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ABSTRACT

These lectures survey why the top quark may be unusually interesting
if its mass is large. Perhaps the large mass is related to a fundamental role
of the top quark. Perhaps it will have non-Standard Model decays, or be
sensitive to some new physics.
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INTRODUCTION

Lectures like these always begin (appropriately) by praising the Standard
Model (SM), and then go on to say how it is hoped that new physics will
appear. We will not bury the SM but extend it. To complete our knowledge
of the SM the most basic need is to understand the physics of the Higgs
sector. We need to know whether Higgs bosons exist, and at what masses.
We also need to know whether neutrino masses are zero, and their values
if they are not zero. CP violation can be described by the SM, but we are
not very sure that is the main mechanism. And finally, we need to know the
value of My, the top quark mass.

The current experimental limit is M; > 89 GeV" | if the t-quark be-
haves like a SM particle. Once the limit is this high, whatever the value
of My is, it may be very interesting. M, has been predicted long ago to be
in the 120-150 GeV region by several interesting ideas (fixed point behavior
or renormalization group equations, driving the Higgs mechanism in a su-
persymmetric world, etc., as described below). [Indeed, contrary to what a
number of people have remarked, it was not surprising to most interested
theorists that M; > My ; we will examine some of these arguments below.]
At even larger M, it has been speculated that non-perturbative effects cause
non-zero expectation values for # and cause spontaneous symmetry break-
ing. And in another sense, the large phase space available in the decay of a
heavy t may allow a non-SM mode to appear. Alternatively, it could happen
that in fact 50 GeV < M; < 90 GeV, but t has not been observed because it
decays by some mode(s) to which experiments were so far not sensitive.

There is no consensus concerning how to think about M;. In a naive SM
approach probably all masses ought to be within a factor of two or so of My,
and the question should be why are the other fermion masses so small, and
so different. From the point of view of composite and dynamical approaches,
however, it is difficult to give fermions mass at all, so the problem is why
is My so large. The quark masses or mass ratios for each family show no
instructive pattern. Undoubtedly the quark masses are telling us something
profound, but unfortunately no one knows what.

It is amusing, and perhaps important, to note that the top width T'y ~ M}
(for large My), so as M, increases the lifetime gets very short and t-quarks
decay before mesons form so that they behave as free quarks. One can write
approximately for the lifetime

3
7y ~ 1.2 Fermi (—Ajl—{dl) ,
'

and once 7y < 1 Fermi there is not time for binding to occur. In particular,
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we will see that this may make it possible to test some interesting QCD
polarization predictions.

We will cover the following topics below:
— The top quark exists
— Upper limit on M;
-~ Constraints on M;
— SM top decays, signatures
— Production of ¢
e ete™ Collider
e Hadron Colliders
— Detecting SM tops — signatures
— Model-independent lower limit on M;
— Determining the charge of a new heavy quark
— Top decays as a window to new physics

o Supersymmetric decays

Decay to charged Higgs bosons
e Decays to heavy quarks
¢ Flavor-changing neutral current decays
e Other possibilities
—- New information once top is observed
— Studying the top decay couplings
— Top quark at (NLC)
— Testing QCD polarization predictions
— Correlation of top spin direction with final b, £+ directions
— Measuring M, from loops
— Prediction for M,
— Is t = Wb a background for studying TeV WW interactions?
-— Final comments
THE TOP QUARK EXISTS

Nothing can be proved without assumptions, of course. So the theorem
here is that (1) given the validity of the SU(2) structure of the SM, and
(2) assuming the SU(2) symmetry of the SM is not broken by the explicit
absence of states, then the top quark exists. The general validity of the



"SM is not in question; it has been too broadly tested by now. Rather, we
hope someday to discover extensions of the SM that clarify its foundations,
much as the SM is an extension of QED. Such extensions will leave intact
the SU(2) structure of the SM.

Assumption (2) is naively more ad hoc, and is based on the total absence
8o far of any hint of missing SU(2) states. However, I suspect that using a
fairly sophisticated analysis would allow the removal of assumption (2), be-
cause most likely the absence of any SU(2) state in any multiplet would cause
effects that are inconsistent with some other measurement. This is basically
the result discussed below that sets an upper on My, though the analysis has
not to my knowledge been approached in detail from the direction of asking
what the consequences of a missing t-quark are.

With this discussion it is easy to state the basic result:

EXPERIMENT — T}, = _% —_ (ZL)
L
In other words, data (to be quoted) shows that the left-handed b-quark has
weak isospin eigenvalue stL = —%. Therefore it must be in a multiplet with
one or more other states, one of them having stL = +%. That is by definition
the top quark.

One could imagine that some other set of particles could accompany b;.
No attempt to construct such a set has succeeded. We will not spend time on
the failed attempts; literature can be traced from ref. 2. Probably a general
proof that all other models for particle content will fail is very difficult, so
perhaps an exhaustive treatment of classes of models is the best that can be
done.

The bottom line (top line?) is that given our assumptions the top quark
must exist. The arguments for its existence could be tightened by further
analysis. Similar arguments demonstrate that the r neutrino must exist, so
anyone who believes in the 7 neutrino must believe in the top quark. In the
case of vy, since m,, < m, and 7 decays into v, data provides even stronger
constraints and models to evade v, existing are easier to destroy. However, I
think this is a practical difference; the logical status of ¢ and v, is the same.

There are also some theoretical arguments that independently suggest ¢
must exist.

(a) Without t the minimal SM would have anomalies. However, while ¢
is the simplest way to eliminate anomalies itmay notbe the only way.
Further, it is not clear that there would be any measurable experi-
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mental impact of having anomalies, e.g., if the SM were an effective
theory at the TeV scale. Thus, this argument is not compelling.

(b) t is needed in loops to generate the observed B° — B° mixing, which
goes as | Viq |2 M? in the minimal SM. However, other contributions
can mimic the top contribution, so this is not unique in general. It is
a constraint on model building rather than on experiment. If top is
light or very heavy, some other states must (quantitatively) explain
the B° — B° mixing.

Finally, we summarize the status of the measurements of T:L, For this
discussion we allow general T3 eigenvalues for b; and for bg, both to be
determined by measurement. Because of the interference of the v and Z
contribution in ete™ — bb, there is a forward-backward symmetry.

Ar-p ~ (T;L - stR) (stL +T3p+ %Siﬂz 9W) .

Also, from Z decay,
- 1 2 1 2
[ (Z — bb) = 664 MeV { (T;L + 5sin2 ew) + (Tf,, + ssinz ow) }

From these two equations st ;, and T;R can be measured. (Note that the sign
of Arp distinguishes T3y from T3x.) I am not aware of any analysis doing
that yet. In the past only the ete™ — bb data was available. It was used at
PETRA, assuming T?5 = 0, to give'

2T}, = —(1.15+40.41),  CELLO
—(0.70+0.22), JADE

= —(1.240.5), TASSO
= —(1.44£0.56 £ 0.13). AMY

These are the most recent measurements of which I am aware. Except for
AMY, they have been corrected for B° — B* mixing, which itself causes a
significant asymmetry. They are presently the most accurate measurements
of T}, = —1/2, and have been done assuming Tty = 0.

