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ABSTRACT

We discuss the study of the top quark at future experiments
and machines. Top's large mass makes it a unique probe of
physics at the natural electrowesk scale. We emphasize mea
surements of the top quark’s mass, width, and couplings, aswell
as searches for rare or nonstandard decays, and discussthe com-
plementary roles played by hadron and lepton colliders.

. INTRODUCTION

The recent observation of the top quark by the CDF and DO
collaborationg 1, 2] has opened up the new field of top physics.
The top quark’s measured mass of approximately 175 GeV|[3]
is nearly twice the mass of the next most massive particle, the
Z boson. Itisalso tantalizingly closeto the natural electroweak
scale, set by vpigys = 246 GeV. Whilethe Standard Model pro-
vides a theoretical context in which the top mass can be com-
pared to (and found consistent with) other electrowesak data, it
offersno fundamental explanationfor thetop quark’ slargemass,
which arises from its large coupling to the symmetry-breaking
sector of the theory. Precision measurements of the top mass,
width, and couplings at future experiments may therefore lead
to a deeper understanding of electroweak symmetry-breaking.
Such measurements are possiblein part because thetop quark’s
natural width of 1.4 GeV ismuch greater than the hadronization
timescale set by Agep, so that top is completely described by
perturbative QCD. Thus nature has presented uswith the unique
opportunity to study the weak interactions of abare quark. It is
the conclusion of this subgroup that precision studies of the top
guark should be a high priority at future machines.

We have concentrated our attention on top physics at the fol-
lowing machines. The first is the so-called “TeV-33,” defined
as a luminosity upgrade to the Fermilab Tevatron that would
result in datasets of ~30 fb~! at /s = 2.0 TeV. For com-
parison, the goal for Tevatron Run I, scheduled to begin in
1999, is 2 fb~! at the same energy. We have also considered
the top physics capabilities of the LHC, which will initially de-
liver 10 fb~1/year and evolve to 100 fb~!/year during high-
[uminosity running. Finally, we have considered an ete~ lin-
ear collider operating at or above the ¢t threshold and deliver-
ing approximately 50 fb~1/year. We have not explicitly consid-
ered a muon collider, although its top physics capabilities ap-
pear qualitatively similar to those of et e~ machines provided
that detector backgrounds can be controlled. We did not study a
“super pp collider” in the 60—200 TeV range. Other recent stud-
ies of top physics a the Tevatron can be found in the TeV 2000
report[4] and references therein, whiletop physicsat ete~ ma
chines has recently been reviewed by Murayama and Peskin[5]
and Frey[6].

1. TOP QUARK YIELDS

At both hadron colliders and | epton colliders, most top quarks
are produced in pairs. Each ¢ quark decays immediately to Wb,
and the observed event topol ogy depends on the decay mode of
the two W's. About 5% of ¢ decays are to the “dilepton” fi-
nal state, which occurs when both W’sdecay to ev or pv. The
“lepton+jets’ final state occurs in the 30% of ¢¢ decays where
one W decays into ev or uv and the other decays into quarks.
The remaining 65% of the decays areto fina states containing =
leptons or hadronic jets. In this section we discuss theyieldsin
these channels at future colliders.

A. Top Yieldsat Hadron Colliders

The dominant top quark production mechanism at hadron col -
lidersispair productionthrough ¢q or gg annihilation. Therela
tive contribution of these two processes at the Tevatron is about
90%—-10%, while a the LHC these percentages are reversed.
The cross section for top pair production has been cal cul ated by
severa authorg[7]. For pp collisionsat the planned Tevatron en-
ergy of /s = 2.0 TeV, the cross section for m; = 175 GeV is
calculated tobe 7.5 pb, with an uncertainty estimated by various
groupsto be 10-30%. Thisisa40% increase over the cross sec-
tion at 1.8 TeV, and underscores the importance of even modest
upgrades to the Tevatron energy. Thus a 30 fb~! Tevatron run
would result in about 225,000 produced ¢ pairs. The LHC (pp
collisonsat /s = 14 TeV) isaveritable top factory, withacal-
culated #¢ production cross section of about 760 pb. Thiswould
result in about 7.6 million produced ¢t pairs per experiment in
oneyear of low-luminosity LHC running.

In addition, single top quarks can be produced through el ec-
troweak processes such as W-gluon fusion or the production of
an off-shell W that decays to tb[8]. The single-top production
cross sectionisabout 1/3thetz cross section at boththe Tevatron
and the LHC. The single-top channels are of particular interest
for measurements of the top quark width and V;; as described
bel ow.

Studies of the top quark at hadron colliders emphasize the
dileptonand | epton+jetsdecay modes. Because thesefinal states
contain isolated high- Pr lepton(s) and missing energy, they are
relatively easy to trigger on and reconstruct. The dilepton mode
has low backgrounds to begin with, while backgrounds in the
lepton+jets channel can be reduced to an acceptable level by a
combination of kinematic cutsand b-tagging. Recently CDF has
demonstrated that top signals can be identified in the ~ and all-
hadroni c decay modes aswell, but to establish benchmark yields
for future experiments it is useful to focus on the dilepton and
leptontjetsfinal states. These yields are obtained from current
CDF and DO acceptances by including the effects of planned up-
grades such as full geometrical coverage for secondary-vertex



b-tagging and improved lepton-1D in the region 1 < || <
2.5[4]. These acceptances are believed to be representative
of any hadron collider detector with charged particle tracking
in a magnetic field, good lepton identification, and secondary-
vertexing capability. The assumptionsinclude:

e High- Py charged lepton identifiction with good efficiency
for |n| < 2

e Secondary-vertex b-tagging with an efficiency of 50-60%
per b-jet for |n| < 2

o Ability to tag “soft leptons” from b — v X with an effi-
ciency of about 15% per b jet

e Doubleb-tag efficiency of about 40% per £ event. Double-
tagged eventsareaparticularly clean samplewithlow com-
binatoric background and are well-suited for measurement
of the top mass.

Table | shows the expected yields and signal/background at the
Tevatron. The acceptance of the LHC detectorsisexpected to be
comparable to that of the Tevatron experiments, so to first order
theyieldsat theLHC will begreater by afactor equd to theratio
of the cross sections, approximately 100.

Table |: Expected top yields at the Tevatron.

Mode 2fb~! 30fb~! 9B
Dilepton 80 1200 5:1
I+>3jets/1b 1300 20,000 3:1
I+ >4jets/2b 600 9000 12:1
Singletop (al) 170 2500 1:2.2
Singletop (W™) 20 300 1:1.3

B. TopYieldsatthe NLC

The ¢t cross section due to s-channel ete~ annihilation me-
diated by v, Z bosons increases abruptly at threshold, reaches a
maximum roughly 50 GeV above threshold, then falls roughly
asthe point cross section (o,; = 87(fh)/s(TeV)) at higher en-
ergy. At4/s = 500 GeV thelowest-order total cross section for
unpolarized beams with m; = 180 GeV is0.54 pb. The eec-
tron beam will be highly polarized (~ 90%), and thishasa sig-
nificant effect on ¢¢ production. The lowest-order cross section
becomes (.74 pb (0.34 pb) for afully left-hand (right-hand) po-
larized electron beam. A design year of integrated luminosity
(50fb~1) at /s = 500 GeV corresponds to roughly 25 x 103
tt events. The cross sections for ¢-channel processes, resulting,
for example, infinal statessuch ase™e ™t or vtt, increase with
energy, but are still relatively small. If it turns out that elec-
troweak symmetry breaking isstrongly coupled, thislatter proc-
ess then turns out to be of particular interest, as emphasized by
Barklow[9].

The t¢ are produced polarized and, due to initial-state brem-
sstrahlung and gluon radiation, are not always back to back. Ac-
cording to expectations, the weak decay ¢ — W proceeds be-
fore hadronization can occur. This alowsthe possibility to per-
form, in principle, acomplete reconstruction in an environment
with littleadditional hadronic activity. The rapid top decay aso
ensuresthat itsspinistransferred tothebW system, which opens
up unigue opportunities to probe new physics, as will be ex-
ploredin Section VII.

The emphasis of most simulationsto date has been to perform
a largely topological event selection, taking advantage of the
multi-jet topol ogy of theroughly 90% of ¢ eventswith 4 or 6jets
inthefinal state. Therefore, cutson thrust or number of jetsdras-
tically reduces the light fermion pair background. In addition,
one can use the multi-jet mass constraints M (jet-jet) ~ Mw
and M (3-jet) ~ m; for the cases involvingt — bgq’. Simula-
tion studieg[10] have shown that multi-jet resolutionsof 5 GeV
and 15 GeV for the 2-jet and 3-jet masses, respectively, are ade-
guate and readily achievable with standard detector resol utions.
A detection efficiency of about 70% with asignal to background
ratio of 10 was attained in selecting 6-jet final states just above
threshold. These numbers are typical aso for studies which se-
lect the 4-jet+£r decay mode.

Another important techniqueisthat of precision vertex detec-
tion. The present experience with SLC/SLD can be used as a
rather good model of what ispossibleat NLC. Thesmall and sta
bleinteraction point, along with the small beam sizes and bunch
timing, make the NLC ideal for pushing the techniques of ver-
tex detection. At thismeeting, Jackson presented[11] simulation
resultsindicating that b-jets can beidentified with an efficiency
of 60% with about 97% purity. This has important implications
for top physics. Rather loose b-tagging, applied in conjunction
with the standard topologica and mass cuts mentioned above,
imply excellent prospectsfor an efficient and pure top event se-
lection. Detailed studies employing such acombination of tech-
niques have not yet been performed, however, and it will bein-
teresting to see what can be achieved.

The background dueto W-pair productionisthe most difficult
toeliminate. However, inthelimit that the el ectron beamisfully
right-hand polarized, the W+ W~ cross section is dramatically
reduced. Thisalowsfor experimental control and measurement
of the background. On the other hand, the signal isalso reduced,
albeit to amuch smaller degree, by running with right-pol arized
beam. A possiblestrategy might be to runwith right-hand polar-
ized beam only long enough to make a significant check of the
component of background dueto W pairs.

