety of unique QCD tests, a rich program of b-quark physics, and the search for new 

phenomenon at the highest collision energies available in the laboratory. These lectures 

discuss some of the highlights from this very diverse and certainly exciting physics program. 

1.1 A Brief Prelude 

The 1987 CDF data sample was modest by todays standards, corresponding to an integrated 

luminosity of only 25 nb-‘. However, this initial data enable CDF to measure the basic 

characteristics of minimum bias events, jet production, and W* production at fi = 1.8 

TeV. During the second Tevatron collider run (1988-89) the CDF experiment recorded a more 

substantial data sample of 4 pb’ ‘. This large increase in integrated luminosity (more than 

two orders of magnitude) enabled corresponding improvements in the scope and precision 

of the CDF physics results. In particular, analysis of the 1988-89 CDF data yielded (i) 

measurements of the W* and 2’ boson masses with precisions of 390 MeV/c2 and 360 

MeV/c2 respectively, (ii) a measurement of the width of the W* bosons with a precision of 

200 MeV, (iii) a search for the top quark and a lower limit of 91 GeV/c’ on the top quark 

mass, (iv) measurements of DreU-Yan production and of the W* and 2’ cross-sections, 

transverse momentum distributions, lepton asymmetries, and W + jet associated production, 

(v) measurements of P-F mixing, b quark production cross-sections, and the observation of 

several exclusive final states from B meson decay, (vi) comparisons with next-to-leading order 

perturbative QCD predictions of the inclusive jet and photon cross-sections, diphoton cross- 

section, jet shapes, dijet mass and angular distributions, and the photon angular distribution. 

(vii) comparisons with leading order perturbative QCD predictions of three-jet and four-jet 

rates and properties, and high total-transverse energy event rates and properties, and (viii) 
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search for new particles, including a light Higgs boson, additional heavy W-like and Z-like 

bosons. supersymmetric squarks and gluinos, and massive stable charged particles. The 

physics results from the 1988-89 run not only improved measurements of standard model 

parameters and limits on non-standard or as yet undiscovered particles, but also provided a 

glimpse of the potential of further collider runs. In particular, the steadily advancing limits 

on the top quark mass were making significant inroads into the mass window indicated by 

the world’s electroweak measurements, thus suggesting that discovery of the top quark was 

just around the corner. 

1.2 The Present Run 

The third Tevatron collider run began in 1992, and is on-going. This run is the first data 

taking run for the DO detector. Furthermore the CDF detector has been substantially up- 

graded. In particular the addition of a Silicon Vertex Detector at the center of CDF is 

yielding spectacular results. The excitement over the current collider run is based on ex- 

pectations for a factor of about 30 - 40 times the integrated luminosity of the 1988-89 data 

sample, together with greatly improved detector capabilities, and tremendous prospects for 

top-quark physics. The first half of the present run (run la, 1992-93) yielded data samples 

of 19 pb-’ and 15 pb- r for CDF and DO respectively, which together represent almost an 

order of magnitude more data than previously recorded by CDF. There is already a long 

list of CDF and DO physics results being presented at conferences. Some of these results are 

described in sections 5, 6, and 7. The most exciting result is undoubtedly the possible first 

observation of the top quark by CDF. . 
The end of the second part of run 1 (run lb) is expected to occur in about one year from now. 

If all goes as planned, the experiments will have quadrupled their run la data samples. This 

should be enough to confirm or otherwise the observation of the top quark, and will hopefully 

be enough to begin to measure its production properties in addition to its. mass. We can hope 

that studying this very heavy elementary particle will provide clues to the origin of particle 

masses. In addition to the excellent prospects for the top quark, the steady improvement 

in W mass measurements and the study of the three-boson couplings are expected to yield 

interesting electroweak results from the run 1 data. QCD tests and b-quark studies are also 

expected to make significant progress, but perhaps the most exciting possibility is that of 

finding something completely new. With a factor of thirty to forty more data than in the 
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1988-89 run, we can always hope. 

2 The Tevatron Proton Antiproton Collider 

Making, accumulating, and colliding antiprotons requires a complex of accelerators and 

storage rings. At Fermilab this accelerator complex consists of: 

l LINAC 

Linear accelerator that accelerates protons to 400 MeV. 

l BOOSTER 

Proton Synchrotron that accelerates the LINAC protons from 400 MeV to 8 GeV. 

l MAIN RING 

Proton Synchrotron that (i) accelerates approximately lOI Booster protons per second 

from 8 GeV to 120 GeV for antiproton production, (ii) accelerates the Booster pro- 

tons to 150 GeV for injection into the Tentron collider, and (iii) accelerates 8.9 GeV 

antiprotons from the Accumulator to 150 GeV for injection into the Tevatron collider. 

l TARGET STATION 

Antiproton production target plus Lithium Lens. The target assembly consists of a 

stack of Ni, Cu, Al, and powdered Rhenium. The main ring delivers 0(1012) protons 

per pulse onto the target, and roughly one in every 10’ proton interactions produces 

an antiproton. Downstream of the target, a Lithium lens focuses 8.9 GeV/c negative 

particles to a 4.2 mm spot for transfer into the Antiproton Debuncher. 

l DEBUNCHER 

Storage ring that collects negative particles within a 60 mrad cone. The debuncher has 

a 200 119 orbit length. Thus pions and muons decay within a few turns, leaving only 

antiprotons. The incoming RF’ bunch stntcture is removed before the antiprotons are 

transferred to the accumulator. 

. ACCUMULATOR 

Storage Ring in which antiprotons are accumulated for many hours and stored at 8.9 

GeV/c in a 474m circumference orbit. The beam lifetime is typically 300 hours. The 

beam is cooled stochastically. The incoming AP/P = 0.2% is reduced to 0.05%. 
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l TEVATRON COLLIDER 

&celerates protons and antiprotons circulating in opposite directions from the injec- 

tion energy of 150 GeV up to the colliding beam energy of 900 GeV, and stores the 

beams in colliding mode for many hours. The circumference of the collider is 6.28 Km, 

which accommodates 774 superconducting 4.4 Tesla dipoles, and 216 quadrupoles. 

3 The CDF Detector 

CDF is a general-purpose detector designed to study the physics of pv collisions. A side- 
view cross section of CDF is shown in Fig. 1. The polar angle (8) in spherical coordinates 

is measured from the proton beam axis, and the azimuthal angle (+), from the plane of the 

Tevatron. A 4.8 m long superconducting solenoid of radius 1.5 m generates a 1.4 Tesla mag- 

netic field. Tracking chambers inside the field volume are used to detect charged particles and 

measure their momenta. Surrounding the solenoid are sampling calorimeters used to mea- 

sure the electromagnetic and hadronic energy of jets and electrons. Outside the calorimeters 

are drift chambers used for muon detection. 