While the above is the best measurement today of Ta"L, historically™* a

different argument was first used to imply the top quark exists. If b were
an SU(2) singlet then top would not have to exist, so assume b is an SU(2)
singlet. Then b has no charged current interactions so it cannot decay by
W emission. But it does decay, so it must do so by some kind of mixing



with lighter quarks s,d as in fig. 2 (the result will not depend on the mixing
mechanism).

<
b s, R

>

But if that happens then so must the process

In the ratio of rates for these, the unknown mixing cancels. One can
make this qua.ntitativem and show that

BR(b— £t~ X) > 0.013.

Experimentally this BR is less than 0.0012 according to the CLEO group. fl
This establishes that b; is not an SU(2) singlet, so other particles must
accompany b. As remarked above, no alternative except a simple (;)  doublet
has been found that is not excluded by other data.

Finally, since an SU(2) rotation from b — t must commute with space
time properties, and we believe the SU(2) breaking only affects the masses,
all space-time properties such as V — A couplings measured for the b should
apply to the t.

THE UPPER LIMIT ON M;

Having found that the top quark exists, the next problem is to determine
its mass. Until it is directly detected (which cannot happen before a year
from now — see below) only indirect arguments can be help. Using an argu-
ment basically due to Veltman,™ applied recently by a number of people,“"'I
one can show that

IN ANY THEORY ONE CAN SET AN UPPER LIMIT ON M,.

The upper limit always exists and we will denote it with M;. The value
of M, depends on the theory, and particularly on whether other particles

beyond those of the minimal SM occur. Basically the argument comes from
the observation that the W mass gets a contribution from the diagram

SV

and the value of the contribution depends on M; and M,. Similarly, the Z
mass gets contributions from

€
W

and

b

It is customary to show the results for the quantity p = Mw /M7 cos fw
and to neglect M?/M}?, in which case for the minimal SM,"

_ 3GFr 2 M, 2
p=1+ gl MI 2140003 (100GeY) .

If one chooses a prescription for radiative corrections where p = 1, then a
similar effect shows up for some other observable. The basic physics is the
same, namely as SU(2) is broken by separating the masses of the particles in
the multiplet, observable effects of the symmetry breaking arise and became
large enough to be detected."™™ Since p is measured to better than a per
cent to be 1, M; cannot get too large.

Unfortunately, as was emphasized above, the limit holds in any theory
— but since we do not yet know the full theory of everything we cannot draw
any firm conclusions about the actual value of M,. Loop diagrams such as
those above could have contributions from supersymmetric partners or other



new particles, of either sign relative to these diagrams; the value of M,
could be larger or smaller than for the minimal SM. Presumably such effects
are likely since most of us believe some physics beyond the minimal SM will
occur.

Further, tree level effects can also occur. For example, if a Higgs boson
triplet representation were part of the complete theory, with a triplet vacuum
expectation value vy for the neutral triplet state with T3 = —1, and a doublet
VEV vp, then it turns out" that )

R 2v2. /v, [1 + 3Gr
PETH 4vi [} 8v/2n?

and since the first factor is necessarily less than unity it is easy for the effects

of a larger M, to be hidden. We are not recommending such an alternative,""
12)

Mf]

only emphasizing that the value of M is not unique.

Having said that, we note that some very recent calculations based on
the precise LEP data have given the result"”

M, =135+ 27 — 31 GeV
in the minimal SM. In another calculation, these authors"” have looked at
the effect of including supersymmetric partners in the loops. With some
assumptions, they conclude that

M,; =131 + 24 — 28 GeV.

These analyses give a range rather than only an upper limit since the data
is now so precise that it is somewhat sensitive to the actual value of M,
once My > Mw. The errors are “one-standard deviation,” defined in a
complicated way, so presumably they should not be interpreted too rigidly.
Complexities in the data analysis giving the input numbers can affect the
final results too. For example, Pumplin has argued"" that “higher twist”
effects in v scattering could shift the value of sin? @y deduced there by as
much as 0.01.

If M, does lie in those ranges it implies either that there is little other
physics at the weak scale that affects such questions, or that the new physics
comes in pairs whose effects cancel. It puts a strong constraint on any
ideas. If M; lies outside those ranges it is more interesting, since then new
physics must exist at the weak scale. Of course, these analyses rely heavily
on experimental measurements, so the conclusions only are valid if the data
does not change.
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CONSTRAINTS ON M;

In any given theory other constraints can exist on My in order to have the
theory be consistent, or perturbatively unifiable, or have an appropriate min-
imum for the Higgs potential. None of these constraints applies independent
of the assumptions of the particular theory in question. Hf the constraints
were violated in some theory when M; is known, it would exclude that the-
ory. One of the earliest of these is Cabibbo et al., ref. 15. A useful review
is that of Sher, ref. 16; ref. 17 is a recent paper on cosmological constraints,
from which the literature can be traced. Since these approaches are more
relevant to constructing theories than to M, itself, we will not pursue them
further here.

SM TOP DECAYS, SIGNATURES

Now we turn to top quark decays and signatures. First, we examine
the SM behavior of top,"" and then we can consider some possible non-SM
behaviors. If top decays are (or are dominantly) SM, then the experimental
lower limit of 89 GeV is valid so we assume here that the dominant decay is
the two-body process t — W+b.

The SM top decays are

(a) Ty ~| Vi P~ 1
n b
wf
(b) Ty ~| Vis IP~| Vic |~ 0.0025
'l' £
W +
() Ty~ Vig [?~ 1074

S

t
w*

The approximate sizes are given for comparison purposes. I', has too
small a branching ratio for a measurement at FNAL (either in top decays
or by production from an s-quark) but may be measurable at future high
luminosity hadron colliders or at NLC. I’y is probably too small and has
too difficult a signature to ever directly measure it, but once M, is known



and other parameters are better fixed it is fairly well determined by B° — B°
mixing; the 10~ estimate comes from the B° — B® mixing approximate result
My | Vig |~ 1 GeV with M, set at 100 GeV (see below).

Consider the W decay. In the W rest frame longitudinally polarized W’s, |

W{,, have decay distribution
W, ~ sin#,
and transversely polarized W’s, W, have decay distribution
Wi ~ (1 :Fcos@)z,

where 8 is the angle from one of the fermions from W decay to the direction
the W was traveling.

Suppose we set M; = 0 so the b-quark must be left-handed for a SM
t decay. Consider the decay in the t rest frame, and quantize along the
direction of b — W motion.

If the ¢ helicity initially pointed in the direction of W motion, and the
b helicity does the same because it is left-handed, then the W must have
helicity zero, i.c., be longitudinally polarized, Wy. If the t helicity initially
pointed in the direction of b motion, then the W must have its helicity in
the same direction since the b helicity is still left-handed. Then the W is
left-handed, which we denote W_. There is a unique W polarization for
each t polarization. Neither t helicity gives Wy, so that is a SM prediction.
There are only two independent helicity amplitudes, one for Wi, and one for
w_.