1. MASSMEASUREMENT AT HADRON
COLLIDERS

The precisionwithwhich thetop quark mass, m;, can be mea-
sured is an interesting and important benchmark of proposed
future experiments. Within the Standard Modd and its exten-
sions m; is afundamenta parameter whose value is related to
the Higgs sector of the electroweak interaction[12]. Assuch, it
isdesirableto have a measurement with a precision comparable
tothat of other electroweak parameters, typically of the order of



< 1%. Thiswould correspond to an uncertainty of about 2 GeV
inm;. Extensionsto the Standard Modd often predict thevalue
of m,, and a sufficiently precise measurement of m, could also
help distinguish between different models. For this purpose, it
would be of interest to measure the top quark mass with a preci-
sion of about 1 GeV[13].

The measurements provided by contemporary experiments at
CDF and at DO[ 14, 15] have been studied in sufficient detail that
the expected precision at hadron colliders can be conservatively
extrapol ated with some confidence[4, 16, 17]. Issuesrelevant to
thisextrapolation are presented bel ow as understood from stud-
iesof the TeV 2000 work but are believed to be afair representa
tion of the challengesfor experiments at the LHC aswell. Other
mass-measurement techniques also exist but have not been ex-
plored at the same level of detail. Control of systematic uncer-
taintiesislikely to bethecritical issueinthe measurement of m;
in any method.

A. Constrained Fitsin Lepton+jets Decays

The most precise direct determination of the top mass cur-
rently comes from reconstructing candidate top events with a
Iv+ jets topology. Assuming that the momenta of al final-state
partonsexcept the one neutrino are measured, that thetransverse
energy of the system is conserved, that thet and ¢ quarks have
a common mass, and that there are two real W bosons results
in an overconstrained system from which the event kinematics
can be obtained. The method is of additional interest because it
providesameans of determining other kinematic features of the
tt decay such as their transverse momentum or total invariant
mass.

The accuracy with which the technique can reconstruct the
kinematicsislimited by the ambiguity in making the correspon-
dence between observed jetsand underlying quarks. Without re-
lying on b-tagging, there are 12 different ways to label the jets
as either a b-quark or a light quark from a W and to associate
them with either the ¢ or ¢ quark. If one jet is b-tagged, there
are six such combinations and if two jets are tagged then there
are two possibilities. Additionally, by requiring the v — lepton
invariant mass to equal My, the component of the » momen-
tum along the direction of the beam axis can be determined up
to a quadratic ambiguity. Thus, there are twice as many kine-
matically consistent solutions for each event. By selecting the
single solution which best fits the t2 hypothesis according to a
x? test, the reconstruction of the kinematics results in an esti-
mated top mass for each event. The measured top mass is ob-
tai ned by comparing the event mass distributionto that predicted
by Monte Carlo models for different top masses using a maxi-
mum likelihood method.

Two sources of uncertainty limit the precision with which this
technique can be used to measure m,. Thefirst isthe statistical
uncertainty which arises from the finite detector resolution and
thelimited number of events. Monte Carlo studies indicate that
this source of uncertainty decreases like o/+/N. The intrinsic
resolution, ¢ isitself composed of two pieces. The first piece
isthe resolution for those events where the correct assignment
is made between the partons and jets and the second piece is

theresolutionfor the cases where theincorrect parton-jet assign-
ment ismade. Therelative contribution of each of these sources
varies according to the tagging information available. Using no
tagging informationresultsin aresol utiondominated by themis-
assigned component but al so resultsin thelargest number of top
events. Requiring two tagged jets resultsin the smallest resolu-
tion because of the much higher fraction of eventswith correctly
assigned jets but has a corresponding loss of efficiency. Tablell
summarizes thetradeoff in thetagging requirementswith the ex-
pected statistical uncertainty for a luminosity of 2 fb~! at the
Tevatron or LHC. As shown, the ultimate statistical uncertainty
isafraction of a GeV for any of the three samples.

Table I1: Expected statistical precision for measurement of top
quark mass for differently b-tagged subsamples.

Tags Number of ¢ Events Background o, (GeV)
0 20000 40000 0.3
1 12000 3000 0.3
2 4000 100 0.3

The second source of uncertainty inthetop mass measurement
issystematic. Thelargest sourcesof systematic uncertainty arise
from differences between the observed mass distributionand the
predictionfrom Monte Carl o and detector simulations. Such dif-
ferences arise, for instance, in the jet-parton Er scade and in
the modeling of ¢t production and decay. Table Il shows the
expected systematic uncertainties for the constrained fit tech-
niqueat future hadron colliderswith an integrated luminosity of
2 fb~1,

Tablelll: Expected systematic uncertai ntiesin the measurement
of m, for anintegrated luminosity of 10 fb-1 at ahadron collider.

Systematic om, (GeV)
Jet-Parton Er Scale 2.0
Event Modeling 20
Background Shape 0.3

Based on present understanding of ¢ event reconstruction,
systematic uncertainties are expected to limit the ultimate pre-
cision with which the top mass can be measured. The most im-
portant of these are the precisionwithwhich thejet E scale can
be determined and understanding the multijet environment of ¢¢
production.

B. Jet Er Scale

Jets are typically identified using fixed-cone clustering algo-
rithms. Monte Carlo model sare used to derive acorrespondence
between observed jet energies and the momenta of the under-
lying partons. An understanding of the Er scale therefore in-
volveshboth theoretical uncertaintiesinthemodel of partonfrag-
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Figure 1: Energy flow in annular region around single jets pro-
duced in association with W bosons.

mentation to a jet, and experimental uncertaintiesin the detec-
tor’smeasurement of the jet energy.

Figure 1 shows a comparison of energy flow in an annulus
about singlejets produced in association with W decays. Com-
parison of jet anatomies with this technique between data and
Monte Carlo can be used to quantify theoretical uncertaintiesin
the jet-parton E7 scale. Such studies will likely improve with
the size of the control samples and indicate that theoretical un-
certaintiesin the jet-parton E7 scale can be managed to better
than 1 GeV in future experiments.

It is more difficult to reduce the detector effects below the
present typical value of 3-4 GeV, and this source of uncertainty
could limit the ultimate precision of the top mass measurement.
New possibilitiesfor understanding the jet-parton E7 scale are
offered by control samplesthat will be available in future high-
statisticsdatasets. One exampleistousetheW — gq¢’ decay in
the top-quark events themselves to calibrate the scale. The di-
jet mass distributionfor W — ¢4’ candidates in top events can
be compared to a model where the jet Er scae is varied and
used to fit the scale. A toy Monte Carlo can be used to smu-
late many such experiments with the appropriate combinations
of signal and background. Relying on the CDF detector as a
model, Fig. 2 showsthedistributionof extracted Jet E scaleus
ing the technique on experiments of varying signal-background
composition. Each entry in the histogram is the extracted Er
scale obtai ned by the method for a singletoy experiment where
the true E scale was perfect. The width of the distributionis
the expected precision with which the Jet E scale can be esti-
mated and is seen to be typically of order 1%, or afactor of 3-
4 better than currently derived from sample of about 100pb—1.
We therefore conclude that the jet-parton Er scale can be con-
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Figure 2: Estimated jet-parton Er scae extracted from toy
Monte Carlo experiments. Each entry isthe measured jet-parton
E7 scaleobtained fromthereconstructed W — ¢q’ decay intop
events. Simulated experiments consisted of samples of top and
background typical for Tevatron Run |1 data samples.

trolled to the ~1% level, implying a corresponding uncertainty
in the top quark mass of about the same size.

C. Uncertaintiesin Kinematic Modeling

In addition to the jet-parton E1 scale, uncertaintiesin the top
guark mass can arise from the uncertainty in modeling the jet
environment of top decays. Constrained fitting techniques typ-
ically associate the leading four jets with the two b jets and
two jets from hadronic W decay; however, initia- or final-state
gluon emission may contaminate the leading four jets with jets
that do not arise directly from ¢t decay, resulting in a more
confused event kinematics. This effect is modelled by parton
shower Monte Carlo programs, such as Herwig. Figure 3 shows
the invariant mass distribution for top events for those events
where extra gluon radiation results in a leading jet not associ-
ated with the partonsdirectly from thet decay. Conservatively
assuming no information is available on the rate of such events
implies a corresponding uncertainty on the top quark mass of
3 GeV. Thisuncertainty iscurrently limited by thelack of alarge
sample of top quarks with which the modeling of jet kinemat-
ics can be tested. At the same time, significant theoretical and
phenomenol ogical work has proceeded towards an understand-
ing of gluon radiation in ¢ eventg19]. In datasets with large
number of top events, it isevident that the understanding of this
and other related theoretical issueswill improveand indeed will
be a source of interesting physics aswell.
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Figure 3: Reconstructed mass spectra from ¢¢ Monte Carlo
(m; = 175 GeV) with and without the presence of hard gluon
radiation.

D. Other Mass Measurement Techniques

While the constrai ned fit technique provides the most precise
determination available, other techniques exist, athough they
have not been explored in the same depth. Asdescribed above,
the measurement of the top quark mass can be viewed as sim-
ply comparing a kinematic feature (such as the reconstructed
mass) with that predicted by models for different top masses.
The same philosophy can be applied, for instance, to under-
constrai ned topol ogies such as events where the t¢ decay in the
dilepton mode[18]. Thistechniqueis statistically less powerful
than the lepton + jets method and suffersfrom similar systemat-
icsdueto thejet energy scale; however the method may comple-
ment the more conventional analysis. Another intriguing possi-
bilityisto measurethedecay length of B mesonsassociated with
the b-jetsin top decays. The decay lengthis correlated with the
b-jet boost and hence the mass. It has the additiona attractive
feature of being a mostly tracking-based measurement, and is
therefore much less dependent on the jet-parton E7 scale. The
systematics in this technique, which include uncertainty in the
top quark transverse momentum distribution, need further study.