The solenoid and tracking volume of CDF is surrounded by calorimeters which cover 2n 

in azimuth, and in pseudorapidity, v, from -4.2 to 4.2, where 7 = - In(tan(6/2)). The 

calorimeters are segmented in #J and 77 to form a projective tower geometry which points 

back to the interaction point. There are three separate 77 regions; the central, end-plug, and 

forward. Each region has an electromagnetic calorimeter (CEM,PEM,FEM) and behind it 

an hadronic calorimeter (CHA/WHA,PHA,FHA). In ail cases, the absorber in the hadronic 

calorimeter is iron, and in the electromagnetic calorimeter, lead. The coverage, thickness and 

resolutions of the calorimeters are summarized in Table 1. The energy resolution is given as 

a function of ET , the projection of the observed energy (E) onto the plane transverse to the 

beam axis (ET = EsinB). The central towers are 15” wide in #J and 0.1 units wide in 7, and 

use scintillator aa the active sampling medium. Located six radiation lengths deep in the 

CEM calorimeter, approximately at shower maximum for electromagnetic showers, are the 

central proportional chambers with strip and wire readout (CES). The CES provides shower- 

position measurements in both the t and r-4 views. Proportional chambers located between 

the solenoid and the CEM (CPR) sample the early development of electromagnetic showers 

in the material of the solenoid coil. In the end-plug and forward region, gas proportional 

chambers are used as the active media in the calorimeters and the tower size is 5” in 4, and 
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Figure 1: A side-view cross section of the CDF detector. The detector is forward-backward 
symmetric about the interaction region, which is at the lower-right corner of the figure. See 
text for detector component definitions. 

0.1 units in 7. 

Within the magnetic field of the solenoid are three tracking chambers for charged particles. 

Surrounding the 1.9 cm radius beryllium beampipe is a 4 layer silicon microstrip vertex 

detector (SVX), which was installed in CDF in 1992. The SVX is 51 cm long and consists of 

two identical cylindrical modules which meet at z = 0. Because pp interactions are spread 

along the beamline with standard deviation u m 30 cm, the geometrical acceptance of the 

SVX is about 60% for ppinteractions. The four layers of the SVX are at distances of 3.0, 4.2, 

5.7 and 7.9 cm from the beamline. Axial microstrips with 60 pm pitch on the three inner- 

most layers and 55 pm pitch on the outermost layer provide precision track reconstruction 

in the plane transverse to the beam. The SVX single-hit and impact parameter resolutions 

are measured to be u = 13 pm and cr = 17 pm respectively. 

Outside the SVX, a vertex drift chamber (VTX) provides tracking information up to a radius 

of 22 cm and 1~1 <3.25. The VTX is used to measure the pp interaction vertex along the 

.z axis with a resolution of 1 mm. Both the SVX and VTX are mounted inside the central 

tracking chamber (CTC), which is a 3.2m-long drift chamber with an outer radius of 132 cm 

containing 84 concentric, cylindrical layers of sense wires. Sixty layers have wires parallel 

to the beam direction (axial wires) and provide tracking in the r - 4 plane. Twenty-four 

layers (stereo) are tilted at +3’ or -3” with respect to the beam direction. Together, the 
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System II Raw Energy Resolution Thickness 
CE&I Id < l-1 13.7%/J& a 2% 18 x0 
PEM 1.1 < 1~1 < 2.4 220/o@ a 2% 18-21 X0 
FE?II 2.2 < 1~1 < 4.2 26%/o 3 2% 25 X0 
CHA Iq( < 0.9 50%/&a 3% 4.5 x0 
WHA 0.7 < 171 < 1.3 75%/d? a 4% 4.5 At) 
PH.4 1.3 < 1~1 < 2.4 106%/a a 6% 5.7 A() 
FHA 2.4 < 171 < 4.2 137%/x/z a 3% 7.7 x0 

Table 1: CDF calorimeter properties. The symbol $ signifies addition in quadrature. Energy 
resolutions for electromagnetic calorimeters are for incident electrons and photons, and for 
hadronic calorimeters are for incident pions. Energy is in GeV. Thicknesses are in radiation 
lengths (X0) and interaction lengths (Aa). 

axial and stereo wires provide tracking in the r - t plane. The momentum resolution of the 

SVX/CTC system is 9 = [(0.0009Pt)2 + (O.O066)‘]f, where pi has units of GeV/c. 

The central calorimeters act as a hadron absorber for the central muon detection system 

(CMU), which consists of four layers of drift chambers located outside the central hadronic 

calorimeter. The CMU covers 171 < 0.6 and can be reached by muons with pr in excess of 1.4 

GeV/c. In 1992, 0.6 m of steel was added behind the CMU for additional hadron absorption, 

and an additional four layers of drift chambers were added behind the steel to detect muons. 

This system is referred to as the central muon upgrade (CMP). Approximately 84% of the 

solid angle for 1 77 I< 0.6 is covered by CMU, 63% by CMP and 53% by both. In addition, 

the coverage of the central muon system has been extended to cover the range 0.6< 1171 < 1.0 

through the addition of four conical arches which hold drift chambers for muon detection, 

sandwiched between scintillator counters for triggering. This system is called the central 

muon extension (C&lx). Approximately 71% of the solid angle for 0.6< 1 77 I< 1 .O is covered 

by CMX. In all muon systems in the central region, muon pr is measured with charged 

tracking and has a tracking resolution as discussed above. 

4 The DO Detector 

The DO detector design stresses uniform, hermetic, fine-grained calorimetry, large solid angle 

coverage and excellent muon detection. The Detector (Fig. 2) includes three major compo- 

nents: the outer Muon System, the inner Central Tracking System, and the liquid argon 

Calorimeter System. 

The Muon System consists of five iron toroids, 1.1-1.5 meters thick, and three layers of 
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Figure 2: The D0 Detector 

proportional drift tube (PDT) h b c am ers. The central toroid surrounds the calorimeter and 

covers angles down to 45”. The end toroids and the small angle muon system cover the 

forward region down to 5’. Thus there is full muon coverage for j 77 I 5 3.2. The momentum 

of a muon is determined by using the PDT chambers to measure the deflection of the muon 

trajectory in the 1.9 T steel toroids. The momentum resolution, typically 20%, is dominated 

by multiple scattering for momenta < 80 GeV/c. The combined calorimeter plus toroid 

thickness varies from 14 X in the central region to 19 X in the end regions. This thickness 

reduces backgrounds from hadronic punchthrough to a negligible level. 