Define in general

I, = decay width to W,
I'+ = decay width to W,
I'_ = decay width to W_
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I'r = decay width to transverse W’'s = T'y + T'_
I' = total decay width = 'y + I';.

Then the angular distribution of W decay for the case M, = 0 will be
the longitudinal width times the longitudinal angular distribution plus the
transverse width times the transverse distribution,

~ s 2 2
Teosd Tpsin®d+T_ (1 + cosb)

2r_ - =
= F{l + Tcosﬂ+ E-Tlt-‘—l'—cos20}
ignoring an overall numerical factor. In the general case where either M, #
0 or non-SM interaction terms are allowed, in the second terms make the
replacement ' — I'_ — Ty, and in the third term I'_ — T'_ 4+ T

The full SM width for ¢t — bW is

G 2 2 Af2
r=SF (p-mp)y {1- Ma My
Brv2 M= My (M7 - M)

G M3 2\ 2 2
S () 5)

T2 M2 M}
3
> My M

812

M \?
~ 170 MeV | =1 ) .
€ (MW>

The last two forms are not a good numerical approximation for M; a little
larger than My, but do indicate the general structure.

Finally, the t-quark could be produced polarized transverse to the pro-
. 19, . . . .
duction (z — Z) plane,"**” with polarization Py in the +y direction, in which
case the partial widths become, still for M, = 0,

4ndly _ M,Z/M‘?V
TdQ — 2+ ME /M,

{1 - P}sing, singy},

4ndl_ 2 . . .
Tan = sy /g, Ut Prend sinal,
Ty = 0.

Here 6, @} are the angles of the b-quark direction in the ¢ rest frame. P% is

. . . . - T nd
the polarization of ¢ in the direction of beam x where ¢ is produced by a beam



— antibeam interaction (e.g., g4§ — t+1, or ete” — t+). Note the ratio
I'L/T'r grows with M, as M?/2M},. The above formulas are calculated by
writing the matrix element for each t and W helicity and adding the squares
of appropriate ones. QCD and electroweak corrections to top decays have
been, studied.”™*? The corrections to the total width including soft gluons
are about -8%, a small effect, but the corrections to the tree level decay rate
are large, as much as 80% for M; — 200 GeV; they are sensitive to the cutoff
on extra jet energy and to M;/M,. Thus, ref. 22 argues that the fraction of
top decays that have only W + b and no gluon jets should be small.
PRODUCTION OF ¢
+¢= Collid

(a) At LEP200 a SM top quark is at best of marginal interest. If M; > 95
GeV its cross section will be quite small there, and it will already have been
discovered at FNAL in 1991 before LEP can increase its energy. However, if
t is hidden because of non-SM decays then LEP could still be a top factory.
The region 60 GeV < M; < 85 GeV will remain a possibility for some time,
until either (i) top is found at FNAL, or (ii) this region is explored at LEP.

(b) The NLC, by which we mean an e*e~ collider with

400 GeV < /3 < 500 GeV
and
L>3x10%% em™? sec™!

is a very powerful device for top quark physics. First, if top is not found at
FNAL, NLC is guaranteed to detect it however it decays, or to have shown
that the limit of about 200 GeV discussed above is exceeded and therefore
new physics exists. Second, whether top is first found at FNAL or not,
NLC can be a real top factory, studying t in depth, including some kinds of
analyses that probably cannot be done at hadron colliders (see below).

As an indication of the rate the cross section for ## production when
MY > M%is o(t) ~ 2.1 opoine = 2.1 x 47a?/3s =~ 180fb/s(TeV?).
Hadron Colliders

The cross section for gg — ¢t including some higher order effects has
been calculated by Dawson, Ellis, and Nason;m) it is now rather well known
theoretically, and may be the most accurate way to determine M,. At FNAL
it is about 100 pb for M; = 100 GeV, and falls almost as M,‘S.

At FNAL an integrated luminosity of about 30 pb~! should™ allow
detecting t if M, is less than about 145 GeV and decays as a SM particle;
the next run, starting about August 1991, should accumulate that much

data. A search to 200 GeV will take about 130 pb~!. A SM top quark can
be detected at FNAL in the next few years up to about 220 GeV in mass if
sufficient funds are input to upgrade the intensity (and energy to 2 TeV). As
discussed above, if none is found in that range we know new physics exists
on the weak scale. But it is by no means settled that the necessary funds
will be available to carry out the needed luminosity upgrades.

By 2000 we should have collisions at both LHC at CERN, and SSC.
Both will produce over 10° t-quarks in a year of 107 sec at L = 10% cm™?
sec™! if M; < 200 GeV, with SSC producing about three times more than
LHC. Detecting a SM top will not be difficult, and because of the large
event rate some non-SM top decays could be detected; careful simulations
will be needed because the EW/QCD backgrounds to non-SM decays are
never negligible. In general the non-SM modes will be studied by tagging
one top with t — Wb, W — fv, and examining the decay of the associated
t.

DETECTING SM TOPS — SIGNATURES
If SM decays dominate, almost all tops will decay as shown,

c v et mt Tt
2 d oy U oo

. k~—'——
J) BR mosT USEFUL
~2/3 BR~2/q

The best signature comes from semileptonic decays, so
t+1— £t 4+ € + b+ b4 missing momentum.

When £¥¢~ = ute™ or u~e?, there is essentially no background if leptons
are isolated, so even two events could indicate a signal. Unfortunately, the
branching fraction suppression is about a factor of 40, so large cross sections
are needed. To keep enthusiasm up, the CDF group has reported one such
event, with only a fraction of an event expected from background.

If a signal is claimed in these modes, it must be accompanied by ete~
and utu™ events, as well as by the signatures discussed below, so it will not
be easy to fake.



Another signature that is useful and has a larger rate triggers by having
t or f decay to ¢+ + v+ jet(s), and the other to jets. This is 32% of all
decays. There is more background, but the background is calculable and
independently measurable. When a cut is made insisting that three or more
of the jets are hard, the background is not expected to be a problem.

Both methods will work better with vertex detection to tag b’s, since
most background has u,d, s, g jets. The CDF detector will have such vertex
detection in the next run at FNAL. On the basis of searches for a top quark
using the above techniques, the CDF group has publishedm the result that
for a SM top quark,

M; > 89 GeV

at 90% CL. This result can be marginally improved over the next year as
further decay modes are incorporated.

The signatures discussed so far are rather straightforward. Other inter-
esting distributions can be used as well, both for searching and as confir-
mation of a signal. For example, as Barger & Phillips[”l have emphasized,
the main background source of hard leptons is bb events, but at FNAL the
leptons from bb tend to be back-to-back with each other, while the leptons
from tf are essentially isotropic because the tops are heavy and their decays
are essentially uncorrelated. If My ~ Mw special effects could occur; see for
example ref 26.

MODEL-INDEPENDENT LOWER LIMIT ON M,

Many people have noted that W decays can be used to observe t or to
put a lower limit on M. If ¢ is lighter than My — M,, then W — t +b. Since

(W — ev)
MW —ev)+T(W - wv) +... + (W — tb)’

BR(W — ev) =

a measurement of BR(W — ev) combined with the use of SM values for the
other partial widths, allows a limit to be set on T(W — t 4+ b), which in turn
sets a lower limit on M. Numerically, 'y decreases by 20% as M, increases
from 45 GeV to My — M,. The theory value can be calculated to better than
a percent accuracy.

