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The bound system of top and antitop quarks, called toponium, can be used for spectroscopic
studies at distance scales of less than 10-14 cm. Physics at such short distance scales is an
abundant source of new information. The possibilities of creation of new particles in toponium
decays, the determination of quark structure from spectroscopic data on toponium, and the
verification of basic ideas on strong and electroweak interactions are reviewed.
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1. INTRODUCTION

The discovery of the J/il> particle in 1974 was the start-
ing point for a detailed spectroscopic study of the properties
of the quark-quark interaction at small separations. This
particle consists of the relatively heavy charmed quark c and
its antiquark c, and is the progenitor of a whole family of
bound states with hidden charm, i.e., the charmonium fam-
ily.

The analogous family of particles consisting of the still
heavier bottom quark b and its antiquark b, the bottomium
family, was discovered four years later.

The greater bound-state mass signifies a transition to
more compact systems, i.e., it offers the possibility of study-
ing quark interactions at still shorter distances. Theory pre-
dicts the existence of the top quark t, which is expected to be
much heavier than the bottom quark. While the masses of
the charmed and bottom quarks are equal to about 1.5 and 5
GeV, respectively, the mass of the top quark is definitely
greater than 23 GeV (judging by the results of experiments
on the PETRA accelerator'), and is probably in the range
between 30 and 50 GeV (as indicated by preliminary data
obtained by the UdAl collaboration on the SppS collider2).
It is therefore hoped that it will soon be possible to detect a
new family of particles with a hidden top, namely, the topon-
ium family," using the soon to be commissioned electron-
positron SLC accelerator (beginning of 1987) and the LEP
accelerator (end of 1988). These machines will initially pro-
duce energies of 50 X 50 GeV and, later, 100 X 100 GeV (on
LEP II). Of course, the first task will be to investigate the
properties of the Z" boson. However, studies of toponium

will not only extend existing results, but may well produce
much new material.

These new machines will provide us with a first oppor-
tunity for accurate spectroscopic measurements at distance
scales of less than 10~ l4 cm. Bound states of systems as small
as this have not been encountered in physics before, and in-
terest in such objects arises from the fact that strong, electro-
magnetic, and weak processes begin to rival one another on
an equal footing at short distances. Naturally, by entering a
new range of distances, it may be possible to discover funda-
mentally new phenomena.

What is it that studies of the toponium family are theo-
retically expected to produce?

First, the greatest interest would be attracted by the
discovery of the neutral scalar Higgs particle—the last (and
very important) element of the standard model of
electroweak interactions that has not yet been seen.

It will be shown below that this will become possible by
studying toponium decays if the mass of the Higgs particle
does not exceed 80-90% of the mass of toponium. The preci-
sion with which its mass will be determined in this way may
even be better than 1 GeV.

As far as charged Higgs particles are concerned, their
detection, if they exist at all, will be a very simple matter in
this mass range.

Second, the discovery of supersymmetric partners of
ordinary particles among the toponium decay products
would inject new life into supersymmetry theory.

Third, toponium spectroscopy would be capable of
yielding information on the transition from current to con-
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stituent quarks, and on the role of the dynamic mass of the
quark at short distances. In particular, this would help in
solving the problem of chiral symmetry in the case of light
quarks. It would actually be the beginning of the spectro-
scopic study of the internal QCD structure of the quark.

Fourth, the decay of toponium into a neutrino and an-
tineutrino may well provide a new method for counting the
number of neutrino species, which may lead to the physics of
new generations. However, this will probably be done at an
even earlier stage by measuring the width of the Z" resonance
so that, in this respect, toponium will merely confirm the
results of such experiments.

It may be that other lines of research bearing on the
study of toponium but which to some extent have already
been involved in the analysis of other processes or have been
fairly reliably predicted by theory will not be as new or as
fundamental for the development of theory, but will still be
quite important. They may be summarized as follows.

1. Measurements of the relative fraction of different de-
cay modes of the top quark can be used to estimate its life-
time and to determine the Kobayashi-Maskawa matrix ele-
ment Fth, which is responsible for the transformation of the
top quark into the bottom quark (and, possibly, also the off-
diagonal elements Fts and Ftd ).

2. The spectroscopy and decay modes of low-lying ener-
gy levels of the toponium family will resolve (directly, for
the first time) the problem of the asymptotic freedom pa-
rameters (spectroscopic data will be used to determine the
chromodynamic parameter AQCD ).

3. The spectroscopy of high-lying toponium levels is
important for the additional verification of the flavor inde-
pendence of the quark-quark potential.

4. Measurement of angular asymmetries in the decay of
toponium (and also away from resonance) into a lepton
pair, analysis of leptons from semileptonic decays of the top
quark, studies of polarization asymmetries in the interaction
between longitudinally polarized beams, and studies of the
azimuthal symmetry in the interaction of transversely polar-
ized beams should enable us to determine the strength of
coupling between the neutral current and the top quark, i.e.,
to determine independently the Weinberg angle (it has been
suggested that the precision with which sin 2£>w will be de-
termined will be of the order of 4X 10~3). Moreover, these
measurements will verify once again the charge of the top
quark and its isospin.

The physics of toponium is thus seen to hold much pro-
mise, and this makes it a very attractive object for investiga-
tion. It is, however, important to emphasize also the further
fact that, although the theory is not capable of predicting the
mass of toponium, it is very ready for the interpretation of
spectroscopic data on toponium and of its decay modes as
soon as the toponium mass becomes available.

The aim of this review is specifically to provide a brief
but reasonably complete description of the different theo-
retical predictions for the toponium family, to discuss the
physical consequences of these predictions, and, hence, to
prepare the reader for the arrival of the extensive experimen-
tal material on toponium that will, undoubtedly, soon ap-

pear on the pages of physics journals. The bound states of
heavy quarks, i.e., the quarkonia, have been under discus-
sion for some considerable time, and the review literature in
this field, which to some extent is relevant for toponium, is
very extensive (see, for example, Refs. 3-23). We shall not
be able, within the confines of a single review, to describe all
the details of theoretical approaches and estimates, or to re-
produce the numerous tables and graphs that predict partic-
ular toponium parameters in different potential models.
Readers wishing to become familiar with such details must
turn to the original or review papers, to which references are
given in text.

We shall start by recalling the properties of the lighter
charmonium and bottomium families (Sec. 2) and, having
enumerated the lessons drawn from studies of potential
models (Sec. 3), we shall proceed to attempts to extrapolate
them to shorter distances (Sec. 4). This will be followed by a
discussion of physical consequences and different possibili-
ties for the spectroscopy of toponium (Sec. 5) and its decay
modes (Sec. 6). The question of the production and detec-
tion of toponium will be briefly discussed only at the end
(Sec. 7). The basic conclusions of the present review will be
summarized in the last section (Sec. 8). The question of the
QCD radiative corrections to the theoretical calculations of
the different toponium parameters will be examined in the
Appendix.

2. CHARMONIUM AND BOTTOMIUM

The properties of the charmonium and bottomium fam-
ilies have now been relatively well (although not complete-
ly) investigated and described in many review papers (we
recall Refs. 3-23, and note the further Refs. 24-31). We
shall therefore confine ourselves to a brief recapitulation,
emphasizing typical general featuers that will be important
for our subsequent discussion of the basic properties of to-
ponium.

Heavy-quark systems have attracted attention because
their parameters can be used to investigate both the static
properties of quarks and the dynamics of their interaction.
Such studies are facilitated (in particular, as compared with
light quarks) by a number of factors. First, these are the
simplest two-particle systems consisting of a quark and an
antiquark. Second, they are true bound states (and not mere-
ly quasibound states, such as those formed by ordinary me-
sons, e.g., the/j meson, and so on). Third, the velocities of
quarks in quarkonia are nonrelativistic, so that nonrelativis-
tic quantum mechanics can be employed. Fourth, the small
size of quarkonia enables us to examine one of the basic as-
sumptions of quantum chromodynamics, i.e., the property
of asymptotic freedom.

Spectroscopic studies of charmonium and bottomium
are very similar: they include measurements of level ener-
gies, the total, hadronic, and leptonic level widths, and the
hadronic and radiative transitions between the levels.

This abundance of experimental information enables us
to learn the behavior of the wave function of the system over
a wide range of distances. The data can also be used to ex-
tract information on the shape of the interaction potential
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FIG 1. Energy level scheme and radiative and hadronic transitions in
charmonium (a) and bottomium (b) below the threshold for the creation
of particles with bare flavor.

and its dependence on the quark flavor, the spin-orbit and
spin-spin interactions between quarks, their electric and col-
or charges, the nonpotential and relativistic effects, the role
of channels of decay into particles with bare flavor, and so
on.

Figure 1 shows the energy-level schemes of charmon-
ium and bottomium below the threshold for the production
of a particle with bare flavor. The spectroscopic level sym-
bols (2 v + ' Lj and Jpc ) are indicated together with the sym-
bols (J/ifi, if>', T, Y', and so on) for the ground state and its
radial excitations, the masses of the corresponding parti-
cles21 (in MeV), and the radiative and hadronic transitions
between the energy levels. A solid line is used to indicate
experimentally confirmed levels, while broken lines show
levels that have been predicted by potential models, but have
not yet been seen experimentally. Transitions between
known levels that have not been recorded, or adequately
studied experimentally, are indicated by a cross.

We recall that the splitting of the^-level triplets is due
to the spin-orbit interaction, and the shift of the 7/-levels
relative to the 'S, states, which are directly created in e+e"
collisions, is due to the spin-spin interaction, i.e., both effects
are a consequence of relativistic corrections that are not di-
rectly taken into account in the Schrodinger equation. In
quarkonium spectroscopy, the ground state and its radial
excitations (for given orbital angular momentum L) are

usually labeled by the number n, + 1 («r is the radial quan-
tum number indicating the number of zeros of the wave
function), which appears in front of the spectroscopic sym-
bol 2l + ' Lj .This distinguishes the notation from the nota-
tion used in atomic spectroscopy in which the principal
quantum number n = nr + L + 1 is employed.

n = n, + L + 1.