The Central Tracking System (Fig. 3) consists of four main components: Vertex Chamber, 

Transition Radiation Detector, Central Drift Chamber and two sets of Forward Drift Cham- 

bers. The Vertex Chamber has three cylindrical layers of jet-type cells, and every cell in 

a layer has eight sense wires. It provides precision charged particle tracking with good az- 

imuthal spatial resolution (60 pm) and good two-track resolution (0.6 mm). Charge division 

is used to measure the axial coordinate with a resolution of about 1 cm. The chamber is 

also used to find secondary vertices, and reject photon conversions which can give a fake 

electron signal. The ‘Eansition Radiation Detector provides additional rejection of pions in 

the identification of central electrons. It has three cylindrical layers, each layer consisting 

of a set of polypropylene foils surrounded by a radial drift X-ray detector. A pion rejection 
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Figure 3: The DO Central ‘Racking System. 

factor of 50 was achieved in a test beam for an electron efficiency of 90%. The Central Drift 

Chamber has four cylindrical layers of jet-type cells, and every cell in a layer has seven sense 

wires. Its azimuthal spatial resolution is 150 pm. The axial position of tracks is measured 

with delay lines, with a resolution of 4 mm. Measurements of dE/dx are used to help identify 

conversions. The Forward Drift Chambers cover angles down to 5”, and include two types of 

units. The Qr units have radial sense wires, with 16 measurements along each track. The 0 

units have sense wires oriented transversely to the beam, with 8 measurements along each 

track in each of the two units. The spatial resolution in each unit is 200 pm. 

The DO calorimeters are sampling calorimeters using uranium as the absorbing material 

and liquid argon as the sampling medium. The use of uranium not only leads to a com- 

pact calorimeter design, but it helps in equalizing the calorimeter response to electrons and 

hadrons. This is important for minimizing the fluctuations in the observed energies of jets, 

whose particle content may vary. Liquid argon is used as the active ionization medium be- 

cause of its ease of calibration, its stability and uniformity of response, and its radiation 

hardness. The DO Calorimeter System consists of a cylindrical Central Calorimeter and 

two End Calorimeters covering angles down to within 1” of the beamline. Each of the three 
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calorimeters contains an electromagnetic section with thin uranium plates, a fine hadronic 

section with thick uranium plates,. and a coarse hadronic section with very thick copper or 

steei plates. Printed circuit boards with segmented detection pads are interleaved between 

the absorber plates to detect the ionization in the liquid argon. All of the DO calorimeter 

modules use a uniform technology to facilitate the relative calibration between modules. The 

calorimeters are designed with minimal cracks and other uninstrumented regions in order 

to provide essentially hermetic coverage. The calorimeters are finely segmented both lon- 

gitudinally and transversely. Longitudinally, each electromagnetic section is divided into 4 

readout depths (for a total of 21 X,), and the hadronic sections are divided into 4-5 depths 

(for a total of 7-9 X). The transverse segmentation is 0.1 x 0.1 for Aq x A& except in 

the third electromagnetic longitudinal section (where shower maximum occurs), where the 

segmentation is increased to 0.05 x 0.05 for better shower position resolution. The readout 

cells are arranged in semi-projective towers. Typical electromagnetic and hadronic calorime 

ter modules have been extensively tested with electrons and pions from 2 to 150 GeV in 

a test beam at FNAL. The fractional energy resolution of electrons in the calorimeters is 

15%/o/a, and of pions is 50%/g. The spatial position resolution for electrons is 1-2 mm, 

for energies above 50 GeV. Using the transverse and longitudinal shower shape information 

from the electromagnetic and hadronic modules, a pion rejection factor of greater than 1000 

has been measured for a 95% electron efficiency. The e/n response of the calorimeter system 

is energy dependent but varies within the range 1.04-1.12 for energies between 10 and 100 

GeV. 

5 Testing Quantum Chromodynamics 

In the first few years of high-energy proton-antiproton collider physics a large number of 

different hard-scattering processes with final state jets, photons, W* and Z” bosons were 

measured and the differential cross-sections confronted with the predictions of perturbative 

Quantum Chromodynamics (QCD). The main thrust of this effort was devoted to determin- 

ing to what extent leading order (LO) matrix element calculations, and the predictions of 

parton shower Monte Carlo programs (LO plus gluon radiation) could describe the data. 

In general it was found that LO QCD calculations correctly predict these hard scattering 

differential cross-sections with a precision of typically &50%. The dominant theoretical un- 

certainties on the LO predictions were associated with the choice of renormalization scale 
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and the uncertainty on the proton structure function. The main experimental uncertainties 

were statistical and, in processes having final state jets, the uncertainties associated with 

the jet energy scale. In the last few years (i) the statistical precision of the data has greatly 

improved. (ii) next-to-leading order (NLO) perturbative QCD predictions have become avail- 

able for a number of processes, and (iii) there has been steady progress in our knowledge of 

the proton structure function. These improvements have resulted in more precise tests of 

perturbative QCD in hadron collisions. Although we cannot yet claim to be making precision 

(for example 1%) tests of QCD, we are certainly making progress in that direction. As an 

example, the inclusive jet cross-section has now been compared to the NLO QCD predictions 

with a precision of 3~20%. 

5.1 Jets 

Within the framework of Quantum Chromodynamics the proton and antiproton contain 

partons (quarks and gluons). A Proton-Antiproton Collider is therefore a parton-parton 

collider. Perturbative QCD calculations predict that occasionally a parton from the proton 

scatters from a parton from the antiproton. The two outgoing scattered partons hadronize to 

form jets of physical particles. If these hadron jets are sufficiently energetic and at sufficiently 

large angle with respect to the beam direction, then they can be detected and their energies 

and directions measured. In this case 2 -+ 2 scattering results in two hadronic jets in the final 

state whose momentum components balance in the plane transverse to the beam direction. 

Fig. 4 shows the so called “Lego” plot for a typical twojet event observed in the CDF 

detector. The Lego plot shows the transverse energies measured in each calorimeter cell. 

The grid delineates the cell boundaries on the calorimeter surface, where the cylindrical 

calorimeter has been unwrapped to form a flat surface in (q&)-space. Notice that the two 

calorimeter clusters balance each other . . they have approximately equal transverse energies 

and are back-teback in azimuthal angle. To reconstruct the energies and directions of jets 

observed in the detector we must use a jet algorithm. The details of the jet algorithm used 

depend on the detector (CDF or DO) and to some extent on the particular analysis being 

done. The CDF and DO jet algorithms used for the results described in the following sections 

are approximately as follows. A cone is defined in (7, +)-space, centered on the jet direction, 

and with radius R = (AT’ + Ad ) * I/* . All calorimeter cells within the cone are associated to 

the jet, and the jet energy EJ = C Ei where i runs over all associated cells. Typically, CDF 
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Figure 4: Lego plot for a spectacular twejet event observed in the CDF detector. 

jet analysis use a cone size R = 0.7 and DO use a cone size R = 0.5. 

5.2 The Jet Cross-Section and Quark Substructure 

Within the framework of perturbative QCD the twejet cross-section can be written: 

a@p + cd) = c P(p -+ a) P(pr + b) &(ab -+ cd) 
0.6 

(1) 

where P (p + u) is the probability to find a parton of type a in the proton, P(p + b) is 

the probability to find a parton of type b in the antiproton, and the &(ab + cd) are the 

parton-parton subprocess cross-sections. 