In practice what is measured is (W) - BR(W — ev) so the ability to
calculate o(W) enters.”™ So far UA2 and CDF have proceeded by taking
ratios of o(W)BR(W — ev) and 0(Z)BR(Z — ee), which eliminates many
systematic and calculational errors. The best result is presently M, > 41
GeV (90% CL) from CDF, based solely on the electron channels. It turns
out that the size of the errors is determined by the limited number of Z°’s.
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As the pv and ut u~ channels get included the limit will rise to nearly 50 GeV
if a positive signal is not seen. With the integrated luminosity of the 1991
data the limit could get to 60 GeV. In ref. 28 it is argued that combining
all relevant data from different experiments pushes the CDF 41 GeV limit
up to 52 GeV already.

These limits do not depend at all on how ¢ deeays, so they could see an
effect that was very difficult to detect directly if ¢ had dominant non-SM
decays, as we discuss shortly. Pursuing such limits (or seeing an effect) will
be very important until a top quark is found.

DETERMINING THE CHARGE OF A NEW HEAVY QUARK"™

Suppose a new heavy quark is discovered. Can we decide if it has ¢ = 2/3
or ¢ = 1/3 (or —)? In principle, they have different AR values, but the
situation is not so simple as at low energies, because (i) AR/R < 1, and (ii)
ARys3 ~ AR_yy3. It turns out that a good way to decide is available, the
analysis of the forward/backward asymmetry in the semileptonic decay. The
differential cross section is of the form

do
dcos@

(ff:,—} QQ) = A+ Bcos’0+ Ccos b

where cos 8 = py - pg. The coefficient C determines the asymmetry and it is
(V, A are the vector and axial vector couplings of f, Q)

C~2ViA;VQAqQ | X 2 +eqgesAQAsReX
X =s/(s— M} +iMzTz).

If we interchange a t and a b’ quark, for example, all of Vg, Ag, ¢, change sign
so C does not change sign, and ¢ and b’ have the same forward/backward
asymmetry. The size of the asymmetry changes a little, but it is hard to
measure accurately. However, when they decay

t— X
¥ — X,

So the lepton forward/backward symmetry is opposite and allows us to easily
distinguish the two cases, at hadron or electron colliders.

TOP DECAYS — A WINDOW TO NEW PHYSICS?
Since the top quark is heavy, it could have decays to new objects that

have not been detected other ways, or major non-SM decays to conventional
particles. Hf these new decays dominate they could have signatures very



different from the SM ones discussed above, so that the reported limit M; >
89 GeV would not apply. The 41 GeV limit still applies. Or the new decays
could be rare ones that would not affect the limits, but would be excmng
new physics if detected.

If in fact M; < Mw + M, and ¢ is decaying in a non-SM way, then the
non-SM decay could dominate if it were a two-body decay with large phase
space compared to the SM decay via a virtual W. But if My > Mw + M,,
then the decay t — W + b is also two-body and is full strength electroweak,
so it will never be negligible, and the signature from t — W + b can always
be used to put strong lower limits on M;. Thus at present the region

41 GeV < M; < 87 GeV

is NOT excluded. After the full analysis of the next FNAL run, if no top
quark is found the approximate model independent allowed values for M,
will be

60 GeV < M, < 87 GeV
and

M,; > 140 GeV;

the first of these will be excluded for a SM top but not for a general top.

Let us examine some possible non-SM top decays. Our approach is not
that these will or should occur, but that they do occur in interesting, reason-
able extensions of the SM and therefore they might occur in reality. They
should be taken seriously. These possibilities are not new; most of them have
been discussed for some number of years.

Supersymmetric decays

If nature is supersymmetric the left-handed and right-handed top quarks
have supersymmetric partners {; and {g. These electroweak eigenstates give
rise to mass eigenstates i, and #; after a rotation. Models exist in which one
of the mass eigenstates is lighter than the ¢ either because of typical mixing
level repulsion effects, or in some cases because the masses of the partners
are determined for all fermions by a result such as

——2 —
My = M? - M},

where M is a general mass parameter. Then since Mt is large, if My ~ M it
can happen that Al, < M, while all other M ~ M are large.
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In that case the decay

t — f;+ LSP
is allowed, where LSP is the lightest supersymmetric partuer. The LSP could
be a photine, but it can more generally be a combination of gauginos. These
decays have been discussed as a possibility since 1983. See ref. 31 for more
recent analysis and references.

For example, if M, = 75 GeV and E, = 60 GeV and Mpgp = 10
GeV this decay is not excluded by any data. Limits on Dqﬂmk masses have
been published that are larger than 60 GeV, but they assume™” all twelve
mass eigenstates are degenerate. Up-type squarks with M < 42 GeV and
down-type squarks with M < 43 GeV have been excluded.™ The limits
would be significantly smaller for stops of one chirality. Eventually LEP200
could detect or exclude stops up to the needed 82 GeV, and possibly it could
be done at FNAL. The expected branching ratio is very model dependent.

Since it is effectively a neutral current decay most calculstions give I'(t —

i+ LSP)/T(t — Wb) proportional to sin 2@y times a mass dependent factor
that can be of order unity once M; > Mw + M.

If t — i+ LSP occurs the next question is how  decays. That is model
dependent.l“”ol If # and £ are light, then

b
~
or 2./
v X
-\";

could dominate; £ — £ + 5. The final state in both cases is b+ ¢*+ missing
momentum. The final state from ¢t + ¢ is then b+ b + £+ + £~ 4+ several
escaping LSP’s and v’s. While this can be analyzed, and is a possibility, it
is not favored in some models.

If ¥ and 7 are both heavier than , this becomes a 4-body decay and it is
severely suppressed by 4-body phase space. Then it is likely that the 2-body
decay

t — c+LSP



dominates, by one loop,

LSP

Then t +1 gives c+ ¢+ two LSP’s, also a signature that can be examined.
See ref. 34 for study of { — ¢+ LSP.

The CDF and D@ detector groups could search for t — #+ LSP in the
range 41 GeV < M; < 87 GeV and detect it or exclude it over much of the
parameter range. If t is not discovered as a SM particle in the 1991 data,
this will be an important analysis.

A decay which is perhaps not so likely but should be kept in mind once
top is detected is t - W+ b. If W, b are light enough this wouldbe a copious
source.

Decay to charged Higgs bosons

Another possible non-SM top decay that has been considered seriously
at least since 1979 is t — b+ H* where H* is a charged Higgs boson that
occurs when more than one (non-singlet) Higgs representation is included in

the theory. HY must exist in a supersymmetric world, and in many others.

Again there are two regions. 2Z° decays®™ tell us that mys+ > 35.4-43
GeV depending on decay modes, and we assume that if Mf; < 45 GeV it
will be detected at LEP, so if t — b+ H*' is dominant then

50 GeV < M; < 87 GeV

and t was not observed so far because the signature of this decay is unlike
the SM signatures. In this region the H * decays of significance are

HY — ¢35, tv,, cb.