E. Outlook

It appears that with available technology, the top quark mass
can be measured to a precision of about 1%, with the cavesat that
the understanding of theoretical issues dealing with the jet envi-
ronment in top decays is thought to be limited primarily by the
small number of events presently available. It ishoped that sys-
tematic effects from these sources can be brought under control
with larger samples of data. Whileit is not clear that detector

resolution can be substantially improved, it appears that a pro-
gram that relies on control samples in the data can manage the
leading systematic uncertainties to the 1% level. The ultimate
resol ution as represented by the statistical uncertainty will be on
the order of afew hundred MeV. The issues of the modeling of
the top kinematics will be crucial but at the same time will be
very interesting testsin and of themselves. 1n short, our present
understanding of ¢ reconstruction at hadron colliders supports
the expectation that the measurement of m, at either the LHC or
at an upgraded Tevatron can be made with the precision thought
to be needed to provideinsightsinto the Electroweak and Higgs
sector of the Standard Moddl.

V. MEASUREMENTS AT THE ¢t
THRESHOLD

Production of # near threshold in ete~ (or utu~) annihi-
lation offers qualitatively unique opportunities for top physics
studies. Inaddition, in many cases, it promisesto alow themost
precise measurements of key parameters. The cross section in
the ¢ threshold region depends sensitively on m;, a;, and T';,
and interestingly, also depends on the top-Higgs Yukawa cou-
pling, A;, and mg. In this section we briefly discuss the phe-
nomenology and prospects for these measurements near thresh-
old. The u* u~ caseis not expected to differ significantly from
et e~ except for radiative and accel erator effects, and isnot oth-
erwise specifically discussed.

A. Threshold Shape

In Fig. 4 we show the cross section for #¢ production as a
function of nomina center-of-mass energy E., — +/s for
m; = 175 GeV. The theoretical cross section, indicated as
curve (a), is based on the results of Strassler and Peskin[20]
with as (M%) = 0.120, infinite Higgs mass, and nominal Stan-
dard Model couplings. The characterization of the top thresh-
old is an interesting theoretical issue, and the theoretical cross
section and itsassociated phenomenol ogy havebeen extensively
studied[21, 20, 22, 23, 24, 10]. The energy redistributionmecha-
nisms of initia-stateradiation, beamstrahlung, and single-beam
energy spread, have been successively applied to the theoretical
curve of Fig. 4. Hence, curve (d) includes all effects. We begin
the discussion of top threshold physicswith abrief overview of
these radiative and accelerator effects, which are especialy im-
portant at ¢ threshold because of the relatively sharp featuresin
the cross section.

The effects of initial-state radiation (ISR) are appreciable for
high energy electron colliders, where the effective perturbative
expansion parameter for real photon emission, rather than o/,
isB = 22(In(s/m?2) — 1) ~ 1/8 for y/s = 500 GeV. We use a
standard cal culation[25] of 1SR, whichsumsthered soft-photon
emission to all ordersand calculatesthe initial state virtual cor-
rectionsto second order. An analytic calculation[26] providesa
good approximationfor theeffects of beamstrahlung at the NL C.
The figure of merit in the calculationis Y = v(B/B.), where
7 = Ebeam/m.c?, B isthe effective magnetic field strength of
the beam, and B, = m2c3/eh ~ 4 x 10° T. When T < 1
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Figure 4: Production cross section for top-quark pairs near
threshold for m; = 175 GeV. The theoretical cross section is
given by curve (a). The following energy redistribution effects
have been applied to the theory for the remaining curves: (b)
initial-state radiation (ISR); (c): ISR and beamstrahlung; (d):
ISR, beamstrahlung, and single-beam energy spread.

the beamstrahlung is in the classical regime and is readily cal-
culated analytically. For example, in the case of the SLAC X-
band NLC design, wehave B ~ 6 x 102 Tand T ~ 0.08 at
+/s = 500 GeV. In this case, thereis an appreciable probabil -
ity for a beam electron (or positron) to emit no photons. So the
spectrum iswell-approximated as adeltafunctionat £ = E.p,
withabremsstrahlung-liketail extendingto lower energies. The
fraction of luminosity within the “delta function piece” of the
spectrum resolves the ¢£ threshold structure, while the remain-
ing luminosity is, for the most part, shifted in energy well awvay
from threshold. Hence, the primary effect of beamstrahlung is
to reduce the useful luminosity at threshold. The delta-function
fraction of luminosity for the nominal SLAC X-band NLC de-
signat 500 GeV, for example, is43%. The energy loss spectrum
forinitial-stateradiation, likebeamstrahlung, hasalongtail, and
isaso qualitatively similar to beamstrahlung in that it is rather
likely to have negligibly small energy loss. For example, =~ 50%
of thetotal luminosity resultsinacenter of mass collisionenergy
within 0.1% of the nominal /s [27].

Hence, to good approximation the combined effect of these
processes is an effective reduction of luminosity at the nomi-
nal +/s dueto beam particleswhich have undergone energy loss
> I[';. We seethisin Fig. 4, although thereis clearly also some
smearing out of thethreshold shape due to small energy loss. Of
course, thereisno control of ISR, except for the choice of beam
energy and accelerated particle—here a muon collider would
benefit from the decreased radiation, where the expansion pa

rameter 8 decreases from (.12 to 0.07. On the other hand, the
accelerator design will have some effect on the resulting beam-
strahlung spectrum. For example, in changing /s from 500
GeV tott threshold, one might chooseto keep thecollision point
angular divergences constant, i n which case the spot sizeswould
increase roughly as 500/350, resulting in lower luminosity and
decreased beamstrahlung. Alternatively, scaling the energy at
constant beta would result in decreases only by ~ 1/500/350.
So one can expect for the SLAC design to havethefraction of [u-
minosity unaffected by beamstrahlung (the delta-function frac-
tion) to be ~ 50% at t¢ threshold.

An additional accelerator effect on the threshold shape results
from the energy spread of each beam initsrespectivelinac. This
istheadditional effect includedincurve (d) of Fig. 4, andischar-
acterized by the FWHM of the energy spread for asingle beam,
AF/E,whichisasymmetric, non-centrally peaked distribution
about the nominal beam energy. The calculation of Fig. 4 used
AFE/E = 0.6%. This quantity can be adjusted during opera-
tion, typically by £50%, within some bounds set by the accel er-
ator design. In Section IV.E we discuss the measurement of the
luminosity spectrum resulting from these effects.

B. Sengtivity tom; and a,

The threshold enhancement given by the predicted cross sec-
tioncurve (a) of Fig. 4 reflectsthe Coulomb-likeattraction of the
produced top pair due to the short-distance QCD potential
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where Cr = 4/3 and p is evaluated roughly at the scale of
the Bohr radius of this¢-¢ bound system: p ~ a,m;. This
bound state exists, on average, for approximately one classical
revolution before one of the top quarks undergoes weak decay.
The level spacings of the QCD potential, approximately given
by the Rydberg energy, ~ a2m;, turn out to be comparable to
the widths of the resonance states, which are ~ 2T';. There-
fore the various bound states become smeared together, where
only thebump at the position of the 1S resonance (at about 347.5
GeV in Fig. 4) isdistinguishable. The infrared cutoff imposed
by the large top width aso implies[21] that the physicsisin-
dependent of the long-distance behavior of the QCD potential.
The assumed intermediate-distance potentia is also found[10]
to have a negligibleimpact. Hence, the threshold physics mea-
surements depend on the short-distance potentia (Eg. 1) of per-
turbative QCD.

Anincrease of «; degpensthe QCD potentia, thereby increas-
ing the wave function at the origin and producing an enhanced
1S resonance bump. In addition, the binding energy of the state
variesroughly as the Rydberg energy ~ a2m;. Sothelarger a;
has the combined effect of increasing thecross sectionaswell as
shifting the curve to lower energy. The latter effect would also
occur, of course, for a smaller m;. Therefore, measurements of
as and m, extracted solely from afit to the threshold cross sec-
tionwill be partialy correlated, but separable.

In addition to the measurement of the threshold excitation
curve, an interesting and potentially quite useful measurement



near threshold is based upon the observation that the lifetime of
the bound state is determined by the first top quark to undergo
weak decay, rather than by annihilation. This impliesthat the
reconstructed kinetic energy (or momentum) of the top decay
productsreflect the potential energy of the QCD interaction be-
fore decay. Hence, a measurement of the momentum distribu-
tion will be sensitiveto Vgep and o A larger o, produces a
deeper Vqop, hence increasing the kinetic energy given to the
top decay products when the “spring” breaks upon decay of the
first of either ¢ or £. The theory[22, 24] and phenomenol ogy[10,
28] of this physics have been extensively studied. The observ-
able used to characterize the distributionis the peak of the mo-
mentum distribution, po, which shiftsto larger values for larger
a,. The best 4/s to run the accelerator for this measurement is
about 2 GeV abovethe 1S peak. The studies show that po iSin-
deed sensitiveto a;. The measurement al so has useful sensitiv-
ity to thetop width, which arisesbecause avariationin I', moves
the average t—¢ separation r4 at thetime of decay, and hence the
average potential energy Vocp (74).