The most interesting feature of the spectroscopy of
quarkonia is clearly seen in Fig. 1. It is the relative disposi-
tion of the Xc levels ( I IP , ) and the 4>' level (23S,) , and,
correspondingly, ^b(l- 'Py) and Y'^'S,), and also
K(2 3 Py) and Y"(3 'S,) . The 2S and IP (3S and 2P, etc.)
levels are degenerate in the case of Coulomb interaction (for
example, in the hydrogen atom) /' In quarkonia, the 1P level
lies below the 2S, and the 2P level below the 3S.

It is also interesting to note that the level separation
between the 23S, and 13S, states is almost the same in both
families (it is a little greater in the case of charmonium).

We also note the characteristic splitting of the P-level
triplet, whereby the state with lower total angular momen-
tum lies below the state with higher angular momentum.
Extensive information is available also on the decay widths
of charmonium and bottomium and on transitions between
the different states shown in Fig. 1. We shall not reproduce it
here and refer the reader to review papers.wl We merely
note an important general feature, namely, that all the
widths are several times greater in charmonium than in bot-
tomium.

All these characteristic features of the spectroscopy of
charmonium and bottomium can be quantitatively repro-
duced with sufficient accuracy (see, for example, Ref. 17) by
potential models, using the Schrodinger equation or its sim-
plest relativistic generalizations (the Breit-Fermi equation,
etc.). The potential approach is particularly successful, and
widely used, in the description of the properties of particles
that have already been discovered and in the prediction of
new members of these families (for example, the prediction
of the position of the center of the triplet of JR states12 and
the leptonic width of bottomium"-14). Of course, and this
must be emphasized, the entire approach is phenomenologi-
cal and necessitates the determination of model parameters
by comparison with experimental data, but this is compen-
sated, at least to some extent, by the range of the available
experimental information. Closer to the fundamentals of the
theory is the QCD sum rule, which has successfully predict-
ed the 77 c , but has not been successful with the %b. Moreover,
this approach is valid only for low-lying states, and is practi-
cally ineffective in the region of toponium (although it is
used to verify the validity of potential models; see footnote
8). For us, the only significant qualitative results will be
those ensuing from potential models that can be used to ex-
amine the consequences of a particular extrapolation into
the toponium region. We now turn to these results.

3. GENERAL PROPERTIES OF POTENTIAL MODELS

A nonrelativistic two-body system, held together by
spherically symmetric forces, is decribed by the Schrodinger
equation4'
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[V (r)- (1)

where// =mlm2/(m) + m2) is the reduced mass of the sys-
tem consisting of quarks of mass m , and m-,, r is the separa-
tion between them, V(r ) is the interaction potential, E is the
energy of the system, and *P(r) is its wave function. In the
case of a spherically symmetric potential V(r), Eq. (1) as-
sumes the form

(2)

—r-r-
dr"

(5)

where R(r) is the radial wave function and / the orbital an-
gular momentum quantum number.

To solve (2) , we must know the form of the potential
V(r) and the reduced mass /n. Since quarks have not been
observed in free states, their masses are not adequately
known, and the quantity /u is usually looked upon as an ad-
justable parameter, to be determined from the spectrum of
the corresponding quarkonium family.

Still greater (functional) arbitrariness arises in the
choice of the interaction potential V(r) between the quark
and the antiquark in quarkonium. Since numerous experi-
mental data have to be described, this naturally selects the
shape of the potential virtually unambiguously in a certain
restricted range of distances under investigation, so that one
would hope that this approach will yield important informa-
tion on the nature of the interaction between quarks in this
range.

The simplest qualitative information on the interaction
between quarks in quarkonia can be obtained from the prop-
erties of the lowest-lying levels of this system, without de-
scribing, for the moment, the entire range of experimental
data. Many general relationships follow (even if we do not
know the specific interaction potential) from the theorem on
the Wronskian (e.g., the number of nodes in the wave func-
tion ). They are described in textbooks on quantum mechan-
ics.

A new and very interesting result32'36 is concerned with
the order in which the energy levels of bound states appear.
It has been shown that, in the case of a non-Coulomb poten-
tial, levels with the same principal quantum number lie low-
er for the same high values of / if the potential is concave
relative to the Coulomb potential, i.e., if the following condi-
tion is satisfied throughout:

Correspondingly, the reverse situation, E(n,l)
<E(n,l + 1), occurs if the convexity condition A r F < 0 is

satisfied and the potential increases monotonically (dV/
dr>0) for all/-.

Moreover, it can be shown that E(nJ)^E(n — \,
1+2) if the following conditions are satisfied throughout:

0, (4)- -dr \ r dr

and a lsoE(n , l ) <E(n - \,l + 3) for

The simplest example of the application of (3) is as
follows: having found that the 1P level lies below the 2S level
in quarkonia, we may conclude that we are not entitled to use
monotonically increasing potentials for which the Laplacian
is negative throughout. Additional restrictions on the shape
of the potential can be deduced from the relative disposition
of the ID and 2S levels [condition (4 ) ] , or the IF and 2S
levels [condition ( 5 ) ] .

The overall qualitative behavior of low-lying states of
the quark-antiquark system as functions of mass (or effec-
tive distance) can be deduced from general theoretical prin-
ciples such as the virial theorem and the uncertainty relation
(see, for example, Refs. 7, 13, 20, and 21) .

It is well-known that the virial theorem relates the mean
kinetic energy T of a system and the potential as follows:

£V (6)

(7)

whereas the uncertainty relation gives

If, in subsequent qualitative estimates, we neglect the spread
in the corresponding variables and, omitting the averaging
symbols throughout, take/? andAf to represent the effective
size and mass of the systems, then, using (6) and (7 ) , we can
readily obtain general qualitative relationships for many
physical parameters as functions of the radius of the system
and of the average rate of increase in potential, dV/dR. For
example, substituting T~mv2/2 andp~mu in (6) and (7) ,
we find that the average velocity v of quarks in quarkonium
depends on the size of the system and the shape of the poten-
tial as follows:

dV (8)

Hence, it follows that, for potentials with a positive Lapla-
cian, the average quark velocity increases with increasing
size of the system. The mass and size of the system are relat-
ed by

m ~ (R3 — }~ (9)
\ f \ D I \ ' )

We can now use the Schrodinger equation (2) to ob-
tain7'2' the general relation for S-wave functions:

which turns out to be important for the understanding of the
qualitative behavior of the leptonic width f, of quarkonium
S-levels, since it shows [if we use (9), (10), and (27) for
these levels] that it is very sensitive to the derivative of the
potential:

I). ( 1 1 )

To make these relationships and the conclusions that
ensue from them physically clearer, it is useful to approxi-
mate the potential by a power-type function of distance:

V (r) - x/«,
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R~m

v~m°
\R(0)
r,, -/

- ' (C),
(C),

-~m* (C),
n (C),

A£~m (C),
T(E1) ~m (C),

m
m
m
m
m

m

where it is assumed that this approximation is always possi-
ble in some restricted range of effective distance. It is then an
easy matter to rewrite (8)-( 11) so as to emphasize the de-
pendence of the different variables on the physically interest-
ing parameter m, i.e., the mass of the system consisting of
heavy quarks.7'21 However, these relationships are still not
very interesting in this very general form. They may be of
practical value (in the context of the physics of quarkon-
ium) in two special cases, namely, small £<^ 1 and the near-
Coulomb case 5= — 1. The former corresponds to the phen-
omenological potential7'37 that is a slowly-varying function
of r and provides a good description of experimental data on
charmonium and bottomium, whereas the latter is close to
the asymptotically free interaction between quarks, which
we hope to discover in toponium.6' Thus, comparison of
these two possibilities will help us to detect tendencies in the
variation of particular variables as we pass to heavier system.
The following is a list of the corresponding results for the
Coulomb case £ = — 1 (indicated by the letter C) and the
case 2e<^ 1, neglecting "Le in comparison with unity (this is
denoted by CB, which stands for "charmonium, botto-
mium"):

1 / 2 (CB), (13)
1 / 2 (CB), (14)

*3 / 2 (CB), (15)
1 / 2 (CB), (16)
e/2 (CB), (17)

1 (CB), (18)
A£s s~m(C), m l / 2 (CB). (19)

Apart from the general formulas given earlier for the four
variables, we have also used in these expressions the corre-
sponding formulas and estimates for the radial splitting A£
of low-lying levels, the radiative width T(E1) of El transi-
tions, and the spin-spin splitting A£ss [for a ^-function po-
tential describing the spin-spin interaction; see also ( 2 6 ) ] .

If we scan the second column, we can readily see the
above basic regularities as we pass from charmonium to bot-
tomium: the size of the system decreases, the nonrelativistic
condition v<£ 1 is more easily satisfied, the leptonic and ra-
diative widths decrease, the 2S-1S splitting is practically
constant, and, finally, we have the predicted reduction in the
T — nh splitting as compared with J/i/1 — i j c .

If we look horizontally from left to right, we are led to a
qualitative understanding of what we might legitimately ex-
pect in toponium: a reduction in the size of the system for a
slight improvement in the nonrelativistic condition (but we
note that quarks are sufficiently nonrelativistic even in the
case of bottomium), and an increase in the level width and
level splitting as compared with bottomium.

In these estimates, we have actually discarded the possi-
bility (which is, in fact, not very likely in the light of QCD
and asymptotic freedom) of a continuous extrapolation of
the quasilogarithmic potentials7'37 with £ < 1 into the topon-
ium region, and have assumed that this phenomenological
dependence, which has been observed in charmonium and
bottomium, will pass continuously into an asymptotically
free dependence. Although the above forms of asymptotical-

ly free potentials with monotonic interpolation to confine-
ment are quite different (see the review in Ref. 17), and lead
to somewhat different predictions for toponium, it is very
easy to be diverted into a physically unprofitable examina-
tion of small differences between them. We hope that nature
is not so monotonic and depressing, and may reveal new
effects in this distance range.