Because of the Higgs origin of H* it will have a fermion mass factor, and a
factor of 3 for color for quark channels. A factor V,; from the KM matrix is
expected to suppress the cb decay. All of these factors are model dependent.
There will also be a factor of the ratio of the two vacuum expectation values if
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H* arises in a two doublet world. If ¢ — H*b is the only two-body top decay
it will dominate regardless of details, giving almost all of the decays. Then
how H* decays is relevant for its signature, and one finds approximately in
the SUSY-like models,””

BR (H+ — T+V)
BR(H* =)
P, M?tan? 8 (M, — M?)
3P, (MZtan? B + M2 cot? B) (M}, — M2) — 4MZM? tan B cot §’

where tan J is the ratio of vacuum expectation values, and P, and P, are the
7 and ¢ momenta. If M;/M, >> 1 is associated with the vacuum expectation
values then tan 3 > 1. Searches for

t— HYb, HY - csor v

can detect or exclude this as the dominant ¢ decay.

If My > Mw + M,, then t -+ W + b is also two-body and never negligible.
In SUSY-like models, e

BR (t — H+b) N

BR(t —» W+b)

Pyv (ME + M} — M%) (M} tan? 8 + M} cot? B) + 4M2M? tan B cot 8
Pyy+ MR, (M? + M? - 2M2) + (M? — MP2)*

cot? 8

—— e
M}E > M, My

which is of order 0.1 if My is not too different from My, unless tan 3 is very
different from unity; for small tan g this ratio gets large compared to unity.
Thus once M; > Mw + M,, top will be detected by its SM mode, and the
new physics mode can be seen by a careful study of events when sufficient
statistics are in hand.

Once My+ > Mw additional possible decays arise. In any model the
mode

HY — W* +h°

will be large if allowed,”** where h° is the lightest of the neutral Higgs

bosons. This is a typical situation in supersymmetric worlds, where M+ >
Mw is required in minimal theories and is generally true, and where h° is



usually not heavy. Then this is the dominant H+ decay. Normally h°® — bb.
H* can also have large decays to SUSY partners or other new particles.
Once top is found, if My > My + M, it will be very important to search for
new ton decavs such as

noa cignatiurae at tho fomw naor cand laeal
NEW VOp GECays sudii as these mguatuxca, au LIl 1IEW PET Ty IEVEL.
B

Decays to heavy quarks

If additional heavy quarks exist, it can happen that (say) a new quark

with electric charge -1/3, V', exists. Then

2 LY o

T —ot'v
could occur, or be important. The heavy quark ¥ could be from a fourth
family, or the SU(2) singlet from an Eg¢ family, or something else. If this
occurs the £* and v are softer, and the published limits on ¢ are not right.
The decays of §' are model dependent, but most likely ¥ — cfv, c¢'q.

Flavor-changing neutral current decays

A possible set of decays of great importance are

t—c+yg,
——OC+7,
—rc+ Z,

— c+ h°.

In theories with additional particles that are not in SU(2) doublets and that
can mix with ¢, these can arise at tree level and in principle could be large
or even dominant. Except for ¢ + g good signatures exist, so these could
be detected. The decay of h° is dominantly bb, so enhanced capability of b
detection would probably be necessary for finding this mode.

More likely, perhaps, is finding these decays as rare branching ratios.
None of them occur at detectable levels in the SM, so detecting them at all
would be a breakthrough into the new physics world. They can occur from
mixing of ¢ with a heavier object, or from loop effects.”™ As above, if ¢ is
not too heavy their two-body phase space can enhance them relative to the
SM decays, while once t — W + b is fully open the flavor changing neutral
decays are likely to be small. "

Other possibilities

The decays discussed above are the most likely non-SM top decays from
the point of view of today's ideas, but by no means the only possibilities.
Decays to other objects from unified models can be written, for example.
If the top quark is not found the possibility should be taken very seriously
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that it is decaying in a non-SM way. If it is found dominantly decaying to
W + b, the second top in each event should be carefully studied as a window
for small non-SM modes.
NEW INFORMATION ONCE TOP IS OBSER

If top is seen with only SM decays one can immediately conclude that
Mys > My — My, M; + Misp > My, etc. Every model will be constrained by
several such relations.

STUDYING THE TOP DECAY COUPLINGS™

Suppose we produce a new quark. How can we tell if its decay is a normal
V — A one or if new interactions are present? For example, many theories
require the presence of “mirror fermions” that decay to lighter fermions via
a V + A interaction.

Note that this question is applicable to the t-quark, even though the argu-
ments given above that b-quark decays and interactions require the existence
of a t-quark imply that the b and t have the same space-time properties, and
there is already evidence that the b has V — A decays, because there could
be a small V + A4 (or other) interaction whose effect grows with mass scale,
eg., as M:/Az.

The answer is that one good way to tell is from the semi-leptonic decay
distributions looked at on a Dalitz plot. A similar argument would hold
for the b-quark. Consider an e, = 2/3 quark, decaying in its rest frame,
Q — ¢lv, and assume all final state masses can be neglected. Then we can
make a table,

V-A V+ A
|M|2~ (PQ'PI)(Pq'PV) (PQ'PV)(PG‘PI)
dU'/dE;dE, ~ E, (mq/2 - El) E,,:(mq/2 - E,,)

E,,‘= mqQ -EJ‘ - E[

where j stands for the quark jet. Then the Dalitz plots look very different.
For V — A lines are dense near the center, while for V + A they are dense
in a band that does not go through the center. Distinguishing in practice
would not be difficult.

For an eq = ~1/3 quark, V — A « V + A relative to a top quark. These
arguments could be applied to b decay too. For a new quark the charge may
have to be determined by the forward/backward asymmetry of the lepton in
the semileptonic decay, as discussed a few sections above.

TOP QUARK AT NLC

The top quark physics that could be done at NLC is a major justification
for constructing such a facility (only one of several such justifications).



If top is not found at FNAL, then NLC would either find it or prove it is
heavier than about 250 GeV, in which case new physics must be present on
the electroweak scale as discussed above. The advantage NLC would have
over FNAL in this situation is the simplicity of ete™ collisions. If top is not

Lo A on TATAT 22 oo 13 Steloo boelod 38 1o b hanerer e at it i dacaving §
founq at FNAL it could either be that it is too heavy or that it is decaying in

a way not examined by the CDF and D@ detectors, while at NLC all decays
could be seen. Thus NLC would be guaranteed a major result either way.

If top is found at FNAL it can still be studied in unique ways at NLC.

