
_, e_.___ lo(_3_<___/
i Fermi National Accelerator Laboratory

¢ FNAL/C--91/341-E

, --._,,;:,_DE92 007202 -E
t.

E

The Physics of Proton Antiproton Collisions

M. Sh0chet

Enrico Fermi Institute and Department of Physics, University of Chicago
Chicago, Illinois 60637

December 1991

*Lec_ure_ from Les Houches Summer School, Particles in the 90s, Ecole d'Ete de Physique Theorique, Les Houches,
France, June 30_luly 26, 1991.

DISTRIBUTION OF T1410 DOOUMENT lib UNLIMI

N

Opefllll by Univertliktl Reililrctl Ailmciation Inc. underContract No. ,.;E.AC02-76CHO3000with theUnitedSlatl.i l)epartrnentof Energy"41r



J

Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of

their employees, makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefullness of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specifw, commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors e_pressed herein do
not necessarily state or reflect those of the United States Government or any agency thereof.



/

' t

CDF/PUB/CDF/PUBLIC/1637
FERMILAB'CONF-91/341-E

December 3, 1991

THE PHYSICS OF PROTON ANTIPROTON COLLISIONS

MELVYN J. SHOCHET

Enrico Fermi Inatitute and Department of Phvaics ,
University of Chicago,

Chicago, IL 60637,
USA "'

Lecturesdeliveredat the Les HouchesSummer School,July 1991

Published Lectures from Les Houches Summer School, Particles in the 90's,

Ecole d'Ete de Physique Theorique, Les Houches, France, June 30-July 26, 1991.



J

Contents

1. AccelerLtor and Detector 5
1.1. Acceler-tor 5
1.2. Detector 13

2. QCD Studies 21
2.1. Essential Features of QCD 21
2.2. QCD in _p Collisions 24
2.3. Dijet Production 28
2.4. Multjet Production 30
2.5. Large Pr % W, sad Z Production 34

3. Studies of the Electroweak Force 37
3.1. Overview of the Stsadard Model 37
3.2. The W Mass 41
3.3. Charge Asymmetries 46

3.3.1. q_'-. e+e- 46
3.3.2. W-. ev 47

3.4. The W Lifetime 50

3.5. Lepton Universality &tq2 ffi M_ 51
4. The Search for the Top Quark 53

4.1. Introduction 53
4.2. t_-. e#X 55
4.3. t_-.. ev + jets 60
4.4. Extended Dilepton Search 64
4.5. Extended Single Lepton Search 66
4.6. Top Searches at the $p_$ Collider 69

5. b Physics at Hadron Colliders T1
5.1. b Production 72

5.1.1. Inclusive Lepton Channels 73
5.1.2. Inclusive 3/¢_ Channels 78
5.1.3. Exclu_ve Final States 80

5.2. B o .,, #+#- 83

5.3. B°,_° Mns 64
6. The Search for Exotic Objects sad Prospects for the Future 88

6.1. The Search for Exotic Objects 88
6.1.1. Heavy Z Bosons 88
6.1.2. Heavy W Bosons 89
6.1.3. Quark Compositenem 90
6.1.4. Supersymmetry 92

6.2. Collider Physics with the Fermilab Main Injector 94
6.2.1. Search for the Top Quark 95
6.2.2. Precision Meuurement of the W Mass 98
6.2.3. The W Lifetime sad Hidden Top 96

3



4

i 6.2.4. Vector Boeon Pair Production 99

i 6.2.5. Other Helvy P_zticles I00
6.2.6. B Physic, I00

7. Acknowledsements 103
References 103

i



The Fhge_caof Proton,4,ntiprotonCollb_omf 5

1. Accelerator and Detector

Since this is a Nt of expe:ime,,tsl lectures, ! will be_in with sn introduction to the
experimental tools which allow the physics issues to be attacked. First we will look st
the accelerator with s special emphasis on the production of antiprotons. Then we will
briefly consider the elements of s large general purpose collider detector.

I.I. Accelerutor

Much of the success of both the CERN and Fermilab hadron collider programs is clue
to the achievement of the accelerator physicists in providing very large collision rstes
of high energy protons and antiprotons.

The accelerator energy is critical for many physics processes such as high Q2 QCD
scattering, W production, top quark production, b quark production, and SUSY pro-
duction (Fig. I). In each cue, to get high mms Or 0 2, energetic initial state par_
tons are needed. Since the parton distribution in the proton is peaked at/small
: = Pp,Mm/P_',,m (Fig. 2), a hish flux of energetic partons requires large proton
energy.

To observe processes with small production crom sections, s large number of _p
collisions must occur. The parameter that gives the rate of collisions is the luminosity,
defined by the relation N - _Z,, where N is the number of events produced per second
for some final state, _r is the production cross section for that state, and L is the
luminosity iu units of cm "_ -8ec" _. Thus if the Fermilab Collider reaches a luminosity
of I x I031cm -_- mec"t next year, th_ _otal rate of inelastic collisions will be 0.5 MHz,
since the inelastic crom section is 50 x I0-;7¢m 2.

For sn accelerator in which the particles sre distributed in bunches rather than
continuously around the ring, the luminosity is given by

_0 ,,,
4zr_r2

where N'_(,VF)is the number of protons (antiprotons) in each bunch, B is the numberof
bunches of each type inthe accelerator, f0 isthe revolution frequency of the accelerator
( 50 KHz for Fermilab), and • iz the transverze crom sectional size Ofthe bunches.

The transverse bunch size, _, is determined by both the characteristics of the beam
and the magnetic focusing properties of the accelerator. The beam emittance (c t
f dz_dz) is the phue space area occupied by the beam (Fig. 3). Often the invariant
emittance CN = 7e is used. lt is more nearly independent of the beam energy because
of the natural compacting o_"phase space bY the Lorentz trnasformation. A particle
with momentum components Ps and Pa iu the bunch rest frame will have sn angle in
the lab frame (z') that is inversely proportional to the Lorentz factor, 7, connecting
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the bunch rest frame and the lab frame because Pj is Lorentz boo, ted while Pt is an
invariant.

The focusing properties of the accelerator quadrupoles produce a phase space rota-
tion of the besm (Fig. 4). For a particle with coordinates (z0 = 0, z_) at location A,
the position at location B is

where # is the phase advance and the magnitude of the oscillation is determined by
the _ function whose value at each point around the ring depends on the configuration

of the accelerator's quadrupole rnagnets. The luminosity is maximized by having the
minimum value of the _ function (/Y') located at the _'p collision point in the center of
the detector. The minimum _ occurs when the phase space ellipse has its major axis

oriented vertically in the (z, z_) plane.
In terms of the beam emittance and _', the transverse bunch size is

-r

Since the proton and antiproton beams can have different emittances, the effective
bunch size for a collider is

,, 1-- lr'f\ 2 /

Thus to maximize the luminosity, _" and the besm emittance should be minimized,

and the besm energy or 7 should be maximized.

g t
(oi (b)

b

q"  'ej
(d) (e)

f

FIS. 1. P_duction di_rLm for (*) hish _ qCD ,cattenns, (b) W production, (c) topqu,zk
production, (d) b quazkproduction, Jmd(e) SUSY production.
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A sketch of the accelerator complex at Fermilab is shown in Fig. 5. Protons are
accelerated to 200 MeV in the Linac and then to 8 GeV in the Booster accelerator.

The protons are then transferred to the Main Ring, the original Fermilab accelerator
located in the large tunnel. Here the protons are accelerated to 120 GeV. They are then
extracted and strike the antiproton target. Antiprotons with momentum near 8 GeV/c
are collected, stored, and phase space compressed in the Debuncher and Accumulator
rings. When the _" intensity is sufficiently large, the antiprotons are reinjected into
the Main Ring where they are accelerated to 150 GeV and then transferred into the
Tevatron, the superconducting accelerator that is located just below the Main Ring in
the Fermilab tunnel. The Tevatron also contains bunches of protons that were injected
from the Main Ring just before the antiprotons were transferred out of the Accumu-
lator. The counter-rotating p and _ Tevatron beams are then accelerated together up
to 900 GeV. Finally the focussing quadrupoles are raised to full power to obtain the

minimum _* and thus the maximum luminos!ty.
Let us consider the antiproton collection system [1] in more detail. The central

problem is to produce and collect a large number of alltiprotons with small enough
momentum spread and angular divergence to be captured with high efficiency in the
Main Ring and Tevatron accek "ators. In the proton-nucleus collisions in the target,

antiprotons are produced with a large angular divergence. A lithium lens (Fig. 6a) is
used to focus the antiprotons into a beam. Lithium is the material of choice because it
is the conductor with the smallest atomic number. A very large focusing magnetic field _
gradient is produced when a 0.5 × 106 ampere current pulse passes down the length of
the lens. This can be easily seen by considering an Ampere circuit as shown in Fig. 6b.

I _
B21rr = Po _-R-_rr

B- #oi r
2_-R2

dB I_oI
dr 27rR2

-_ 1000 Tesla/meter

Both the maximum proton flux striking the target and the maximum current in the
lens are limited by the thermal properties of the materials (melting point and effects
of thermal shock).

The antiproton beam is transported from the lithium lens to the Debuncher ring

where a phase space rotation reduces the longitudinal momentum sp_'e_d. The lon-
gitudinal phase space area (ApzAz) remains constant, with Apz decreasing as Az
increases. The antiproton beam entering the Debuncher has the same bunched struc-
ture as the proton beam that struck the antiproton target (Fig. 7) r_h_ phase space
rotation causes the bunches to become wider spatially, and consequently narrower in
momentum (Fig 8). Before the antipr,_ton beam leaves the Debuncher, its momentum
spread is reduced from 3.5% to 0.2%.

The Accumulator ring receives pulse_ of antiprotons from the Debuncher, stores the
antiprotons for up to 24 hours until > 2 × 1011 antiprotons are in the Accumulator,
and during that time reduces the momentum spread ("cools" the beam) in ali three
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P ,COLLISION
' HALL

LINAC

Fis. '3. The Fermilxb Accelerstor Complex.

W _ LITHIUM LENS

P TARGET
, = _/,,,,_/_ .__ _-|Icm

120 GeV _,,,.5cm_ I.-----I5cre...-.--4 R

1/2x10 8 AMPERES

Fig. 6. (4) The lithium lens follows the _ production tazset. (b) A transverse cl,oss section of
the lens with an Ampere circuit of radius r.

--_ ._,--<30cm _ .....

_540cm_

Fill. T. The bunch structure oi the antiproton beam enterins the Debuncher.
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Z POSITION Z POSITION

(a) (b)

Fis. 8. The putir'_., density within • bunch in lonsitudinsl phue .pace (a) when the beeun
enters the debuncher and (b) _fter 30 turns in the debuncher ....

dimensions so that the beam can be efficiently captured in the Main Ring accelerator.

Cooling is achieved using Stochastic Cooling, sort of a legal Maxwell Demon.
The Stochastic Cooling system consists of a set of pick-ups, amplifiers, and beam

kickers (Fig. 9). The pick-ups detect the position of an antiproton that is not on the
central orbit of the Accumulator. The signal i_ amplified and sent across the ring where
it reaches the kickers before the _ does. The kickers apply an electric field in order to
move the particle back onto the central orbit. Since the field also affects other nearby

particles, noise is introduced into the system. Consequently the cooling process is quite
slow. Figure l0 shows the antiproton energy distribution as a function of time after
_" accumulation begins. Notice that this is a logarithmic plot and that after 4 hours
there is & very dense cote with a width of only a few MeV.

The performance of the Fermilab Tevatron Collider during the 1988-89 run is sum-
marized in Table I. Using these numbers in the relation for luminosity does not give
the expected result because the quoted invariant emittance• are for 95% beam con-
tainment, i.e. they correspond to 3ct2 not s 2.

During the next four years there will be a major upgrade of the Fermilab Collider

[2]. The goal of the project is to reach a peak luminosity of at least 5 x 10sl. The most
significant change will be replacing the Main Ring acc:lerator by a new superconduct-
ing Main Injector. As shown in Fig. II, it w_!.!be built in a new tunnel adjacent to the
Tevatron. The Main Injector will hav_ _, significantly larger phase space aperture for
the beam and thus will be able to capture larger proton and antil_:oton fluxes. More-
over the new machine will have a 1.5 second cycle time, compared to the 2.5 second

Main Ring cycle. Thus there will be a larger number of proton pulses per hour on the
_"target, and consequently a higher _ production rate.

The number of px'otcn and antiproton bunches in the Tevatron will also be increased
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PICK-UP F KICKER
I

lm

Fill. 9. A •chem•tic representztion of the Stochastic Coofinll system. A pick-up on one Side
of the fins detec_ the _ position. T:,e sipsd is then amplified xnd sent to • kicker on the
other side _f the rins to move the _ bark oUto the Accumulztor's centrsl orbit. The typicsl
•mpUfler budwidth is 2 × I0' Hz, with • gxin of 3 x 107.
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Fis. I0. The time evolution of the energy distribution of xntiprotons in the Accumulator.
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E 900 GeV
B

._'p 7x Z0_°
..,VFr3x ].0l°
d'_r 25_rmm-rr_

1Srmm-mzad
_ 0.,5m
L 1.6 x t0"_cm -:i - .ec -I

Table1
Ferms_b Tc_tron perfonnnce durin| the 1988-89 Iron

MAIN INJECTOR

(u,)

P BO DETECTOR

P

TEVATRON p

p

DO OETECTOR

Fis. 11. The Fermilab accelerztor complex u it will look after the Main Injector is built.
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[ I 198s-89 1996
e,.. 900 I.s TeVZo) " (2TeV
B 6 36
N, 7 x 10z° 33 x 10z°
Arv 3 x 10x° (18 x 10x° totaJI 3.7 x 10'° 1134x 10x° torsi)
r*x 251 mrn-rnrad 307 mrn-mrad

15_rmm-rnrad 227 mm-tarsal
_" 0.Srn 0.5 m 10.25 m possible)

L 1.6 x 103° cm-2 - aec-l 5.5 x 10_l cm -2 - aec-l
Table 2
Characteristicsof the FermilabTevatzonbeforeud after the plannedupsrade

as part of the accelerator improvement project. To see why this is necessary, we will
calculate the mean numberof_'p i_.teractions per bunch crossin_ at L - 5 × 10atom -_ :-
see-z assuming the number of bunches remains at 6 (=_ 1bunch crossing per 3.5 paec).
If R is the mean number of interactions per bunch crossing, and N is :he mean number
of interactions per second, then

R = N x 3.5 x 10"6aec

= o'._,IL x 3.5 x lO-esec

-- (50 x 10-27cm_)(5 x 10aZcm-2- aec-Z)(3.5 x Z0-%ec)
= 8.75

Having 8 or 9 overlappinginteractionswouldgreatly complicatemany measurements,
includingthe W mare,top quarksearch,andsecondaryvertexidentificationin b events.

To mlve thisproblem,the numberof protonand antiprotonbunchesin the Tevatron
will be increasedfrom 6 to 36. Howeversincethe p and _"bunchescounter-rotate
in the same acceleratorring, ear.hantiproton bunchwould pus through s proton
bunch 72 times per revolutiona_oundthe acceleratorring.The resulting long range
electromagneticinteraction(beam-beamtuneshifl) wouldcausethe beam'semittance
to blowup and the luminosityto begreatly reduced.This will beavoidedwith the use
of 22 high 6eld (35 KV/cm) electrostaticseparatorswhich win keepthe protons and
antiprotons in helical orbits that only intersect at the CDF and DOdetectors.

The expected improvement in the accelerator performance is shown in Table 2. With
this and planned detector improvements, CDF should collect I00 times the 1988-89
data for each year of running after 1996.