4. NEW RANGE OF DISTANCES

Continuing with our theme of potential models, we
must emphasize that, even in the case of charmonium and
bottomium, the choice of a particular potential is dictated
either by the desire to describe experiments by the simplest
formula (as in the case of the quasilogarithmic potentials),
or by attempts to interpolate the asymptotically free poten-
tial at short distances and the linearly increasing confining
potential at large distances. The interpolation is performed
so that, in the intermediate range of distances typical for
charmonium and bottomium (between approximately 0.3
and 1 fm), the two potentials are numerically practically
indistinguishable. This is why a satisfactory description of
experiments is achieved in both cases, although there are
appreciable discrepancies between theory and experiment in
the case of hadronic widths, which are ascribed to large ra-
diative corrections that have not been taken into account
(see Appendix), and there is some concern about the large
value of the constant AQCD (about 400 MeV) deduced from
the requirement that such interpolations must agree with
experiment.

According to experimental data on deep inelastic pro-
cesses, for distances in the range typical for toponium (from
0.05 fm), asymptotic freedom should already be fully mani-
fest, and the interaction potential should correspond to sin-
gle-gluon exchange with AQCD = A MS ~ 100 MeV:

(20)
OS -2n,l In (I//-2A;)

where Ac = ec A Ms andC = 0.5772 ... is the Euler constant.
A possible way out of the resulting situation may be

indicated by the fact that a transition from current to con-
stituent quarks occurs at these distances. Actually, (20) is
valid only for current quarks, whereas for transferred mo-
menta q2~\ GeV2, i.e., for distances —0.1 fm, current
quarks should be dressed by the gluon field and become con-
stituent quarks. The mechanism responsible for this transi-
tion is still not clear, but there are indications that the transi-
tion is quite abrupt.38'39 It is known from experiment that
both u, d, and the heavier s quark acquire an additional mass
of about 300 MeV in this transition. If the dynamics of this
process does not depend on the quark flavor, this will also
occur in the case of c, b, and t quarks and , hence, the rela-
tively small toponium should sense the change in the quark
mass.

How can this transition affect toponium? Not surpris-
ingly, the answer to this question is related to the problem of
quark confinement, i.e., it originates in the region of large
distances. It has long been known40 that the solution of the
Dirac equation with a centrally symmetric field that in-
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creases linearly with distance does not produce bound
states.7' Bound states are obtained only by introducing the
Lorentz-scalar confining potential,41 widely used to describe
quarkonia (see, for example, Refs. 42-51 and the references
therein), especially to explain the disposition of the 3Pj lev-
els and the splitting of the ortho- and para-levels (Y — i)b,
etc.), i.e., in spin-orbit and spin-spin interactions. The Lor-
entz-scalar part appears in the usual potential in the Schro-
dinger equation additively with the Lorentz-vector compo-
nent, and cannot therefore be separated in a completely
nonrelativistic description. However, it influences the above
relativistic effects because it appears in them in a nonaddi-
tive manner.

The physical meaning of the Lorentz-scalar potential is
very clear:52 If we treat quarks as objects whose mass de-
pends on relative distance, we find that it is precisely this
mass that plays the part of the Lorentz-scalar potential. It is
common to draw attention only to the fact that this depen-
dence becomes manifest at large distances and assures quark
confinement. The commonly accepted treatment of the
structure of the quarkonium potential is therefore as follows:
the Lorentz-vector part of the potential (single-gluon ex-
change with asymptotic freedom) is the predominant effect
at short distances, the Lorentz-scalar confining part pre-
dominates at large distances, and smooth interpolation with
a varying proportion of the two components can be used in
the intermediate region. We have already noted that one
consequence of this treatment is that it is difficult to repro-
duce the asymptotically free contribution with the correct
value of AQCD.

However, the variation in the mass of the quark at short
distances that accompanies the transition from current to
constituent quarks should also manifest itself as a variation
in the Lorentz-scalar potential. If this variation occurs rap-
idly, i.e., within a very small range of distances, the smooth-
ness of the interpolation is destroyed, and the potential
should contain a "jump" 53-54 by about 600 MeV (in the case
of two quarks, each should acquire a mass of 300 MeV),
which should occur at distances of about 0.1 fm.

Since the potential is then shallower at short distances
(because of the lower value of AQCD ), the average derivative
of the potential over a large enough interval will remain the
same and, according to (8), (9), and (11) , the basic conse-
quences for charmonium and bottomium (quark velocity,
average size, leptonic width, and so on) will be unaffected,
except for the hadronic widths, which are proportional to a3

for the 3S, levels. They become appreciably closer to the ex-
perimental values because of the larger value53'54 of AQCD.

The properties of toponium become significantly differ-
ent (see later Sections) as compared with the prediction for
quasilogarithmic potentials and for continuous interpola-
tions between asymptotic freedom and confinement.

Figure 2 illustrates the above three types of potential.
We emphasize that the potential with a "step" differs notice-
ably from the other two potentials by the fact that it does not
satisfy condition (3) [ which is valid for potentials (12) with
x > 0, e > 0 and (20) ]. The Laplacian of the potential has a
variable sign in this case.

0.51.0 r, Fm

FIG. 2. Interaction potentials in quarkonia: M—quasilogarithmic," K—
asymptotically free with monotonic interpolation to linear confinement,12

BD—asymptotically free with a step (due to the transition between cur-
rent and constituent quarks) during interpolation to linear confine-
ment.5'

The important point here is that the QCD perturbation
theory is valid (with the correct magnitude of AQCD ) only
until we reach distances of the order of 0.1 fm, for which we
have to deal with current quarks, and the subsequent region,
i.e., the interaction of constituent quarks, is treated purely
phenomenologically until it becomes possible to calculate
correctly the nonperturbative effects in QCD. It is signifi-
cant that the two regions are now very clearly separated.81

Thus, toponium may turn out to be very sensitive to the
nature of the transition between current and constituent
quarks, and may help us to reveal the QCD structure of
quarks.

Of course, for us, it is more interesting to verify the
predictions of the theory (in the present case, QCD) than to
examine the consequences of models. Nevertheless, an ex-
perimental confirmation of the model with a "step"would
lead to important consequences for QCD calculations of the
kind performed in Refs. 55 and 56 by demonstrating the
appreciable role of nonperturbative effects at distances as
small as 0.1 fm.

As already noted, the novelty of the physics of topon-
ium is that we shall be dealing for the first time with a system
for which the effects of electroweak interactions become
comparable with those of strong interactions. This will be
clearly demonstrated when we consider the toponium decay
modes in Sec. 6. Thus, as we deduce the consequences for
QCD, we will also be able to obtain new data on the
electroweak processes. Of course, searches for the neutral
Higgs boson must be given priority. Unfortunately, the the-
ory does not predict its mass. It will be shown below that this
particle will be noticeable among the toponium decay prod-
ucts if its mass is somewhat lower than the mass of topon-
ium.

It is well-known57 that electrically charged Higgs bo-
sons appear in models of the electroweak interaction that are
more complex than the standard model. It will be a very
simple matter to detect such particles (given that they exist)
in toponium decays (for the corresponding masses).

Because the distances are so short, pure neutrino decays
play a more important part, and may yield information on
the number of types of neutrino.

Determinations of the Kobayashi-Maskawa matrix ele-
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ment Kt b and accurate measurements of the Weinberg angle
complement the possibilities of toponium in the elucidation
of the physics of electroweak processes.

Finally, the discovery of the supersymmetric partners
of particles among the toponium decay products would, of
course, be a major sensation. Once again, the weak point of
the theory is that it is not able to predict the masses of these
particles.

Summarizing, we are led to the conclusion that physics
at short distances may turn out to be more fertile than we
have suggested. However, even the possibilities of toponium
physics that were examined above are of great importance
for our understanding of both strong and electroweak inter-
actions and of the symmetry properties of the particle world.

5. TOPONIUM SPECTROSCOPY

The number of toponium levels4' above the threshold
for the creation of bare top particles turns out to be apprecia-
bly greater than in either charmonium or bottomium. Of
course, to predict this number correctly, we must know the
detailed behavior of the interaction potential. However, the
situation becomes much simpler because, first, this number
is determined by the enormous number of practically over-
lapping levels with high orbital angular momenta, i.e., the
quasiclassical approach can be used in approximate calcula-
tions, and, second, all the proposed potentials are steeper
than the Coulomb potential at large distances, because of the
confining components, and this provides us with a lower
bound for the total number of levels. Quasiclassical esti-
mates58 made on the assumption that the binding energy of
the light quark in the system containing a heavy quark is
independent of the mass of the latter59 show that the number
of S-states of toponium created directly in e+e~ annihilation
is approximately given by

o / "'< \ 1 / 2

ns « 2 —V m,. /
(21)

where mt and wc are the masses of the top and charmed
quarks. The total number of levels must exceed (for given
HS ) the number in the Coulomb potential, i.e.,

"3-1
«T > 2«s + 4 2 Ks - 1) - 2«1,

1=1
(22)

where we have taken into account the hyperfine splitting of
the S levels (the factor 2 in the first term) and the presence of
four levels (the J = L level and the three levels correspond-
ing to fine structure) for L>0.

It follows from these formulas that, when the mass of
the top quark is approximately 40 GeV, there should be
about 10 particles with mass below the threshold for the
creation of the bare top (i.e., narrow states) directly in e + e~
collisions, and the entire toponium family should have in
excess of 200 narrow states. Calculations20 performed for a
specific potential (indicated by the letter R in Fig. 2),'2 as-
suming that the mass of the top quark was 45 GeV, showed
that this estimate may be too low because 424 toponium
states were found below the threshold for the creation of the
bare top with angular momenta up to L = 17, the number of
3S, states was 12, and the separation between the S levels fell

from 946 MeV for the 2S-1S splitting to 80 MeV for the
upper radial excitations. However, these riches will prob-
ably remain unattainable for a long time because the high-
lying levels are difficult to separate, since the beams pro-
duced by the SLC and LEP accelerators have an energy
spread' °' of a few tens of Me V (see Sec. 7 for further details).
Thus, at any rate during the initial stages, one can hope only
for the identification of the low-lying states, and we shall
therefore confine our attention to these states, especially
since, in many respects, they determine the basic physical
conclusions, and the predictions of different potential mod-
els differ particularly sharply precisely for these states. De-
tailed spectroscopic tables for toponium can be found, for
example, in Refs. 17, 34, 35, and 60-63.