A number of studies have been carried out to simulate mea-
surements at t¢ threshold. Typicaly one fixes the width and
fits the threshold shape for the correlated quantities m; and
as(M2). For example, asimulation[10] assuming m; = 150
GeV used 1 fb~* for each of 11 scan points. If m, and a5 (M32)
are | eft as free parameters, then a simultaneous 2-parameter fit
resultsin errorsof 200 MeV and 0.005, respectively. If one per-
formsasingle-parameter fit, hol dingthe other quantity to afixed
value, theresulting sensitivitiesapproach 100 MeV and 0.0025.
An update[29] of the 2-parameter fit for m:; = 170 GeV gives
errorsof 350 MeV and 0.007 for thesame 11-point scan. A sim-
ilar simulated scan[30] assumingm; = 180 GeV and 5fb~1 for
each of 10 scan pointsresulted in single-parameter errorsof 120
MeV and 0.0025 for m, and «, respectively. We see that while
theerror on m, isremarkably good, the error on e, (M2) isless
impressive relative to current measurements. Of course, it will
be very interesting at the outset to compare the threshold exci-
tation curve with expectationsto see, for example, that the AR
increase is consistent with the charge and spin of the top quark.
But if the threshold curve can indeed befit by QCD, then area
sonablestrategy for extracting m; might betofix a; (M2) at the
World average value and perform the single-parameter fit of the
thresholdto extract m.. The studiescited above have al so exam-
ined the use of the top momentum (po) technique. It improves
somewhat the precision of the fitted parameters, typicaly im-
provingboththem; and a; (M2 ) errorsby ~ 20%. Thepo mea-
surement al so has different correl ation between mass and strong
coupling than the cross section, hence providing a useful cross-
check. In fact, Fujii, et al. have emphasized that if the scan en-
ergy isreferenced to the measured position of the 1S peak, rather
than with respect to 2m; or 4/s, then the p, measurement be-
comes independent of m,. Carried out in thisway, the top mo-
mentum measurement would indeed be invaluable as a cross-
check. Systematic errors associ ated with the threshold measure-
ments and scan strategies are discussed briefly in Section IV.E.

C. The Top Yukawa Potential

In additionto the QCD potentia, the Standard Model predicts
that thet¢ pair is also subject to the Yukawa potentia associated
with Higgs exchange:
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where mpy isthe Higgs mass and A, isthe Yukawa coupling,
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The dimensionless parameter By is discussed below. Because
of the extremely short range of the Yukawa potential, its effect
isonly on the wave function at the origin, and hence provides
a shift of the cross section across the threshold region with a
dight energy dependence. Fig. 5 givesa calculation[31] of this
effect. It is quiteinteresting that because of the large top mass,
the Yukawa potential may indeed be observable in this system.
Fromthevariousmg curvesgiveninthiscalculation, weclearly
seethe exponential cutoff of the Yukawa potential for large mg .

At = [ﬁGF]l/zﬂHmt = Brmi/vHiggs
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Figure 5: Cross section near threshold for different Higgs
masses due to the Yukawa potential . m; = 180 GeV/c? was as-

sumed. The abscissa center-of-mass energy isrelativeto 2m;.

It is assumed here, of course, that the Higgs bosons(s) will
have already been discovered when such a measurement is un-
dertaken. However, the Yukawa coupling to fermionsis a fun-
damental element of electroweak theory, and very likely can
only be tested with top quarks. The factor 8g in Eq. 3 is used
to parameterize the strength of the Yukawa coupling and pos-
sible deviations from the Standard Modd, in which 8z = 1.
For example, in two-Higgs-doublet models G is complex with
real (imaginary) part proportional to 1/ sin 8 (1/ tan 8), where
tan 8 is the usual ratio of Higgs vacuum expectation values.
Hence, these measurements can aso be used to help distin-
guish between different models of the Higgs sector. In Section
VIl wereview the prospectsfor the measurement of A, in open
top production. However, the effect of the Higgs field on the ¢t



state at threshold isunique and it isinteresting to see how sensi-
tive athreshold scan might be. Figure6 shows a cal cul ation of
the cross section acrossthresholdfor different valuesof 8. The
valuesm; = 175 GeV andmg = 300 GeV wereusedand all ra
diativeand accelerator effectsareincluded. (Hence, theBy = 1
curve correspondsto curve (d) of Fig. 4.) So onewould have a
reasonable sensitivity to this physics with some dedicated run-
ning just above threshold. Fujii[29] also applied the previously

mentioned 11 point scan of 1 fb—! per point to the measurement o)
of B . For larger m,; the accuracy improves, as expected, and at 2
m; = 170 GeV hefindsthat 8y can be measured to 25%. & .
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Figure 6: Threshold shape fEF”\/(a(?i%YJ% (redl) vaues of the
Yukawa coupling strength B . All radiative and beam effects
areincluded, and m; = 175 GeV, myg = 300 GeV are used.
The different curves corresond to 8y = 1.5, 1.0, and 0.5, as
indicated.

D. TheTop Width

Running at t¢ threshol d all owsadirect measurement of thetop
quark width, T';, without making any assumptionsabout top de-
cay modes. As discussed below in Section V, thisis especially
important for non-standard decays in which top does not decay
toW. On genera grounds, we expect the peak cross section of a
1S quarkonium bound state to vary with the total width as I'; %,
independent of decay modes. Thisis shown by the theoretical
curves given in the upper plot of Fig. 7. After applying ISR and
beam effects, thewidth is affected as shown inthe lower plot of
Fig. 7. Inthiscase, we seethat thecrosssectionjust below the 1S
threshold is aso quite sensitive to the width. The studies cited
above indicate sensitivity to T'; at the level of 10% for 50 fb—!
of data. However, as discussed in the next section, any estimate
will depend crucially on the scan strategy employed.

Yet another, quite different observable which is particularly
sensitiveto I'; has been studied[32, 10] to help further pindown
the physics parameters at threshold. The ideais summarized as

follows. The vector coupling present with Z-t-¢ and y-t-t can
proceed to S and D-wave bound states. On the other hand, the
axial-vector coupling present with Z-t-¢ gives rise to P-wave
states. Hence, it is possible to produce interference between S
and P-waveswhich givesriseto aforward-backward asymmetry
(Arp) proportional to (v/c) cos 8, where 8 isthe usud produc-
tion polar angleinthett rest system. Because of thelarge width
of these states, due to the large I';, they do overlap to a signif-
icant extent, and a sizeable Arp develops. Thevaue of Arp
variesfrom about 5% to 12% across the threshol d, with themin-
imum value near the 1S resonance. Since the top width controls
the amount of S-P overlap, we expect the forward-backward
asymmetry to be a sensitive method for measuring I';. In fact,
this has been studied, again by the same groups as above. Al-
though considerably less sensitiveto I'; than thethreshold cross
section (about afactor ten interms of luminosity), thistechnique
again provides a useful crosscheck of the threshold physics.

E. Systematic Effects and Scan Strategies

As indicated in Section 11.B, an efficient and pure event se-
lection with good experimenta controls appears to be possible.
So we expect the outstanding systematic issue to be the char-
acterization of the redistribution of collision energy due to ra-
diation and beam effects, as discussed in Section IV.A. This
can be quantified by a differential luminosity spectrum d£/dF



which describes how the nominal center-of-mass energy /s is
distributed to et e~ collision energies E. Of course, this must
bedetermined in order to unfold the physics parameters fromthe
experiemental scan points. One would hope to measure the [u-
minosity expended at each scan pointto ~ 1%. Fortunately, it
is not necessary to know the radiative and accelerator effects a
priori at thislevel of precision. One can, in fact, make an inde-
pendent measurement of the luminosity spectrum. As proposed
by Frary and Miller[33], the ideais to measure the acollinearity
distribution of final state particlesina2 — 2 process. Bhabha
scattering turns out to be ideal. At intermediate scattering an-
gles (about 8§ = 20° to 8 = 40°), Bhabha scattering has a rate
~ 100 timesthat of top production, theacollinearity can be mea-
sured with the requisite accuracy (< 1 mrad), and it is theoret-
icaly well known at the 1% level. The acollinearity angle 8 4
for afinal-state et e~ pair produced at scattering angle 6 isre-
lated to the energy difference § F of the initial-stateete~ by
8E/E = 64/sinf, where E ~ FEyeam iStheir average energy.
So starting with the theoretical distributionin 84, one applies
contributions due to 1SR and beamstrahlung (and single-beam
energy spread), whose functional formsare known, until the re-
sulting distribution agrees with the measured one. One then ap-
pliesthisluminosity spectrum to thetop scan datataken over the
same running period.

The other related issueis the determination of the absolute en-
ergy scale, that is, the energy of the beams. This is presently
done at the SLC using a spectrometer for each spent beam. The
accuracy for 4/s is 25 MeV (0.03%). Scaling this same error
to top threshold gives 100 MeV accuracy, which is at or below
thelevel of error quoted above for a high statistics measurement
of m;. To measure the beam energy, the beams will be briefly
taken out of collision, which eliminates beamstrahlung. (The
beamstrahl ung-reduced beam energy measured by the spectrom-
eter isnot equivalent to that seen by collisionssincethetwo sam-
ple the beam popul ations differently.)

Most of the sensitivity to the threshold physics measurements
of my, a;, I'y, and By comes from the cross section scan across
threshold, although as we have seen, the measurements of top
momentum and the forward-backward asymmetry aso provide
useful input. These latter two techniques also are more diffi-
cult and demand more study to determine limiting systematics.
Therefore, it is useful to consider how to extract the measure-
ments solely from the cross section scan. From the discussions
above we have seen that each physics quantity has adifferent ef-
fect on the threshold shape. So the physics goaswill certainly
define the scan strategy.

Expending even a modest fraction of a standard year of lumi-
nosity (50 fb~1) at threshold would check the overall physics of
the threshold system and would give an excellent measurement
of the top mass at the level of ~ 200 MeV. To concentrate on
the mass measurement, one would choose to expend luminos-
ity where the cross section changes most rapidly, at about 346to
347 GeV for m; = 175 GeV. Assuming a standard model width
and fixing s from external measurements, in only ~ 10 fb~1!
onewould reach thelevel of 100 MeV error, which iswhere the
systematics of the absolute energy scale would be expected to
become important.