1.2. Detector

The physicsprogramst the collidersis determinedto nosmallextentby the capabilities
andlimitationsof the detectors.Here [ will discussthe majorcomponentsof a collider
detector and indicate how leptons and hadronsare identified.To be concrete[ will
focus on CDF, but the essential elements, tracking and calorimetry, are common to
most general purpose detectors at hadron and electron colliders.

The goal in the design of CDF was to detect _mdmeasure the moments of electrons,
muons, quarks and gluons (hadron jets), and neutrinos (through momentum imbalance)
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over as much of the total solid angle as possible. A sketch of the detector is shown in
Figure 12. A superconducting coil produces a 1.5 Tesla magnetic field uniform over the
volume of the tracking chambers. There a_'-_two componentsto the tracking system.
Adjacent to the beam pipe, a set of time projection chambers (VTPC) accurately
locates the interaction vertex for each event. The large central tracking chamber (CTC)
measures the radii of curvature in the B field of charged particles, and thus their
momenta. Beyond the tracking chamber_, a s_t of finely segmented electromagnetic
and hadronic calorimeters covers most of the solid angle (polar angle, 0, between 2"
and 178"; azimuthal angle, _, between 0" and 360"). These calorimeters measure the
energy of electrons, photons, and hadrons. Muons are detected in the central region
by drift chambers that are outside of the calorimeters, a_d in the forward regions by
chambe'_sin front of and behind large magnetized iron toroids. The detaik of the design
and construction of the CDF detector can be found in a series of articles in Nuclear
Instruments and Methods [3].

The central tracking chamber makes 84 measurements of a charged particle's trajec-
tory, each with an uncertaivty of approximately 180 microns (F;.g 13). This results in
an uncertainty in the track curvature, k = I .... ofradiusofcurv_ure'

0'_ -- 0.5 X I0-3m -I

Since the transverse momentum, ,Qf =- _/J)_ + P_,
is related to the curvature by

0.3B
Pr---"--"

k

where PT, B, and k are in units of GeV/c, Tesla, and meter -I respectively, t),_ ,,_:va-
ture uncertainty translates into a Pr uncertainty of

p_ - O--_=IxlO-:

= 0.001pr
Pr

This gives a Pr uncertainty of 4% for typical leptons from W decay (pr =, Mw/2).
The calorimeters consist of an electromagnetic section followedby a hadronic section.

The electromagnetic calorimeter measures the energies of electrons, positrons, and
photons by sampling the energy deposited in an electromagnetic cascade. The detector
(Fig. 14a) consists of plates of lead radiator sandwiched between sheets of scintillating
plastic. Bremsstrahlung and pair production in the lead produce an ez sad 7 cascade.
The charged particles pm through the scintillator producing light which is transmitted
to a phototube by waveshiftins plastic. The m_an number of charged particles at depth
z in the calo,_imeter(in tem of the radiation length in that material) for an electron
initiated electromagnetic cascade is

N',, = Noz'e-"

where a has a logarithmic dependenr_eon the electron energy and, most importantly,
No is proportional to the energy of the incident electrOn.Typical values for a and b for
a lead calorimeter are a = 3.3 and b = 0.46 for a 40 GeV incident electron. Figure 14b
shows a sketch of the development of the cascade, lt builds to a peak by 6-7 radiation
lengths and then exponentially dies away as electrons and positrons 10ge energy by
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FiE. 12. The CDF detector.

;

Fig. 13. The trLjectory of • charged p_rticle is measured zt 84 radial positions.



The Physics of Proton Antiproton Collisions 16

a) b)
i

pb g

WAVESHIFTI ' • J I
PHOTOMUI..TIPl. I ER 0 5 10 15 20

TUBE X

Fig. 14. (_) A samplins electromssnetic ca/orimeter. (b) Sketch of the lonsitudinal develop-
merit of sn electromqnetic cucade.

ionization energy loss and no longer sre energetic enough to produce the high energy
photons that can create additional e+e - pairs.

In the CDF electromagnetic calorimeter in the central region, the cascade is sam-
pled at _,, 30 depths. The dominant uncertainty in determining the energy of the inci-
dent electron is the statistical uncertainty in the number of cascade electrons pMsing
through the scintillator. Thus

Since Na, is proportional to the incident e.l._:tron energy, E, the uncertainty becomes

o_E oc ViE

For the CDF calorimeter,

_B 13.5%

where E isiu GeV and thesecondterm isdue tocellto cellvariationsintheenergy
calibration and is added in quadrature to the first term.

The hadronic calorimeter operates in a similar fashion, but here the incident hadron

loses energy by _ nuclear cucsde. At least 5 nuclear absorption lengths (_- I meter of
iron) e,re needed to contain the shower. M_my fewer particles sre produced in a nuclear
cascade than in an electromagnetic cascade. Consequently the statistical fluctuations
are m,ch larger. The CDF calorimeter has sn energy resolution for incident pions of

_¢ 70%

- v_.E• few %
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o) b)

_t II

X | ,.

lO<PI'RUE P>PTRUE

Fig. 15. (&) A cosmic ray muon passing close to the center of the detector. For calibration
purposes, it is analyzed as if there were two oppositely charged particles emanating from the
detector center. (b)The actual trajectories (dashed curves) of positive and negative tracks of
the same momentum but opposite charge. The solid curves show how the tracks wou|d be
reconstructed if the central plane of chamber wires were believed to be further to the right.

The ability to make precision energy measurements depends critically on the call-
bration of the detector elements and the associated systematic uncertainties. At CDF
the initial calibration of the calorimeters was done ;= _, "..--.tbeam with electrons, pi-
ons, and muons of known momenta. The in;ial cali_ ration of the tracking chamber was

carried out using cosmic rays (Fig 15a). A cosmic r_.' that passes close to the center of
the detector can be analyzed as if it were two tracks o_opposite charge emanating from

the detector center. By minimizing the difference in cmvature, the difference in initial
azimuthal ankle, and the distance of closest approach c_' these "tracks" for a large
sample of cosmic rays, slight corrections to the locations c _"the wires in the chamber
can be deduced.

Although these initial calibrations are quite important, _he final calibration is done
with Collider data since the hostile environment of a hig_ luminosity hadron collider
can cause slight alterations in the detector calibration. CL_F uses the tracking chamber
to check the calorimeter calibration, and the calorimeter to check the tracking chamber.

This is not the circular argument it seems because the t_ackinK chamber (calorimeter)
response is antisymmetric (symmetric) with respect to the electric charge of an e_'.
Figure 15b shows that if the assumed location of the chamber wires is incorrect, the
reconstructed curvature of a positive (negative) track will be larger (smaller) than the
true curvature. That is,

I I I

= PI.,,.
where P_: is the reconstructed momentum for a positron or electron, Po is the actual
momentum, and ...Z_ is the false curvature caused by the error in the position of the

chamber wires. The electromasnetic calorimeter, on the other hand, responds the same
to electro._q and positrons. If there is a calibration error (e), then the reconstructed
and actual energies of the electron and positron are related by

×(t
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1_0 _ , • ELECTRONSFROMW--ev
[.. -- RAOI/kTIVE _ IMULATION

lO0

,z 50

E _

0

0.8 1.0 1.2 1,4

E/P
Fig. 16. The E/P dbtribution for electrons and positrons from W decay. The carve iJ the
result of a detector simulation that includes radiation from the electrons.

The calorimeter calibration error and the tracking chamber fake curvature can be

determined using a sample of high energy electrons and positrons, where E = P. From
the above two equations, we get

2

P/,z,, 2E

Figure 16 shows E/P for a samples of electrons and positrons from W decay along with
the result of a detector simulation. The tail on the high side is due to bremsstrahlung;
the calorimeter detects the electron and colinear photons, while the tracking chamber
measures the momentum only of the charged electron.

This in sit, technique was successfully used to achieve the tracking resolution of

_r/PT = 0,0011Pr. Geometric distortions in the chamber can still be observed, but
they correspond to a false radius of curvature of _ 50 kilometers! Although this method
removes relative errors in the calorimeter and tracking chamber calibration, it does not
set the absolute momentum scale. This is obtained from the tracking chamber geometry
and the measured B field. The scale is checked by comparing the masses of the ]/4,

T, and Z ° resonances measured by CDF (3.097+0.001, 9.469-4-0.010, and 90.9--0.36
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GeV/c 2) to the world averages (3.0969 4-0.0001, 9.4603 4- 0.0002, and 91:174 4- 0.021
GeV/c_)[4].

Separation Of leptons from the much more copiously produced hadrons is accom-
plished using information from ali of the detector systems. Figure 1Ta is a schematic
view of an electron in the CDF detector. After pmming through the central tracking
chamber, the electron loses ali of its energy in the electromagnetic calorimeter. The
distinguishing feature is the small lateral and transverse size of an electromagnetic
cascade, which results in ali of the energy being deposited in a single electromag-
netic calorimeter tower with little or no energy leaking into the hadronic section. In

addition, a strip proportional chamber located near shower maximum depth in the
electromagnetic calorimeter provides a transverse profile of the shower. For each elec-
tron candidate, a fit of the transverse profile is made to the shape measured in an
electron test beam. The k s of the fit is used to disting,zish electrons from hadrons.

The extrapolated trajectory measured in the tracking chamber must also pus through
the center of the shower profile, and the electron's energy measured in the calorimeter
must agree with the momentum as measured in the tracking chamber. Finally for some
analyses, such as in W and Z decay, the electron is required to be isolated, with little
energy in any of the nearby calorimeter cells. This greatly suppresses the background
from hadrons, which are usually part of jets and thus are not isolated.

A detected muon is sketched in Figure 17b. The muon passes through the lead and
steel of the calorimeters with an energy deposition consistent with a minimum ion-

izing particle (_ 0.5 GeV equivalent in the electromagnetic compartment and _ 2.0
GeV equivalent in the hadronic section). The muon then panes through the muon
drift chambers, waere the resulting track stub must be consist_at with the extrapo-
lated central tracking chamber track within the uncertainty due to multiple Coulomb
scattering.

These charged leptons look very different than a hadron jet from the fragmentation
of a quark or gluon (Fig. l?c). The large number of hadrons in a jet produces many
tracks in the tracking chamber and a large transverse and longitudinal calorimeter
energy deposition typical of multiple overlapping hadronic cascades.

The neutrino of course passes through the detector without interacting at ali
(Fig 1Td). As we will see when we get to W decay, the presence of a high energy
neutrino is inferred from the lack of momentum balance for the particles detected in a

p-p collision.
There is one technique new to hadron collider detectors that could be quite important

in the future - secondary vertex detection. It could have a major impact, in top quark
physics in separating the W + multijet QCD background from tr"events which contain
two b jets in the finai state. The identification of the b jets can also help reduce the
combinatori¢ problem when trying to reconstruct the top decay in order to determine
the top ma_. Identifying the secondary vertices from b decay will of course also greatly

improve prospecU for b physics at hadron colliders: b meson and baryon spectroscop_
measuring lifetimes of b statel, directly observing the decay distributions from BB
mixing, and perhal_ observing CP violation in B decay.

For the upcoming run, CDF is installing i new vertex detector consisting of four
layers of silicon detectors located just outside the beam pipe (Fig. 18). With strip
electrodes on a 50# pitch, the position resolution will be _ 15, (the standard deviation
for a square distribution of full width W is W/v/_). This device will provide an impact
parameter resolution for large Pr tracks of _ 15#, to be compared with the typical
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c) d)

Fig. 17. Schemstic drLwings of particles in the CDF detector: (L) electron, (b) muon, (c)
hadron jet, ud (d)neutrino.
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FIK. 18. (_) A sketch of t_e sillcon vertex deter:tor to be iutaUed in the CDF detector. (b)
The detector consists of silicon w_ers blued to produce • depletion l=yer with electrodes on

50# pitch. (c) The impact p&r_meterfor & track rel&tlve to the primazy interaction vertex.

expected impact parameter for tracks from B decay of 300/_.

2. QCD Studies

_. 1. Esaenti=! re=rum oi QCD

Before looking at the data, we will briefly review the features of the QCD theory of the

strong interaction. QCD is a non-abelian local gauge theory with a three dimensional
gauge symmetry (SU(3) of color) in which the generators do not commute. This is
to be contrasted to QED, which is based on invariance under a one dimensional local

phase rotation (U(1) of electric charge). This difference in the underlying symmetry

produces a significant difference in how the carriers of the forces interact. In QED,
the photon only interacts with fermion- antifermion pe_s because the photon does not
carry electric charge. In QCD, on the other hand, the gluons do carry the color charge;
the result is 3-gluon and 4-gluon vertices, as well as H;uon-fermion-sntifermion vertices.

There is by now a great deal of experimental evidence for the color degree of freedom
with three colors.

- It is required if the usual spin statistics relation is to be maintained for baryons. In
particular, the _++ contains three u quarks with no orbital angular momentum in s
symmetric S = 3/2 spin state. An additional degree of freedom is needed in order to
sntisymmetrize the wavefunction for these three identical fermions.

. o(e+=" --hB:irons]
- The ratio R = q(,+,--/A+,-) depends on the sum of the squares of the electric
charges for all types of quarks, because the hadrons are produced when sn intermediate
state virtual photon produces a quark-antiquark pair.' The experimental data require
that there be three distinct types of quark for each flavor. This is satisfied by having
three colors.
-The experimental cross section for producing lepton pairs in hadron collisions is
consistent with the prediction of quark-antiquark annihilation when a factor of I/3 is
included in the cross section formula. This is expected with color SU(3), since s quark

can only annihilate sn antiquark to produce a photon if the antiquark has the same
color as the quark. Since there sre three colors, the probability that the quark strikes
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(o) (b)

Fis. 19. (L) A quark viewedwith • moder•te g2probe. (b) A hizh f2 probe mi•ht c•tch the
quarkin • quantum fluctuation.

an antiquark of the same color is 1/3.
- The relative branching ratios of the tau lepton into leptons or hadrons agree with
expectations if each quark flavor comes in three colors.
- The measured zr° lifetime agrees with the calculation of _r° --, quark loop ._ 77 if
there are three quark colors.
- Anomaly cancellation in electroweak interactions is needed for divergence free cal-
culations. The cancellation Occurs if, for each generation,

q,+ q,=o
fuarkJ leptcma

This is satisfied if there are three quark colors.
There are a number of important general consequences of the qCD theory of the

" strong interaction. First there is the evolution of the structure functions. In the naive
parton model, the structure functions, F(z), depend only on the Feynman : of the

. parton and not on the q2 of the interaction. In QCD, however, there is a q2 variation.
As the q2of a probe increases, the spatial region or time intervaxprobed decreases. This
raises the probability of finding a quantum fluctuation. For example, if a moderate q2
probe observes a quark, a high q2 probe might see a quark plus two gluons that were
virtually emitted (Fir;. 19). Consequently at large q2 there is a smaller probability of

P

finding a large z = _ quark or gluon and a larger probability of finding a small
z quark or gluon. Figure 20 shows the measured q2 variation of the structure function
[51.

The evolution can be calculated quantitatively by considering radiation graphs like
those in Figure 21. The internal consistency of these graphs plus the constraints of
conservation of momentum and fermion number lead to the Altarelli-Parisi evolution
equations [6]. For example, the variation of the quark distribution function with q2 is
given by

• ddF(')Zn(q2)= ,.(q2).2, •
where the factor in front of the bracket is the vertex factor, /Vr is the number of
quark flavors that can be produced, and the two integrals correspond to the quark
production in Figures 21a and 21c respectively. The functions F and G are the quark
and gluon distribution functions. The splitting functions P are calculated for each
radiation graph. For example the splitting function for getting a quark from a gluon
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Fis, 20, The proton structure function F2(z) for three values of ¢2,
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Fi&. 21. RadiLt/on SrLphJ for calculatins structure function evolution,
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(o) (b)
Fig.22.Gluonpropq_torcorre:tio_thatproduce(_)_:r_'_insud (b)_ti*_ureenins.