Basic information on the behavior of the potential at
short distances will be obtained once the masses and leptonic
widths of the 1S-2S levels and the position of the IP level
have been determined.' "The leptonic width can be calculat-
ed theoretically from (27) (see below), in which the wave
function at the origin, determined by solving the Schro-
dinger equation for a given potential, plays a significant role.
We shall examine a number of cases (see Fig. 2), including
the quasilogarithmic Martin potential'7 (12) with £s0.1,
the Richardson potential32"34 R, which is an interpolation
between the asymptotically free and linear confining contri-
butions, and the potential ED with a "step," 53 which takes
into account the abrupt transition from current quarks with
asymptotically free interaction to constituent quarks with
nonperturbative interaction described phenomenologically.
The three types of potential shown in Fig. 2 lead to signifi-
cantly different predictions for the mass difference between
the 2S and 1S levels (Fig. 3) and the leptonic widths of these
levels (Fig. 4). It is clear that the difference between the
predicted splitting can be up to almost 500 MeV, while lep-
tonic widths differ by a factor of about five. There are also
noticeable differences between the ratios of leptonic widths
obtained for the 2S and IS levels. The results of these exten-
sive calculations can be generalized in the form of the follow-
ing simple mnemonics:

(1 ) large splitting ( ~900 MeV), large leptonic width
of the IS level (~6 keV), and small ratio of the leptonic
widths in the 2S and IS states (—0.25-0.3) are typical for
asymptotically free monotonic potentials ( R )

(2) small splitting ( —500 MeV), small leptonic width

m(2S)-m(1S). MeV

1100

900

700

500

300 V 2m,, GeV

20 eo m2 wo

FIG. 3. Mass difference between the 2S- and IS-levels as a function of
twice the mass of the top quark for the three potentials, shown in Fig. 2.
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FIG. 4. Leptonic width of the 1 S-state (without the Z" contribution) as a
function of twice the mass of the top quark for the three potentials shown
in Fig. 2.

( ~ 1 keV), and a large ratio of leptonic widths ( —0.5-0.55)
are typical for quasilogarithmic potentials (M)

( 3 ) large splitting ( ~ 900 MeV), intermediate leptonic
width of IS levels ( —3.5 keV), and large leptonic-width ra-
tio (~0.5-0.55) are typical for potentials with a "step"
(BD).

Further important information can be deduced by mea-
suring the position of IP levels. Their "center of gravity" is
shifted slightly relative to the 2S level, both in the asymptoti-
cally free monotonic potential and the quasilogarithmic po-
tential (~100 MeV), whereas the potential with the step
predicts a much greater splitting (—300 MeV). '2 1 In the
first case, it will be possible to detect the IP level using the
d'^YX, radiative transition, but only if the mass of topon-
ium is less than 90 GeV (see below). In the case of the poten-
tial with the step, the width of this decay [proportional to
the cube of the photon frequency, <a'; see (39)] will account
for an appreciable fraction of the total width (tens of per-
cent), and the transition will be clearly seen.

We note, in passing, that, if the IP and Z" turn out to be
practically degenerate with respect to the masses, we shall
have the exotic possibility20-62 of direct creation of the IP
resonance due to the axial vector coupling of the Z" (see Sec.
7) .

It would therefore appear that the very earliest studies
of the relative disposition of the IS, 2S and IP levels of to-
ponium and of their leptonic widths will result in an elucida-
tion of the asymptotic freedom parameters and of the transi-
tion from constituent to current quarks.

The asymptotically free part of the potential now plays
a more important part and, therefore, all the data will be
sensitive to the parametere AQCD. A reduction in this pa-
rameter leads to a reduction in the derivative of the potential
[see (20)] , and hence to a reduction in the predicted lep-
tonic width [see ( 1 1 ) ] and level splitting. In the case of
monotonic potentials, this type of change in AQCD presents
no real danger. This is so because it immediately affects the
agreement with the data on charmonium and bottomium,
which, for the commonly employed interpolations, are de-
scribed with A MS above 300 MeV. If it turns out that topon-
ium spectroscopy leads to lower values of A MS, we may be
forced to use special interpolations, such as that proposed in
Ref. 64, where an abrupt jump in the/?-function was intro-
duced,111 this function being defined as the logarithmic de-

In any case, the parameter A MS used in the phenomen-
ological approach is related to the absolute normalization of
the potential and the quark masses.'4 Moreover, it must al-
ways be remembered that A Ms is related to the potential
cutoff parameters Am and Ac [see (20) ] in momentum and
coordinate spaces.These relationships were deduced in Refs.
33 and 65:

In A- _. 3 / 1 2 4_1 0
nln A _ ~ 2 ( 3 3 - 2 n f ) l 2 7 9 "'

and in Refs. 45 and 66 [ see (20) ]:

(24)

(25)

where C = 0.5772 ... is the Euler constant.
A more detailed discussion of possible determinations

of A MS in the case of monotonic interpolation of the poten-
tial can be found in the review paper in Ref. 67.

If spectroscopic data on low-lying levels of toponium
were to confirm the necessity for a mass jump in the poten-
tial, the situation would be both more interesting and more
definite because it is already clear from the hadronic width of
toponium that QCD with A Ms =± 100 MeV is valid at short
distances. More accurate determinations of A MS will de-
pend on the details of the transition from current to constitu-
ent quarks, i.e., the parameter in the perturbative approach
will be related to the nonperturbative mass jump.

The size of the high-lying radial excitations of topon-
ium will be comparable with the size of bottomium and char-
monium (0.3-0.8 fm), and will therefore serve as a good
additional verification of the hypothesis that the potential is
independent of quark flavor, although, as noted above, their
identification and detection will be limited in practice by the
energy spread in the colliding beams.

The same difficulties will arise in attempts to examine
fine and hyperfine level splitting. In spite of all the ambigu-
ities of the treatment of spin-orbit and spin-spin interactions,
the splitting is predicted to be of the order of 10 MeV in the
case of toponium and, therefore, once again, we have the
problem of the beam energy spread.Ml Both these effects are
relativistic and must, at the very least, be smaller than in the
case of bottomium. The splitting is proportional to the
square of the quark velocity and, according to estimates
based on (14), it should decrease by almost an order of mag-
nitude between bottomium and toponium in the case of the
quasilogarithmic potential (i.e., up to 5 MeV). However, an
appreciably smaller reduction is expected for more reasona-
ble estimates using different mass dependences in (14). Nev-
ertheless, the fine splitting can hardly be greater than 20
MeV. The precision with which this splitting can be estimat-
ed is related to the problem of separating the potential into
the Lorentz-vector and Lorentz-scalar parts.5" This also ap-
plies to the inclusion of spin-spin interactions which govern
the hyperfine splitting, although to a somewhat lesser extent
because the spin-spin interactions are regarded as having a
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shorter range. Usually, this splitting is estimated from the
formula68

A B - - 8g*- l * e ( 0 ) ( 2

9 (26)

which is obtained from the ^-function contribution due to
the Laplacian of the Coulomb potential.15* However, this
formula is known to lead to estimates that are too high be-
cause real quarkonium potentials are less singular at the ori-
gin. Nevertheless, even in this case, the hyperfine splitting in
toponium is no more than 20-40 MeV.20i5° Although it is
small, we must emphasize that the difference between topon-
ium and bottomium families is not very large in this con-
text161 [this is also indicated by qualitative estimates based
on (19) ] .

We may therefore expect that toponium spectroscopy
will confirm the expected validity of the usual nonrelativistic
approach, the property of asymptotic freedom, the transi-
tion from current to constituent quarks, and the fact that the
potential is quark-flavor independent.

From the QCD point of view, spectroscopic studies of
toponium are expected to yield information on the role of
nonperturbative effects, in particular, the ratio of long-
wave69"71 to short-wave72"74 vacuum fluctuations during the
phase transition between current to constituent quarks, and
may suggest possible modifications of calculated levels of
heavy quarkonium7'"75 when this transition is taken into ac-
count in the case of the quasi-Coulomb interaction at short
distances.

6. TOPONIUM DECAY MODES

6.1. General information

If the mass of toponium turns out, as expected, to lie
between 60 and 120 GeV, its decays will be governed by
weak, electromagnetic, and strong interactions in equal pro-
portions (Refs. 14, 15, 19, 20, 23, 35, 62, 63, 76-78). This is
the first time that we have encountered a situation in which
all three types of interaction play more or less the same role
in the decay of a bound hadronic system.

Decay can occur ( 1 ) as a result of quark annihilation,
either direct (Figs. 5a-c) or through W-boson exchange
(Fig. 5d); (2) as the decay of one of the quarks (Figs. Seand
f); and (3) during a hadronic (Fig. 5g) or radiative (Fig.
5d) transition to a lower lying state of toponium.

Moreover, toponium decay can be accompanied by the

creation of the supersymmetric partners of ordinary parti-
cles if their masses are low enough for such decays to be
energetically possible. We shall examine them separately in
Sec. 6.4.

The widths of all the annihilation decays of S-levels are
proportional to the probability that the quark and antiquark
will meet at the same point, i.e., to the square of the wave
function of the system at zero relative separation between
the quarks making up the system. I7) This probability can be
obtained directly by solving the Schrodinger equation for a
given model potential. It is sensitive to the shape of the po-
tential and is actually the main nonperturbative element in
the calculation of annihilation widths. The ratios of the
widths of different annihilation channels corresponding to a
given level do not depend on the wave function and can be
calculated from perturbation theory. This is why it is com-
mon to quote the ratio of the width of a particular channel to
the leptonic width of a given state (without taking into ac-
count the Z° boson exchange of Fig. 5a) calculated from the
well-known formula79'80

i*z-) = r0 (6) i-

16et2 (27)

More precisely, it is common to consider the ratios

(28)

which do not include chromodynamic radiative corrections
(see Appendix) because, on the one hand, they should be
small in the toponium region, where as ~0.1, and, on the
other hand, they have still not been calculated for quark
decays.

The predictions of different potential models for r,,(0)
were discussed in the last Section, where it was seen that the
most realistic values of this quantity ranged from 3 to 6 keV
(for me -70-80 GeV).