1. Peskin and Strassler™” have recently shown that M; can be measyred
to better than one GeV from the threshold behavior of if production,
and that the top width can be measured to 25% or better accuracy.
One should ask how well we need to know M;. It will be measured to
+ 10 GeV at hadron colliders (some analyses claim + 7 GeV).But a
simple argument suggests + 1 GeV will eventually be needed. That
comes from looking at a graph of the left-right polarization asymmetry
at ete™ colliders vs. M, (e.g., fig. 32 of ref. 42). Over the range of
interest in M;, A;p changes by about 0.04 as M, changes by about 150
GeV, and the change is approximately linear, so AArp/AM; ~ 0.0003
GeV~1. SLD experimenters have argued that ultimately they hope to
measure Ay p to 1% of its value, about +0.0013. If this measurement
is to be a new constraint on the theory, the uncertainty in Ayp due
to our (lack of) knowledge of M; must be significantly smaller than
0.0013, so AM, should be less than about 2 GeV, i.e., +1 GeV. Thus
a measurement of M, to considerably greater accuracy than is possible
at hadron colliders will eventually be needed. To put it differently, if
AM,; ~ 20 GeV, then one cannot interpret a measurement of Ay g to
better than about 5% accuracy as a constraint on the theory, though
it could be used to extract a better value for M;.

2. At NLC, depending on details of M, energy, and luminosity, rare de-
cays of top can be searched for down to a branching ratio of about
10~*. For some modes it should be possible to do better at SSC/LHC,
but a systematic and general search will only be possible at an electron
collider.

TESTING QCD POLARIZATION PREDICTIONS
As noted in the introduction, heavy tops decay so quickly that they do

not form hadrons before decaying. They effectively decay as free quarks.
That gives us the possibility of testing some interesting QCD predictions.
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Consider the polarization transverse to the production plane,m'm of a
quark. For example, in

+

ete” —qq

the dominant, tree level process is

c&
2 q

‘e~ )

If the amplitude is My, with X', A = + representing the quark spins,
the transverse polarization is

PT =2Im (Mo e M) [ (1 My P+ | My ).

At tree level this is zero because the amplitudes are relatively real. In addi-
tion the spin flip amplitude is proportional to quark mass. Thus at tree level
QCD predicts that quarks are produced with zero transverse polarization.

By adding the one-loop gluon contribution

an imaginary part is introduced into the amplitude. Then the polarization
is predicted to be

pT = ia,% sinf cos @
T 7375 1+cos?é

where the first term is the 7 contribution,l"] and 4 is the production angle
of g.

This is obviously numerically negligible for all quarks but top; even for
top it is at most about a,/2 ~ 0.06, which is very hard to see. Testing this
prediction tests the loop corrections and helicity structure of QCD in new
ways.



Before discussing the experimental tests, we note the calculation is in-
teresting. The loop-amplitude can be written"”

Mioop=BI+R

where B is the tree diagram, and I is a spin-independent integral that is
infrared divergent from the diagram shown, and becomes finite by cancella-
tions from other diagrams. R is infrared finite and spin dependent. Since
the polarization arises by interfering the loop contribution with the Born
term B, no polarization can arise from the term BI, which therefore need
not be calculated. The procedure is considerably simplified by only needing
to determine Ryy, Ry_.

The form of the result for P;r is clear. The a, arises from the gluon and
the M,/+/s from the helicity flip. They must be multiplied by a number of
order unity and by an angular distribution.

In general it is not clear how to measure a quark polarization. There are
probably two unambiguous possibilities. First, since QCD says a quark has
at most a very small polarization, the only direction that can be associated
with a quark jet is its momentum. If any non-zero value can be found for a
transverse direction, or an observable such as

— — —
S FER (Pocam * Pict)
hadrons h

n jet

for some weighting function f(E}), then the QCD prediction is violated. For
f(E}) = 1 conservation of momentum guarantees no effect, but choices such
as f(Ex) = Ej could be considered.. So far no one has tried this analysis.

The second possibility for testing the prediction, which is why it is in
these notes, is that the top quark decays as a free quark if it is heavy enough,
and once it is heavy enough to decay to W + b it easily analyzes its own
polarization in the decay. In a paper™ to be published we will explain
in detail how to measure P,T and test the QCD prediction at NLC and at
hadron colliders.

The top polarization measurement is of even more general interest. First,
although we have presented the result for ete~
SLAC, of course the same tests can be made at hadron colliders such as SSC,
LHC. Too few tops will be produced at FNAL for a precise test, though the
symmetry tests mentioned below should be carried out there. At a hadron
collider the dominant production process are g¢ — tf and ¢g§ — tf. The

as is suitable for lectures at
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former dominates for lighter M; or at the SSC, while the latter dominates
for My > 100 GeV at FNAL. The quark polarization for gg — tf has been
calculated in ref. 43. The predictions for FNAL, LHC, and SSC are presented
in ref. 20. The top quark still analyzes its polarization by its decay to W +b.
Second, there are no tests of symmetries in high energy collisions. If
parity or CP were violated, even maximally, in collisions at FNAL, how
would we know? In general it is very hard to find observables that cleanly
allow such tests, and the top polarization analyzed by ¢t —+ W + b will be a
very good one.
CORRELATION OF TOP SPIN DIRECTION WITH FINAL b, ¢+
DIRECTIONS™

Consider t(p) — b(p') + €*(€) + v(k) where momenta are shown in paren-
theses. The matrix element is

M ~ (s ) Peup)) (k) Po(®))
so the width is proportional to

dU ~Tr [y p'aPr(y- P+m)(1+ 757 - 8) ¥ PL] Tr [y - kA Pry - €47 Py
~p k(p-l-ms-0),

where s is the top spin four-vector. In the t rest frame, s = (0, 3),p = (my, 6),
and & = |¢| so

dF~m,Eg(1+§'é)~l+c050,¢

where ¢ is a unit vector in the direction of € so 8, is the angle between
the lepton momentum and the ¢ spin directions. This result assumes 100%
polarization of the present quark, but is otherwise general. It is different
from the result for muon decay, when the 3- £ correlation depends on the
lepton energy (vanishing when E; = M, /4). This result can have important
implications, since it implies a strong correlation, with more leptons emitted
in the direction of the ¢ spin, the rate going to zero when the lepton is
ant.ipa..tallel to the t spin.

For a t the appropriate projection operator is
(v p—m) 1 +7s7-5)
so effectively the sign of m changes, and the correlation is

1-3-€".

In any particular application it is necessary to check whether both ¢ and 3



are present and whether the effects can cancel if charges are not measured
or t, t cannot be distinguished.

MEASURING M, FROM LOOPS

As we discussed above, some of the most precisely measured observables

depend on M;, and requiring a consistent set of results fixes M; to be be-
tween about 100 GeV and 180 GeV. As increasingly precise measurements of
Mw, Mz, T(Z — bl_)), and other quantities are made, M; will be determined
with increasing accuracy, following the original idea of Veltman.

But if M; is only determined indirectly in this way how sure can we
be that some new physics is not sneaking in and biasing the result? With
only one measurement it is indeed not difficult to affect the result, as we
mentioned above.

However, on the same time scale of a few years a number of independent
measurements that depend sensitively on M, will"! be made. Although no
one has done a systematic analysis to my knowledge, it seems clear that
the new physics that enters in one place will enter differently in others,
so once several independent observables are available, M, will effectively be
uniquely determined, perhaps as accurately as +15 GeV. Some of the relevant
observables are:

(1) As observed by Flynn and Randall,"”! ¢ /e depends sensitively on M,
once M; is large. Their result has been parameterized in ref. 46 as

e 1 ( M(GeV) :
ek_(mmiﬁn{l—z( ) —QO }N

where N is a calculable number. Since this has a zero for My ~ 210
GeV, while the bracket is of order unity for M; ~ My, clearly a good
measurement will help. The present error in the coeflicient will decrease
as other parameters are better measured.