J

(Fig.21c)is

e-(_)= _(_+(I- x)2)

q

while that for getting a gluon from a quark (Fig 2la) has the usual bremsstrahlung
beh_vior

P'(=) = _
Another important feature of QCD is the running of the coupling constant. In QED,

vacuum polarization screens a particle's bare charge. Consequently the force on a 'test
charge grows faster than _ when probing closer to the source charge (i.e. with a larger
q2 probe). This means that aem(q 2) increases wlth increasing q2. As we shall see later,
this has been measured, with aem(q 2) increasing from 1/137 at low q2 to 1/128 at
q2 =M'_.

QCD provides mechanisms for both screening and anti-screening (Fig 22). The for-
met is produced by the fermion loop correction to the gluon propagator, in complete
analogy with the QED case. Anti-screening is produced by gluon loop corrections to
the gluon propagator. Whether screening or anti-screening dominates is determined by
the number of types of gluons (colors) and quarks (flavors) that can be excited at a
given q2. For an SU(N) theory

1 I llNc-2.Veln(_2o )_,(q_---_= _,(_o)+ 12, .....
where/J0 is the renormalization point. For SU(3), another common notation is to collect
the constants in the two terms above and write

I 33-2Nrln(--q' Ia,(q2)= 12,r "_"
whereA istheQCD scaleparameter.Notethat33-2Nr ispositiveforNr:3,4,5,and
6.Thus anti-screeningdominates,and a,(q_)decreueswithincreasingq_.At small
q2thismeanslargea, andquarkconfinement,whileatlargeq_itmeansasymptotic
freedomand theutilityofusinga perturbationexpansion.

_._,. QCD in TJPCoilisio_

The proton and antiproton each contains quarks, antiquarks, and gluons. A QCD
scattering thus occurs as in Figure 23. The observed differential cross section can be

q

=
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P

Fig. 23. A hard scattering between two partons in • p-pcolKsion. (_:_
\

written as

do.

dzld=2dcoaO* _ [f_(zt'q2)f_(z2'q2)'t" fJ(_l q_)f_' (z2'q2)] d&,_' = ' dcosS"

where f_ (zz, q2) is the number density (not momentum density) in a proton of partons
of type i carrying momentum fraction zt, and _ is the differential cro_s section for
partons of types i and _ to scatter at an angle 0" in the parton-parton center of mass
frame.

An obvious lea._,_g order diagram is the strong interaction analog of e+e - scattering

(Fig. 24a). However since the igluon carries color charge and therefore interacts with
other gluons, there are other lowest order t-channel diagrams (Fig. 24b,c) as well as s-
channel diagrams (Fig. 24d,e). The s-channel diagrams tend to give small contributions
because the hard scatterin_ cross section has a factor

d_ I

---- cc q-7dq2

(as in Rutherford scattering) where q is the 4-momentum carried by the propagator,
and q2 is typically much larger in s-channel diagrams than in t-channel diagrarru,.

The three t-channel diagrams have different weights due to the number of colors of

gluons that can be exchanged and the number of colors of quarks that can be produced.
A quark-quark-gluon vertex has a vertex factor _a,, while a three gluon vertex has

strength 3a,. The other difference among these diagrams is the angular distribution.
The hard scattering cross section can be written as

/(0").
dcomO"= _ (1- coso )2

where/(0") depends on the graph. For example, it is _(3 + cos20") s for the g g -. g g
diagram. As we will see in a moment, the angular distribution is dominated by the
Rutherford pole in the denominator, and thus the cross sections for the gg, gq, and
qq initial states all have a similar angular dependence. The consequence of this is that
the full _'p cross section can be written as

dzz dz2dcoaO" - zt z2 dcosO"

r
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Fla. 24. 'Ludins order di_l_,_,forpas_n-pu_. ,_-+¢_II.

where

4

r(z)= G(z)+_[q(z)+Q(,)]

Here G, Q, and Q are the total gluon, quark, and antiquark momentum densities,

and the sa is a consequence of the gq_ and K_ vertex factors. Note that C invariance
require,thatP(=) = FV(z).

If this picture of parton elastic scattering is correct, then large q2 events should
predominantly contain two large PT jets, the fragmentation products of the scattered
partons in Fig. 23. The experimental jet fix,ding algorithm is important, since the jet
energy and size as well as the number of jets in an event depend on the algorithm.
CDF [7] begins with a cluster seed, which is a calorimeter tower with El- above a seed
tower threshold. (E,r - EsinO _ emential]y the same as Pr = Paine except that the
measurement comes from the calorimeter rather than the tracking chamber.) A cone

" of half angle R in q - h space (typically 0.7) is drawn around the seed tower. The Ftr
weighted centroid of the towers within the cone becomes the new cluster centroid. A
new cone is drawn, and the process is iterated until the cluster is identical after two
successive itcr_ions.

Hadron jets are easily seen in high energy _'p coll_ons (Fig. 25). To see if jeU
domina_, let us comnder the observables Hn [8].

Hx _= ET(largest F._ jet)

El.(largest Dr jet)+ Er(secon d largest El' jet)/'/'2-- ......
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2Z5 5

Fis. 25. (&) A dijet event in the CDF detector. The F_r is shown for each electromqnetic
(sol;d) snd hadronic (h_tched) cador:,meter tower (b) A three jet event.
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Fig. 26. The jet Ftr fractions for large _ Er CDF events. The solid lines come from the
Herwi8 parton shower Monte Carlo.

J

where

Distributions for the first four Hn variables from CDF events with _ ET > 400 GeV

[9] are compared with theory [10] in Figure 26. Hz peaks at 0.5; H_ peaks at 1.0 with
a tail; and Hs peaks sharply at 1.0. This is consistent with the leading order QCD

diagrams plus the next to leading order correction in which a hard gluon is radiated
from one of the scattered partons (Fig. 25b).

2.8. Dijet Prod=ction

The CDF inclusive jet cross section [II] is shown in Figure 27. The theoretical cal-

culation uses quark and gluon distribution functions measured in other processes like
deep inelastic scattering, with a, and structure functions evolved to q_ = P_,. The
agreement between dat_ and theory over 7 decades is excellent. UAI used equation 1
and theoretical calculations of the hard scattering cross section to extract the effective

structure function, F(x), from their data (Fig 28) [14]. If it is assumed that the jets
are produced only from the scattering of quarks, then the prediction is much too small
at low x; thus gluon scattering is required. From this comparison, it is also clear that



Fil_. 27. (,) The CDF induldve jet cro_ section compared to L theoretical calculstion [12] usin8
the HMRSB structure functions [_3]. (b) The diffezence between the dat& s_nd theory shown
on z Une_z scale. The vzriition in the theoretical prediction when the structure functions are

chznqed is also shown.
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Fig. 28. The e/Tective structure function, F(x), M measured by UAI. The d&t_ _e comp_ed
with &number of theoretical calcul&tions.
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Fig. 29. The UAI jet angular distribution compared to theoretical predictions.

quarks dominate at large x while gluons dominate at small x, as expected given the
bremsstrahlung origin of gluons. Also if the theoreticaI prediction uses the structure
functions as measured at low q2 without evolving them to q2 _ p_, then the result is

much larger than the data at high x.
We can also look at the je '_,angular distribution. UAI data [15] are shown in Fig-

ure 29. Note that the predictions for q_, gq, and _ scattering are very similar; they

are dominated by the Rutherford pole. The result would be quite different, however,
for an abelian scalar gluon theory, where the propagator would have spin 0 or I/2 but
not I. The large cross section variation due to the Rutherford pole makes it difficult

: to discern how well the data and theory a_ree. This effect can be removed if another
angular variable is used.

1 + cosO"
X =-- 1 - cosO"

2

dx = (--1-. cosO')2 dcoaO"

d_ I1 - cos#")2 d_
dx 2 dcosO"

The CDF an&mlar distribution is shown in Figure 30 [59]. There is good agreement
with the QCD prediction.

P../;. M.ltjet Production

Beyond leading order in the perturbation expansion, additional diagrams appear. There
are diagrams, like vertex corrections, with additional internal lines (Fig. 31a,b,c) as
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Fig. 30. CDF d_t_ on the jet angulardistribution compared with _ QCD ¢adculation. The
d&t_ contain dijet events with Mi_ > 200 GeV/c2o
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F!K. 31o Higher order corrections to the leadin&order patton-patton scltterin&.

well as diagrams with additional external lines like gluon bremsstrahlung (Fig. 31d,e,f).
The latter diagrams should produce 3-jet final states, have S cross section down by a
factor of _-el, relative to the 2-jet cross section, and have a bremsstrahlung like third jet

energy distribution (recall the Altarelli-Parisi splitting function P"(=) _- _). Figure 32
shows the ratio of 3-jet to 2-jet event rates for UAI data [17]. As expected, the ratio is
__ct,, and although statistics are limited, the data is consistent with &running _,(q2).
The data have been corrected both for the loss of 3-jet events due to the spatial overlap
of jets and for events in which the third detected jet was due to a fluctuation in the
parton fragmentation or in the underlying event. Both UAI [17] and UA2 [18] have
used the 3-jet to 2-jet ratio to deduce _,.

Ks

K--_, = 0.22± 0.02± 0.03 (UAI)

i
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Fig. 32. The UA1 ratio of the 3-jet to 2-jet cross sections u a function of the multi-jet center
of mass energy. The lines correspond to di_erent choices of the 3-jet q_ scale.

= 0.23:1:0.01 :i: 0.04 (UA2)

where Ks and K_ are the corrections ("K factor") for the uncalculated higher order
diagrams.

To look for the expected bremsstrahlung like distribution, one can study the energy
sharing among the three final state jets. By convention, the parton numbering scheme

_,as the initial state parton that is more (less) energetic in the _p rest frame denoted
1 (2). In Lhe center of mass frame of partons 1 and 2, the three outgoing partons are
labeled 3, 4, and 5, where 3 is the most energetic and 5 is the least energetic. Figure 33
shows the jet energy fractions X3 and X4, where X, -- _ in the center of mass£s+£. +B6
frame of partons 1 and 2. The leading jet (parton 3) carries more energy than 3-body
phase space would predict, as expected in QCD since this jet did not radiate a gluon.
The same is true for the next to leading jet, since although it did radiate a gluon,
that gluon is typically very soft. Since X3 + X4 + Xs -- 2 and jets 3 and 4 have more

energy than predicted by phase space, jet 5 has less energy than phase space predicts,
as expected for a bremsstrahlung product.

The variables 0" and _" used to describe the 3-jet angular distributions are defined

in Figure 34. As expected, the cosO" distribution peaks at 1.0 (Fig. 35a), because, as
in the 2-jet case, tochannel gluon exchange dominates. The ¢" distribution (Fig. 35b)
peaks toward 0 ° and 180' because in that region jet 5 can be close in angle not only

to jet 4 but also to jet 1 or 2. Thus there are large contributions here from the initial
state gluon bremsstrahhmg diagrams.

Beyond leading order in QCD, the inclusive jet differential cross section depends on
• the cone size used in finding the jet clusters. For leading order diagrams, as long as the

cone is large enough to contain the parton's hadronic fragments, the Dr in the cone
will not change. Thus the value of the abscissa in Fig. 27 where an event is plotted does
not change. For higher order diagrams that contain hard gluon bremsstrahlung, as the
clustering cone gets larger more of the bremsstrahlung products are included in the
cone. Thus the ET of the jet increases, and the event is plotted at a larger value of the
abscissa. This has the effect of increasing the differential cross section, -/_ Figure 36dET"
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FiK. 34. The _asulLr v,_'iables used to describe 3-jet events.
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Fig. 3G.The (a) co80"and (b) _" distributionsfromCDF &.jet data [21]compared with QCD
calculations with and withouthard scattering of initial state gluons. The cuts in cosO"and
_" are made to ensurethat the jetsare wellseparatedfromeach other and fromthe beam.

shows this for CDF data [22] and a next to leading order calculation[23]. The data
and calculation have the same trend, but the data increases somewhat more rapidly as
the cone size increases, lt is expected that the predicted slope would be larger if more
gluons were allowed to radiate (QCD diagrams beyond next to leading order).

2.5. I,arfe Pr % W, and g Production

The strong interaction can also be studied with a large PT 7, W, or Z in the final state
(Fig. 37a). The utility of these processes for studying QCD comes from both an exper-
imental and a theoretical simplification. The experimental advantage is that the 7, e,
and p detection efficiency and resolution are straightforwardto evaluate. This contrasts
with quarks and gluons for which multihadron fragmentation and its eft'ecton detector
resolution as well as the dependence on clustering size due to gluon bremsstrahlung
result in serious systematic difficulties. From a theoretical point of view, vector boson
production has simpler higher order corrections; the next to leading order diagrarr_
are of order a,2, to be compared with jet production where the corrections are of order
_. This means fewer diagrams and interference terms to calculate.

In the case of photon production, there is an experimental complication that arises
from the bremsstrahlung diagram (Fig. 37b) in which the photon is not produced at a
hard scattering vertex, but is radiated from one of the scattered partons. The difficulty
is that photon identification usually requires isolation (no energetic hadrons nearby),
and thus the size of the bremsstrahlung diagram contribution depends on the details of
the 7 isolation requirement.However, by imposing a rather strict isolation requirement,
the effect of the bremsstrahlung diagrams can be minimized.

Figure 38 shows the UAI [24] and UA2 [25] photon production cross section. Note
the similarity of the cross section shape to that for jet production. This reflects the
common proton structure functions as well as the dominance of the similar 2 --. 2 hard
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Fig. 38. Photon zmd jet production czou sections from UAI zmd UA2 compazed with theo-
retical predictions.
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Fig. 39. (a) CDF photon production cross section comPared to thtmretical predictions, (b)
Data divided by theory on a linear scale,

scattering diagrams, The photon data agree well with the order a.2c_em calculation [26],
CDF has measured the photon cross section at Vfi = 1,8 TeV [27]. Figure 39 shows

good agreement except at the lowest PT where the bremsstrahlung diagrams make
the largest contribution and where the uncertainty in the structure function (gluon
z < 0.02) is largest. UAI [28] has observed the difference in the jet and photon angular
distributions due to the propagator spin (I for jets, _ for photons). Figure 40 shows

agreement between data and the predicted behavior. The prediction includes the effect
of the _- 35% z"° background in the photon data sample.

UA2 has measured a,(M_,) by comparing the numbers ofW + 1 jet and W + 0 jet
events [29]. They find

= 0.13:E0.0.:}± 0.03:E0.02

where the first uncertainty is statistical, the second is due to experimental systematics
such as the detector's jet energy scale, the underlying event, and uncertainties in the
structure functions, and the third is due to uncertainties in estimating the higher order
corrections to the theoretical calculation.