More explicitly, the differential cross-section can be written in terms of the parton-parton 

center-of-mass scattering angle (8*), the incoming parton momentum fractions (z, and zb), 

and the four-momentum-transfer squared (Q*): 

d% 
c 

FJxo, 8’) Fy(xb, 6’) d&o6 

dx,dxbd co8 & = o b xo 26 dcos B* (2) 

where the F(x,Q2)/ x are the structure functions that parameterize the parton densities 

inside the proton and antiproton. Perturbative QCD tells us how the structure functions 

evolve with fJ*. Hence, measurements of parton densities made in deep inelastic scattering 

experiments at relatively low Q2 can be used to predict the parton distributions at the higher 
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values of Q2 relevant to jet physics at collider energies. The subprocess differential cross- 

sections d+.ab/dcos 8* can be calculated within the framework of perturbative &CD. Hence, 

armed with knowledge of the structure functions and the calculated subprocess cross-sections, 

the triply differential two-jet cross-section can be calculated, or the necessary integrations 

can be done to predict differential or doubly differential two-jet or inclusive jet cross-sections. 

CVe begin with the CDF and DO inclusive jet differential cross-sections da/d&, which are 

shown in Figures 5, 6, and 7. The jet ET distributions extend out to transverse energies 

approaching 500 GeV, and are well described by both LO [O(ai)] and NLO [O(at)] predic- 

tions, over a range in which the jet rate falls by ten orders of magnitude. The similarity 

of the LO and NLO predictions shows that the NLO corrections to the LO predictions are 

small, which suggests that the perturbation series is under control (a, small), and the pre- 

dictions are reliable. Figure 6 compares the CDF measurements with the QCD predictions 

on a linear scale ([Data-Theory]/Theory). Note that the dependence of the predictions on 

the choice of renormalization scale shrinks from more than f20% at LO to about f5% 

at NLO, which increases our confidence that the perturbation series is rapidly converging. 

The dominant remaining theoretical uncertainty at NLO arises from the uncertainty on the 

structure functions, and is f20%. 

The agreement between the measured and predicted da/d& distributions can be used to 

place a limit on quark substructure. To do this we need a definite model which describes 

how the measured distribution would be modified. The model commonly used is that of 

Eichten et al. (PRL 50, 811 (1983)) which introduces a contact term that switches on at a 

scale ii,: 

L, = f g2 $-gLYd?L~LYpqL (3) 

.\s Q2 approaches the substructure scale the contact interaction results in an excess of large 

angle scatters (c.f. Rutherford scattering) which would tend to flatten the jet spectrum at 

large ET. The absence of any evidence for this flattening (Fig. 5) has enabled CDF to place 

the limit of: 

& > 1.45 TeV (90% C.L.) (4) 

which corresponds to a substructure distance scale R, < 1.4 x 10’” cm. 
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Inclusive Jet Cross Section 
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Figure 5: CDF inclusive jet differential cross-section compared with NLO QCD predictions 
and expectations for QCD modified by a contact term (see text). 

Figure 6: CDF inclusive jet differential cross-section compared with LO and NLO QCD 
predictions shown on a linear scale for (a) different renormalization scale choices, and (b) 
different structure function parameterizations. 
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Figure 7: DO inclusive jet differential cross-section compared with NLO QCD predictions 

5.3 Two-Jet Physics 

In its rest-frame, a system of two massleas final state partons can be be fully specified by 

two parameters, which are conveniently taken to be the final-state mass 6 and the center- 

of-mass scattering angle 8’. It is therefore interesting to compare measured two-jet mass- 

and angular-distributions with QCD predictions. 

The observed two-jet mass distribution from the CDF experiment is shown in Fig. 8 for 

events with two central jets (171 < 0.7). The distribution extends out to masses of about 1 

TeV, and is well described by both the LO and NLO predictions. There is no evidence for 

any deviations from the expected QCD behaviour. 

In practice all of the LO subprocesses have angular distributions that are similar (but not 

identical) to the Rutherford scattering form (Fig. 9): 

dt?& 
dcoa& ry 

yQ2) (1 - COS q-2 (5) 

This single effective subprocesa approximation to the LO prediction reflects the dominance of 

single gluon exchange diagrams at LO. The resulting two-jet angular distribution is therefore 

expected to have an approximate (1 - co% P) -2 dependence, although deviations from this 

naive expectation are expected to arise from scale-breaking effects since both a,(Q2) and 

F(x,Q2) evolve with Q2. Figure 10 shows that the measured two-jet angular distribution from 
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the DO experiment is iti excellent agreement with the LO QCD prediction. 

scale breaking effects are evident. It is useful to d&e the angular variable 

Figure 8: CDF twejet mass distribution. 

=1+cosP ti 
x- 1-co&=7 

The anticipated 

(6) 

Note that x = 1 for 90” scattering. When expressed in terms of x the Rutherford scattering 
angular distribution is flat for x > 2. The angular dependence of the parton-parton 

Parton Subprocess .fi(X) 
QlQl -t QlQl i$ [F(X) - 5(x + 2 + x-l)] 

c?lITi + aqi 8 [F(X) + gx - 1 +x-v + &jr] 

w -+ a7 2 [F(X) + i$ (3x + ; + ix-‘,)I. 

99 + 99 ; [F(x) + 2 - &)Z] 

Table 2: Angular dependence of leading order QCD subprocess cross-sections. 
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Figure 11: CDF two-jet angular distribution. 

scattering matrix elements is given approximately by : 

da F(x) 
& ry (1 +x)2’ (7) 

where 
F(~)=x~+x+l+;+$ (8) 

More precisely, the exact form of the matrix element depends on the parton-parton subpro- 

cesses. The angular dependences for the various subprocesses i are given by: 

Or 

du fi(X) 
&- (1+X)2 (9) 

do 
dcos8’ - (ly$ [(l -&s] 7 (10) 

where fi(x) are listed in Table 2. CDF two-jet angular distributions du/dy( are compared 

with LO and NLO QCD predictions in Fig. 11. There is some evidence that the NLO 

predictions give a somewhat better description of the the observed distributions than the 

LO predictions. In these distributions the rise of dcr/dX with increasing x reflects the scale 

breaking effects expected in &CD. Note that at fixed mass, large x corresponds to small &*. 
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5.4 Three-Jet Production 

Higher order corrections to the basic 2 + 2 parton-parton scattering process can result 

in additional hard partons in the final state. At O(cr:), for example, there can be three- 

hard final-state partons which result in three-jet events. To completely describe a system 

of three massless final state partons in the three-body rest-frame, at fixed three-body mass 

we must specify four additional parameters. We therefore analyse three-jet events in a four- 

dimensional space. The normal convention is to label the incoming partons 1 and 2, and 

the outgoing final state partons 3, 4, and 5. The associated jets are ordered in decreasing 

center-of-mass energy such that Es > E4 > Es. We then choose the following four variables 

in the three-jet rest frame (see Fig. 12): 

(i) cos8j, the cosine of the angle between the leading jet and the average beam direction 

(note that the incoming partons are not generally cdilk~ in the three-jet rest frame). 

(ii) GL’, the angle between the three-jet plane and the production plane (which contains the 

average beam direction and parton 3). 