(2) B®° - B° mixing,("] both for B; and By, give results approximately
proportional to M,? in the SM.
For example, in the minimal SM, the mixing parameter r4, which has
an experimental value of 0.7 £ 0.2, is given by

2 g2 2
_ GEM; fpMs .,
2 B2 (Vava)® Fu)
where 7 is the b lifetime, fg the B wavefunction at the origin, and

F(yt) a slowly varying function of masses which is F(y;) >~ 1 if y, =
MIME <1, Fly) ~1/4ifyy > 1.

(3) The rare decay B — K£1¢™ only arises at one loop and is dominated
by the top loop,

w el
b e
& w
£y
It should be detectable at CESR in 2-3 years; the expected BR is above
107°

(4) The rare decay K+ — n+vi is being looked for in dedicated experiment
at Brookhaven. It also arises from a loop diagram,

W Z v

The top contribution is similar for methods (3) and (4), but other
new physics effects such as a fourth generation would not be. The
SM prediction for this is 10710 - 10~!!| depending on M;; it may be
detectable in about three years at BNL.

(5) Also at BNL, K — p%u~ has been measured to be very nearly given
by just the imaginary contribution of the diagram

Y M

/A

which is calculable by unitarity. The real part must also contribute,
and so the loops that have ¢ are very tightly constrained.
PREDICTION FOR M;

Next we summarize briefly a series of analyses and predictions of the
value of M;. Many speculations exist, or course, and some may be right.
Whether any are right for the right reasons is not so clear. Two related ones
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- seem more likely to me to be correct, one corresponding to M; being a fixed
point solution of the renormalization group equations, and the second where
M; must be large enough so that supersymmetry gives us an explanation
of the Higgs mechanism. However, at the present time such arguments’are
mainly a matter of taste, and no one has given compelling arguments as to
why any of the following ideas (or any others) should be correct. We present
them as a guide for the reader who wishes to study the question further.

One of the important points to note from the following éxamples is that
many theorists have long expected M; to be rather large, typically M, =
%Mw. Certanly that is the case since the mid-1980’s. On the other hand,
our fundamental understanding of fermion masses is so weak that no one was
sure M, would be large.

(1) One of the earliest clear arguments for a large M; came from Pendelton
and Ross"” in 1981, and was studied in more depth by Hill"" later. The
basic idea is that taking into account higher order effects gives for the top
quark-Higgs coupling (and therefore for M;) a result which is graphically

ElEcTROWEAK

—@— LOOPS *

This gives an equation for g, = M,/(v/v/2),

9 17
a2 {9,
893 (492+ 1291)}

Here g1, g2, g3 are the U(1),SU(2), and SU(3) couplings, v is the Higgs
vacuum expectations value, and Q the momentum transfer. An equation
such as this arises whenever higher order effects are taken into account, and
gives the “running” couplings, .., couplings that change with momentum
transfer, because the relative size of the loop contributions changes with
momentum transfer. The first term on the right comes from the diagram
with a top quark loop, which has three Higgs-top couplings and therefore a
g2; the next term has one Higgs-top coupling so a factor g,, and two gluon-top
couplings g3. The last term comes from the electroweak (v, W, Z) loops.

d 9,
2 99t
167 dan gg{
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The gluon coupling satisfies a similar equation,

9
gs 9 I
~ + + + €
+ + ~ tEt + 94 *
9

which becomes
dgs
dinQ Q

where bp = 11 — %n/, This can be used to eliminate the g% term above, and
since the electroweak contributions are numerically small one can see the
general behavior without them and then correct for them. This gives the
basic equation

1672 L bog3

dan ] 29: - (8~ bo)ga

to solve. By inspection, if the right hand side vanishes then g; and g3 will
simply stay in a fixed ratio as In Q changes. Thus whatever value M, starts
with, its value at our scale is basically fixed (fixed-point solution of the first
order differential equation) to be given by

2
9 =2M?[v* = 5(8-50)9§

where g3/4n = a, = the observed QCD coupling. Putting in electroweak
corrections and errors gives

M, ~ 120 — 150 GeV,

just in the range favored by the data. Hill and others have argued that
subtleties of the analysis will increase this number, and that it is not quite
so independent of the GUT one begins with as one would hope. However,
a value in this range would encourage a belief that the SM will be tied to
grand unification physics.®™



(2) In 1983-1984 it was observed®"****** that under certain conditions su-
persymmetry grand unified theories could explain physically the Higgs mech-
anism! The essential physics is simple. One writes the renormalization group

p! group
equations for the change of Mlz*liggs with scale, and observes that it has con-

tributions of both signs. Qualitatively,

dMIZ‘ligs 252 2 2
dn0 ~ —A°M*+ Bg;

where A% and B? are positive, ¢; = \/fblg/u as above, and M is a mass
parameter related to the electroweak masses. Since spontaneous symmetry
breaking occurs when Ml?li s <0, it will occur if g; behaves in a certain
way, and that will happen if M, is sufficiently large, larger than about 125
GeV. The coefficients are determined by the particle content of the theory,
and the effect is absent for non-supersymmetric theories. Thus an M, in the
favored region encourages the idea that a real physical explanation for the
Higgs mechanism would exist.

Recent studies ®” indicate that considerable care is needed before claim-

ing this works in practice. The one-loop corrections to the Higgs potential
can be significant, and there can be major scale dependence.

Of course, this view requires that supersymmetric partners and Higgs
bosons be detected as well. But such an interpretation of the Higgs mecha-
nism would not have been possible for a lighter top quark.

(3) A very interesting approach to M, is that of Barbieri and Hall®™ (B&H).
They suppose that M, is large because of mixing with a fermion from a sector
of particle physics at the TeV scale. The Yukawa couplings of the quarks and
leptons could than be less different than the masses themselves, and perhaps
easier to understand.

However, it is not so simple to find natural-seeming models with fermions
having same quantum numbers as the ¢-quark except for SU(2), so that when
SU(2) is broken they will mix, and the mass eigenstate we call top will be
heavy. B&H do so by adding a gauge boson that is a color triplet, SU(2)
singlet. Then its supersymmetric partner is the same as a top quark except
for SU(2). The resulting model turns out to have some problems, but is
interesting to study. Simpler models can be written to mix b-quarks with
heavier particles and reinterpret M, and the CKM angles, particularly since
Ej¢ representations have an SU(2) singlet b-type fermion, but that does not
help to understand M;. It would be good if a new kind of model could be
found here.
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The B&H model should be viewed, as they say, as an existence proof of
a theory where the top quark is heavy even though it does not have a large
Yukawa coupling. The model does have some problems, but it is clever and
provocative. It only makes sense if new physics does exist at the TeV scale,
i.e.,there is not a desert between the electroweak scale and the GUT scale.