3. Studies of the Electroweak Force

3.I. Overview of the Standard Model

The electroweak interaction is produced by local gauge invariance under the gauge

group SU(2)L of weak isospin x LT(l) of weak hypercharge. The elementary fermions
are in left handed weak isodoublets and right handed weak isosinglets,
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where the right handed neutrinos are present if the neutrinos have rest mm. The weak
eigenstates denoted by primes are related to the strong eigenstates by the CKM matrix

8o = V 8

b

V = V_ Vo, V_,
V,d V,. V,,

The generators or gauge bosons are

su(2)
B_, u(_)

The interaction Lagrangian, as in electromagnetism (Ei., =: eA_,, J#), has the gauge
fields coupled to the fermion currents,

_:,.,= e2J,,'w,,+_sJ[s,,

where ,2..isthe fermion weak isospin current, and J,Y is the fermion weak hypercharge
current. With the usual definitions of raising and lowering operators

z ± _ z* _ iz _

this becomes
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where the first terra is the charged current and the rest is the neutral current. The
connection between electric charge, weak isospin, and hypercharge

Q= I3+Y

or its current equivalent

J_' =_+_
and our knowledge of the electromagnetic term in the interaction Lagrangian

allows us to find the linear combinations of Wu3 and B_, that correspond to the photon
(Au) and the Z0 (Z#)

W_ = _ B. = -_'z"+g'A"x/,#+,? ./o¢+,? '

This gives

..... ,, ]
g_gl . j_M A.

g' [1;w++j+w;]+ g' [j_- .,.'0__'1 z.
+g_ sinOw J_M Au

where instead of g_ and at, we choose to use gu and 0w. The weak angle, 0w, is defined

through tanOw - _.
We can relate g:_ and 0w to the physical constants e and Gr which have been

measured accurately.

g_sinOw = •

Or

The latter comes from the requirement that EtL: at q: __0 reduce to the Fermi four-
fermion interaction. These equations can be rewritten to give the mass of the W,

1 ] 1 _raEM

M_ - _g, 2""_Gr- _/_Gr,in20w

Since the W and Z,masses are produced by the Higgsmechanism and the Lagrangian
terms in which the W and Z interact with the Higgs have coefficients g_ and _,
the Z mass is given by

M_--- Mw_
cos_Ow

1 :; 1 " ra_M
= 2(g_+ g?)2V_Gr - v'_Grsin20wcos_Ow
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So far we have only considered the ][owest order electroweak effects. To this order,
three experimental inputs are needed to fully specify the electroweak sector, for exam-
pie aE_, Gr, and Mz.

The dominant ra_liative correction results from vacuum polarization loops in the

propagators [30]. This produces a running of the couplil_g constants, f_(q2) and 91(q2).
It also further splits the W Lhd Z masses if there are heavy fermion deublets with
large mm splitting, because the loop corrections (Fig. 41) have different kinematic
suppression. The W and Z masses can be written am

Mw:: I ' v'2_2(Mw) w

where e comes from the Higgs vacuum expectation value. As before,

1

since in beta decay Gr is the square of the coupling constant divided by the propagator

In lowest order, vz is the same as vw, but in higher order vz is modified by radiative
corrections. The effect of these corrections can be described by

where 0w is the weak mixing angle defined as before, but now in terms of the running
coupling constants. The dominant correction is due to the top quark loop which gives

- 321r_

There is also a weak logarithmic dependence on the Higgs mass that is not included
here. The resulting expression for the Z mass is

' [ -.

M_ = !('q?(Mz) +g?(Mz))2 (',2v_GF _32_'2]

:Z,o(M,)
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Fig. 42. W decay into Iv in • _p collision.

At this level, four experimental inputs are needed to specify the electroweak sector.

For exam.pie with nEM, Gr, Mz, and one other (Mw or sin2Ow), the values of rn_
and sin_Ow or Mw can be predicted. Measuring these would provide a test of the
Standard Model at the level of the electroweak radiative corrections.

3.2. The W Mass

UA2 [31] and CDF [32] have produced the first precision measurements (_ _%) of
the W mass. This is a difficult measurement because of the neutrino in the final state.

As oppmed to the leptonic decay of the Z (Z --* i+l -) in which there are two well
measured particles with a well understood resolution function, the leptonic decay of

the W (W --. liv) yields one well measured particle plus the neutrino. Since the
neutrino does not interact in the detector, its momentum can only be inferred using
con._ervation of momentum. Figure 42 shows a _'p collision producing hadronic debris

plus a W that decays into l_. Since the initial _'p state has zero net momentum, the
final st_ must also have no net momentum.

_P! =0

/_+P,+ _ P = 0
hadrmm

/',=-/5" _ P
hadronJ

In principle this can be measured weil. In practice there are two major difficulties. First,
only the transverse component of P, can be calculated, because in hadron collisions

significant longitudinal momentum can be carried by particles going undetected down
the beam pipe. Second, the energy resolution for the neutrino is much worse than
for the charged lepton, sad the resolution function is difficult to measure. This is so
because the determination of P_ (actually F-rr in the calorimeter) depends on the
measurement of the transverse momenta of all other particles, charged and neutral,

produced in the event. Moreover, the energy response of detectors is not perfectly
linear. Thus the signal produced by many low energy particles is not the same as that

of a single particle with the same total energy.
In order to understand the measurement of P_, a variety of studies have been carried

out.



The PhllaiC: oi ,_roton Antiproton Collisions 42

=), i o.ss[; =)

_, r, . 0.45 ,,'_'''''''
Q. 40K a. 401(

0'40 f

. o
2oK = 2ox o. 5

:o-, ,.... ,....,,:,o ,-.-:,- '..... " o 2'o" .... '-20-10 0 I0 20 -20-!0 0 tO 20 _ 0..10 .... 40 SO
MinimuII-_ICll (f, (_lV) Hlnilml-elCll I_y_ (GEV) Scolor Ev (GEV)

Fig. 43. (t) ET, and (b) Er, for CDF minimum bias events. (c) The resolution in ET, as t
function of the net scalar ET.

- An event sample obtained with a simple _'p interaction trigger (minimum bias data)
was used to study the resolution in the ET balance for the underlying event, the soft
hadronic debris produced along with the W. Figure 43a,b shows, for minimum bias

events, the x and y components of the net ET ----_ E-y,, where the sum is over ali
calorimeter cells and E.r, is directed from the interaction vertex to the calorimeter cell.
The mean is zero as it should be, and the resolution is plotted verses the net scalar

(-=E: lET,I)in Figure 43c.
- To minimize the dependence on higher order QCD W production diagrams as well
as on jet fragmentation, both CDF and UA2 restrict their data sample to low PT Ws.
CDF removes events containing hadron jets with -°7' > 7 GeV/c; UA2 excludes events
in which the reconstructed p_V is greater than 20 GeV/c. Even with these restric-
t,_ons, there remain lower energy jets recoiling against the W. Both b,rc_ups measure the
calorimeter response as a function of hadron energy so that the detector response to
the recoil jet can be correctly modeled.

- If the PT of the W is to be correctly measured, the calorimeter energy deposited
by the charged lepton must be separated from that due to the recoil jets and under-
lying event. This requires understanding the transverse size of the lepton deposition.

If the lepton energy is properly removed, E_. + E_, should agree with a simulation of

-_":_hadrom,ET both parallel and perpendicular to the charged lepton direction. This
comparison is shown for CDF data in Figure 44.
- Much of the understanding and modeling of the detector's hadron response can be
checked by studying Z". I+l - events, which are kinematically similar to W events but
in which the neutrino is replaced by a well measured charged lepton. The comparison
of data to the prediction of the detector model for UA2 is shown in Figure 45.

The mass of the W is obtained from the shape of the transverse mass distribution.
Transverse mass is the three dimensional analog of the four dimensional invariant mass.

where A_ t_ is the azimuthal separation between the leptons. The transverse mm must
be used because P,' is not measured. The expected shape is simulated as a function of
the W mass, and a maximum likelihood fit to the data establishes the W mass and its

uncertainty. Figure 46 shows the data and the expected shape for the best fit mass for
both the UA2 and CDF samples. The high mass falling edge, which is most sensitive

to Mw, is well modeled. As a further check that the detector modeling used in the
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Fig. 44. Projections of the net hadronic vector ET p,r_dlel to and perpendicular to the ch_rsed
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detector simulation.
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Fi8. 47. Comparison of diti azd detector modeling for each type of lepton in W decay,

mass determination is correct, the data and predictions for the lepton PT spectra are

compared in Figure 47.
The result_ of the ma_ measurement are quoted with statistical, systematic, and

_cale uncertainties. The major sources of systematic uncertainty are the detector
hadron and miMing ET resolutions, the shape of the W PT spectrum, and the proton
structure functions. The uncertainty in the detector's enelogy s,:ale is quoted separately
because it cancels in the ratio of masses meuured in the same detector. The UA2
result is

Mw = 80.79 -1-0.31(stat) :i: 0.21(sy_t) :t:0.81(scale) GeV/e l

They reduce the effect of the large scale uncertainty by meuuring the ratio of the W
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and Z mm

Mw _ 0.8831 4. 0.0048(stat) ± 0.0026(syst) GeV/c 2
Mz

and then using the precision LEP value for Mz to get

Mw - 80.49 4. 0.43(stat) 4. 0.24(syst) GeV/c 2

CDF results from W _ ev and W --,/iv decays are

Mw = 79.91 4. 0.35(stat) 4. 0.24(syst) 4. 0.19(scale) GeV/c 2 (W -..,,ev)

Mw - 79.90 4-0.53(stat)4. 0.32(syst) 4- 0.08(scale) GeV/c 2 (W --., pr)

The CDF magnetic spectrometer has a small enough scale error so that calculating
Mw/Mz and normalizing to the LEP M'z produces a slightly larger overall Mw un-

certainty due to the large statistical error in the Z sample. The final CDF result after
combining the two samples is

Mw = 79.91 4. 0.39 GeV/c 2

The CDF and UA2 results are consistent.

Mg A2 - Mt_ DF = 0.58 -4-0.63 GeV/c 2

The combined UA2 and CDF result is

M CDF+UA_ = 80.13 4-0.31 GeV/e 2

What does this tell us about the consistency of the Standard Model? Five quanti-
ties have been measured accurately: Gr and _EM in beta decay and atomic physics
experiments, Mz and sin2"Ow at LEP, and Mw in p-pexperiments. A global fit to the
Standard Model equations can be done with the overall X2 indicating whether the data
are consistent with the theory. We will not do that here. Rather, for pedagogic value,

we will make a few comparisons of data and theory.
The measured W mass can be compared to the predicted value using

_'a(Mz)
M_ = V_Grsin:Ow

and the quantities

Gr = 1.1664 x 10-s GeV -2

_. or_tM(Mz) = 128.8 (-4-0.2) [33]

sin_'Ow = 0.23184.0.0011 (LEP)[34]

The Standard Model prediction and the measured value are in good agreement.

M_," = 79.87 4. 0.20 GeV/c 2

M_ = 80.13 4. 0.31 GeV/c 2

M_z - M_,m = 0.26 4. 0.37 Ge V/ c2
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Alternativelywe can turn thisaroundand use themeasured W mass todeducethe

value of the fine structure constant at q2 = M_.

lr

¢_(Mz) = 128.0_ 1.2

This is 7_5 o. away from the low q2 value of 137.0. Thus within the context of the
Standard Model, the fine structure constant is observed to run.

We can also place sn upper limit on the ms_ of the top quark using the Standard
Model formalism. The p parameter can be calculated from the values noted above plus
the LEP Z mm, 91.17 -I,0.020 GeV/c a [34].

z M]cos20w
= 1.006 ± 0.009

This places a limit the top quark mass when we use the correction to vz (equation 2).

, . 3Mt2oDGr

pf i
M'-'_op-- 138 GeV/c 2 (149 if Me, mm: 250 GeV/c 2)

Mtop < 236 GeV/c 2 @90%CL

Theme numbers are similar to those obtained from LEP measurements of the Z roaM,

the Z partial widths, etc. (mean value of 142 GeV/c 2, 90% CL limit of 200 GeV/c a

[34]).

3.3. Charge Asymmetries

In W and Z decay, the decay angular distributions in the vector boson rest frame are
sensitive to the weak couplings. When viewed in the laboratory frame, these distribu-
tions also depend on the proton structure functions.

3.3.1. q_-, e+e-
The e+e - final state can be produced by either a virtual photon or a Z °. Thtm the cro_
section contains three terms corresponding to q_"--* 7 ° -, e+e -, q_"-* Z ° -* e+e -,
and sn interference term. If the measurement is made near the Z ° pole, the 7" term

is very small. Moreover, the interference term changes sign acrou the resonance; thus

the integrated effect across the resonance is small. Therefore it is the Z ° term that
dominates, and the crou section can be writ'ten as follows.

do' 3a2s a2,)(v_ a_)(1 cos20) 8v, a, vqavcosH ]
d"_: 4[(s M_)2+ :_' _- ' Mzrz] [(_) + + + +

where v and a are the vector and axialvector charges, and 0 is the angle between the

quark and the e-. Note that the co_ term is the interference between the vector and
axialvector currentJ and is explicitly parity violating. The angular distribution thus
can be written u

I + cos a0 + z coso

8vea, vfafZ

+ +
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Fig. 48. (a) The raw angular distribution for Z decay in CDF data. (b) The distribution after
correcting for the detector acceptance.

*

and the asymmetry as

A- oo.0- oo,0=3_,
f l 1_d co,0 8

In _'p collisions, the quark almost always comes from the proton. Thus there is little
ambiguity in the angle 0. What differentiates this measurement from easily measured
asymmetries at LEP (e+e - --, p+P-) is the dependence on the light quark weak
charges. However because the weak vector charge of the electron is proportional to
4 sin20w - 1, which is close to zero, ohly a large departure of the light quark weak

charges from expectations would produce an observable effect.
The angular distribution in Z decay for the CDF data [35] is shown in Figure 48.

The measured Mymmetry in the 250 event CDF sample is

A = 0.053 -1-0.059(star) -1-O.O04(syst)

From this the weak angle is determined to be

+o 017
ain2_w = 0.228_o:ozs(stat) -I-0.0O2(syst)

This is consistent with the much more precise values of sin2"Ow meuured in other

processes at LEP.

8.8._. W--,, ev

The charged current is pure V-A. Thus the angular distribution in W decay follows
from simple helicity arguments. Figure 49a shows the production of a W +. Since the
u quark almost always comes from the proton and only left handed fermions and righ_
handed antifermions interact via the charged weak interaction, the W + is produced

polarized in the antiproton direction. Conservation of angular momentum in the decay
causes the positron to be emitted preferentially in the antiproton direction. Similarly
the electron from W- decay tends to be produced in the proton direction (Fig. 49b).
This results in the decay angular distribution in the W rest frame

d_
..... ( l + cosO")2d cosO"
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Fig. 49. (A) W + And (b) W'- production _d decay in gp interactions. The double Arrows
indicate the spin directions.

where 0" is the angle between the electron and proton or between the positron and
antiproton.

In order to transform into the W rest frame, Pi is needed. Although it can't be

measured directly, the constraint

can be used to calculate Pi. Unfortunately a quadratic ambiguity remains. At CERN

Collider energies, the correct solution is most often the one with the lower pjw. Fig-
ure 50 shows UAI data in good agreement with the V-A prediction [36]. At Fermilab

energy, both solutions are quite probable because the Feynman x of produced W bosons
is so small. Thus CDF must look at the angular distribution in the lab frame. Here a

_.ructure function effect produces au asymmetry larger than that from V-A and of the
opposite sign. In the proton, the u quark momentum distribution, u(z), is harder than
the d quark distribution, d(z). Thus a W +, produced from ud annihilation, tends to
be moving in the u or proton direction. This throws the decay products of the W + , in
particular the e+, in the proton direction. Thus the structure functions cause e+ to go
in the p direction and e- to go in the _"direction, opposite to the V-A helicity effect.

Figure 51 shows the CDF W decay asymmetry in the lab frame [37]. The asymmetry
A(rl) is defined ss

•+(.)+

where r? is the pseudorapidity (rl = -In tan_), and the + (-) cross section contains
events where the product of the lepton charge and the pseudorapidity is > (<) zero.
The data are consistent with the m to d ratio in most of the modern sets of structure
functions.
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Fig. 50, The UAI W decay ansular distribution in the W rest frame compared with the V-A
prediction.

o Plug -

-_ [ [lectrons.

-LI "=
I: .b"'._/*_ ',or- I'T" "

0 ,

0 O,S 1 1,S
LilIDIqM ReDld|ty I I, IlfltlHt C_lrse

Fig. 51. The CDF W decay LnSulU distribution in the lab frame compared to theoretical
expectations for a number of sets of proton structure functions.