Let us begin with the physically most interesting case,
namely, the creation of a neutral Higgs boson and a photon
(Fig. 5c) . K I In the standard model,

H°v
= -LJ?L(i_?*L\

2* m« I m»_ ) '
(29)

where* = 4 sin2# w and 0 w is the Weinberg angle. It is clear
that this decay width is not very different from the leptonic

t

t

-3-9

-9.9

-9.)1

FIG. 5. Toponium decay diagrams: a-d— annihilation
decays, e-f—individual quark decays and transitions
between different states of toponium (g—hadronic, a—
radiative).
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width if the mass of toponium is close to the mass of the W
boson, and the mass of the Higgs boson is not too close to
that of toponium. Hence, for mw> ^ 0.7me-0.9me, there is a
very high probability of finding the neutral Higgs boson
among the toponium decay products. This would be exceed-
ingly important for the standard model of the electroweak
interaction.

There are very simple formulas for the hadronic decay
into three gluons and into two gluons and a photon (Fig.
5b). These modes have played an important part in char-
monium and bottomium decays. These formulas are6

(30)

(31)

and lead to the simple result
Fggv _ 16cc
Tggg 5<zs

(32)

As can be seen, measurement of these ratios is impor-
tant for the determination of the color interaction constant
as. Although the three-gluon width turns out to be actually
somewhat greater than the leptonic width (outside the Z"
region), the situation is now different from that of charmon-
ium and bottomium because this width does not now provide
the principal contribution to the toponium width, which is
mainly due to the annihilation decay with the creation of the
fermion-antifermion pair ff (Figs. 5a and d for the bb pair)
and the decay of a single quark (Fig. 5e). The corresponding
ratios (28) can be written in the form23'78-"2

(33)
where

x = 4 sin2 y = 2 sin 29\v,

C,= \\
3 for quarks

for leptons o,
2

— .

fve = ^v(t = l 'v t=l» V, = Vp = V*= —l + X.

We note that, in ( 33 ) , we have neglected all charged-current
contributions, which are suppressed by the Cabibbo angle.

Of the two-fermion decays, the decays into a neutrino
and an antineutrino are of particular interest because they
may indicate the number of types of neutrino ( see Sec. 6.5).

The/?-decay of a single quark ( Fig. 5e ) does not require
the annihilation process, so that r,,(0) remains explicitly in
(28):83

\ andwhere p = m/rn,, v =

0.9</(p, V ) » . ( l -

_3p2-p3}<l.3

for 30 GeV <w, < 55 GeV.
This width increases rapidly with increasing quark

mass, and is practically always appreciably greater than the
leptonic width.

There is the interesting, though not highly probable,18)

possibility that toponium will decay wholly along the chan-
nel involving the creation of charged scalar Higgs particles
(if such particles exist) with masses less than the mass of
toponium. In that case,

, _ G P | 7 t h | 2 mt
r0(6)

(35)

i.e., this channel width exceeds the leptonic width by 3-4
orders of magnitude for mH , <0.9w, and increases rapidly
with increasing toponium mass. (In this estimate, we have,
of course, assumed that I V., 1.)

Other possible decays are those in which a top quark
transforms into a d- or s-quark by W-meson exchange (Fig.
5d with q, and q,) or by direct creation of the W-meson [if
the mass of the top quark exceeds the mass of the d (s) -quark
plus the mass of the W-meson]. However, the probabilities
of these decays are low because the off-diagonal elements of
the Kobayashi-Maskawa matrix Ftq with q = d or s are
small.'1" They are given by

(36)

•^3n2. (37)
4.r-

GF I Vtq I 2

Of course, if these decays were to be detected, they would
provide a way of measuring the oif-diagonal elements of the
Kobayashi-Maskawa matrix.

Figure 6 shows23 the width of the different decay chan-
nels of the ground state of toponium as functions of its mass,
based on estimates provided by (27) and (37) for the follow-
ing parameter values:

r o ( 6 ) = 5 k e V ,

5ri - — -
23 In (m/lOOMeV)2

=83. 2 GeV,

= 2.5 GeV,

In, = 5).V

:= 94.0 GeV,

(38)

Decays into fermion-antifermion pairs and decays of a single
top quark are seen to predominate.

The decays of the higher-lying radial excitations are de-
scribed by the same formulas, but the square of the wave
function at the origin is then usually smaller, so that the role
of annihilation channels is reduced and that of the single-
quark decay is greater. Moreover, there are two further pos-
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FIG. 6. Total decay width of the IS-state of toponium and its decay width
for the individual channels as functions of twice the mass of the top quark.

sibilities for transitions to lower-lying states, namely, the
hadronic (Fig. 5g) and radiative (Fig. 5h) channels. In the
case of toponium, the hadronic channel is highly suppressed
as compared with charmonium and bottomium, and esti-
matesSS-86 show that its contribution to the total width is no
more than 1 keV (most likely, about 0.5 keV), so that it can
be practically ignored201 ( since the total 2S widths will not be
less than 80 ke V ) . The contribution of radiative decays has a
significant dependence on the shape of the potential and on
the splitting of the 2S-1P levels (already discussed in Sees. 4
and 5). The width of the 6 '
in the form62

T^ /G< .. \ 16

where

transition2 "can be written

/-45_GeV\ » ,
100 MeV

) 3 ( k e V ) , (39)
/

is the dipole matrix element and u> is the frequency of the y-
ray (approximately equal to the 2S-1P splitting). This
width increases as the cube of the level separation and appre-
ciably decreases with increasing mass of the top quark. Its
contribution to the total width is found to be 2-5% for
m(9') — m(%t) ~ 100 MeV (monotonic interpolations) or
30% f o r m ( < 9 ' ) -m (}-,) = 300 MeV (potential with a step
and 30<mt <40 GeV. Naturally, the fraction of decays
along this channel decreases rapidly in the Z" region.

Let us now consider the decay width for the 2S(6> ' ) and
1S(#) states of toponium. If we neglect the small mass differ-
ence between 6 and 6 ', the ratios of all the annihilation decay
widths will be the same and equal to the ratio of the squares
of the wave functions in these states for zero relative separa-
tion between the quark and antiquark:

I f lo( i>) I 2 : 0.3-0.5. (41)

[ In particular, ro ( 9 ' ) = (0.3-0.5) T(1 ( 6 ) . } The first figure in
(41) is obtained by monotonic interpolation of the potential
with A MS ~ 500-400 MeV, and the second for the step inter-
polation with A MS = 100 MeV (and for quasilogarithmic
potentials).

For the single-quark decays, the width is practically in-
dependent of the number of radial excitations, so that

rt (0') 1. (42)

We may therefore conclude that the relative fractions of
annihilation channels will be appreciably lower for 6' than
for 6, the relative contribution of single-quark decays will
increase, and, possibly, there will be an appreciable contri-
bution due to the radiative transition to^-,. For higher-lying
radial excitations of toponium, this tendency for an increase
in the relative contribution of single-quark decays is more
pronounced.

Thej, — yd radiative decay widths depend on the shape
of the potential, but it may be considered that they do not
exceed 130 keV (see Refs. 54 and 76). The decay of the %t

will divide equally between the radiative transition to the 6
and a weak decay to the top quark.

We emphasize that the decay channel ratio of toponium
will vary significantly with varying mass (Fig. 6). Processes
involving the creation of a quark-antiquark pair, three-gluon
decays, and weak decays of the top quark are important up to
85 GeV. Near the Z"-boson (85 <m < 105 GeV), there is a
rapid increase in the part played by decays into fermion-
antifermion pairs. While the quarks continue to play a domi-
nant role, the interesting process of neutrino-antineutrino
pair production begins to provide an important contribu-
tion. Weak decays of the two quark become dominant for
high masses. This leads to an appreciable broadening and
smoothing out of resonances. Moreover, transitions from ra-
dially excited S-states to states with other L become so rare
that it is unrealistic to speak of toponium spectroscopy in
this region.

(40) 6.2. Scalar Higgs particles

The situation with scalar particles is one of the most
intriguing in particle physics. They are welcome guests in
theory, but elusive spirits in experiment. It may be that to-
ponium will be the first to reveal the last element of modern
gauge theories of electroweak interactions that has not yet
been found experimentally, namely, the scalar Higgs parti-
cle. This particle ensures the breaking of the symmetry of
electroweak interactions and is responsible for the mass of
known particles.

In the minimal standard Weinberg-Glashow-Salam
model there is only the one neutral Higgs particle H°. In
nonminimal models (models with technicolor, supersym-
metry, and so on), there is a set of neutral and charged scalar
fields." However, in neither case has theory been able to
predict the masses of these particles (although it does pro-
vide certain limits for them). We can only hope that, if the
scalar particles are not too massive (mH <ms), they will
manifest themselves in toponium decays. In particular, a
heavy enough toponium will be of particular interest because
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the strength of coupling between the Higgs particles and fer-
mions is usually assumed to be proportional to the mass of
the fermion (quark or lepton). This means that the fraction
of this channel in toponium is approximately 1-3%, i.e.,
greater by two orders of magnitude than for bottomium
(and, moreover, for a broader range of mass), as can be
clearly seen from (29). This reaction is readily detected by
looking for the monochromatic photon, and the determina-
tion of the mass of the Higgs particle is then an elementary
matter221 because this is a two-particle decay.

Estimates20-23'" show that the statistics possible on the
SLC and LEP accelerators will be good enough to detect this
decay even if the H° mass accounts for 90% of the mass of
toponium (tens or hundreds of events per 1000 working
hours). It should not take more than a year to raise the upper
limit for the H° mass to 65, 80, and 85 GeV if the mass of
toponium turns out to be 70, 90, and 110 GeV, respective-
ly.23 The authors of the review paper in Ref. 23 have carried
out a careful study of the possible signal-to-noise ratios and
have concluded that toponium is an excellent object to look
at in searches for heavy Higgs particles.231

As far as charged scalar Higgs particles are concerned,
we have already noted above that the data obtained by the
UA1 group2 on the semileptonic decays of top quarks have
practically excluded the possibility of their creation. If the
opposite situation prevails, (35) shows that practically all
the toponium decays should proceed with the creation of
such particles.