Of course, one would really like to directly measure I'; given
thisopportunity. From Fig. 7 we see that measuring the slope of
thethresholdriseisrequired to measure thewidth. So onewould
want to expend luminosity at about 344 and 348 GeV, as well.
Fujii[29] findsthat fixing e, and performing a 2-parameter fit to
m; and I';, theusual 11 x 1 fb~! scan gives (tatistical) errors
of 100 MeV for m; and éT:/T: = 16%. If T'; looked interest-
ing one could go after theespecially sensitive scan energies. Ap-
parently, the error could be pushed by statistical scaling until the
[uminosity systematics become important, at thelevel of ~ 1%.
Hence, a scan chosen in thisway would push the measurement
of T'; to about 5% in 50 fb~1.

Observing the effect of the Yukawa potential would be unique,
and checking the Yukawa coupling would be afundamental test.
First of al, onewould want to check that the cross section at the
1S (about 347.5 GeV for m; = 175 GeV) is as expected given
the value of myg taken from other measurements (see Fig. 5).
Thiswould establish whether the strength of the Yukawa poten-
tia is as expected. Then, from Fig. 6 we see that one or two
scan pointsabove the 1Swould establishthe slope and providea
measurement of 3. Again, if the physicsdemandsit, thismea
surement could be pushed statistically, eventually to the level of
~ 1%.

In &l cases, areasonable fraction of the luminosity will have
to be expended just bel ow threshold to measure the background.
This fraction would depend, of course, on the ultimate purity of
the event selection, but 10 to 20% is areasonable guess. Since
W+W— production is expected to be the largest background,
an important experimental control is provided by the e ectron-
beam polarization. Flipping between left and right-handed po-
larizations would give a huge change in this background (since
the cross section for right-handed production is tiny) by a pre-
dictableamount. So one should expect that the background frac-
tion can be accurately determined.

In summary, the physicsquantitiesof interest at threshold each
have different effects on the shape of the threshold curve, and
can be optimally extracted with a cross section scan employ-
ing carefully chosen scan points. 1n addition, measurements of
the top momentum and forward-backward asymmetry at thresh-
old provide useful crosschecks of the same quantities. A mod-
est data set of 10 fb~! would provide a check of the overall
phenomenol ogy and would allow a measurement of m, with an
error of 100 MeV to 350 MeV, depending upon the scan and
whether o, isfixed or alowed to beafree parameter. Thislumi-
nosity wouldallow initial measurements of os (M2 ), I';, and the
Yukawa coupling Bz with errorsat thelevel of 0.005, 16%, and
25%, respectively. Physics priorities would push optimization
of the scan strategy to concentrate on asubset of these quantities,
o that with 50 fb~! one could attain errors of 100 MeV (m;),
0.0025 (cxs(M2)), 5% (I';), or 10% (Bg). At the current level
of understanding, the measurements become systematicslimited
near these errorsfor m; and «,, but the width and Yukawa cou-
pling measurements could be pushed to the level of ~ 1%.



V. THETOP QUARK WIDTH AND V;, AT
HADRON COLLIDERS

Inthe Standard Model, thetop quark decays essentially 100%
of thetimeto Wb, and theratefor thisprocess|eadsto afirm pre-
dictionfor thetop widthof I'; = 1.4 GeV (for m; = 175 GeV),
corresponding to alifetime of < 10~25s. A measurement of T';
isof great interest because I'; isaffected by any nonstandard de-
cay modes of thetop, whether visibleor invisible. Future exper-
iments must therefore address the related questions “Does top
alwaysdecay toWb?' and“IsV;, equa to17". That these ques-
tionsare not equivalent can be seen by considering the situation
with b decays, in which the b quark decays essentialy 100% of
thetime to We despite the fact that V., =~ 0.04. The relatively
narrow width of the b isaconsequence of the fact that the quark
to which it has a large coupling, the top quark, is kinematically
inaccessible. Similarly, a heavy fourth generation quark with a
large CKM coupling to top could allow for asmall values of V;;
whilekeeping alargevaueof B(t — Wb). Thusitisimportant
to measure B(t — Wb), V3, and T';, directly.

The best measurement of V;; at hadron colliders will come
from the s-channel single-top process gq¢ — W* — tb[34].
These events are detected by requiring a W + 2-jet topology
where one or both of the jets are b-tagged. The largest back-
ground, as in the case of £ events, comes from the QCD pro-
duction of a W in association with one or more b-jets. How-
ever, since the single top signal peaks in the 2-jet bin instead
of the 3- and 4-jet bins, this QCD background is considerably
higher. Nevertheless, Monte Carlo studies of the signal com-
bined with the observed tagging rate at CDF in W+2-jet events
indicatethat the signal can be isolated with a combination of 5-
tagging and kinematic cuts. The expected yield for this process
isshown in Table I. The advantage of the s-channel single-top
process over the higher-ratet-channel Wg fusion processisthat
the cross section can be morereliably cal culated (the uncertainty
on the Q?-dependence is only 4%, as opposed to 30% for thet-
channel process). Thedisadvantage of thismodeisthat has only
half therate of the W ¢ single-top process, and thereforerequires
greater luminosity. The cross section is proportional to |V;|%:

(4)

Since the branching ratio must be <1, a lower limit on |V;;] is
readily obtained from

OsmM X |V'tb|2B(t — Wb)

|Vvtb|2 Z Umeas/USM: (5)

Where ¢,,.qs iS the measured cross section. In 3 fb~1 at the
Tevatron, a lower limit of |V;;| > 0.9 can be obtained, while
ina“Tev33’-sized sample of 30 fb~* thelimit can be extended
t00.97[35]. This measurement will be extremely difficult at the
LHC becausethegqq initial stateisswamped by gg contributions.
Furthermore the enormous ¢ cross section at the LHC leads to
significant “feed-down” of the ¢t signal into the 2-jet signal re-
gion.

From Eqgn. 4, it is clear that the measurement of the single-
top production rate viagg — W* — tb is directly propor-
tiona to the partial decay width I'(¢ — Wb). In30fb~! at

the Tevatron, an 8% measurement of this partial width should
be achievable, where the uncertainty is likely to be dominated
by the 5% uncertainty on the integrated luminosity. To convert
thismeasurement intoameasurement of thetotal width, itisnec-
essary aso to know the branching ratio B(t — Wb). This can
be extracted, albeit in a mode -dependent way, from measuring
the ratios of branching ratios B(t — Wb)/B(t — Wgq) and
B(t — Wgq)/B(t — (non—W + X). Thefirst of these can be
measured in ¢¢ events using the ratio of single to double b-tags
in the lepton + jets sample. The requirement of one b-tagged jet
leaves the second b-jet unbiased, so that with a known tagging
efficiency the branching ratio can be measured from the number
of additional tags. A similar technique can be used in the dilep-
ton sample. Because b-tagging is not required to select high-
purity dilepton events, the ratio of non-tagged to single-tagged
events can be used aswell. Finally, one can compare the ratio of
doubletagsinthe same jet with two different tagging techniques
(i.e. secondary vertex tags and soft |epton tags) to doubletagsin
different jets. Small values of B(t — Wb)/B(t — W¢q) would
result in large values of this“same to different jet” ratio. Mea
surements of B(t — Wb)/B(t — Wgq) using these techniques
have already been performed by CDF[3], athough the current
statistical power islimited. Ina10fb~?! dataset, a 1% measure-
ment of this ratio appears achievable[4].

This analysis depends on the model-dependent assumption
that the branching ratio of top to non-W fina states is small.
For example, if top has a significant branching ratio to H+5,
there will be additional sources of b-tags from the decays to
the charged Higgs, and the above-mentioned analysis becomes
problematic. This is particularly true in the unlucky situation
where mg+ ~ 80 GeV, which would give lepton + jets events
kinematically identical to thosearising from Standard Model de-
cays of the £ pair. In the case of a significant branching ratio
to HTb, however, we would expect to under-produce dilepton
events, which result from two leptonically-decaying W's, rela
tiveto lepton + jets events. This possibility is discussed next.

Theraio B(t — Wgq)/B(t — non—W + X)) can be mea
sured by examining theratio of single-lepton to dilepton events,
since number of high- Py, isolated charged leptonsin the final
state counts the number of leptonically-decaying W's. If dl ¢
decays contain two W, theratio of (produced) single- to dilep-
toneventsis6:1. If top can decay toanon-W fina state (such as
acharged Higgs, or astop quark plus a gaugino) with different
branching ratios to leptons, thisratio will be modified. Experi-
mentally, top decaysto non-W fina stateswould beindicated by
adeparture of oprr /o1 from unity, where oprr, and o5
are the cross sections measured in the dilepton and lepton+jets
modes. Assuming that top always decays to Wb, measurement
of thisratiowill givea2% measurement of B(t — Wq)/B(t —
Xb)in30fb~!. However, if adeparturefromtheexpected value
isobserved, theinterpretation of theresultsis model -dependent.
For example, the above-mentioned case of alarge branching ra
tionto H+b, with mg+ ~ 80 GeV, would increase oz, 5 a
the expense of oprr. Of course, such a departure would be ev-
idence for new physics and would arguably be even moreinter-
esting than a measurement of the width.

Combining the measurements of T'(¢ — Wb) from the single
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top production cross section, B(t — Wb)/B(t — Wgq) from
theratios of tags, and B(t — Wgq)/B(t — Xb) fromtheratio
of the dilepton to lepton+jets cross section, a 9% measurement
of the total width appears achievable with 30 fo—1.

This somewhat indirect method of obtaining I'; may be con-
trasted with the direct measurement that is possible from a ¢t
threshold scan at the NLC. Though the two measurements have
comparable precision, the approaches are quite different and
illustrate the complementary nature of the two environments.
The pp measurement of I'; relies on collecting data from many
different channels (single top, ¢, with different numbers of b-
tags) that span much of the hadron collider top program; it is
sengitive to a variety of possible sources of new physics. But
model -dependence may beinvolved in the interpretation of the
result, especially the measurement of B(t — Wgq)/B(t —
non—W + X). Because the model-dependence and sensitivity
to new physics are two sides of the same coin, thismay actually
beavirtue. TheNLC offersaclean and well-controlled environ-
ment where a single measurement can be performed with high
precision and easily interpreted. Since I'; will be measured first
at hadron colliders, the I'; measurement at the NLC will cross-
check many aspects of the hadron collider program, not just the
T'; measurement itself.