The Phwicaof ProtonAntiprotonColllmlonm 50

3,4, The W Lifetime

The lifetime of the W can be deduced from the ratio of the production crou Bectton
times branching ratio for W -, ev and Z -, e+e-,

_6'(Z -- ce)

This quantity is relatively free from experimental systematic uncertainties, since uncer-
tainties in the integrated luminosity of the data sample, acceptance, triuer efltciencies,
etc, largely cancel in the ratio, Writing the branching ratio as the partial width over
the total width, we get

R = _(_" w +x)r(w - ,_)r(z)
_(_p- z + x)r(z - ,,)r(w)

The ratiooftheproductioncrosssectionsiswellpredictedby QCD and theknown
structurefunctions[38],

•(r_-w +x)'" = 3,23 4-0.03 @V_ = 1,8TeV
_(_-z+x)

3,20± 0,07 @V_= 0,63 TeV

The partialwidthoftheW isa standardchargedcurrentcalculation

r(W ...,en)- 223,6:i:0,3MeV

andtheZ widthshavebeenmeasuredatLEP [34]

F(Z -*ce) = 83,2± 0,4MeV

r(z) = 2.485 :k 0,009 GeV

Values for R have been measured by UAI [39], UA2 [40], and CDF [41].

R = 10.2 :l:0,8 (stat) d: 0.4 (syst) CDF
9 3a+°'s2 (stat)4-0,25(syst) gA2
" _'-I,0

Usingthisand thequotedvaluesforthewidthsandthecrousectionratio,we get
forthefullwidthoftheW

r(w) = 2.11d=0,19 GeV CDF
2.28 ± 0.21 GeV UA2
2,25-4-0,27GeV UA1

Sincethedominantuncertaintyisstatisticalineachcase,we canaveragethe.sovalues
toobtain

F(W) = 2.20 :t: 0.12 GeV
Q,m

The total W width is sensitiveto any open W decaychannelbeyondud, c7, eu, #u,
and ru, For example, if W ---*tb were kinematically allowed, then the predicted F(W)
would increase. Although tb would be an open channel only up to Mtop _ 75 GeV/c 2,
this measurement is still important. Unlike direct top searches, this one is valid no

......................................................................................................... III ']['1
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matter how the top quark decays, for example top decaying into a charged Higgs
. which then decays into cE Such decay schemes contain no isolated leptons and thus

would be missed in the direct top quark searches.

In order to set a top quark mass limit, we calculate the inverse branching ratio
F(W)/F(W -.* eu), Unlike r(w) alone, this ratio should be independent of the pre-
cise value of Mw. Moreover, there is a gaussian uncertainty in the inverse branching
ratio since it is proportional to the number of Z events obmzrved, and the statistical
fluctuation on Nz dominates the uncertainty. The three collaborations find

r(w_
r(w-,_) = 9.44:_0,85 CDF

10.20 :l::0.94 UA2

10.06 :t: 1.21 UAI

Average : 9.84 :i: 0.58

The resulting lower limits on the top quark mass are (Fig. 52)

> 51 GeV/c 2 @ 90% CL

> 48 GeV/c 2 Q 95% CL

independent of how the top quark decays.

8.5.Lepton [rni_ersalit#/¢iq2= M_i. ,,

We know from _r --. Iv decay, u deep inelastic .. _ttering, and the _"lifetime that at

low to moderate q2 the charged current couplings to the leptons (g,, g,, gr) are ap-
proximately equal. Since gauge couplings run, it is interesting to compare the coupling

constants at large q_, specifically at q2 = M_,z ' For the neutral current, LEP results

i
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on the partial widths of the Z to ce, ##, and 1"1"confirm lepton universality at the
~ 2% level.

For the charged c,xrrent, we similarly compare the partial widths of the IV into
leptons.

At hadron colliders, r identification is a difficult problem. The leptonic decays of the _-
cannot be used because W --. _'_ -. e_vv cannot be separated from W -- ev, Thus one
is forced to look for hadronic r decay which is quite difficult because of the enormous
cross section for QCD produced jet background.

UAI [42], UA2 [43], and CDF [44] rely on two important event characteristics to
- separate the signal from background, the large missing E_ in T_P-'* W --. rv --*

hadrons + v + II, and the fact that I"decay produces narrow, low multiplicity jets.
For example, UAI forms a I- log-likelihood function based on the size of the jet, the
angular separation between the highest PT track and the jet axis, and the charged
particle m_Itiplicity (Fig. 53). CDF is able to confirm that its siKnal is indeed from I"
decay by looking at the track multiplicity distribution (Fig. 54). Clusters from I"decay
should have mostly I or 3 pronp.

The results from the three groups are:

UAI : g_/g, -'- 1,01± 0.09± 0.05
g,/9, = 1.05± 0.074.0.08

UA2 : 9_/g, = 0.9974. 0.0564.0.042

CDF : g_/g, = 0,97 4-0.07
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The UA2 and CDF results are preliminary. The combined result tor W decay is

= 0,99 4- 0.04
g,

in agreement with lepton universality,

4. The Search for the Top Qmu'k

This is purely an experimental question of the strategy for searching for this as yet
unobserved heavy fermion. I will present in detail the methods employed by the most

sensitive experiment, CDF [48]. At the end I will summarize the results from UA 1 and
UA2.

,_.I, Introd.ctio.

Within the context of the Standard Model, the top quark must exist. The b quark must

have a partner since it has a measured weak isospin of 1/2 [45]. Moreover, anomaly
cancellation requires that for each generation

q,+ q,= 0
quarkn leptons

This fails for the third generation unless the top quark exists.
The search for the top quark ,has been underway since the bottom quark wu dis-

covered at Fermilab in 1977. The initial guess for the tqp mass was 15 GeV/c 2 based
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' a) b)
Fit.SS.Top q.uk pmduc_on vi_(_)W d_ay _ad (b)gluonfusion.

on the apparent geometric progression of the quark masses: Ms (0.5 GEV/@), Mc (1.5
GEV/@), Mb (5 C,eV/@). Since that time there has been a steady increase in the ex-
perimental lower limit on the mass _s shown in Table 3 [46]. The _'p limit from the
W width was presented in the previous section. Here we will consider the direct top

quark searches.

e+e- : Limit: Method: '.J

PETRA/PEP 15 - 22 GEV/@ R, event shape
Tristan 30 GeV/c 2 R, eventshape

SLC 41 GEV/@ Z° width, event shape
LEP 45 GeV/c 2 Z ° width, event shape

-I=.

PP:

Tevatronand Sp_"S 48 GeV/c_ W width

UA1 60 GeV/c 2 isolated leptons
UA2 69 GEV/@ isolltedleptons

CDF 91 GeV/c _ isolatedleptons
T_ble 3
Lower limits on the top quark mass

In _'pcollisions,therearetwo major top quark productionmechanisms as shown

in Figure55,from W decay and throughgluon fusion.The W decay diagram only

contributes significantly if M_op < Mw - M, _ 75 GEV/@. At Vfl = 1.8 TeV, tt
production through gluon fusion dominates for ali Mtop (Fig 56) [47].

The dec_y of the _p quark in the minimal Standard Model occurs via the charged
weak current, t --- Wb, with the W real or virtual depending on the top quark mass.

.-t/-. +
Each W decays with & branching ratio of I/9 into each generation of leptons, and s
branching ratio of 3/9 (due to color) into ud or c_. the all hadronic final state has

the largest combined branching ratio (4/9), but the tt signal would be overwhelmed
by QCD production of multiple quark and gluon jets.

Thus in order to observe a signal above background, at least one W must be required

,_ to decay into leptons. We will first consider the case where both W bosons decay into
leptons, one into ev and the other into pr. Then we will look at the final state in which
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Fi8. 56. Expected top quark production cross section in _p collisions Lt both CERN and
Fermilab enersies.

one W decays into eu with the other W decaying in#,o qu_zks. Finally we will consider
extensions to both of these searches.

The decsy chain

t_ --, WbWb -.* eublJub

provides the final state with the lowest background. Unlike the single lepton modes,
QCD production of W + jets doesn't contribute. And unlike the decay into two elec-
trons or two muons, there is no background from the production of 7", Z°, J/C, or T.

The major background

gg -.. bb--* ceu_#u

produces relatively low PT leptons. Another possiblebackground, W pair production
(qq "* W+ W- --. eul_u) doesn't have a cross section competitive with tr' foz Mtop <
150 GeV/c 2. Possible background from Z --. rr --, euu_uu can be euily removed as
we shallsee.

It isimportantto note thatlargePT chargedleptonsprovidea good signature

becausetheycanbe cleanlyseparatedfrom themuch more abundant chargedhadrons.

Figures 57 and 58 show the electron and muon selection variables for W .-, Iu events.
The hadron background is rather flat in these variables. The detection efficiency for

high PT electrons or muons incident on the active part of the detector is 75-95%
depending on the criteria used.



Fii_. 51. Distributions from W -.- ep events of vari=blesused to select electrons. The =r-

rows show the location of the usu=l cuts. (a) The ratio of the calorimeter energy to the
track momentum. (b) The r_tio of energies deposited in the hadronic ud electromal_netic

calorimeters. (c) A variable that describes the trsasverse size of the calorimeter shower. (d)
Matchins between the extrapolated track sad the shower centroid in the azimuthal direction.
(e) Matchin$ between the extrLpol=ted track ud the shower centroid in the beam direction.
(f) The chisquare for the comparison of the trusverse shower shape with that measured in
am electron test beam.
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Fii. 58. Distributions from W --./uv events of variables used to select muons. (a) The dilference
. between the e_tr&polated track from the central tracJcins chamber sad the location of the track

stub in the muon chamber. (b) The difference in slope between the extrapel&ted track sad the
muon chamber track stub. (c) The tot=l E¢ in the calorimeter cell throush which the muon
passes.
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FI(. 59. Electron ET versus muon PT for Monte Carlo simulations of (a) 40 GeV/c ) top, (b)
60 GeV/c 2 top, and (c) leading order hb"production. The location of the cuts that will be
applied to the data are shown.
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Fig. 60. Minsing ET distributions from (a) 80 Geg/c z top and (b) _ Monte Carlo samples.
Note the difference in the missing _ scales for the two figures.

There are a number of variables that are u_ful in separating signal from background.

- ET of the electron and PT of the muon. Top decay produces large PT leptons, while
bb background produces leptons with much lower PT (Fig. 59).
- The missing ET in the event. Events from t_ production have large missing ET due
to the two large Ftr neutrinos. Bottom events, on the other hand, have small missing
ET because the requirements of large E_, and P_ select the region of the b decay Dalitz

plot where P_ is small (Fig. 80).
- The azimuthal angular separation, zX_be_, between the electron and the muon. Top
events would produce a broad AC_e, distribution because of the large mass of the decay-

ing mesons. Bottom production is characterized by peaks near 0° and 180° (Fig. 61). Z
decay, Z -- 7"I"--. e_/z_, produces a peak at 1800 because of the low _"mass. Figure 62
shows these expected distributions.
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Fig. 62. The expected ep azimuthal sepazation for (aL)an 80 GeV/c 2 top quark, (b) bb pro-
duction, •nd (c) Z -. I-1--. e_vv.
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Fig. 63. Electron isol&tion in Monte Carlo samples of (a) 28 GeV/c = top, (b) 70 GeV/c s top,
and (c) bb events.

- Lepton isolation. The isolation of sn electron can be characterized by

' I --'--ET(cone, 11 -- 0.7) - E_,

where ET(cone, 11 = 0.7) is the transverse energy deposited in the calorimeter within
a cone of radius 0.7 in I?-_ space centered on the electron. For top decay (t ---, Wb --.

cub), the large top mass results in a large separation between the e and b and thus sn
isolated electron. In bottom decay (b _ eve), the electron is much closer to the charm

quark and thus less isolated (Fig. 63).
The CDF ep data were selected solely on the basis of E_ and P_. Figure 64 shows

why the requirement on both variables was > 15 GeV. Only one bb background event
was expected above that value for the integrated luminosity collected b.y CDF (4.1
pb-1). Figure 65 shows the CDF data. The bulk of the data looks like bb production

(compare Figure 65b,c,d with Figures 60, 62, and 63). However there is one evens with

very large E_, and P_,. The characteristics of this event are given in Table 4. The event
could be from tt decay, but it could just as well be _ background event. With only one
candidate, positive identification is impossible.

Charge PT _

,, [GeV/c] [degrees]
Central Electron + 31.7 -0.8 132

Central Muon - 42.5 -0.8 269 "
Forward Muon + 9.9 -2.0 98

J_t I 14 1.1 341

Jet 2 5 -2.8 88
TLble 4
Characteristics of the top candidate event. C_lorimeter E.r is used in the PT column for the
electron amdjet clusters.

CDF calculated the upper limit on the tt production cross section using the calcu-
lated detection efficiency and Poisson statistics based on one observed event, lnclud-

ing the event without performing a background subtraction is conservative since it
raises the calculated cross section upper limit. Also included in the calculation are the
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Fis. 64. Monte Carlo predictions for the event rates u a, function of the minimum lepton PT

accepted.

systematic uncertainties from lepton identification efficiency, the calculated PT distri-
bution for ff production, the top quark fragmentation function, and the experiment's

integrated luminosity. The 95% confidence level upper limit on the cross section as a
function of the top mass is shown in Figure 66 along with the next to leading order
theoretical prediction [47]. The mass limit is taken where the experimental upper limit
crosses the lower end of the theoretical prediction. From this, CDF concluded that the

top mass is greater than 72 GeV/c 2 at the 95% confidence level.

_.3. t_-- ev+ jets

The finalstatecontaininga singleelectronplusjets

gg- it - WWb- ev W

has a combined branching ratio 6 times larger than that for the ep final state. There are

however experimental difficulties that complicate this search. For Mtop < 120 GeV/c 2,

the probability of detecting ali four quark jets is small because the b quarks have low
energy and consequently don't appear jetlike in the detector. This forced CDF to search
for events with an electron, missing ET, and at least two jets of observed ET > 10
GeV.

There are two major sources of background. The production of b quarks

9o- --e,,qTc

produces low ET electrons and neutrinos. Moreover this background can be reduced by
requiring the electron to be isolated (Fig. 67). In this analysis, isolation is defined as the
ET in the calorimeter cells surrounding the cell hit by the electron. The more serious
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Fis. 67. Isolation for electzons with E_, < 20 GeV (circles), a sample that should be largely b
decay. The solid curve is z bb Monte Carlo prediction, and the histo&ram is z 75 GeV/c _ top
prediction. The excess data in the first bin is due to residual W and Drell Yan events in the
sample.
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Fig. fig. Electron ET versusmie_g ET for (_) CDF e 4- )_ 2 jet staple, (b) T0 GEV/(:_ top
Monte Carlo, _md(c) W . 2jet Monte Carlo, The solid(duh_) linescorrespondto the loose
(tight) cuts thi_t axe _ppUed to the d_ti_. The trigger requirement, E_, :> 15 GeV, hu been
&pplied.

background is due to the QCD production of W + jets (Fig, 68). This background
cannot be removed by simple cuts because the event characteristics are so similar to

that of a top quark signal. Rather a statistical method is employed to separate signal
from background in the final sample,

The data in the e . _ 2 jet sample are shown in Figure 69a. The concentration
of events at low missing ET and electron ET near the trigger threshold is due to
the bb background. The solid line in the figure represents a cut designed to remove
most of this back_ound. For very high top quark mass (> 65 GeV'/c2), a tighter

cut (dashed lines) is used to further reduce background. Figure 69b and c show the
expected distributions for a 70 GeV/c _ top_ quark and the W + 2 jet background. The
top signal is concentrated at lower E_. and missing ET than the W background because
the top quark decays to a virtual W when M_o_ < Mw . Mb, Thus the invariant mass
of the final state e_ is less than the W mass, and the transverse momenta of the e and

are smaller than they would be for the decay of an on-shell W, This translates into
an e_ transverse mass distribution that is softer than for the W . jet background.