6.3. Supersymmetric particles

The supersymmetric partners of ordinary particles con-
stitute a fundamentally new element in physics. So far, they
have been "seen" only "at the tip of the pen" (see the review
papers in Refs. 19, 23, and 87-89). It is hoped that it will be
possible to detect them experimentally in toponium decays,
provided they exist and their masses are not too large. Un-
fortunately, theoretical predictions of these masses are dif-
ferent in different models and have had to be regarded as free
parameters, so far.

As in ordinary toponium decays, the creation of super-
symmetric particles can occur either as a result of the anni-
hilation of a top quark and an antiquark, or by the decay of
an individual quark. Let us consider the first possibility, as-
suming that these decay channels are kinematically accessi-
ble.

One of the channels for the creation of the gluino is the
process shown in Fig.7, in which one of the gluinos of Fig. 5b
is virtual and transforms into a gluino pair.90 This process is
interesting in that the corresponding decay frictions depend
only on the assumed gluino mass and are unrelated to any
model parameters. Naturally, they decrease with increasing
gluino mass, but the actual gluino mass range that has to be
investigated with the aid of toponium is 4 to 10 GeV, so that
a gluino lighter than 4 GeV would be created in bottomium
decays, whereas a gluino of 10 to 40 GeV has already been
excluded by collider data.91'92 However, even in this inter-
val, the prospects for finding the gluino'9'23 are not too en-
couraging:

FIG. 7. Decay of the IS-state of toponium with the creation of two gluons
and two gluinos.

Br(9
Br (9' - VYt —»• SSS\I Al &&&;

: 10-2,

10-3,
(43)

if the gluino mass is 5 GeV. If the potential with the step
turns out to be valid, the situation is not much improved by
higher 9'-+YXi transition probability. An overall reduction
in the role played by three-gluon hadronic decay modes will
affect the properties of toponium.

Moreover, since the Z° decay channel is preferred for
the creation of gluinos with masses of this order, it seems
unlikely that this toponium decay process ( Fig. 7 ) will actu-
ally be used.

Other possibilities for gluino creation in toponium de-
cays are found to depend on the particular models employed
and on their parameters. For example, there would be con-
siderable interest in the transformation of toponium into a
pair of gluinos as a result of the exchange of the scalar
partner of the top quark (Fig. 8). This so-called "stop
quark" is found in a number of models to be the lightest of all
the scalar quarks with mass approaching that of the top
quark. The selection rules in this process are such that de-
cays from all states are possible if the masses of the scalar
partners of quarks with right and left helicities are different,
but, if the masses are equal, only the decays of the %, and 77,
are admissible. For us, the important point is that, in both
cases, the decays of these states into a gluino pair turn out to
be very significant I9'2V)3~9S or even dominant.

For example, the ratio of the two-gluino toponium de-
cay width to the leptonic width is given by

when one of the scalar-quark masses is equal to the mass of
the top quark and the other is much greater, where m2 <C m], .

Since this decay channel produces a clear signal (two-
particle channel with the creation of energetic gluinos), it is
very attractive from the experimental point of view. Esti-
mates show23 that the background can be reliably disposed
of and the mass of the gluino can be measured to better than
+ 1 GeV.

A photino could be created in these processes instead of
the gluino, but the probability of this is low and detection
difficult.

t

FIG. 8. Decay of toponium into a pair of gluinos as a result of scalar top-
quark exchange.

914 Sov. Phys. Usp. 29 (10), October 1986 I. M. Dremin 914



The process #—gg with the participation of the pho-
tino96 and proceeding by "stop-quark" exchange could be of
interest. There is some hope for the detection of the gluino
even if its mass is large (say, m^ = 60 GeV for me = 80
GeV). Such gluinos are appreciably more difficult to detect
in Z° decays.

<9-decay channels such as Hy, Zy (Ref. 94), ygg (Ref.
96), gt, and yAA (Ref. 97), where A represents a weakly-
interacting Goldstone fermion,98 seem to be less accessible
to investigation.

A highly unlikely but intriguing possibility involves the
decay of the top quark, which can occur if its mass exceeds
the sum of the masses of the stop quark and the gluino. The
decay width (see Fig. 9) is very large93:

r
6

(45)

When the gluino momenta p^ are not too small, this decay
width may reach 1 GeV, i.e., it will exceed the level separa-
tion in the toponium system, and will thus destroy the entire
resonance structure and destroy toponium physics as such.
However, this possibility seems to have been eliminated by
the observation of the semileptonic decays of top quarks by
the UA1 collaboration.2 The problem with the decay of the
top quark will be finally resolved if mesons with bare top are
observed in Z" decay. This will occur before toponium is
found. Their influence on toponium will therefore be under-
stood in advance.

Thus, although numerous modes have been proposed
for the decay of toponium with the creation of supersymme-
tric partners of ordinary particles, the number of real candi-
dates has been reduced by the first collider experiments, and
the situation will rapidly become clear as soon as sufficient
SLC statistics on mesons with bare and hidden top become
available.

6.4. The structure of quarks and \QCD

The transition from current to constituent quarks has
already been examined in sufficient detail in Sec. 4. Here, we
emphasize once again the importance of the field-theoretic
understanding of the details of this phase transition, should
it be discovered in toponium.

As emphasized earlier, its experimental manifestation
would be large 9' — 9 and 6' — Xi level differences (and,
hence, relatively large 0' -» YX<. radiation transition widths),
as well as a large ratio of 9' and 9 leptonic widths. It seems to
us that the real task for potential models in this case is not
merely to determine AQCD, but to investigate the nature of
the phase transition. Indeed, it would be logical to adopt the

scheme in which only asymptotically free interaction poten-
tials between current quarks act at short distances with
AQCD = 100 MeV (determined from other data) whereas, at
large distances, there is only the phenomenological interac-
tion potential between the constituent quarks, which has
been relatively well established from experimental data on
charmonium and bottomium. Studies of the intermediate re-
gion and of its influence on the parameters of all three quar-
konium families would then be a source of information, fa-
cilitating a better understanding of the quark phase
transition.

Of course, the success of the entire program would also
confirm the phenomenon of asymptotic freedom with a par-
ametrization following from the QCD sum rule.

6.5. Number of types of neutrino

Toponium can be used35 to determine the number of
types of neutrino in nature, which is important for explain-
ing the number of generations of leptons and quarks, for
physical applications, and so on. This new method of count-
ing the number of neutrinos can be used if we know the frac-
tion of toponium decays along the neutrino channel (see Fig.
6). For example, for toponium of mass 80 GeV, we have

[Br (VV)J for one type of ,•
:0.7. (46)

Thus, having measured the total probability of decays into
neutrinos, we can determine the number of types of neutrino.

The problem is how to record this type of decay. First,
we must have a specific trigger that would indicate that the
decay has taken place. This can be done, for example, by
using the photon.84 In this method, we set the energy of the
colliding electron-positron beams just above the mass of to-
ponium and record the processes

~" . . (47)
>- Y + missing mass,

and identify toponium creation by examining the energy of
the photon. The fractions of decays along these channels
determine the number of types of neutrino. It is important to
note, however, that an analogous procedure, using the cre-
ation of Z" rather than toponium, would be still more effec-
tive.

However, toponium can also be used with another trig-
ger, for example, a pion pair, if we consider the processes

_ , o
+9—

jt+ + Jt~ missing mass,

(48)

FIG. 9. Decay of the top quark in toponium into its scalar partner and a
gluino.

discussed above (see Fig. 5g and the estimates in Sec. 6.1),
where the missing mass is equal to the mass of the 6; once
again, we can estimate the number of types of neutrino.

The relative importance of decays into a neutrino pair
becomes greater near the Z". Their fraction approaches 10%
when me = 80 GeV.

6.6. The Weinberg angle

Toponium can be used to determine the strength of cou-
pling of a neutral current to a top quark and, consequently,
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to determine the Weinberg angle because the vector part of
the neutral current is determined by the constant

_Sv.t

where 7 3t is the component of the isospin of the t-quark, and
the other quantities are given by (33). We recall that
x = 4 sin2 6W andy = 2 sin 2#w. As can be seen from (49),
the quantity gv,t

 can be used to determine independently the
charge of the quark and its isospin. Using generally adopted
notation, we find that

gv,t = -j- (50)

and the determination of gv.t is equivalent to finding the
Weinberg angle.

We emphasize that toponium involves only the vector
contribution of the neutral current, so that its use is pre-
ferred to, for example, the consideration of top-quark de-
cays, for which the axial vector part must be included (and
also QCD corrections and effects connected with the quark
mass).

We have already seen from (33) that studies of the de-
cay of toponium into a fermion-antifermion pair will, in
themselves, provide information on the Weinberg angle, but
high precision can hardly be expected.

Four methods have been proposed for a more accurate
determination of the Weinberg angle, using the properties of
toponium.19'23'63'78'83'99-104 Without going into detail, we
shall describe the basic ideas and results. Detailed accounts
can be found in the references just quoted.

The fundamentally new factor in the case of toponium
is the large part played by the Z° boson in toponium creation
and decay processes. This leads to appreciable effects in
which parity conservation is violated. The proposed meth-
ods exploit these effects to a greater or lesser extent.

6.6.1. Decay of an individual quark"3-104

The angular distribution of leptons from semileptonic
decays of quarks in toponium will exhibit a characteristic
asymmetry even when the initial beams are unpolarized. The
point is that the Z° boson ensures that toponium is created
with a degree of longitudinal polarization, so that the com-
ponent of its spin s along the collision axis is given by

<sne>=aR
n

L,

where

(51)

non = — 2
RL * I K

^ = _3_ pePt

Re(X*X')
| V

. \

},_ 3_ £t_
2 w2

(52)

(the superscript "on" indicates that only the resonance con-
tribution is taken into account; the subscripts RL are ex-
plained in Sec. 6.6.4., below).