VI. Vi AT THENLC

The NLC provides a well-understood environment for mea-
suring the CKM parameter V3. To date, nearly al our knowl-
edge of this parameter is inferred from measurements of bot-
tom and strange decays aong with the assumption of the uni-
tarity of the CKM matrix. Top decays provide the opportunity
to determine V;; directly; with the advent of very large data
sets, they may aso allow the measurement of V;,. If the mea
sured values differ significantly from present expectations, i.e.
if [Vis] # 1 for example, new physicsisindicated, perhaps the
existence of a new generation or the violation of weak univer-
sality. These CKM parameters are also essential for checking
the phenomenology of B mixing and the assumptions underly-
ing CP violation studiesin the the B sector.

Just as the b lifetime and the knowledge that 5 — ¢ transi-
tionsdominate b decays determine V;., so thetop width and the
branchingfractionfort — Whfix thepartia widthT' (¢ — Wb),

_ |Va|*Grm3ngep

and hence V;;. Explicitly,
2
- (-%) (
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where V;;, scales the universal weak decay rate given by the
Fermi coupling constant, phase space terms, and a QCD correc-
tion factor. To measure the partial width requires that the total
widthand the branching fractionto Wb fina statesbe measured.
The measurement of the total width has been discussed in Sec-
tions1V.D and V. Studiesindicate, for example, that the total
widthwill be measured with an error of 5% given a50 fb~?! scan
of the ¢ threshold.

What remains is the measurement of the branching fraction,
B(t — Wb). Although this measurement has not been simu-
lated with full Monte Carlo, simple arguments can be used to

QM2
F(t — Wb) w

my
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estimate its expected precision. The rate of ¢ production above
threshold is well understood theoretically given the standard
model assumptions for top’s neutra current couplings. If one
requires six-jet final states, two b jetsin the event, dijet masses
consistent with the W mass, and Wb masses consistent with the
top mass, one obtainsa clean sample of t¢ eventswhere both¢'s
have decayed to W[ 10]. Assuming a net efficiency of 20% for
event selection and 25 fb~! of dataabovett threshold, therewill
be about 2000 ¢ events selected. The measured cross-sectionis
thus determined to better than 3% accuracy, aslong asthe lumi-
nosity isknowntothe 2% level or better. The branching fraction
isthen given in terms of thetheoretical cross section and detec-
tion efficiency € as

B(t — Wb) = (0pmeas /€osnr) /2. 7
The error ismost likely dominated by the error in the efficiency.
Assuming it to be 5% leads to an uncertainty in the branching
fraction of 2.5%.

Itislikely that aclean and efficient method for tagging asingle
top decay in att event ispossibleinthee™ e~ environment. For
example, one could demand a b jet oppositea hard lepton from
a W decay, and use the measured lepton momentum to test the
consistency of the hypothesisthat the W and b jet are back-to-
back, as they must be for top decay near threshold. Such asin-
gletag lets one measure the branching fraction directly without
assumptions about top quark couplings, simply by finding the
fraction of the remaining top quarkswhich decay to Wb. Monte
Carlo studies are needed to quantify the precision of this tech-
nigque.

The error in the partia width is simply the sum in quadra-
ture of the errorsin the total width and branching fraction, i.e.
5.6%. Errorsin the phase space factors and QCD factors are
likely small compared to the error in the partial width, so the er-
ror in V;; is about 2.8%.

Can one hope to measure V;; or V;; a the NLC? If V5| =
.04, as expected from unitarity constraints on the CKM matrix,
B(t — Ws) = 1.6 x 1073, leaving a sample of tens of events
from the a 50 fb~! data set. Preliminary studies show that re-
quiringahard kaon inthequark jet, and the absence of secondary
b decay vertices, provides strong rejection against b decay back-
grounds. Even so, substantially more than 50 fb~?! isneeded for
such a measurement. The measurement of V4 is much further
out of reach.

VIl. COUPLINGS AND FORM FACTORS

Dueto itsrapid weak decay, thetop spinistransfered directly
to the final state with no hadronization uncertainties, therefore
allowingthehdicity dependent information containedintheLa
grangianto be propagated tothefina state. To theextent that the
final state, expected to be dominated by 5W *+5W —, can befully
reconstructed, then a helicity analysis can be performed. At the
NLC or at amuon collider, the top neutral-current couplingsare
accessible via the top production vertex. The charged-current
couplings are accessible to both lepton and hadron collidersvia

top decay.



The study of top couplings, or more generally the interaction
form factors, is broadly speaking an exploration of new physics
which is a a very high energy scale or is otherwise inaccessi-
ble directly. For example, some models for physics beyond the
Standard M odéel predict new contributionsto dipole momentsin
top couplings. However, we a so know that the Standard M odel
itself predictsinteresting new behavior for top couplingsand he-
licity properties. Thisisdueto the very large top mass, making
it the only known fermion with mass near that of v, = 246
GeV. The large top Yukawa coupling is an important implica-
tion of its unique connection to electroweak physics. The phe-
nomenology of thetop Yukawa coupling isdiscussed separately
in Sections VIl and IV.C. Given theimportant role of longitu-
dinaly polarized W bosons (Wioyng) in electroweak symmetry
breaking, it isinteresting that the Standard Model (SM) predicts
the fraction of Wigng in top decay to be m? /(m? + 2M3,)
70%, with the remainder being left-hand polarized. Measuring
thisshould be arather straightforward test.

Thetop neutral-current coupling can be generalized to thefol -
lowing form for the Z-t-% or y-t-t vertex factor:

MAD = eyt [QUEERE + QL]
ok, QYR + QR FL |, @

_|_

which reducesto the familiar SM treelevel expression when the
form factors are F}, = FZ, = FZ, = 1, withal others
zero. The quantiti&QZ{f, aretheusual SM coupling constants:

T =Q% = %, Q‘% =(1- %sin29w)/(4sint9w cos Oy ),
and QZ = —1/(4sin Oy cos Oy ). The non-standard couplings
FJ;? and F},7 correspond to el ectrowesk magnetic and el ectric
dipole moments, respectively. While these couplings are zero
at tree level in the SM, the analog of the magnetic dipole cou-
plingis expected to attainavaue ~ «, /7 dueto corrections be-
yond leading order. On the other hand, the electric dipole term
violates CP and is expected to be zero in the SM through two
loops[36]. Such anon-standard coupling necessarily involvesa
top spin flip, hence is proportional to m;. In fact, many exten-
sionsof the Standard Model[37, 38] involve CP violating phases
which giveriseto atop dipole moment of @(10~2!) e-m at one
loop, whichisabout ten orders of magnitude greater than the SM
expectation, and may be within the reach of future experiments,
asdiscussed below. A study of anomal ous chromomagnetic mo-
mentswas presented[39] at thismeeting using the gluon energy
distributionin ¢¢g events, which was also found to be sensitive
to the electroweak neutral-current couplings.

For the top charged-current coupling we can write the W-¢-b
vertex factor as

M‘U"W = \/Li’y'u [PLFlvg =+ PRFE/{]

Y __ghvk, [P FYY + PrFY%] ,

+ 2\/5m¢

(9)

wherethe quantities Py, r aretheleft-right projectors. Inthe SM
we have FYY = 1 and al others zero. The form factor FJY, rep-
resents aright-handed, or V + A, charged current component.
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A. Heélicity Analysisat NLC

Top pair production above threshold at NLC (or a muon col-
lider) will provide a unique opportunity to measure simultane-
oudy al of the top charged and neutra-current couplings. In
terms of helicity amplitudes, the form factors obey distinct de-
pendences on the helicity state of e, eT, ¢, and £, which can
be accessed experimentally by beam polarization and the mea-
surement of the decay anglesin the final state. These helicity
angles can be defined as shown in Fig. 8. The angle xw isde-
finedinthe W proper frame, wherethe W directionrepresentsits
momentum vector in the limit of zero magnitude. The analgous
statement holds for the definition of ;. As mentioned earlier,
the case where the W islongitudinally polarized is particularly
relevant for heavy top, and the x; and xw distributionsare sen-
sitive to this behavior. Experimentaly, al such angles, includ-
ing the angles corresponding to x; and xw for thet hemisphere,
are accessible. Given the large number of constraints available
in these events, full event reconstructionisentirely feasible. To
reconstruct § one must a so take into account photon and gluon
radiation. Photon radiation from theinitial state is an important
effect, which, however, represents a purely longitudinal boost
which can be handled[40] within the framework of final-state
mass constraints. Gluon radiation can be more subtle. Jets re-
maining after reconstruction of ¢ and ¢ can be due to gluon ra-
diationfrom¢ or b, and the correct assignment must be decided
based on thekinematic constraintsand the expectations of QCD.

Figure 8: Definitions of helicity angles. (a) Production angle 8
in ¢t proper frame; (b) x; measured in the top proper frame as
shown; and (¢) xw inthe W proper frame.

The distributionsof the productionangle for theSM interms
of thevarious helicity states are given[41] in Fig. 9 for left and
right-hand polarized electron beam. We see, for example, that
for left-hand polarized electron beam, top quarks produced at
forward angles are predominantly left handed, while forward-
produced top quarks are predominantly right handed when the
electron beamisright-handpolarized. These helicity amplitudes
combine to produce the following general form for the angular



0.8 T
(@) e Beam /
m¢ = 150 GeV /
06~ 4&=400Gev (e

do/dQ (pb)

(b) eg Beam

1.0
8100A3

Figure9: Production angle for ¢¢ for the possible final-state he-
licity combinations, asindicated, for (a) |eft-polarized el ectrons,
and (b) right-polarized electrons. The complete cross sections
arethe solid curves.

distribution[40]:

dO’ _ ,Bt
dcosf  32xs

[cosin? 8 + ci (1 + cos8)? + c_(1 — cos6)?]