Figure 70& shows the data along with the expected shapes for signal and background.
The data is consistent with pure background, This conclusion depends on an accurate
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simulation of the backlround transverse mass distribution. The simulation can be
checked with a similar data sample in which the top quark contribution would be

' very small, Such a sample, e + v + I jet, is shown in Flgure 7Ob. The agreement
between the data and the background simulation is excellent. The assumption that
the e + is+ >_2 jet d_,_sample is entirely qCD W + jet background can be checked
by looking at a number of other variables, Figure 71 shows the 2 jet invariant mm,
the transverse momentum of the ev system, and the azimuthal and rapidity separation

'e' between the two j ts. In each case the agreement between the data and bscklround
simulation is excellent.

To obtain the top contribution for a given top msu, CDF fits the transverse mass
spectrum to

d...._N-___T(M_') +/_W(M+')
dMe"

where W(M_") and T(M_ v) are the shapes of the W background and top sisnai trans-
verse rous distributions respectively, W and T are normalized so that a ffi _ = I for
the QCD predicted crou sections. The results of the fit are a and _ alonl with their
uncertainties. Table 5 gives these results for different assumptions for the top quark
mass.

The data are consistent with'the QCD W . jet prediction alone, which has an overall
theoretical normalization uncertainty of 30 - 35%. The results of the,fit are combined
with the systematic uncertainties to obtain the upper limit on the tt production cross
section. The major systematic sources are the detector jet energy scale and integrated
luminolity, along with the effects of the underlying event, initial state gluon radiation,
and top quark fragmentation. The 95% confidence level upper limit on the cross section
is shown in Figure 72. At the 95% confidence level, the top quark mass must be
> 77ae'//_,

J.J. F,:iended Dileptoll Selrc#l

Although the e# final state is the cleanest dilepton channel in which to search for the
top quark, the ee and pp channels also can be used. In extending the dilepton search,
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and (d) two jet rapidity separ,Ltion for CDF e + v+ >_2 jet data. The curves are from a W +
2 jet Monte Carlo,

- 'A_'_'t_ oe # X_
! [G_v/_] (_ = _o)

- 40 0.07:1:0,05 1,27_ 0:14 9.7

......50 0.06.4-o,os 1,29_ 0:14 10,4
60 0.i1± 0,08 1,264-0,15 10.4

- 70 n nn-l-o,z_ 1,28 :i: 0.13 9,4
n nn+O.zs 1,28 ± 0,13 9,47_ v,vu_O.O0

n nn+O,_'r 1,28 :i: 0.13 9,480 _,,,u.o.oo
Table 5
Results of the transverse mass fits to the e + v+ >_2 jet data alon_ with the statistical fit

41 uncertainties.
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Fig. 72. The CDF upper limit on the top production cross section from the e + u+ >_2 jet
data sample, *long with the next to le_ling order theoreticM prediction.

we increase the acceptance for the gg -., bb--. I+l - and Z -.. f_" .-_ I+l" backgrounds.

More important, however, is a new major source of background, 7" and Z -, I+l -,
Much of the Z background can be removed by cutting out the dilepton invariant mass

range 75 < MI+p < 1015GeV/c 3 (Fig, 73). In addition, we have to make use of the
other dLscriminants mentioned earlier, missing ET (ET) and A_bz+r- (Fig. 74). The

requirements are

ET > 20GeV

20° < A_ z+l"< 160o

As shown in Figure75,thereare no additionaleventsin thesignedregionforthe

extendeddileptontopsearch.The combined topmau limitfromthedileptonsearches,

ep, es, and pp, is Mtoe > 84 G eV/c 2 at the 95% confidence level (Fig. 76),

_.5. Eztended Single Lepton Search

The technique employed in the • + v + jets search cannot be used for high mass top,

since if Mtoe > Mw + Mi, the W from t -., Wb is onshell. In this case, the ev transverse
mass distributions for signed and b_kground are identical. Thus another discriminant
is needed. CDF chose to look for a b_quark in the event. Top events have two b quarks

in each event (_t --. WbWb --. evbqq-b or pv_qq-'b), whereas the QCD produced W
+ jets background rarely contains b quarks. Here the b quark is tagged through its
semileptonic decay into a muon; b -- pvc occurs with a 10% branching ratio, The
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single high PT lepton sample (eor _) was searched for the presence of sn additional
muon with Pr < 15 GeV/c. The upper limit on P_ was placed both because muons

from b typically have low energy and to avoid double counting with the dilepton e/_

and/J# searches. A low PT muon candidate also had to be outside the cones of radius

0.6 (in r/- ¢_space) centered on the two leading jets. In top decay, these jets would be
from the hadronic decay of a W; the b quarks are not usually near these jets. This cut
has the advantage of greatly reducing fake muon candidates. Hadrons can fake muons
either by penetrating the absorber iron or by decay in flight before entering the iron.
The large hadron multiplicity in jets make the fake muon rate near a jet core rather
large.

Figure 7T shows the distance between the low ene_D' muon in sn event and the
nearest of the two high PT jets. There are no events with R > 0.6. The CDF top
mass limit from the combined extended dilepton and extended single lepton searches

is (Fig.78)

Mtop > 91 GeV/c: @ 95% CL

_.6. Top Se,rckes _,t the Spas Collider

UA1 searched for the top quark in a number of channels [49]. For the _s+ v +jets final
state, they created a likelihood function to distinguish a top signal from the QCD W

background. Four variables were included: muon isolatioa, muon Pr, miming ET, and
the azimuthal separation between the muon and the highest E.r jet. Figure 79 shows

the log likelihood distribution for the data along with simulations of the background
and a 50 GeV/c 3 top quark. From this sample, they found that M m, > 52 GeV/c: at
the 95% confidence level.

UAI aLso used a likelihood function for their dimuon search, with variables P_,

muon isolation, and the azimuthal separation between the two muons. They found
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Mtop > 46 GeV/c 2 at the 95% confidence level in this channel. When they combined
these searches and their earlier work, they set an overall limit M,_, > 60 GeV/c s at
the 95% confidence level.

UA2 performed a search with their sample of events containing sn electron, missing
ET, and at least one jet with ET > I0 GeV [50]. They fit the ev transverse mass
distribution to a sum of QCD W + jet and top contributions (Fig. 80). The resulting

limit from UA2 is Mt_, > 69 GeV/c 2 at the 95% confidence level.

5. b Physics at Hadron Colliders

Heavy flavors provide a window on many important physics issues. The production

process, p_ --_ bb-X, is a testbed for QCD calculations since higher order diagrams
make a large contribution here and there are a large number of scales in the problem

" [51]

Pr M, Aecb

Moreover, the future of electroweak studies using the b system depends on the value

of the total cros_ section (how many b quarks can be produced) and the differential
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crosssections(howefficientlycanthesecond5inaneventbetagged).Withsumclent
numbersofbquarks,significantelectroweakstudiescanbe carriedout.Theseinclude
BB mixingand rareB decaysto obtaininformationaboutCKM matrixelements,
thesearchforforbiddendecaystoinvestigateextensionstotheStandardModel,and
hopefully_P violationinB decaywhereCP asymmetriesmay be large.

5.1. b Production

For b production vila leading order QCD diagrams (Fig. 81a,b,c), the b and _ have
equal and opposite transverse momenta. Valence qF annihilation (Fig. 81c) dominates
when 2M/v/_ > 0.I. At Fermilab Collider energies, this condition is satisfied for heavy
top quark production but not for b production. When 2M_/V_ ,_ I (it is ..- 0.005 at
Fermilab), the two-gluon in'itial state dominates, and higher orderdiagrams (Fig. 8ld,e)
can give a larger contribution than the leading order diagrams. This is due to the large
gluon density at small z, the increased color factor at a 3-gluon vertex, and the cross
section enhancement for diagrams containing t-channel vector exchange.

The dominant higher order diagrams are gluon splitting (Fig. 81d) and flavor exci-
tation (Fig. 8le), which essentially is initial state gluon splitting. Understanding these
higher order production mechanisms is important for at least two reasons. First there
is the theoretical interest in understanding higher order QCD processes. Figure 82
shows the dependence of the cross section on the renormalization scale [52]. Note that
contrary to the usual expectation for well behaw,'] perturbation expansions, the de-
pendence is stronger when the next to leading order diagrams are included. This may
be due to the large next to leading order contribution and the resulting need to include
yet higher order diagrams_in the calculation. Second, there is the implication for flavor
tagging the second b in bb events, since the PT and rapidity correlations between the
b and b are quite different in the leadinsorder and the various next to leading order
diagrams. The prospect formeasuring BB mixing and studying CP violation at hadron
colliders thus depends on understanding the b production mechanisms.

The major experimental challenge in doing b physics is separating b events from the

g b _ b

g _ g b q
(o) (b) (c)

(a) (e)

Fig. 81. (s,b,c) Leadingorderb productiondiagra._s. (d,e) Next to leading orderdi_rmns.
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Fis. 82. The dependenceof the calculated b production cross section on the renormalil&tion
scale for leadin$ order(dashed curve) and leadingplus next to leading,order (solid curve)
diagrams.

much more copious light quark background. Since the largest b branching ratio into
final states without a neutrino is only a few percent, most of the studies so far have
concentrated on inclusive final states. We will first consider inclusive lepton samples
where the major challenges are separating moderate PT electrons and muons from
misidentified hadrons, and determining the charm, W, Z, and _,"contributions to the
data samples. Then we will look at the aaalyses of data samples containing 3/I# --*
/_+p- where b production must be separated from other sources of J/_b such ai X "*
3/¢ + "f. Finally, we will consider the recent reconstruction of exclusive final states in
b decay.

5.I.I.[nclusive Lepton Channels
The study of b production at hadron colliders was initially carried out by the UA1
collaboration [53]. Their primary b physics data is the inclusive muon sample, chosen
because the thick UA1 hadron absorber allows muon detection in and near hadron jets.
Unfortunately • and K decay in the jets produces a large background. Of their 20,000
events with P_, > 6 GeV/c, approximately 70% are background. This fraction drops
to 35% for P_, > 10 GeV/c. A UA1 focus is the 10 < P_ < 15 GeV/c range where the
decay background is manageable and the contribution from resonances (W, Z, 7", J/_b,
T) is small (-., 6%). To separate bb from c_, they define the variable p_,l - P#sinOr,i
where 0,es is the angle between the muon and the nearest jet. The_larger b ma_ results
in a larger p_ea. Figure 83 shows the UA1 data fit to a sum of bb, cU,and f/K decay
contributions [54]. The UA1 result on the fraction of bb is

Nsg = 0.76 -t-O.12
Nbi + NoS
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Fig. 83. P_" for the UA1 single muon dat& sample. The solid line is the sum of 5_, c_, and
decay background contributionm.

in agreement with predictions.
A Monte Carlo simulation is used to convert the measured muon differential cross

section, d_/dP_, into the b quark production cross section, d_/dP_. The simulation
uses b jet fragmentation, semileptonic B branching ratios, and B decay kinematics as
measured in e+e - collisions. Figure 84 shows the relationship between the observed

muon PT and the parent b PT. The resulting b cross section, integrated over the central
three units of rapidity and over PT above the P_" plotted, is shown in Figure 85.
The results agree well with the next to leading order QCD calculation.

CDF used its electron data sample to study b production [55]. The _ivantage is rel-

atively low background; misidentified electrons and unidentified gamma conversions
constitute -- 30% for P:_ > 7 GeV/c. The disadvantage in using electrons is the
difficulty in identifying electrons within jets. However this mostly affects the charm
contribution rather than the b signal. CDF selects its electron sample with Pr > 7

GeV/c based on the transverse and longitudinal shower shape, the agreement between
the track momentum and the calorimeter energy, and position matching of the ex-

trapolated track and cluster centroid. In addition, identified gamma conversions are
' removed. Figure 86 shows the electron PT spectrum. The shoulder above 25 GeV/c is

due to W and Z decay. W bosons are easily removed by requiring that there be small

missing ET in the event; events are removed as Z contamination if the electron and
another high PT track have an invariant mass near Mz. The electron spectrum after
W and Z removal is shown in Figure 87. The shape agrees well with that predicted by

ISAJET plus the CDF detector simulation. Note that charm is expected to contribute



_e Phltaicaof Proton Antiproton Collhione Tr)

10B P_-I0--15OeV__ D'Pf-1,T'-20_GeV.Pf-20-25..GeV ,

dP_.4

2

0
0 10 20 30 40 50

b
PT (Gev)
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FIg. 85. The UAI b quark production cross section integrated over lyl< 1.5 and Pr > p_.i.,
The data pointmcome from the single muon analysk as well as dimuon analyses. The curves
show the range of the next to leading order calcula*ion.
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3-15% depending oi,, the electron PT .
As for UAI, the relation between the P_ and P_, spectra is obtained from a Monte

Carlo study that incorporates the results from e+e - colliders. The CDF cross section
is shown in Figure 88. The data lie somewhat above the upper end of the theoretical
prediction.

Independent, evidence that these inclusive lepton events are indee_ from b decay
comes from CDF [56]. Their high resolution tracking chamber allows them to search
for resonances near the electron. Since B meson semileptonic decay usually produces
a D mesou in the final state, identifying a D near the electron would confirm that the

electron was produced by B decay. Figure 89a shows the B decay diagram. Note that
the K '_nd the e have the same sign electric charge. CDF looked for D -,/t'_r in a cone

(11--.I.0) around the electron. Figure 90 shows the D O peak when the e and K have
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the same sign, but no peak when they have the opposite si_. The number of events

expected in the D ° peak is (}7± 20;75 • t,7 are observed, Fic.re 91 shows that, for
events in the D O peak, the eK1r invariant mass does not, exceed MB, as required if
these are decay products of a single B meson.

CDF also looked for the charge correlation between the electron and a K from the

decay of a K', The quark decay chain b --, c --, s traxzslates into the mes:m decay
chain B" ---, e-DX -. e-K"'X .... e" K-_r + X. Thus the electron and kaon must have

the same sign charge. This is to be contrasted with an electron from c_ production and
decay, cS --, q_'se'_T, Here the s and Y have equal probability to fragment into a K',
Thus one would expect approximately equal numbers of same and opposite sign eN

pairs. Figure 92 shows the _'_ invariant mass spectrum for the same sign and opposite
sign eK events. As expected for a data sample that is rich in b quarks, &K' peak of
the correct magnitude is seen in the same sign sample, but no peak appears in the
opposite sign sample,,

One last check comes from looking for _ --. KE near the electrons (Fig. 89b),

Obviously there is no charge correlation to look for, but we can compare the rate of
mesons observed in the inclusive electron sample and a control sample, electrons

from identified photon conversions (Fig. 93), A mass peak at the _ mass is seen in the
inclusive electron sample, while it is not observed in the control sample. These tests all

give confidence that the inclusive electron data sample indeed is largely from b decay.

5.1,_. Inclusive J/_s Channe_
B decay into inclusive J/_ mesons, b -, eW" _ _ .-* J/_X, with the J/_ detected

in the #+/J- mode suffers from a very small combined branching ratio

Ba(B-- SH)X)×Sa(i/_ --._+_-)= 0.0ZZ×0.069= 8x zo-_

I
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To compensate, there are two advantages to this mode. Dimuon detection provides a
very clean J/V) signal with little background, in addition we shall see that the majority
of J/V) mesons come from B decay, The only other significant source of J/V) is radiative
decay of QCD produced X=, A X= can be produced from the annihilation of two gluons;
at least three gluons must annihilate in order to directly produce a J/_,

The CDF J/V) trigger requires two muo=Ls each with Pr > 3 GeV/c. The dimuon ' '
mass spectrum for this data set shows a J/V) peak with very little background (Fig. 94)

[57]. The fraction of J/V) coming from either B or Xo decay is determined independently
from inclusive J/V) production and from excl-sive final states. For the inclusive analysis,

the fraction of J/V) that comes from B decwy (=_ F) can be determined in a relatively
unbiased way from the ratio of the inclusive J/V) cross section to the inclusive V)' cross
section. It is assumed in this analysis that _ is produced entirely from B decay, since

Xe cannot decay into v)t. Figure 95 shows the V)' signal. There are 72 :t: 17 events in
the peak. This gives for the ratio of the v)t to J/V) production cross sections

ct(v)')_ (4.2 :i: 1.0) x 10-2

When compared with the ratio of the B 4. V)' to B -. J/V) branching ratios measured

by CLEO [58], (6,8:1: 2.5) x 10-_, the CDIF result translates into

F = 64% ± 15% (CDF stat) :t:5% (syst) :i: 23% (CLEO stsf)

for the fraction of J/V) coming from B decay. The largest uncertainty is from the CLEO
statistics on the V)_branching ratio; the second largest is due to the CDF v)0statistics,
Both of these should greatly improve in tl_e next year or two.