Consequently, the quarks in toponium are also polar-
ized, and the parity-violating term ensures that the leptons

produced in the decay have an asymmetric angular distribu-
tion24':

(49) dJV ~ (1 + ns) dQ ~ (l ± -|- aRLcos0) d (cos6), (53)

where the two signs correspond to the lepton charges. The
quantity aRL is obtained by averaging the resonance (a* )
and background (aB ) contributions:

-off B2RLa
(54)

The formula for the background aR*[ will not be reproduced
here (see Ref. 23). The high probability of decay along this
channel, the presence of a single hard lepton, and the low
background render this reaction very attractive for the de-
termination of <2RL and, consequently, of the Weinberg an-
gle [using (52)] .

6.6.2. Energy spectrum ofhadrons from r-lepton
decays101-10*-105

Another effect that is linear in the vector component of
the neutral current can be seen in the energy spectrum of
hadrons (pions orp-mesons) from the decay of r-leptons
(for example, r-»7rv) created in e+e~-collisions in accor-
dance with the processes of Fig. 5a. Unpolarized r-leptons
naturally lead to a flat hadron energy spectrum. The neutral
current then ensures that the polarization of the r-leptons is
proportional to aRL and, hence, the energy spectrum is
asymmetric and includes a linear term that is proportional to
aRL and has different signs on the left- and right-hand halves
of the spectrum. This enables us to determine the sign ofgv,t

as well. Unfortunately, there are practical difficulties con-
nected with the fact that the fraction of decays along the
corresponding channels is small.

6.6.3. Forward-backward asymmetry of leptons and
jets66-77-7"

An effect quadratic ingvt (oraRL ) can be observed in
the form of the forward-backward asymmetry of leptons and
quark jets produced in accordance with the annihilation dia-
gram of Fig. 5a, where the asymmetry in the region of the
resonance is significantly different from that outside reso-
nance (in the continuum). Of course, this effect actually
appears only when the mass of toponium is close enough to
that of the Z" boson. The angular distribution of an arbitrary
fermion-antifermion pair can be written in the form:

AN . ,
d (cos ( (55)

where, in the case of leptons, we have in the toponium region

-RL- (56)

The asymmetry of the muon pairs at maximum 0 is shown in
Fig. 10 as a function ofme for the resonance (on) and con-
tinuum (off) contributions.63 As can be seen, the two are
very different. Problems involved in accounting for the mix-
ture of resonance and continuum, the energy spread of the
primary beams, and the luminosity of the accelerators are
discussed in Ref. 23, where it is concluded that, during the
first working year of the LEP accelerator, the quantity aRL
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110 130

FIG. 10. Forward-backward asymmetry of the fi from the Q^JJ.+H
decay at maximum 6 (on), and of the background events (off), for differ-
ent masses of the toponium.61

will be determined to within 0.1 and, later, to within 0.05, so
that, in the latter case, sin2 <9W will be determined to within
4X10-'.

A similar analysis can be performed for the quark jets
(Fig. 5a).

We mention one further possibility, namely, the asym-
metry in the annihilation of toponium into a bb pair due to
W-boson exchange (Fig. 5d), which can provide informa-
tion on charged currents.

6.6.4. Polarized beams63'7"'99'100

The neutral current contribution should manifest itself
directly when the colliding electron-positron beams are po-
larized. Although polarized beams can hardly be achieved in
the near future on the SLC and LEP accelerators, studies of
such processes are interesting from the fundamental point of
view and, moreover, show their interrelation with the effects
investigated above for unpolarized particles.

The fermion-antifermion production cross sections for
longitudinally polarized beams must be different for differ-
ent (right and left) polarizations. The polarization asymme-
try is defined by

_ O R — P L c < T 7 - ,
CtR TJ — ; . I J / )

PR+PL

where <JRL is the production cross section for right (R) and
left (L) beam polarizations. This quantity appears in the
coefficients in the above formulas for unpolarized beams. As
already noted, it is different for the resonance contribution
and for the continuum, and its weighted mean can be ob-
tained from (54). In the case of the fJ.+ fJ-~ pair production
process, the resonance contribution to the polarization
asymmetry at maximum 0 is shown in Fig. 11 as a function of
toponium mass and is compared with the background.

10 90
W, GeV

110 130

It is clear that the two distributions are very different.
We also note that, in the case of a transversely polarized
beam, the azimuthal distributions of the pairs should be dif-
ferent in the resonance region and outside this region.63

Thus, all the effects considered above can be used to
measure aRL and, hence, the neutral current coupling con-
stant gvt, i.e., the Weinberg angle, can be determined (see
(50) ]. The precision of such measurements should be higher
than that achieved by other methods at present.2'

6.7. Interference of toponium and the Z°-bosons106"110

If the mass of toponium turns out to be close to that of
the Z°-boson, there will be a significant change in the ratio of
the toponium decay channels and an appreciable increase in
its width (see Fig. 6). Moreover, there is also a very interest-
ing interference effect between toponium and the Z°-boson
which is well defined if the toponium family falls into the
region of the Z°-boson peak. In particular, if, for example,
the mass of toponium is exactly equal to that of the Z°-boson,
not only will the increase in the cross-section peak not ap-
pear, but, on the contrary, there will be a very narrow dip
down to zero.

The physical origin of this specific interference pattern
can be readily understood by considering, for example, the
contribution of toponium to the total cross section for the
creation of the muon pair. The entire specificity of this case
depends on the phase difference between the amplitudes for
processes with the exchange of a virtual photon and the ex-
change of a virtual Z°-boson. While, in the first case, the
amplitude is always real, in the second, it is purely imaginary
for energies near the mass of the Z°-boson (as for any reso-
nance), but is very nearly real well away from the resonance.
At the same time, the contribution of toponium to the ampli-
tude for the process is always purely imaginary at the point
of maximum s = m2

e. Hence, if toponium lies well away from
the Z°-boson, it provides an imaginary term that has to be
added to the real amplitude, i.e., it produces an additive con-
tribution to the total cross section for the process. If, on the
other hand, toponium lies near the Z°-boson, both contribu-
tions to the amplitude will be purely imaginary and opposite
in sign, i.e., we have cancellation of amplitudes and, hence,
the dip in the total cross section.

All that we have said above can be readily demonstrated
by writing down the contributions of the diagrams of Figs.
12a and b for the two limiting cases me <^wz and me = mz •
In the former case, s = ml <^m| and we have

A (me) ~ 3 +~rr ,-_.r. ~^T = -^B, v~

i.e.,

(58)

(59)

which means that toponium enhances the photon contribu-
tion to the cross section for the process when the Z° contri-
bution is small.

When s = m2
e = w2,, we have

1 , 1 g6Z 1 . . , . ,

FIG. 11. Polarization asymmetry at maximum #(on), and of background
events (off), as a function of the toponium mass.63

A (m6)

(60)
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FIG. 12. The y-0 interference (a) and the Z-6 interference (b) in the
e+e~ — fi+fi~ process.

which shows that we have completely destructive interfer-
ence beween Z" and 6 (the contribution of the photon is then
small):

• As (we))2 = 0, (61)

since

(62)

Detailed calculations, taking into account all the resonances
of the toponium family, lead to the interference pattern
shown in Fig. 13. However, it will be impossible to observe
this structure in practice because of the energy spread of the
primary beam, which is usually about 0.1 %, i.e., of the order
of 50 MeV in the case of SLC and LEPI. Averaging over an
energy spread of this size will smooth out the interference
pattern and, instead of the peaks and dips, we shall have only
an indication of structure (Fig. 14), which will be resolvable
only when good enough experimental statistics become
available.

The closeness of toponium to the Z"-boson (for
\me — mz I ~ rz) may affect not only the decay modes, but
also physical parameters such as the mass and width of re-
sonances. 106~'(>tt A sharp increase in the toponium decay
width is clearly seen in Fig. 6. The shift of the Z°-boson mass
may amount to 3-4 MeV,2" which is hardly measurable.

7. PRODUCTION OF TOPONIUM

So far, our discussion has proceeded as if we already had
a set of well-defined toponium production events without

200

100-

f

91 93 35 W, GeV

FIG. 13. R (fi +fi ~ ) for a top quark of mass 47 GeV (Ref. 63).

35 W, GeV

FIG. 14. R(n+n ) for a top quark mass of 47 GeV, averaged over the
beam energy spread with A>f = 48 MeV (Ref. 63).

any background events. The educated pessimist will, of
course, point out that, as the mass of a resonance increases,
the signal-to-noise ratio will rapidly decrease because of the
energy spread of the beam (as already verified for the transi-
tion from charmonium to bottomium), so that we have to
face the problem of identifying the toponium events. The
optimist will reply1*'20'23 that, although the number of back-
ground events will actually be comparable with (or may be
even greater than) the number of toponium events, the total
number of events will be large enough to separate the two
within a reasonable interval of time and, hence, to enable us
to investigate the physics of toponium.

The question is: is this conclusion well founded? The
design luminosity of the SLC (average) and LEP (maxi-
mum) is, respectively, I,() = 6xl03" cm~ 2 s~ ' and
Lm = 2x 103 lcm~2s~' (outside the Z" peak). However, for
technical reasons, the mean luminosity of the LEP appears
to be close to that of the SLC. During the first year of oper-
ation, the accessible luminosities will probably be lower still.
Different workers have therefore used values between 103"
and 1031 cm~ 2 s^ ' in their estimates.2"'23

The number N% of hadronic events associated with to-
ponium decays and the number N j/z of background events
due to the 7 and Z" are, respectively, given by

Nl = a..R6LT, (63)

where Tis the time taken to acquire the statistics,

86.8 nb= a (e+e~
3s

(64)

(65)

(66)

and W = s ' / 2 is the total center-of-mass energy.
Since calculations show that the total decay width of

toponium (see Fig. 6) is appreciably smaller than the beam
energy spread in accelerators, the peak width R and, hence,
its height R * will be determined by the beam energy spread.
For the SLC accelerator, this spread is planned to be quite
large:

(67)
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and the figure for LEPI is lower by factor of about two.
The integrated area under the narrow resonance peak in

R is given by

~

whence R e
m turns out to be

(68)

(69)

Radiative effects84'1" provide additional factors in
(69) and, when all these are taken into account in the calcu-
lation,23 the result for Re and Rr'z is as shown in Fig. 15.
These curves can now be readily used to determine the true
experimental statistics from (63) and (64).