(iii) X3, the energy fraction of the leading jet, where 

xi G 2 Ei 
E3 + Ea + Es (11) 

Note that momentum conservation restricts X3 to be in the range 2/3 < X3 < 1, and 

as X3 + 1 the three-jet system approaches a two-jet configuration. 

(iv) X,, the energy of the next-twleading jet. Note that momentum conservation restricts 

X4 to be in the range l/2 < X4 < 1. 

The beauty of this choice of variables is that the phase-space density is is uniform in cos 8:, 

V, and also in the (X3,X,)-plane. Deviations from uniformity therefore tell us about the 

behaviour of the three-jet matrix element. Figure 13 compares QCD predictions with the 

observed distributions of X3, X4, case, and $P measured by the CDF collaboration in 

events with large total transverse energies. The predictions give an excellent description of 

the data. Note that in this analysis the requirement X3 < 0.9, which is imposed to avoid 

experimental uncertainties when two jets get very close together, keeps events away from 

the two-jet pole. The DO collaboration are also performing a three-jet analysis. 
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Figure 12: Three-Jet variables. 
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Figure 13: Three-jet variables. Comparison of observed distributions (points) of the three-jet 
variables (see text) with the HERWIG parton shower Monte Carlo predictions (Histograms) 
for events with total ET > 420 GeV. 
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Figure 14: CDF event with ten final state jets having ET > 20 GeV. 

5.5 Multijet Production at High Total Transverse Energy 

The Tevatron proton-antiproton collider produces collisions at the highest center-of-mass 

energies available in the laboratory. It is therefore of interest to look at the properties of the 

“hottest” events produced in these collisions. CDF have analysed a sample of events with 

total transverse energies: 

c ET > 420 GeV (12) 

where the sum is over all jets with ET > 20 GeV. These events can contain many jets. 

For example, the event with the largest number of reconstructed jets (Fig. 14) is a ten- 

jet event. Unfortunately, complete LO matrix element calculations are not available for 

topologies with more than 5 final state jets. Therefore, to compare with QCD expectations 

CDF uses the HERWIG parton shower Monte Carlo program, which can be thought of as 

the LO 2 + 2 matrix element plus gluon radiation. The HERWIG predictions for the jet 

multiplicity distributions are shown in Fig. 15 to give a reasonable description of the observed 

distribution for multiplicities of up to about 6 6na.l state jets, but tend to underestimate the 

rate of events with larger jet multiplicities. 

The HERWIG Monte Carlo program correctly predicts the twe, three-, four-, five-, and 

six-jet mass distributions (Fig. 16). Note that the exact LO matrix element predictions 

are also shown for topologies with up to five-jets, and these predictions are in agreement 
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total ET > 420 GeV, compared with the HERWIG parton shower Monte Carlo prediction 
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Figure 17: Leading jet angular distributions. The data (solid points) are compared with 
HERWIG parton shower Monte Carlo predictions (open points) for exclusive multijet f&l 
states. The histograms.show LO QCD predictions. The curves show the expectation for 
Rutherford Scattering. 

with the HERWIG predictions. It is interesting to note that all of the exclusive multijet 

mass distributions have similar shapes, falling exponentially above the turn-on. Finally, 

The leading jet angular distributions are compared with predictions in Fig. 17. All of these 

distributions are similar to the Rutherford scattering form. Thus it appears that multijet 

events at high C & are well described by 2 -+ 2 scattering plus gluon radiation. 

5.6 Direct Photon Physics and Excited Quarks 

Since quarks carry electric charge they can radiate photons in quark-pa&on interactions. 

The dominant contribution to the LO predictions for production of these prompt photons 

comes from the Compton diagram (qg + qy). Prompt photons therefore probe the gluon 

distribution in the proton and antiproton, particularly at low x (0.01 < XT < 0.1). NLO 

predictions are available for the prompt photon b distribution. Neither the measurements 

(which require a subtraction of background from jets that have fragmented to a leading 

rr” or q) nor the NLO calculations (which require for example knowledge of the photon 

fragmentation function) are simple. The measured CDF and DO prompt photon spectra 
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are compared with the NLO prediction in Fig. 18. Of interest is the center-of-mass 
angular distribution of photons in photon+jet events. In contrast to twojet events, where 

the dominant contributions come from spin-l gluon exchange graphs, in the direct photon 

process, or in W + jet production, the dominant contributions come from spin-l/2 quark 

exchange graphs. We have seen in our previous discussion of two-jet physics that the spin-l 

exchange process results in an approximate (1 - COB P)-2 angular dependence. We would 

expect the spin-l/2 exchange process to result in the less singular (1 - cos 6*)-l angular 

dependence. In Fig. 19 we see that this is indeed observed to be the case, and that the QCD 

predictions give a reasonable description of all of these angular distributions. 

Finally, CDF has shown that the photon + jet mass distribution (Fig. 20) is also well 

described by the QCD expectation. This agreement can be used to place a limit on the 

production and decay of excited quarks, assuming the particular model of Baur et al. (Phys. 

Rev. D42(1990)815). Excited quarks with masses 80 < MQ* < 540 GeV are excluded at the 

95% confidence level (Fig. 21). 

5.7 W + Jets Production and crs 

Understanding the QCD production of jets in association with W* bosons is of particular 

importance at the present time since this process givea rise to the dominant background in the 

search for the top quark. The LO QCD predictions have been shown to give a reasonable 

description of the jet multiplicity distribution in W events (Fig. 22). The fraction of W 
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Figure 19: CDF twc+jet, W+jet, and photon+jet angular distributions. 
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Figure 21: Cross-section limits on excited quark production. 

bosons that are produced in association with jets is interesting in its own right since this 

fraction depends on cy,. The DO collaboration have extracted a preliminary value of a, from 

this fraction which, although not statistically competitive with LEP determinations of the 

strong coupling constant, never-the-less shows promise for the future (Fig. 23). 

6 Testing the Electroweak Sector 

The Fermilab proton-antiproton collider is the only machine currently operating that can 

produce real W bosons. Hence, electroweak tests at the collider have focussed on measuring 

the mass and width of the W, and the production of W bosons in association with other 

gauge bosons. 

6.1 W Mass 

At tree level the Standard Model has 3 parameters that determine the W and 2 masses: 

mw= ; (4 (13) 

and 
m2 = i JFGF (4 (14) 
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Figure 24: W transverse mass distributions for DO electron events (left), CDF electron events 
(middle) and CDF muon events (right). Note that DO plots from 60 to 92 and CDF plots 
from 60 to 100 GeV/c2. 

where (II), g and g’ are respectively the vacuum expectation value of the Higgs field, the 

coupling of the Sum isotriplet weak bosons to the left-handed weak currents, and the 

coupling the U(1) isosinglet B to the hypercharge current. Radiative corrections change 

these predictions for the W and 2 masses. The top mass mt enters quadratically through 

self-energy loop diagrams in which the W couples to a virtual t6 pair or the 2 couples to a 

virtual tS pair. These loop corrections increase with increasing top mass like rnf/rr~~~. An 

upper limit on mt can be derived from a comparison of sin2 19w extracted from the measured 

W and 2 masses with sin’ 8~ measured in low energy neutrino scattering. In addition, the 

Higgs mass rnH also contributes logarithmically to the W and 2 masses. Thus, there are 

5 electroweak parameters that dominate the observed W and 2 masses and couplings: (r~). 

g, g’, mt, and mu. At present there are three electroweak parameters which are precisely 

measured: CT, GF, and mz. We therefore need precision measurements of two additional 

electroweak parameters: mw, and mt. 