5.1,8. Ezclusive Final States

CDF has also studied J/V) production by zeconstructing exclusive Xe and B final states.
To find the former, Xe -" J/_ + 7, CDF looks for isolated electromagnetic clusters of
ET > 1 GeV with a transver_ shower _lhape consistent with that of a photon [59].

l
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m

: The best resolution for the J/V,"Y resonance is obtained by plot,in K the difference

between the J/O'r and J/_ invariant muses (Fig. 96). In this figure, the uncorrelated
background is estimated by reanalyzing the event sample alter reversing the direction

: of each J/I#. The b_tmd not associated with J/V_ production can be estimated
using the/_+#- mass sideb_nds above and below the J/¢. Figure 97 show_ he data
•nd the sideband bsckKrouud, as well as a Monte C_lo simulation of the si_ssl for the

appropriate mixture of Xx _md X_. The peak in the data clearly is due to reconstructed
Xc _ J/_ -4. "f. From the number of observed events, CDF concludes that _- 30% of

= J/_ comes from Xc decay.
Exclusive reconatruct;.on, of B me_ona is carried out for two modes [60}

Ro ..- r/,/,R"°° ....ll_f
_
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CDF looks in a 600 cone around the J/¢ direction for additional tracks. For the B,.,
search,alitrackswith Pr > 2.5OeV/c areconsideredK candidates.For the Bd, all

oppositesigntrackpairsfrom among the threehighestPT tracksaretried;a pairis
used if the K_r invariant maM is within 50 MeV/c 2 of the K "° mm. Figure 98 shows

the individual mass spectra; the combined spectrum is in Figure 99. Until there is more
data on final state polarization in B .--. J/@K" decay (it affects the detection efficiency

calculation), only B -.* J/@K ± is used to determine the B pLx}duction cross section.
CDF finds that _, 70% of J/¢ comes from B, consistent with the value for F obtained

in the inclusive J/@ study. The B cross section is shown in Figure I00. As with the
data points from the inclusive electron samp'e, the data is somewhat higher than the
next to leadi_ order theoretical prediction.

5._. B° ..--*#+#-

B°,, .-. #+p- is a flavor changing ne,-tral decay allowed by the Standard Model via
higher order electroweak diagrams (Fig. I01). The theoretical expectations are

BR(B_ -.#+ p-) _ 10-zz

BR(B ° -.#+#-) _ few x I0-'

The best published limit comes from CLEO and ARGUS [61]

BR(B_-* _+/J-) < 0.5x 10-4 @90%CL

UA1 hu a preliminary result [62]

BR(B_,,--_+_-)< 1.0x I0-'

The CDF dimuon spectrum isshown in Figure102 alongwith the I//peak.Given

the 72 observed@' even_ and the combined B ---*¢'X ---*#/iX branchingratioof
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2.8 x 10-s, the lack of a peak in the B region translates into a branching ratio limit of
[631

BR(B ° -- # +p-) < 3.2 x 10-s @90%CL

The limit would be much better if it weren't for the size of the background in the B

region. With the silicon vertex detector in the next CDF run, the background should be
greatly reduced since candidate tracks can be required to point to a secondary vertex.

5.5. B°,'B ° Mi_ng

As is the case in K°,K ° mixing, the transformation of a b quark into a b is a second
order weak process (Fig. 103). The diagrams with t quark exchange dominate, and
thus the difference between B4,Ba mixing and B,,B', mixing comes from the CK},:
factors, Vt_ and V,_,.Since Vt,--mconsiderably larger than V,a, B,, B, mixing should be
significantly larger than Bn, B4 mixing.

Mixing is characterized by

Pob(B°--
X - Prob(Bo -. BO) + Prob(Bo --, _o)

_. where the physical range is 0 <_Xd,, <_ _ (Fig. 104). The first evidence for BB mix-
ing came from UAI [64]. However in high energy _'p colliders, both B: and B° are r

J
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produced. What is actually measured is the combined mixing, characterized by

_ Prrob(b--_i-- Bo _ l+) = fdXd+ ftX.

' '1 ' _i ,i/'_t ,

where ld (/,i): i_ :_lie,/tr_ctibnof B ° (B °) produced relative to ali b mesons and baryons

times BR(B_,i.-_ _X)/L#R(5 -_ IX). The Standard Model limits can be tested when
the hadron collider results axe combined with the measurement of Xd from e+e - data

on the T(4S), which gives Xa = 0.16-t-0.04 [65] (the T(4S) cannot decay into B°_,).
With higher statistics and smaller systematics than shown below, future _p results
could extract _d/_,.

Mixing is studied with a dilepton dat_ sample, because if both B mesons in an

eventdecay semileptonically, the lepton signs identify the parent mesons as BB, BB,
or B B, It should be noted, however, that there are other sources of leptons, most
notably charm. The quantity directly measured in the _'p experiments is

R = N(I+I+)+ N(I-i-)
N(t+t-)

where UA1 um their p# sample [66] while CDF uses its e# sample because of the lack
of Drell Yah, 3/_, and T background [67]. UA1 finds R = 0.42 4- 0.07-t- 0.03 and CDF
finds R - 0.55-i- 0.05 • 0.04, compared with the predictions of 0.26 :t:0.03 (UA 1 energy)
and 0.23 4. 0.06 (CDF energy) if there were no mixing. Clearly mixing is required by
the data. The value of _ can be extracted from R using

At/ iothe number ofeventsin which both leptonscome directlyfrom B decay.N0

containseventswhere one leptoncomes directlyfrom B decayand the othercomes

from thesequentialb-=,c -,Idecay.Nc countsevent_inwhich thetwo leptonscome
fromc_production.The equationcan be understoodifyou notethatinthenumerator

thecoefficientinfrontofIVI isthe probabilitythatone and onlyone b mixes,while
thecoe_ciontinfrontofN, istheprobabilitythatneitherb mixesor both mix.Also

notethatD'D mixingisnegligibleand has notbeen included.At present,N,/N! and

NoN! aredeterminedfrom Monte Carlocalculations.The _'esultsare

UAI : _"= 0.158:i:0.059

CDF: _" = O.176:t:O.028(stat):t:O.O25(syst):t:O.O32(Monte C_rio)

Figure 105 shows the CDF v_lue rather than a combined CDI_ and UA 1 result because
the uncertainties in the two experiments are highly correlated due to the common
Monte Carlo assumptions. The figure has been drawn with the assumption that b
quarks form F_, B,, B,, and b baryons 37.5%, 37.5%, 15%, and 10% of the time
respectively. The _'p and e+e - results overlap the _llowed CKM region, but the uncer-
tainties are big. In future Fermilab Collider runs, the large incre_ in the number of
detected B events will allow for direct measurement of f_ and f, from exclusive final
states and a much more precise measurement of X,.
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Fig. 105. B mixing results f_om e+e - sad CDF. The dotted and dot.dashed lines are the one
sigma limits.

6. The Search for Exotic Objects and Prospects for the Future

In this lecture, two separate topics will be considered, First I will present recent results
from the search for new heavy objects. Then I will change focus from the present to the
future and discuss the physics prmpects with the extremely high integrated luminosity
that should be provided by the upgraded Fermilab Collider.

6.1. The Searc/, for gzotic ObiecU

Many objects outside the Minimal $tandacd Model have been searched for at the
CERN and Fermilab Colliders. Four of these will be considered here, heavy Z and W

bosons, quark compositeness, and supersymmetric objects.

6._.l. Heavy Z goson,_
_n many extensions to the Standard Model, there are additional U(1) symmetries and
consequently neutral vector boons (Z °) [68]. CDF has searched its e+e - spectrum for
the high-m_ss peak characteristic of a Z' (Fig. 106) [69]. The integrated high mass
crosssection is

4 oo

d-.-_-_dM = 4:t: 1 1_dM ,,
110GeV/c=
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to be compared to the Drell Yan continuum prediction of 4 pb, The lack of events
above 200 GeV lc 2 translates into the limit

OO

/d,_ dM < _.3_ _95%CL
_200

Theexperimentalupperlimit onthe Z_productioncrosssectiontimesthebranching
ratio into e+e" is compared in Figure 107 to a calculation assuming Standard Model

couplings to quarks and leptons. For such couplings, additional heavy neutral vector
bosons are excluded except in the region

Ma, > 387 GeV/c 2 @95% CL

For models in which Z' couplings to fermions are different than for the Standard

Model Z ° or for which BR(Z t _ ee) is reduced because of other open channels such as
Z' _ W + W', the theoretical curve would change in the figure, but the experimental

J

curve would remain the same.

6.1.?. Hea_y W Bosons
Charged heavy vector bosons appear in some attempts to enlarge the SU(2)z; x U(1)y

gauge group of the Standard Model [70]. In left-right symmetric models, for example,
an additional SU(2)R symmetry produces a heavy right handed W. The best previ-
ous limit comes from the angular distribution in polarized # decay [71]. The limit,

Mws > 450 GeV/c 2 @90% CL, is valid only if the right handed u is very light
(m_..< I0 MeV/c2). /

I CDF

6O

CN

tj
5O

_>
Q_
c3

40
04

cn 30 -p..

> 2O

'° '- 0 ,_1, tj_,, ,tl,, , , _, ,k, L,,,
25 50 75 100 125 1.50 175 200

M(ee) GeV/c2

Fig. 106. The CDF e+e - spectrum.

I
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Fis. 107. The CDF 95%CL upper limit on the Z Sproduction cross section times the branching
ratio into e+e -, The dashed curve k the prediction assuming that the Z ecoupUnp to quarks

and leptons are the same as for the Standard Model Z°,

A searchforWR with a much looserm. n constraint(mvn < _Mwr,) can be carried
out with the I"v transverse mass distribution in high energy p"p collisions. Figure 108 "
shows the CDF data for both the ev and pu final states along with the expected

distributions from the usual W [72]. There is clearly little room for additi,mal sources .
of events. The data are fit to the form

dN
--- = aW'(Mz)+_W(MT)

, dAfT

where W'(Mr) and W(MT) are the expected MT distributions for W' and W decay
normalizedso thata : _ : I forStandardModel couplings.The fit is performedfor

therangeofW' massesabove 100GeV/c:,The resultingupperlimiton _.B(W' -.*LP)

placesa limit

Mw, > 520GeV/c: _95% CL

forStandardModel couplings(Fig.I09).

6.1.3. Qu_rk Compositeness
In some attempts to understand the origin of the fermion generatio_us, it is postulated
that the fermions are composite. However the experimental evidence on the pointlike
nature of the fermions requires that such compositeness be at a very small distance scale

or equivalently at a very large energy scale. The e_e :t can be parametrized in terms
of a 4-fermion interaction of unit strength between left ha;tded quarks, characterized

by a constant, Ac, with dimensions of energy (like I/V_) [73].
If quark_ were composite objects, the inclusive jet production cross section would be

enhanced at high ET. Figure II0 shows the CDF inclusive jet production cross section
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Fig. I09. The CDF 95% CL upper limit on the W' production cro_ section timu the branching
ratio into lr. Showi_ are the limits from the electron channel, the muon channel, and the
combined sample. 'Fhe dot.dashed curve ii the pxediction assuming Standard Model couplings
of the W ° t._ quarks and z 1/12 branching ratio into either ev or #u,

as a function of ET along with the predictions from lowest order QCD and lowest order

QCD plus a composite-quark contact interaction [74]. CDF finds

,&_ > 1.4TEV @95% CL

The absence _f events with ET > 450 GeV plays an important role in determining the
limit.

If quarks and leptons c_hare constitiLents, there should be an enhancement in con-
tinuum lepton pair production for tat ge dilepton invariant mass. The CDF integral
e+e - wass spectrum is shown in Figure 111 along with the predictions from Drell Yah
production and' quark-lepton compositeness [75]. The limits on a quark-lepton contact
interaction are

A_L > 2.2 TeV @95% CL

A+t, > 1.7 TeV @95% CL

where the - (+) limit is for constructive (destructive) interference with the usual u
quark Drell Yah contribution.

6. I._. Supersymmetry

If supersymmetric partners of the quarks and gluons exist, they can be pair produced
via the stron$ interaction in _p collisions. If mI > m c, the dominant prc,duction mode
is pl3 -'. _ --' q_/q"_"* 2 jets + ET. If, on the other hand, m c > -'al, the dominant
production mode is p/3 _ _ _ q_g_ --, 4 jets + ET. Here I have assumed the
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simplest supersymmetric model in which the squark or gluino decaye directly to the
lightest supersymmetric particle (LSP), taken to be the photiao which is stable and
virtually non-interacting. In more realistic models for very heavy squarks and gluinos,
the _7and _ _sscade d_wn to the LSP. This results in more partons in the final state
and consequently less _2'.

CDF has searched for squarks and gluinos in the sample of events with CT>40 GeV
and two or more jets [76]. The 93 o6served events ats consistent with the rate expected
from QCD production ofZ + jets, where Z --, vt,, and W + jetS, where W --* It, and the

charged lepton is not identified in the detector. The lack of additional events translates
into the supersymmetry limits shown in Figure 112. These limitS are for the simple
supersymmetry model with direct decay down to the LSP. lt has been estimated that
the limits are reduced by I0 - 20 GeV/c 2 when cascade decays are considered.

6./_. Collider P/alsic8 wit/= d=eFemilab Main Injector

The Fermilab upgrade including; the construction of the Main Injector was described
in Section I. When it is completed, CDF and DO should each be able to collect I/b-x

of integrated luminosity durinF two years of taking data. This smumes that the up-
graded Collider runs at design luminosity and Luminosity lifetime, that the efficiency
of accelerator operation is _ it was during the [ut data run, and inst detector down-
time and de_uitime are each he_d to 10%. For the projections made below, I assume a

detector with "full" lepton and jet coverage, as expected for the upgraded CDF and
DO detectorl,. Moreover, the _,umed detector inefficiencies are based on the last CDF
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run, This should be improved upon in the future for both detectors,

6,_,i, Search/or the Top Quark
As we have seen, the current lower limit on the top quark mass is 91 GeV/c 2 at the
95% confidence level, The indirect evidence based on the consistency of the minimal

Standard Model (Z decay, Mw, v scattering, etc,) provides sn upper limit, Mtop <
200 GeV/¢ 9, However more than a 3_ discrepancy with the Standard Model prediction
would be required before the Standard Model wou_d be abandoned, Thus to test the
Standard Model, the top mass range up to 250-300 Ge_//c 2 rous& be explored.

Detection of heavy top can occur in the lu.4jet and lluu.2jet final states, where I
includes electrons and muons, The branching ratio is 30% for the former and 5% for the

latter, while the detection efficiency is approximately 30% for the single lepton mode
and 25% for the dilepton mode. These efltciencies might in fact be larger, because there
is no need to cut hard on the lepton identification variables, The dominant background
is from W and Z decay into electrons or muons, so cutting hard reduces signal and

background similarly, Table (5gives, as a function of the top quark mass, the number
of |_ events produced and the number that should be detected in each mode for a 1
/b "t data sample.