(10)
where ¢ and ¢ are functions of the form factors of Eq. 8, in-
cluding any non-standard couplings. The helicity structure of
theevent ishighly constrained by the measurements of beam po-
larization and production angle. An aternative analysis frame-
work has been proposed[43] involving a beam-axis system,
which might provide higher purity if the final states can be only
partially reconstructed.

We now outline an analysig[6, 44] to measure or set limitson
the complete set of form factors defined in Egs. 8 and 9. We con-
sider amodest integrated luminosity of 10fb=1, m; = 180 GeV,
and 4/s = 500 GeV. Electron beam polarization is assumed to
be £80%. The decays are assumed to bet — bW. In gen-
eral, one needsto distinguisht from#. The most straightforward
method for thisis to demand that at least one of the W decays
be leptonic, and to use the charge of the lepton as thetag. (One
might imagine using other techniques, for example with topo-
logical secondary vertex detection one could perhaps distinguish
b from b.) So we assume the following decay chain:

tt — bbWW — bbgq' v, (1)
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Table 1V: Subset of results from the global form factor analysis de-
scribed in the text. The upper and lower limits of the couplingsin their
departuresfrom the SM valuesare given at 68% and 90% CL. All cou-
plings, each with real and imaginary parts, can be determined in this
way. The right-handed charged-current coupling is shown both for un-
polarized and 80% |eft-polarized electron beam, whereas the other re-
sults assume 80% left-polarized beam only. S is the imaginary part,
otherwise the results listed here are for the real parts.

Form Factor SM Value Limit Limit
(Lowest Order) | 68% CL | 90% CL

FV(P=0) 0 40.13 40.18
FYW(P = 80%) 0 40.06 40.10
FZ, 1 14+0.08 | 14£0.13
FE, 1 140.10 | 140.16
F), 0 40.05 40.08

F), 0 40.07 ol
FZ, 0 40.09 40.15
FZ, 0 40.07 40.10
S(FZ,) 0 40.06 40.09

where £ = e, p. The branching fraction for this decay chainis
8/27.

Now, since the top production and decay information is cor-
related, it is possible to combine all relevant observables to en-
sure maximum sensitivity to the couplings. In thisstudy, alike-
lihood function is used to combine the observables. We use
the Monte Carlo generator devel oped by Schmidt[42], whichin-
cludestt(g) productionto O (e, ). Most significantly, theMonte
Carlo correctly includes the helicity information at all stages.
Thetop decay products, including any jets dueto hard gluon ra-
diation, must be correctly assigned with good probability. The
correct assignments are rather easily arbitrated using the W and
top mass constraints. When the effects of initial-state radiation
and beamstrahlung are included, it has been shown[40] that the
correct event reconstruction can be performed with an efficiency
of about 70%. The overal efficiency of the analysis, including
branching fractions, reconstruction efficiency, and acceptance,
is about 18%.

After simple, phenomenological detection resolution and ac-
ceptance functionsare applied, the resulting helicity angles (see
Fig. 8) are then used to form a likelihood which is the square
of the theoretical amplitude for these angles given an assumed
set of form factors. Table IV summarizes some of the results
of thisanalysis. We see that even with a modest integrated [u-
minosity of 10 fb=! at /s = 500 GeV, the sensitivity to the
form factorsis quite good, at the level of 5-10% relativeto SM
couplings. In terms of real units, the 90% CL limitsfor F.Z, of
+0.15, for example, correspond to at-Z e ectric dipolemoment
of ~ 8 x 10~2% e-m. Other studies[45, 40, 46] have found simi-
lar sengitivities. Asdiscussed above, thislimit isin the range of
interest for probing new physics. Therefore it isinteresting for
future studies to quantify the experimenta errors which would
result from larger data samples than the modest one assumed
above,



B. Hedlicity Anaysisat Hadron Colliders

As discussed above, the Standard Model makes the firm pre-
diction that the W polarization in top decays depends only on
m,; and My, . For m; = 175 GeV, the fraction of longitudinally
polarized W’sin top decay isroughly 70%, with the remaining
W’sbeing |l eft-hand polarized. Thisprediction, whichisadirect
consequence of theL orentz structure of thet-W -b vertex, can be
tested in the large t¢ samples expected at the Tevatron and LHC.
Non-universal top couplings may manifest themselvesin a de-
parture of B(t — bWong) from its expected vaue.

The W polarization can be measured in lepton + jets final
statesby analyzing theangul ar distribution of the charged |epton
fromthedecay t — Wb followedby W — [v. Thepolarization
of the W isrelated to the charged | epton helicity angle;, which
isdefined to be the emission angle of theleptonin therest frame
of the W, with respect to thedirection of the W intherest frame
of thetop. (It isequivalent to theangle xw of Fig. 8.) Thisan-
gle can be expressed in terms of quantities measured in the lab
frame vig[47]

(12)

Here my; isthe invariant mass of the charged lepton and the 5,
and M;,; istheinvariant mass of the lepton, the b, and the neu-
trino, nominaly equd to m;.

The experimental strategy is to use the constrained fit de-
scribed in Section 111 to obtain the jet-parton correspondence,
which alows one to evaluate the invariant mass combinations.
The resulting cos 87 distribution is then fitted to a superposi-
tion of W helicity amplitudes in order to extract the fractions
Of Wiett, Wiong, and Wiign:, Which contribute to cos 8} like
%(1 — cos 91*)2, lsin,r"@l", and %(1 + (:08(91")2 respectively. A
model analysis of thistype at the Tevatron has been performed
by Winn[4]. The cos 6; distribution &t the parton level, assum-
ing perfect resolution and no combinatoric misassignments, is
shown in Fig. 10. Note that a right-handed component would
peak near cos 7 = 1, where the Standard Model predicts few
events. To determine best-case statistical precision of this mea
surement, Monte Carlo[48] pseudo-experiments are performed
with top samples of various sizes, still assuming perfect reso-
[ution and jet-parton assignment, but correcting the acceptance
with acos 6; -dependent factor. A fit to asample of 1000 events
isshowninFig. 11. Thefit accurately returnsthe input longitu-
dina W fraction of 69% to within a 3% statistical uncertainty.
The statistical uncertainty in this best-case scenario is found to
behavelike1/v/N.

In a real experiment the precision will be lower due to the
same effects that complicate the mass measurement: combina-
toric misassignment of the top decay products, detector resolu-
tion, and backgrounds. The impact of these effects on the helic-
ity analysis has not yet been evaluated in detail. However, since
thisanalysis uses the same constrained fit as the mass measure-
ment, itisreasonabl eto assume that these effects woul d be of the
same order of magnitudein both analyses. Inthe mass anaysis,
these effects lead to a degradation in resolution that is approxi-
mately equivalent to areduction in statistics by afactor of two,
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Figure 10: The parton-level cos8; distribution for m;
170 GeV. The contributionsfrom |eft-handed and longitudinally
polarized W’s are shown as the dotted and dashed lines respec-
tively.
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hypothesis.



i.e. areductionin precision by afactor of 1/2. If thisholdstrue
for the helicity analysis as well, then with a 10 fb—*! sample at
the Tevatron it woul d be possibl e to measure the branching frac-
tionto Wiong to approximately 2%, and to have sengitivity to a
right-handed component at the ~1% level.

Neutral-current el ectroweak couplingsof thetop quark are not
accessible at hadron colliders due to the dominance of strong
production mechanisms (or, in the case of single top, produc-
tion through the weak charged current). Fina -state couplingsof
thetop to the photonand Z are extremely small. A study of the
neutral -current couplingsistherefore the domain of I+1~ collid-
ers.

VIII. THEtH COUPLING

The role that the large top mass plays in electroweak sym-
metry breaking can be directly explored by measuring the top-
Higgs Yukawa coupling. In the Standard Modéel, this coupling
strength ), is proportional to thetop mass: ; = 2Y/4/Gpm.
Thetop-Higgscouplingisconsequently largeand can bedirectly
measured. Such measurements are possibleat boththe LHC and
the NLC. The measurements are challenging in both environ-
ments, requiring design-level luminosities for adequate statis-
tics.

The process pp — ttH + X has been studied at the LHC
for Higgs masses up to 120 GeV[17]. The process relies on the
availability of good vertex detection even at thehighest LHC lu-
minosities for efficient b-tagging. The Higgsis identified as a
bump over a large background in the b6 invariant mass distri-
bution in events with a trigger lepton and at least three b jets.
The dominant backgrounds are due to ¢ and W productionwith
additionad jets, some of which are misidentified as b jets. With
100fb~1, signals of more than 3¢ significance are expected for
myg < 115 GeV. In principle this signal could yield a mea-
surement of thetop-Higgs coupling, but no such analysisisdis-
cussed.

Several techniques can be applied at the NLC. The top cou-
pling to a light Higgs (my < 2Myw ) can be measured a a
500 GeV collider with accurate cross-section measurements at
t¢ threshold or by measuring the rate of t¢H events at /s —
500 GeV. Higher energies (/s = 1 or 1.5 TeV) are needed to
study the coupling for intermediate or high Higgs mass (mg >
th).

The presence of an additional attractive force arising from
Higgs exchange produces a distinctive distortion in the cross
section for £ production near the 1S resonance. This was dis-
cussed in the Section 1V.C above. The size of the distortion is
proportiona to A2 /mg . The coupling could be measured to at
least 10% for mgy = 100 GeV with a 100 fb~! threshold scan.