To determine the W mass, CDF is currently using a sample of 6510 W + eu decays and 

4090 W + pu decays, and DO is using a sample of 4817 W + ev decays. The momenta of 

the charged leptons is measured precisely using the CDF and DO calorimeters and tracking 

systems. The energetic neutrinos do not deposit energy in the detectors. However their 

presence results in an apparent imbalance of transverse momenta in the W events (the so 

called J!JT ). The transverse components of the neutrinos are therefore identified with the 

measured & vectors. Since the beam directions are blind spots for the collider detectors, 

the longitudinal component of the neutrino cannot be determined in this way. To overcome 
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this difficulty the W mass is determined by CDF and DO by fitting the distribution of 

lepton-neutrino transverse mass (m$) measured in W + Iv decays, where 

m!.j! = &E+ + &I2 - 6% + MT)’ (15) 

The fitted CDF and DO distributions are shown in Figure 24, and the results are summarized 

in Fig. 25. The latest preliminary results are: 

mw = 79.86 f 0.26 GeV (CDF Preliminary) (16) 

mw = 80.38 f 0.23 GeV (DO Preliminary) (17) 

mw = 80.23 f 0.18 GeV (World Average) (18) 

The quoted uncertainties, which include both systematics and the statistical uncertainties 

from the fits, are expected to decrease in the near future. 

6.2 W Width 

A measurement of the W width rw is an important test of the standard model. Deviations 

from the standard model prediction for rw might indicate additional W decay channels 

arising from physics beyond the standard model. The direct way of determining I’w is to 
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Figure 26: Summary of world W width measurements. 

leave it as a free parameter in the W transverse mass fits. However, this method yields 

results with relatively poor precision. A more precise although less direct method has been 

developed based on the ratio R: 

R= 
u(W + Iv) 

a(20 + 1+1-) 
= u(jp -b zox) qw + IV) r(2) 

u(~ + wx) r(zo + z+l-) r(w) (19) 
The ratio of production cross-sections has been calculated at NNLO. The ratio of leptonic 

partial widths is given by the standard model, and the total 20 width has been measured 

at LEP. Hence a measurement of R can be used to determine rw. The CDF + DO average 

value for R is: 

R = 10.91 f 0.36 (6 = 1.8 TeV) (20) 

Taking F(W ‘+ IV) / l?(Z + Z+I-) = 2.710 & 0.018, gives: 

B(W + Iv) = 0.1095 f 0.0037 (21) 

and 
rw = 2.061 f 0.069 GeV (22) 

The worlds measurements of Fw are therefore consistent with the standard model expecta- 

tion of 2.067 f 0.021 GeV (Fig. 26). If the top quark is su%iently light to permit W + t6 
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Figure 27: CDF determination of the W width. 

decays then I’w will be sensitive to the me. The measured value of l?w is consistent with 

there being no contribution from the t6 channel. The CDF measurement implies that mt > 

62 GeV (Fig. 27). 

6.3 The Three-Boson Coupling 

The standard model couplings of gauge bosons to quarks and leptons are well tested. How- 

ever gauge invariance in the standard model also requires the existence of trilinear cou- 

plings (WWy and WWZ) between three electroweak gauge bosons. At the Fermilab proton- 

antiproton collider these couplings are expected to contribute to the production of events 

with two vector bosons in the fmal state (W+W-, W*Z”, or W*y). Measurements of the 

rate and properties of these diboson events therefore provide a test of the three-boson cou- 

plings. Let us begin with W*y events. The standard model describes the coupling between 

W bosons and photons in terms of two CP-conserving coupling constants; n and X, where 

at tree level K = 1 and X = 0. These couplings are related to the W magnetic dipole and 

electric quadrupole moments, pw and Qw : 

pw = & (1 + K + A) 
W 

(23) 
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CDF DO lNotes 
-2.3 < (K - 1) < 2.2 -2.3 < (6 - 1) < 2.3 for X = 0 

-0.7 < x < 0.7 -0.7 < X < 0.7 for IC = 1 
-2.3 < 2 < 2.2 -2.3 < ii < 2.3 forLO 
-0.7 < i < 0.7 -0.7 < Ji c 0.7 for i?: = 0 

Table 3: Limits on deviations of the WWy couplings from standard model expectations 
(95% C.L.) derived from CDF and DO Wy event measurements. 

Moment Result Notes 
Electric Quadrupole -6.0 < q& < 6.0 for q27, = 62, = gzT = 0 

Magnetic Quadrupole -6.0 < qf& < 6.0 for q& = &, = gzT = 0 
Electric Dipole -1.1 c 62, < 1.1 for q>= = q!& =g& = 0 

Magnetic Dipole -1.1 <g& < 1.1 forq%, =q& =6z* =o 

Table 4: CDF Preliminary 95% C.L. limits on 2” dipole and quadrupole moments coming 
from the measured Zy cross-section. 

Qw= -$(K - 4 (24) 

In a more general model there are also two CP-violating couplings 2 and i which are equal to 

zero in the standard model. Hence measured W*y event rates enables determination of the 

couplings n, A, k, and it or alternatively determination of PW and Qw. Both CDF and DO 

have measured W*y event rates. CDF observes 25 candidate W*y events with an estimated 

background of 8.7 f 2.0 events. DO observe 19 candidate W*y events. Both observations 

are consistent with standard model expectations. The resulting limits on deviations from 

the expected three-boson couplings are essentially identical for the two experiments, and are 

summarized in Table 3. 

We now turn oux attention to the WWZ coupling which is expected to contribute to WW and 

WZ diboson production. The predicted production cross-sections for the WW and WZ final 

states are respectively 9.5 pb and 2.5 pb. Thus, with the present CDF and DO integrated 

luminosites of a few times 10 pb’ i, afer selection cuts we would expect at most a few events. 