- Mtoe Nproduc_- ._detect_ _.t_t.d" I+4 jel "II.2 jel
[GeV/_] '_

100 80,o00 <7200 to0o
- 140 15,000 .... 13_)0 200
- 180 .... 3300 300 40, , H,

220 t000 90 12

300 120 , 10 2
Table 6
Number of t_ events that should be produced and detected for a 1 _'b"| data _ample as a
function of Mt.p.

The number of signal events of course is not the only, _or perhaps even the major
consideration. The size of the background is also of crucial importance. For the single

charged lepton final states, the dominant source of background is QCD W + 4 jet
production. CDF does not as yet have a large sample of W + 4 jet events. Consequently
we have to rely on Monte Carlo simulations. At the time these estimates were made,
the _N'+ 4 jet calculation was not yet available, We used the W + 3 jet calculation and
multiplied the cro_ section by _, to approximate the effect of requiring an additional
jet, This is consistent with the CDF cross section ratio (W . 0 jet)/(W + 1 jet)/(W

"4-2 jet)/(W . 3 jet). Figure 113 shows the ET spectrum of the third highest ET
jet for 150 and 210 GeV/c 2 top as well as for the background. The background jet

ET spectrum is rapidly falling, in contrast to the top decay spectrum which becomes

harder as Mtop increases. By selecting a jet ET threshold that incre_ with Mtop, a
satisfactory signal to noise ratio can be maintained over a large M_p range extending
to over 200 GeV/c 2.

:f this proves not to be sufficient, a significant impcovement in the simp_alto noise
ratio can be obtained by identifying one or both of the b jets in the event. Low energy
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leptons from semileptonic b decay can be used to tag b quarks, but a 10% branching
ratio penalty must be paid. A higher b tagging efficiency can be obtained by observing
the secondary vertex from b decay. The CDF silicon vertex detector should have a
10-15 p impact parameter resolution, to be compared to cr __.300p for B mesons, lt
is estimated that at least one b jet can be identified in over 50% of heavy top events.

For the dilepton final states, there are two major sources of backgeound to high mass

top. The QCD production of Z + 2 jets followel by the decay Z --, ez, Z --* pp, or
Z -.* I'I" -.. II_,vvv can be early removed using the dilepton invsriaat mm, Fr, and

A_ u. The more difficult background is vector boson pair production, PI_ -" WW +
2 jets -. lit, t, + 2 jets. Again, by choosing a jet E,_.threshold that increases with Mtop,
a good signal to noise ratio can be maintained over the accessible Mtop range (FIE, 114)

[77].
If these background estimates prove accurate, there should be a significant number

of detected tt events (> 25 1+ s, + 4 jet events and > 5 llspv+ 2 jet events per detector)

with good signal to noise up to M_op : 260 - 270 GeV/c 2. Approximately 10 single
lepton and a few dilepton events sre expected per detector at Mtop = 300 GeV/c 2.
Thus the entire range allowed in the Standard Model would be covered.

If a signal appears, the_e sre a number of ways that its identity u a top quark can
be tested. The number of cysts with 0, I, or 2 identified secondary vertices should be

consi_ent with two b jets per t_ event. The secondary vertex detection e/_ciency can be
measured with the inclusive lepton dam sample, which is mostly from b decay. One can
also look at the ratio of the numbers of single lepton and dilepton events. This should
be consistent with two W homns per event. There can be additional confirmation of

the presence of two W bosons using, for example, the lt, transverse mum and the dijet
invariant mm. Finally, one can see ff the production c__m sect_n is _nt with the

QCD prediction. The theoretical crca section uncertainty is approximately :t: 20-30%.



The PhgsicJoJ Proton Antiproton Colliaion, 9T

102_ - 1:)__1_.+2j ets+_T+X

E V'i" 2 TeV
_ ET(])>15 GeV BAERET AI.

I ,o, I
_ tT

_0o

I0"t

150 175 200 225 250 275 ._00

mT (Gev)

Fi|. 114. The dflepton event rate for a top sipal ud the WW backKround u _ function of
the top quark mats. Curves aze shown for two diRezent jet Ftr thresholdL

Another important issue is the accuracy with which the top quark zaass can be
. measured. This question is actively being addressed at present in both the CDF and

DO collaborations. There are some preliminary estimates; much more w_il be done

within the next year.

In the single lepton modes, the invariant mass of the W and b jet can be r.alculated.
However findins the correct jet to match nth the W is not easy because of the large
number of jets in eLo.hevent. One study showed that after making additional kinematic
cuts to restrict the event sample, the W + b jet invariant mass distribution has a 20%
width. This would give a --5 GeV/_ statistical uncertainty for a 200 GeV/¢ 2 top. The

systematic uncertainty could be studied using events in which both b jets are identified.
The remainins two leading jets should have &maa peak centered on Mw with a width
as predicted by the detector simulation. Other potentially precise techniques are under
study in which the mass is determined by partial or full reconstruction of the t and

[78]. Another possibility is to compare the CT distribution and the ET distributions of
the lepton, W jets, and b jets with simulation results as a function of top mass.

For the dilep_n modes, Baer et al [77] have considered a number of mass estimators.
The best of these is the lowest reconstructed top ms_ when the transverse momenta
of the two neutrinos are varied, but constrained so that the sum equals the observed

CN. They find a mass resolution of--10 G:V'/_ for a 200 GeV/c= top msre using this
method.

Finally, comparins the event rate with the calculated cross section provides an esti-

mate of Mtop with an uncertainty of < I0%. This of course assumes that the branching
ratio for t --, Wb is 100%,

What else can be learned about the top quark once it is discovered? To be concrete,

let us assume that Mtop = 150 GeV/_. A I/b -l exposure would then provide I000
detected single lepton events and 130 dilepton events. The most important study of
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course is the precision test of the Standard Model. This is discussed in the next section.
A large data sample can also be used to search for non-standard decay modes. For

example, the ratio of the numbers of events with one and two identified secondary
vertices gives a sensitivity to a 10% branching ratio into modes with no b quarks,
like t ---, W . a. More likely is the decay of the top into modes with no W in the
final state, such as t --, H+b which occurs in supersymmetry inspired extensions to
the Higgs sector [79]. For the case of two Higgs doublets, there are two additional
parameters in the theory, the _ass of the charged Higgs and the ratio of the vacuum
expectation values for the two Higgs doublets, tan_ - v2/vl. If MH. < Mtop, the
dominant Hi_ decays are to r_, and ¢i, where 1"vdominates for tan_ > I and ¢i
dominates for tan_ < I. The branching ratios for t -. Wb and t --. Hb also depend
strongly on tan_. Typically BR(t -., Wb) is > 10% when 0.I < fano < I00. Initial
studies show that tr' --* HbHb -., rrvvbb can be observed with good signal to noise
using a _'7' trigger, secondary vertex idel_tification, and the characteristics of r decay.
From the rate of such decays, the rate of l + v + 4 jet events, and the dilepton to single
lepton ratio, the top quark can be observed if fan_ > 0.I, with the effect of the Higgs
channel observable over most of this range.

A number of other studies can be done with the top sample. Some fraction of the
I000 event_ should be fully reconstructed. The decay angular dktributions can provide
information on the spin of the decaying object. One can also look at the tt invariant
ms_ spectrum for resonances such a_ technimesons. One could also look for particles
produced with the t_, for example third generation leptoquark pairs --, t_. And
finally one must be prepared for the totally unexpected. The top quarYcis already
an oddity being the only elementary fermion with a mass close to the electroweak
unification scale. Perhaps the top quark is unique in other ways as weil.

6._.2. PreStos Meuurement oytAe W Mum
With a I jrb"I data sample, more than 106 W -. Iv events end I0s Z ---.II even_ will
be detected. The very large Z sample k critical since it is used to study and measure
many of the sources of systematic uncertainty in the W mum: calorimeter energy scale,
detector resolution, PT of the W, effect of electron energy' leakage on the measured PT
of the v, background, and the maze fitting procedure.

The statistica_ uncertainty in Mw should be < 30 MeV/e 2. The dominant sys-
tematic uncertainty may well be the imprecise knowledge of the structure functions,
which affects the W rapidity distribution. However the measurement of the W charge i
asymmetry will give the needed u to d ratio for t'ae relevant range of z and q2. If no ....
unexpected new sources of systematic uncertainty arise, it is pomible that the W mass •
can be measured to :1:50Me V/c _. '

Such a measurement, coupled with the measurement of Mtop, provides a powerful
test of the Standard Model at the level of electroweak radiative corrections (Fig. 115).
If the rez_.t _liusrees with the Standard Model, it is obviously extremely important.

: On the othe_ hand, even if it iF consistent with the Standard Model, it can provide
information about the Hisp mms. r

6._.£ The W'£_jretimesnd Hidden Top
As shown in section 3, the W lifetime can be deduced from a measurement of R, the
ratio of the numbers of W -. iv and Z ---, ii events produced. The measurement is
important since the lifetime il a basic property of a gauge boson. Moreover, it allows a
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loophole in the top quark search to be closed. If the top decay cannot be detected, for
example because t --* H+b --* cmb, the usual top searches would fail. This is particularly
important if Mto_ is between Mz/2 and Mw, since the decay of top into a real Higgs_
could then dominate over the decay into a virtual W. However since the W -. tb

channel is open for such a top quark mass, F(W) would increase. A I fb -I data sample
would give &statistical uncertainty in the R measurement of approximately 0.5% and s
systematic uncertainty of roughly 1%, dominated by structure function uncertainties.
Figure 116 shows how the R measurement could largely close this loophole in the top
quark search.

6.P,._. Vector Boson Pair Prod=ction
The rate and angular distribution for q_"--, W7 can provide a measurement of the
anomalous mapetic moment of the W. A I fb -t data sample will contain approx-

imately 2000 events with W --, Iv and P_, > 10 GeV/c with which to measure the
moment.

For the. other vector boson pairs, WW or WZ or ZZ, QCD background swamps the

signal unless both bosons are required to decay into e or _. After paying the price
of two leptonic branching ratios, we would only expect to see 5 WZ events and I ZZ
event. The WW signal would be much larger, 125 events, but these events are nos fully
reconstructible since there are two neutrinos present. Moreover, there will hopefully be

a large background to the WW signal from top quark decay! Although the number of
reconstructed events will be small, the experiment will be quite sensitive to anomalous

vector boson pair production, due either to a failure of the dis_ram cancellation in
the Standard Model or to the presence of WW and WZ resonances predicted in some
models.
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6.2.&. Other Heamj Particles
A very large data sample can significantly extend the search for objects beyond the
Standard Model. Heavy W or Z bosons could be detected for mm up to roushly I

TeV/c 2 assuming Standard Model couplinp. The limits for supersymmetric particles,
technimesous, and leptoquarks should reach 250 - 300 GeV/c =. Both inclusive jet
production and Drell Yan lepton pair production can provide a compositeness search
up to an energy scale approaching 3 TeV. '

6. _. 6. B Plsysics
The cross section for b6 production in the central four units of rapidity is approxi-
mately I x I0 -as un =. This means that 10xl bf events will be produced for a I )'b-t

intesrated luminosity. With an instantaneous luminosity of 5 x I0sl un-] - aec -z, the
bf production rate would be 5 KHz! Even if the acceptance range is limited to lY[ < I

and P_. > 10 (;eV/c, the event rate would still be 200 Hz, and/, x I0 s b6 events would
be collected.

There sre many experimental challenges that have to be met if hadron collider
experiments are to make a major impact on b physics. Since the b production cross
section is only z 0.2% of the inelastic _'p crom section and the rate for writinl_ events

to magnetic tape is limited by the bandwidth of the data acqui,dtion system, the
purity and efficiency of the b trisser is critical. This means havins low PT thresholds
for e, _,, and J/¢ while maintainins a high signal to noise ratio. Of enormous ,itility
would be fast (-- I0/aec) secondary vertex finding. Another problem is data storage
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for very Is:ge event samples. This requires efficient online sepsration of siffnal from
background and data compaction to minimize the size of each event. Identification of
b jets is also critical; it requires an efficient secondary vertex detector. But perhaps
most important for the observation of CP violation is flavor taLl[ing of the second
b in an event. Techniques under study include K identiflcstion, efficient detection of
moderate PT leptons, and very efficient track finding at the secondsry vertex so that

the chsrge of the decaying B can be measured. During the last CDF run, the flavor
tagging efficiency wu approximately _% due to the B semileptonic branching ratio, the
muon identification requirements, and the lirnited range of rapidity and PT covered. If
CP violation is to be studied in p"pcollisions, the tagging efficiency .must be increased

by approximately • factor of ten.
The b physics opportunities sre extensive. The Bi, Be, Ab, and othe_ b hadrons should

be observed and their masses measured (a 13 MeV/c 2 msre resolution is expected for

the next mn). Precision measurements will be made of the individual lifetimes for B,,
Bd, and B,; & 3% uncertainty is expected in the next run for By and Bd (Fig. 117).
A sensitive search for rare B decay modes can also be ca_ed out. The predicted 10-9

branching ratio for B --* #_ could be observed. In addition, B --. ppK, which occurs

through an electromagnetic penguin diagram, should be seen with good statistics, lt
is sensitive to Mtop as well as other new massive psrticles and provides a measure of
the CKM matrix element _,.

Direct observation of the interference e_'ects of B, mixing is a major b physics goal.

Figure 118 shows what could be observed with dilepton events for X, E _ = 5.
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Fis. 119.The CK/viunitzrity triansle.

Figure 118cclesrly shows the oscillstions due to B,, B'-.mixing. The m&jorchallenge
here is to find the best estimator of the B momentum for determining the proper
time of the B dec&y.Figure 118f shows the degrsd&tion of Figure I18c if the lepton
momentum is used as the B momentum.

The ultimste goed for _'p b physics is the obserwtion ot"CP violstion in B decay. Let
us review how this can he done. The unitarity of the CKM matrLxfor th_,three known
fermion generations requires

+ ,vA + v,,v,; = 0

Since V',a _ I, Y,b _ I, and with the usual phase convention _b is positive reed and
Vcais negstive reed, the eq_stion becomes

V_, + _, = I_d_,l

which is & triansle in the complexplane (Fig. 119). CP violstion can result if the
Angless_ non-zero. Inform&tionon the Lengthsof the sides of the trisngle comes from
semileptonic B dec&y(V',b, V'c_),opposite sign dimuon production in v intersctions
(_ca), and B-B' mixing (Y,a). The emglescan be determined by measuring CP violsting
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asymmetries in the decay of B and B"into CP eigenstates, specifically

a : _Bd ---*r+f-

_ : Bd--. CK.
7 : B, --' OK,

To determine whether CP violation as observed in the K system is consistent with a

CKM origin, one could measure the three sides sad one angle. Hadron colliders _ould
contribute to the measurement of _d (B° - B", mixing, rare B decay, top mass) and/_

(CP asymmetry in Bs -* CK,). Current data on the CKM matrix and CP violation
in K decay suggest that 0.1 < sin2_ < I, with 0.34 the mint likely value [80]. A future
measurement of this quantity with the cK0 final state will have its accuracy limited_
by luminosity (number of events) sad the efficiency for tagging the parent as B or B.
The latter is characterized by

d,,, = c,,l(l - 2w)2(I- 2_) 2

where e,, t is the efficiency for tagginl; the other B meson, w is the probability that
the tag gives the wrong answer, and the last factor in the equation is due.to dilution
from B mixing. Figure 120 shows how this translates into uncertainty in the sin2_
determination. An uncertainty in ,in2_ of 0.33 (0.11) can be expected if the b tagging
efficiency can be improved by a factor of 2 (10) over what is expected in the next CDF
data run.

Studying CP violation in B decay at hadron colliders will be very challenging, but
it appears quite possible.
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