The yield of tH eventsis proportiona to the square of the
top-Higgs coupling. The cross section for the process is small,
of order 1 fb at a 500 GeV NLC for mg = 100 GeV; it grows
to afew fb by 1 TeV[49]. The find state typicaly contains
eight jets, including four b jets. Preliminary studieg[10, 30] in-
dicatethat t£Z and tt;j eventsare significant backgrounds. The
top-Higgs coupling could be measured to 25% with 100 fb—! if
myg = 100 GeV at /s = 500 GeV. The accuracy and Higgs
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mass reach improve at higher energies. For example, Fujii finds
a10% measurement ispossibleat /s = 700 GeV withthesame
integrated luminosity. Studiesare needed to quantify sensitivity
to intermediate and high mass Higgs at higher /.

The Higgs-strahlung process (t¢H) is also sensitive to effects
that might arise from extended Higgs sectors. The interference
between Higgs emission from avirtual Z and Higgs-strahlung
from the fina ¢ quark gives rise to CP-violating effects in two
Higgs doublet models. This was studied in Ref. [50] where it
was found that CP-violation effects could be seen at 3o level
with several hundred £ H events and the most favorable param-
eter choices. Such studies will require center of mass energies
above 800 GeV and integrated luminositiesof 300fb~* or more.
Gunion and He presented[51] an anaysis to discriminate be-
tween different models of the Higgs sector, using two-Higgs-
doublet models to exemplify the technique, which consists of
measurements of thetth differential cross section together with
the Z k total cross section, where h isaneutral Higgsboson. For
my, = 100 GeV, 4/s = 1000 GeV, and an integrated luminos-
ity of 500 fb~!, they find that the Yukawa couplings and Higgs
model can be accurately determined.

Measuring the coupling of the top quark to a heavy Higgs
(mg > 2m,) requireshigh center of mass energiesand highin-
tergrated luminosity. Three processes are of interest: ete™ —
ttH;ete™ — ttZ;andete” — vutt. Only thelatter two have
been studied.

The cross-section for eTe~ — #£Z isabout 5 fb between 500
and 1000 GeV. It isenhanced by the processete~ — Z H when
the Higgs subsequently decays to t¢. For mg — 500 GeV, the
enhancement is about 2 fb at 4/s = 1000 GeV. Fujii et al.[29],
have studied this process. They enrich their Higgs sample by
first requiring attZ fina state, and then cutting on the appro-
priate ¢ invariant mass. Extrapolating their resultsto /s =
1000 GeV and assuming mg = 500 GeV, leads to an estimated
precision in the top-Higgs coupling of 20% for a100 fb—? data
et

Higgs enhancements are more dramatic in the reaction
ete™ — wutt. At4/s = 1500 GeV, the cross-section for
this process is about 2 fb in the absence of a Higgs, but will
be enhanced by more than a factor of two for Higgs masses
in the range 400 to 850 GeV. Peak sensitivities, which occur
when myg = 500 GeV, are nearly 10 times the nomina rate.
Preliminary studies by Fujii[29] show that care is required to
eliminateradiativett, et e~tt, and t£Z backgrounds. They find
that the top Higgs coupling can be measured to 10% with 300
fb~1 a /s of 1000 GeV for mg = 600 GeV.

IX. RARE AND NONSTANDARD DECAY S

The search for and discovery of thetop quark at Fermilab has
relied on the assumption that the standard model decay ¢t —
Wb dominates. Thisfact isfar from established, of course. In
fact, the interesting speculation[52] that a conspiracy of SUSY-
enhanced production balancing SUSY-depl eted decays explains
the observed ¢ signa has not been excluded as yet. The top
width is unknown, and present estimates of the branching ra
tiot — Wb are modd dependent; so there are only weak ex-



perimental constraints on non-standard top decays. The high
top mass opens the kinematic window for decays to new, mas-
sive states, such as those inspired by supersymmetric models,
t — i+ neutrdino (x°) andt — H*b. The high top mass also
encourages specul ation that neutral-current decays, liket — ¢y
ort — ¢Z, may belarge enough to be interesting experimen-
tally. If thestop and neutralino masses arelow enough, thedecay
t — tx° can occur with a sizable branching fraction. Typically,
oneimaginesthat the neutralino escapes undetected and that the
subsequent decay, ¢ — ¢x°, leaves a lone remnant hadronic
jet and missing energy. It is reasonable to expect that thisis
sue will be addressed with present and future Fermilab data by
searching for events with an identified ¢, a charm jet, and miss-
ing energy. Venturi[53] has studied how to detect this decay at
an NLC, whichisdoneby looking for an event wheretheinvari-
ant mass of one hemisphereisnear thetop mass, and the other is
substantially below. Hefindsthat a10fb~! dataset is sufficient
to establish a 30 discovery, provided the branching fraction is
> 2% (for m; = 80 GeV and mx° = 55 GeV).

Top decays to acharged Higgs, t — H b, are also expected
in supersymmetric models when the decay is kinematically a-
lowed. The charged Higgsis expected to decay predominantly
to v, whentan 3 > 1, so the appropriate signature is an ap-
parent violation of lepton universaity in top decays, leading to
an excess of tausin the top decay products. Run 2 at the Teva
tron will be sensitive to branching fractions B(t — H*b) >
11%[4]. At LHC, thedecay isdetectableif mg < 130 GeV for
most values of tan 8 with 10 fb~1[17]. At NLC astudy[53] has
shown that the decay is observable if myg < 125 GeV, essen-
tially independent of the value of tan 3, with 100 fb—1.

The FCNC decayst — ¢y andt — cZ aretremendoudy sup-
pressed inthe Standard Moddl, with branching fractions of order
1012, Consequently their observation at detectable levelsisa
robust indication of new physics. Modelswith singlet quarks or
compositeness could have branching ratios for these decays as
large as 1%[54]. The signaturefor these decays, avery high Pr
photon or a high energy lepton pair with an invariant mass con-
sistent with the Z mass, are distinctive enough to permit sensi-
tivesearches inthehadronic environment. Run 2 at the Tevatron
will probe to branching fractions of about 3 x 1072 (2 x 1072)
fort — ey (t — ¢Z)[4]. AttheLHC withitsvery largetop sam-
ples, branching fractionsassmall as’5 x 10~% could be measured
fort — ¢Z, assuming an integrated luminosity of 100 fb=1[17].
AtNLC, the sengitivity islimited by the avail able statisticsto of
order 10~* fort — ¢y and 10=2 for ¢t — cZ, assuming an inte-
grated luminosity of 50fb~1. Similar limitscould beestablished
by looking directly for ete™ — tc eventg[54].

X. CONCLUSIONS

The systematic study of the top quark offers many possibili-
tiesfor exploring physics beyond the standard model. Because
the top quark mass enters quadratically into the p-parameter, a
precision measurement of m, can be used together with My to
congtrainthe Higgs mass. Intheexciting event that a Higgs par-
ticleis observed, knowledge of m, will help determine whether
it is a standard model Higgs or some other, more exotic vari-
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ety. Measurements of thetop couplingsand form factorsdirectly
probetheweak interactionsof abare quark at their natural scale,
and anomalies in these couplings could signal the presence of
new physics a the TeV scale or higher. Direct measurements
of the top width and V;; could reveal the existence of nonstan-
dard decay modes or additiona quark generations. And thetop-
Higgs Yukawa coupling can be probed directly, particularly if
the Higgsislight. Each of these measurementsis of great inter-
est and should play an important role in planning future experi-
ments.

The Fermilab Tevatron will be the only facility capable of
studying the top quark until the LHC turns on in 2005. With
30fb~! deliveredin“RunllI” followingtheinitial Main Injector
collider run, atop mass uncertainty of <2 GeV appearsfeasible.
Thismeasurement would be sufficiently accurate that uncertain-
tiesin other quantities(Myy , sin? Oy o, (M2)) would dominate
the precision el ectrowesk fits. The Tevatron can measure I'; and
Vi to better than 10%, albeit with some model-dependent as-
sumptions. TheTevatronwill a sotest the charged-current form-
factors and search for rare and nonstandard decays. Its main
advantage, of course, is that it exists and has a monopoly on
the subject for roughly the next decade. The Tevatron program
shouldtake full advantage of thissituation and maximize thein-
tegrated luminosity before the LHC turn-on.

The LHC, with itsenormoustop production cross section, isa
veritabletop factory. In particular, its sensitivity to rare decays
isunlikely to be matched by other machines. Asisthe case for
the Tevatron, many measurements will be systematics-limited.
Neither LHC experiment, for example, is currently willing to
claim amass measurement better than 2 GeV. However, thevery
large control samples that will be available at the LHC suggest
that these systematics might be better controlled, or that preci-
sion measurements could be performed using small, very clean
subsamples. The measurement of the top-Higgs coupling at the
LHC will be extremely challenging dueto the low cross section
and difficult backgrounds. In general, top physics at the LHC
has not been studied inthesame level of detail as, say, Higgsand
SUSY searches. It could benefit from additiona study sinceits
potentia has not been fully explored.

Anete~ linear collider offersthe greatest potential for high-
precision top physicsinthe LHC era. If the beam energy spec-
trum can be understood to the level expected, the top mass can
be measured to better than 200 MeV. A number of fundamen-
tal parameters can be measured at the t¢ threshold, including
I'y, Vis, a5, the charge and spin of the top quark, and the top-
Higgs Yukawa coupling if the Higgs is sufficiently light. The
full array of top gauge couplingscan be measured, includingthe
neutral -current couplings, which are inaccessible at hadron col-
liders. The top-Higgs coupling can be measured in the open top
region as well, though thiswill require extended running at de-
signluminosity. If theHiggs (or a Higgs) islight enough for this
measurement to be made, it will aso be light enough to have
been directly observed at the NLC, LHC, or even perhaps the
Tevatron. The Yukawa coupling of thisparticleto the top quark
may depend on whether it is a standard model Higgs, a SUSY
Higgs, or some other thing entirely. A direct measurement of
this coupling will thus address head-on the question of how the



top quark, and by extension all fermions, acquire mass.
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