In the CDF WW and WZ searches the standard model expectations are 1.6 WW + Iv Iv 

events and 0.1 WZ + IV II events. CDF sees no WW + IV IV candidates and one beautiful 

WZ + ev e+e’ event. Within the very limited statistics these observations are consistent 

with the standard model expectations. 
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FinaJy, both CDF and DO have searched for Zy events. In the standard model these arise 

only from the fermion-boson couplings since the ZZy and 277 couplings are zero. In fact 

the coupling between 2 bosons and photons ca+n be described in terms of four CP-conserving 

and four CP-violating couplings, all of which are zero in the standard model. The eight 

couplings are related to the 2’ electric dipole and quadrupole moments (SzT and q>,), and 

the Z” magnetic dipole and quadrupole moments (gz, and qzT). CDF have measured the 

Zy cross-section to be 4.6 f 1.7 (stat) f 0.5 (sys) pb, in good agreement with the standard 

model expectation of 4.8 f 0.6 pb. DO have also observed Zy events; 5.7:::: f 0.1 (sys) 

after background subtraction, which is in agreement with the standard model expectation 

for their analysis of 8.2 & 0.6 (sys) f 1.1 (luminosity) events. Thus it appears that the 

present data is in agreement with standard model predictions in which the ZZy and Zyy 

couplings are absent. The resulting limits on the Zc’ dipole and quadrupole moments are 

shown in Table 4. 

7 The Top Quark 

Prior to the current collider run the top quark was the only standard model quark that had 

not yet been observed. CDF limits on top quark production from the 1988-89 run had already 

excluded top quarks with a mass mt < 91 GeV at 95% C.L. On the other hand, global fits to 

precision electroweak measurements yielded a predicted mass mt = 164+::2$ GeV. By the 

end of the current collider run the CDF and DO data samples should be sufficient to explore 

this mass range . . . an exciting prospect. In addition to the excitement of discovery, there 

is the even more exciting possibility that by studying the production of the very heavy top 

quark we will learn something about the origin of quark masses. The predicted cross-section 

for jjp + tz + X in the relevant top quark mass range is only of order 10 pb. We therefore 

expect something like one tt’ event in every 10” collisions. Noting that the CDF and DO run 

la data samples correspond to an integrated luminosity of about 20 pb”, we would expect 

the experiments to have recorded no more than a few t5 events so far. Top quark production 

and decay is shown schematically in Fig. 28, and final state branching ratios are listed in 

Table 5. About 5% of the time both W bosons decay to ey or FY, which results in two 

isolated oppositely charged leptons in the final state (the DILEPTON mode). This provides 

a clean signal topology with low background rates, but unfortunately also a low signal rate. 

About 30% of the time one W decays to eu or FLY, and the other W decays to a qz pair (the 
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Figure 28: Tree level top quark production by qij annihilation followed by the Standard 
Model top quark decay chain. 

LEPTON + JETS mode), which has a higher rate, but larger backgrounds. 

7.1 The CDF Dilepton Search 

The CDF dilepton search is designed to look for tt’ events in which both the t and f have 

decayed semileptonically. In these events we would expect two oppositely charged leptons 

( e+e’, c(+p-, or e*pr), two b-quark jets, and & from the energetic neutrinos. The CDF 

selection requires two oppositely charged leptons (e or cc) with pr > 20 GeV, two jets with 

ET > 10 GeV and 1~1 < 2.4, and & > 25 GeV. At least one lepton must be central (171 < 1) 

and isolated. To remove 2’ decays, lepton pairs with mass 75 < ml+l- < 105 GeV are 

rejected. Finally, to remove Ze + r+r- decays, the event is rejected if the & < 50 GeV 

and the azimuthal angle between the & direction and the nearest jet (A&) is less than 

20”. A feeling for the efficiency of these requirements can be obtained by looking at Fig. 29 

which shows ff ISAJET Monte Carlo simulated distributions for the main quantities used 

in the selection. The calculated selection e%iency depends upon the top mass, and rises 

from 0.49 f 0.07 for mt = 120 GeV to 0.86 f 0.07 for mt = 180 GeV, where the quoted 

numbers include the branching ratios. Figure 30 shows the distribution of ee, ep, and ~LC( 

events, and tf ISAJET Monte Carlo events in the (A&J, & ) plane before the @T and Ad,,, 

cuts have been applied. There are two ep events which pass the selection requirements, and 

no ee or pp events. The expected backgrounds come from W+W- production (0.16 f 0.06 
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Decay mode Branching ratio 
tz - bm)(qdb) 36/81 
tf + (qZj%)(ed) 12/81 
tS - W4(P4 12/81 
tz + (qifb)(rvi;) 12/81 
tZ + (evb)(pA) 2/81 
tZ - (evb)( rv6) 2/81 
ti + (/wb)(TV6) 2/81 
tZ b (evb)( edi) l/81 
tt’ + (pvb)(/.d) l/81 
ti 4 (TVb)( Id) l/81 

Table 5: Decay modes for a tS pair and their approximate branching ratios (to lowest order) 
assuming charged-current decays. The symbol q stands for a light quark. 
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Figure 29: Monte Carlo distributions for mt=160 GeV/c2. a) Lepton pr spectrum from 
t + W -+ 1. b) $T for events with two leptons with pr > 20 GeV/c. c) Leading-jet ET for 
dilepton events. d) Next-to-leading jet ET for dilepton events. 
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Figure 30: Distributions of the azimuthal angle between the FT and closest lepton or jet 
versus the & . a) ep data. b) Dielectron and dimuon data after the invariant mass cut. c) 
Monte Carlo events for ,Mt,=160 GeV/c’ (unnormalized). 

events), 2 + 7+r- decays (0.13 f 0.04 events), b& and cc’ production (0.10 f 0.06 events), 

fake leptons (0.07 Z!Z 0.05 events), and Drell-Yan production (O.lO?~:~~ events). Thus CDF 

observes 2 dilepton events with a total predicted background of 0.56?::$ events. 

7.2 The CDF Lepton + Jets Search 

The CDF leptori + jets search is designed to look for t? events in which one member of the 

tf pair decayed semileptonically and the other member decayed hadronically. In these events 

we would expect one charged lepton (e or FL) and large & from the W + Iv decay, plus two 

b-quark jets, and two light-quark jets. The CDF lepton + jets selection requires an isolated 

e or p with pi > 20 GeV and 1~1 < 1, $T > 20 GeV, and at least 3 jets with ET > 15 GeV 

and 171 < 2. To remove 2” decays, if there is a second lepton in the event with lepton pair 

mass 75 < rnl+l- < 105 GeV then the event is rejected. This selection yields 52 W+ > 3 jet 

candidates, of which 9 events have more than 3 jets. To further suppress the backgrounds, 

particularly the background from QCD W+ 2 3 jet production, CDF next requires that at 

least one jet is tagged as a b-quark jet. There are two complementary methods used to tag 

b-quark jets, which are described in the following paragraphs. 

The first CDF b-tagging method exploits the long B meson lifetime which results in B 
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b) 

Di splaced Vertex 

Figure 31: Event display for one of the eg events; (a) displays the Lego plot, (b) shows the 
reconstructed tracks and muon hits in the r - q5 plane, and (c) shows the reconstructed SVX 
tracks. The track lengths in the SVX display are proportional to their pi. 
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mesons travelhng a measurable distance from the interaction vertex before decaying. The 

CDF Silicon Vertex Detector is used to search for b-quark decay vertices that tag one of the 

jets in the event as a b-quark jet. This method has enabled CDF to make a great variety of 

b-quark physics measurements. Figure 32 shows as an example a B, + J/W K‘ candidate 

event in which the K+r-p+p- system is clearly seen in the SVX to be displaced from the 

primary vertex. Furthermore, opposite the B + ,I/$ decay there is a second jet which is 

also clearly displaced from the primary vertex, the 6 jet. The high quality of the SVX data 

has enabled the exponential decay length distribution to be measured and the B lifetime to 

be extracted. The measured lifetime, 1.46f0.06 (stat) f0.06 (aya) ps, is in good agreement 

with the worlds data (Fig. 33). Thus the SVX b-quark tagging method is well understood. 