One characteristic prediction of such approaches is flavor-changing neu-
tral currents, since the GIM mechanism is not operating. Decays such as
t s c+ X, X =+,9,Z° H® all occur at “tree level” (it is not really tree
level since there is a mixing present). These provide an example of the
new physics decays discussed in our section above. If t — cH°, H° — bb
were the dominant decay, then there would be about 300 six-jet events of
tt — ceH°H® — ccbbbb in the existing CDF data for My = 70 GeV, Mg+ = 50
GeV; the fact two bb pairs have the same mass would be helpful in the sig-
nature.

(4) In the early 1980’s, Veltman®" suggested that perhaps gauge theories
should be constructed to be free of quadratic divergences at the one loop
level (which was all that could be examined then for technical reasons). In
the SM that leads to the condition

1 3 1
M2 = ZM,Z, + ZMEV + ZM,ZV tan® .
For My = Mz, this gives M; = 87 GeV, and obviously for larger Mg,
M, increases. One cannot of course judge the correctness of a value for M,
here unless My is known. If this were consistent with experiment it would

be an interesting point of view.

Recently, Jack and Jones"™ have examined this view more closely. There
is also a two-loop condition. Is it the same as the one-loop one? They exam-
ined the situation for classes of theories. For supersymmetry the conditions
are different from the SM, being satisfied at each order by cancellations
among particles and their superpartners. They could not find any other
interesting theory for which the one and two-loop conditions were both sat-
isfied. In particular, for the minimal SM the one-loop and the two-loop
equations give two equations for the two masses My, My; unfortunately the
two equations have no solution (and such different trajectories in the M;,
My plane that one is clearly not missing a solution in a slightly extended
theory).

Apparently this point of view is not turning out to be fruitful. It is being
pursued further by the authors of ref. 58, 59 to see if interesting theories can
be found that automatically satisfy higher loop conditions once they satisfy
the onedoop condition.



(5) Recently several authors®****? have speculated that the large value of
M, may cause, or be a manifestation of, a dynamical breaking of the elec-
troweak symmetry. The mechanism involved would be some as-yet-unknown
dynamics that would lead to a non-zero vacuum expectation value for tf.

» These speculations are motivated by having M; be large, so the top Yukawa
coupling is larger than the gauge coupling g2, and of order unity.

One attractive feature of these approaches is that M, is calculable. No
fundamental Higgs boson occurs in these approaches, but a composite scalar
arises that behaves like a Higgs boson. Its mass is also calculable. However,
the calculated values of M, My depend significantly on an assumed scale
for new physics. In order to get values of M; small enough to be (barely)
consistent with radiative corrections these approaches probably require a
desert between the weak scale and the GUT scale, though if there is new
physics at an intermediate scale it could conspire to raise M; and cancel its
effects in the radiative corrections. If there is a desert, then studying the top
and Higgs properties would be the only source of new physics information

accessible at high energy colliders.

In the desert scenarios the value of M; comes out to be
M, ~ 225 GeV.

This is essentially the minimum value that can emerge from these approaches
in their minimal form, but other new physics on the weak scale such as a
fourth family could allow smaller values.

The scalar boson mass that emerges is My = 2M; in the simplest version
of the theory, but the renormalization group constraints reduce Mg so that a
value of My ~ 250 GeV corresponds to a value of M; ~ 225 GeV. Basically,
the numbers emerge from the infrared fixed points of the renormalization
group equations, interpreted form the point of view of ref. 49 rather than
- ref. 48. These models give a prediction for M;, My because the assumptions
force them into the region of the cusp in the M,;, My plane of reference 15. In
principle the “Higgs”-fermion couplings would be different in this composite
case when integrated up to the unification scale from these of a fundamental
Higgs boson. :

To make progress these approaches probably have to gain some insight
into the origins of the hypothetical dynamical mechanisms, and into how
other fermions might get mass. If M; is in the 120-150 GeV region people
may lose interest in these approaches, while if M; > 200 GeV there will
surely be more serious thinking about these approaches.

IS t - Wb A BACKGROUND FOR STUDYING TEV WW INTERAC-
TIONS?

Longitudinal W bosons arise from the Higgs mechanism or some equiva-
lent physics. It may be essential to study their interactions in the TeV region
in order to untangle the physics involved in the Higgs mechanism, and even
if other discoveries (such as a Higgs boson) help, we will never be sure we
understand the underlying processes until the TeV interactions have been
studied. [Since one can Lorentz-transform any single W to rest and rotate
longitudinal « transverse, the symmetries of the theory guarantee that one
cannot learn about the Higgs mechanism by studying single W’s. Further
threshold symmetries force any effects large enough to be observable into the
TeV region, /s > Mw.]

Since production of tf gives WW + soft b’s once My > Mw + M), peo-
ple have been concerned that this background can obscure a signal from
real longitudinal W’s. The W’s from t decay are increasingly longitudinally
polarized, as discussed earlier in these notes, so it is a serious possibility.

Fortunately, the result of analyses is that tf is not a problem so long as
one is in the TeV WW region. Yuan and collaborators'®** have shown that
both for tf — WWhb and for Wtb — WWbb it is possible to isolate a real
WW interaction from these backgrounds. :

Physically their results are understandable once one thinks about the
characteristics of the events. There are basically three large effects, plus a
number of smaller ones. The large effects are

(1) For the signal the W's will have a large transverse momentum, PTV-V >350
GeV, in order for Mww 2 1 TeV. But the background #f typically have
P% ~ M, so P}V ~ %Mc < 350 GeV. Thus if one insists that all W
candidates have PJ > 350 GeV if W — jj, and PE > 100 GeV if
W — fu, then very few of them will be W’s from tt.

(2) To get Mww < 1 TeV for W’s from top decay, the tops must be very
energetic, so the b and the W are nearby. Then the £% from the trigger
W is not very isolated from the b jet, so it is easy to remove such events
with an isolation cut on the trigger lepton.

(3) The background gg — tf has a large hadronic multiplicity, while the
signal has a small hadronic multiplicity. 447 A simple analysis suggests
the average multiplicities for TeV region events should differ by about
a factor of three. Even though there is a large multiplicity spread, this
should be a powerful way to reject background.

It is important to emphasize that the above procedure can be done in

such a way[“] that is does not bias the W polarization analysis, which is very



important since ultimately it is the rate and characteristics of longitudinal
WW events that we need data about.

FINAL COMMENTS

If the t-quark is a SM particle in its properties, then M; ~ 140 GeV (:t‘

about 30 GeV) and it should be found at FNAL in the next few years. If
not, either because it is too heavy or because it decays very differently, it
may not be found for over a decade.

If top is found at FNAL and has the expected decays, one of our best
opportunities for experimental hints of where to search for the physics that
provides the foundations of the SM will have been thwarted. On the other
hand, once M, is known, and rare decays are not observed, many predictions
for other experiments. will become much more precise, and many new physics
ideas will be constrained. Further SM tests will be possible.

If M, is above about 120 GeV, opportunities exist to relate it to the
origins of the electroweak symmetry breaking and/or grand unified theories.
These will be very active areas of theoretical research.
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