The overall efficiency of the CDF W+ >_ 3 jet selection with an SVX tag has been calculated 

using the ISAJET tf Monte Carlo program. The calculated efficiency, including branching 

ratios, depends on top quark mass and rises from 1.0 f 0.3% for rnt = 120 GeV to 1.8 f 0.6% 

for mt = 180 GeV. CDF finds 6 SVX b-quark tags in the 52 W+ 1 3 jet events. The 

expected background arises from Wb6, WCZ, and &tags (1.99f0.26 events), WC production 

(0.14 f 0.07 events), 2 + r+7- decays plus WW and WZ production (0.08 f 0.04 events), 

and non-W related background which includes b&production (0.09f0.09 events). Thus CDF 

observes 6 W+ 13 jet events with SVX tags where the total background is expected to be 

2.30 f 0.29 events. 

The second CDF b-tagging method searches for additional leptons in the event arising from 

semileptonic decays of the b-quarks or their daughter c-quarks. These leptons typically have 

lower pi than leptons arising from W decays, hence these b-quark tags are refered to as soft 

lepton tags. The CDF soft lepton tag search requires that the lepton (e or p) has pi > 2 

GeV. To avoid double counting, events which pass the diplepton selection are not considered. 

The calculated efficiency for ti events to pass the I#+ 2 3 jet selection and have a soft lepton 

tag, including branching ratios, rises from 0.84 f 0.17% for mt = 120 GeV to 1.3 f 0.2% for 

mt = 180 GeV. In the 52 W+ >, 3 jet events CDF f&ls 7 events with a soft lepton tag, of 

which 3 events also have an SVX bquark tag. The expected background arises from Wb6, 

WCE, and fakes (2.70 f 0.27 events), a6 production (0.05 f 0.03 events), diboson production 

(0.04f0.03 events), 2 + r+r- decays (0.14~tO.06 events), Drell-Yan production (0.05f0.05 

events), and WC production (0.08 f 0.03 events), Thus CDF observes 7 W+ 2 3 jet events 

with a soft lepton tag where the calculated background is 3.1 f 0.3 events. 
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Figure 32: Example of a Bs + J/$ K* decay observed in the CDF detector. 
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Figure 33: Comparison. of CDF inclusive B meson lifetime measurement with the worlds 
data. 
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Figure 34: The sum of CDF SVX and soft lepton tags observed in W + jets data compared 
with background estimates. The three-jet and four-jet bins are the tt’ signal region. 
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Search Category Expect m=160 Background 0 bserved 

DO SEARCHES 
Dilep ton 0.83 0.98 1 
Kinematic 2.8 1.6 3 
Soft lepton tag 1.6 2.1 3 
DO SUM 5.4 f 0.9 4.7 * 1.0 7 

CDF SEARCHES 
Dilepton 1.3 0.56 2 
Soft lepton tag 1.9 3.1 7 
Silicon vertex tag 2.7 2.3 6 
CDF SUM 5.9 5.9 15 (12 events) 

Table 6: DO and CDF Top Searches at a Glance. 

The CDF lepton + jets search results are summarized in Fig. 34. There are 10 W+ 2 3 jet 

events with a b tag (SVX or soft lepton) of which 3 events are tagged by both methods. 

7.3 CDF Results and Their Interpretation 

The CDF top search results are summarized in Table 6. The calculated probability that the 

backgrounds have fluctuated upwards to result in the observed numbers of events is 0.25%. 

Individual events can be kinematically fitted for mt. The result of fitting a subsample of 

7 events which are tagged and have > 4 observed jets (so that both b jets and both light 

quark jets have been observed), is shown in Fig. 35. The fitted mass: 

mt = 174 f 10 (atot) ‘:i (sys) GeV (25) 

For this mass, the measured cross-section: 

=tz = 13.9:::; pb (26) 

which is a little higher than, but consistent with, the predicted cross-section for mt = 174 

GeV (Fig. 36). The CDF collaboration conclude that these results are evidence for, but given 

the limited statistics do not iirmly establish the existence of, t? production. To confirm this 

observation and improve the measurement of the top quark properties, more data is needed. 

By the end of run 1 CDF expect to quadruple their data sample, and hopefully firmly 

establish the discovery of the top quark. 
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Figure 35: CDF top mass distribution (solid histogram) compared with the W + jets back- 
ground prediction (dots) and the predicted signal+background distribution normalized to 
the data for me = 175 GeV (dashed). The inset shows the likelihood fit results. 

Figure 36: Measured tt’ cross section (points) compared with theory (E. Laenen, J. Smith, 
and W.L. Van Neerven, Phys. Lett 321B,254(1994)) h s own as a function of top quark mass. 
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Figure 37: DO tZ cross section (pb), updated since the limit publication, showing the CDF 
measurement scaled to the DO normalization, and the nominal and lowest NNLO predictions. 

7.4 Consistency of the DO Search Results 

The DO collaboration have also searched for tZ events in the dilepton and soft lepton tag 

modes, and by a kinematic method. Since DO has no SVX they are unable to use the 

powerful vertex tagging method. The DO results are shown in Table 6 and Fig. 37. DO do 

not find significant evidence for tt’ production. Whilst CDF has a top mass measurement of 

ml = 174 f 17 GeV, DO has a lower limit of 131 GeV (95% C.L.). Although DO does not 

confirm the CDF result, the CDF and DO results are consistent with one another. 

8 Summary 

These lecture notes have discussed a selection of current physics topics from the great vari- 

ety of results obtained by the CDF and DO experiments at the Fermilab Tevatron proton- 

antiproton collider. The immediate future looks very promising. In the next year CDF and 

DO expect to quadrupule their datasets. This will result in significant improvements to the 

QCD and electroweak measurements described in this document, and will hopefully result 

in the confirmation of the CDF top quark discovery. In the longer term, further collider 
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Figure 38: Top mass versus W mass. 

running is expected to produce data samples of order 1000 pb”, with improved CDF and 

DO detectors. This will permit more extensive top quark studies, greatly improved measure- 

ments of the triboson couplings, improved QCD and W mass measurements, and although 

not discussed in these notes, substantially extended b-quark physics results that may perhaps 

result in measurements of CP violation in the B - n system. Returning to the present, a 

fitting point to end these lectures is with Fig. 38 which shows the CDF plot of the measured 

W mass versus the measured top quark mass, compared with standard model predictions 

using the LEP measured 2 mass, and shown as a function of the unknown Higgs boson mass. 
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