It is clear that, for toponium masses between 70 and 80
GeV, the signal-to-noise ratio is close to unity and varies
appreciably (it falls from about 1.5 to about 0.5 as the mass
increases). Nevertheless, the total number of events turns
out to be appreciabe evenunder such unfavorable conditions.
According to Ref. 23, for luminosity L = l . l X l 0 3 1

cm 2s ', ro = 5 keV, and &W = 32 MeV, in one year of
operation of the LEP, it is hoped to accumulate 14 000 cases
involving the hadronic decay of toponium of mass 80 GeV
against a background of 30 000 events. If the mass is 70 GeV,
the background may even be somewhat lower than the signal
level. We note that the background can be reduced by using
additional selection criteria (see below).

Of course, under the conditions indicated above, the
search for toponium will be very difficult and time-consum-
ing in the absence of some information about its position,
and such searches would occupy considerable amounts of
time. It has therefore been suggested16'18-23 that the first step
should be the determination of the threshold for the produc-
tion of the bare top. This will be found either from the Z°
decays or by measuring the aplanarity of events outside Z°.
Actually, since the top quark is heavy, its decay products are
emitted at large angles and do not lie in the same plane. An
increase in the aplanarity of events beyond a certain thresh-
old will therefore itself be an indication of the production of
bare tops.

60 SO ,, GeV

FIG. 15. The y, Z (background) and 6 (signal) contributions to R due to
hadron production as functions of twice the mass of the top quark.2' Inter-
ference effects may be important in the Z" region, so that Re is indicated
by the broken curve.

Three methods have been proposed23 for the determina-
tion of the mass of the top quark. The mass can be deter-
mined from the rate of production of the meson pair with the
bare top in Z° decays (depending on their mass), from the
energy spectra of leptons in semileptonic decays, and from
multijet processes in nonleptonic weak decays of such me-
sons. The overall conclusion is that the mass of the top quark
can be determined to within better than 500 MeV.

Estimates'8-23 show that the range within which the to-
ponium search should be made can thus be reduced to 2 GeV
by scanning at intervals of 2A W and recording the signal in
the total hadron production cross section.

If we demand that, for each such interval, the signal
must be within « standard deviations, the required integrat-
ed luminosity can be determined from the condition

(70)

where ffB(0) is the cross section for the background (tooon-
ium).

The ratio crs /a() could be reduced by employing differ-
ent selection criteria. For example, it has been suggested that
it would be relatively simple to use "trust" "3-M4 Tand"ob-
lateness" "5 O to separate noise from the signal if the indi-
vidual quark decays play an important role, i.e., if the topon-
ium mass is large (as can be seen from Fig. 6). The efficacy of
this method is determined by the sharp difference between T
and O distributions of background and toponium events
(background cases lie practically on a single line on the T, O
plane). This should enable us to separate out 95% of the
background events and retain 87% of the signal (for a par-
ticular selection criterion).

The precision with which the mass of the IS- and 2S-
states can be measured is largely determined by systematic
errors due to the beam energy spread. However, it does not
influence the mass difference between these states. The pre-
cision with which this difference can be found23 is of the
order of 10-30 MeV. The leptonic width can be determined
with a precision of up to 10-20%.

Searches for the higher radial excitations will be much
more complicated because of the reduction in the leptonic
width and level separations as the radial quantum number
increases. However, potential models can predict their posi-
tions quite well and thus reduce the range of scanning. It has
been suggested23 that even the 7S-states may become amena-
ble to this approach.

As already discussed, the most important basis (after
the 2S- and IS-levels) for verifying potential models and
determining the potential itself is provided by determina-
tions of the position of IP-states. Radiative transitions
between the 2S- and IP-states are very noticeable in the po-
tential with a step, whereas, for other potentials, they are
significant only for low toponium masses (below 80 GeV).
However, even in the latter case, there are arguments23 in
favor of the practical possibility of detection of such transi-
tions with the LEP.

Different methods of detection have been proposed, in-
cluding inclusive production of two photons in the
9' -> Y\Xi -> Y\T2& reaction, or the exclusive channel with the
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decay of the 0 into a leptonic pair # ' — YiXt -*Y\Yi^
— 7i)V +l ~• Eyen for a small separation (about 100 MeV)
between the 6' and %t, Monte Carlo calculations2"1 suggest
that well-defined signals due to both photons should be seen.
(Moreover, the first method is effective in this case for
masses up to about 80 GeV, and the second may help in
extending the range up to about 85-90 GeV.) For a potential
with a step, the conditions for the observation of P-states are
very much better.

An interesting (though exotic) possibility62 is the di-
rect production of P-states in e+e~ annihilation. Owing to
the axial vector coupling, the Z°-boson can undergo a direct
transition to the «3P, -state (JFC = 1 + + ). If the mass of the
P-state of the^f, is roughly equal to the mass of the Z°-boson,
the Xt will t>e created relatively frequently, and will produce
a few tens of events per day. For masses outside the region of
the Z° resonance, the x\ production will, of course, be less
noticeable.

There is, finally, another exotic possibility that must be
borne in mind. Let us suppose that nature has provided us a
fourth generation of quarks, and that its lightest member
with charge 1/3 is lighter even than the top quark, or has a
very similar mass. Analysis of this situation is substantially
more complicated, and one can only hope that it may be
possible to exploit the fact that the production cross section
will be lower by a factor of four in this case than for the top
quark, since it is proportional to the square of the charge.

8. CONCLUSIONS

The top quark remains the only quark in the standard
model with three generations for which we have virtually no
direct information. Nevertheless, there is a general hope
(apparently, resting mainly on the preliminary results re-
ported by the UA1 group2' that this quark will be discovered
on the SLC and LEP accelerators, i.e., its mass will lie in the
range between 30 and 50 GeV. If this hope is realized, it will
also be possible to investigate the properties of the bound
states of the top quark and its antiquark, i.e., toponium.

The small size of this system will enable us to investigate
the interaction between current quarks and to examine the
competition between strong and electroweak interactions. It
will also provide us with the possibility of studying new par-
ticles.

In spectroscopic studies of the toponium family, basic
information on the interaction between the quarks and to-
ponium will be deduced even from the positions of the lowest
lying IS-, 2S-, and IP-states and their leptonic widths."' The
most interesting problem that will then have to be examined
will be the transition of current quarks to constituent quarks,
and the property of asymptotic freedom (the constant
AQCD)-

Higher radial excitations will tell us whether the quark
interaction potential is flavor-independent.

Although there may be about 10 such states, and the
orbital angular momenta of the toponium system may even
exceed 15, leading to a total number of levels of about 400,
this abundance of possibilities will hardly be fully exploited,

mostly because the energy spread of the particles in the col-
liding beams will be large (tens or even hundreds of MeV),
so that the problem of separating closely-spaced levels will
become a difficult practical task.

The situation is complicated still further by the fact that
the fine and hyperfine level splitting turns out to be no more
than 10 MeV. It therefore seems to us that relativistic effects
should be smaller than for bottomium and, moreover, the
deterioration in the beam energy spread will make these ef-
fects difficult to observe.

The crucial point for the observation of toponium and
for studying its decay properties is its actual mass. Masses of
80-85 GeV correspond to optimal properties of toponium
from the point of view of traditional approach to quarkonia.
If the mass differs from that of the Z°-boson by not more
than 10-15 GeV, other electroweak effects such as interfer-
ence between toponium and the Z° come into play, and the
physics of toponium and of the Z"-boson becomes a single
subject of investigation. Even if the mass of toponium is ap-
preciably greater than that of the Z°, the situation will be
dominated as the top-quark decays, i.e., typically
electroweak processes. The conditions for observing topon-
ium deteriorate appreciably with increasing mass, especially
in the case of its radial excitations and states with nonzero
orbital angular momentum.

As far as the decays of toponium are concerned, these
decays are interesting mainly as a possible source of new
particles (scalar Higgs particles, superparticles, and ...?)
They can be regarded as a kind of laboratory for studying the
situation with comparable strong and electroweak interac-
tions.

New particles should be relatively readily observed if
they are accessible kinematically and influence appreciably
the fraction of different decays. The observation of semilep-
tonic decays of the top quark by the UA1 group (if their
interpretation is correct!) has therefore reduced hopes for
new particles, to some extent.

Electroweak interactions begin to dominate heavy sys-
tems, and, with increasing mass of the ground state (and,
even more so, all other states), the principal process is sim-
ply the decay of one of the quarks, which should provide us
with a reliable means of measuring the electroweak coupling
of the top quark (with an independent measurement of its
charge and isospin) and of determining its lifetime.

Nevertheless, still in the region of the Z", there is the
important and interesting channel of decay into a neutrino
and antineutrino, which may help us with the resolution of
the problem of the number of types of neutrino in nature.

There seems to be a sufficiently firm prospect of the
practical production and investigation of toponium on the
SLC and LEPI machines23 throughout the energy range.
This optimism is moderated, to some degree, by minor fac-
tors, since toponium will probably be the last of the quar-
konia to be studied, even if there are still heavier quarks, and
their electroweak decays will be so strong that they will not
be able to form bound states, provided, of course, this region
of short distances does not conceal some new and unexpect-
ed phenomena.
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APPENDIX

Theoretical calculations of decay probabilities, the re-
sults of which are given in Sec. 6, are, unfortunately, subject
to a number of uncertainties. Formulas (29)-(37), which
give the probability ratios for toponium decays, are based on
a simple tree approximation. On the other hand, there are
calculations of the quantum chromodynamic radiative cor-
rections to annihilation decays, which we shall now discuss.
Because the coupling constant as is large, these corrections
are not always sufficiently small to enable us to conclude
that the series converges. They sometimes reach 20% or
even 50%. The other problem relates to the choice of scale
for the calculation of the coupling constants.

Unfortunately, the QCD corrections are unknown for
one of the most important decays, namely, the decay of the
single quark.

In the case of the decay of toponium into a Higgs parti-
cle and a photon, the corrections to (29) are"9

where /•„,.,, is given by (29),

,, ^ n" F(i — 2i
/(z) = —

X

2(1— z) ~"~ 1 — 2z
— l , _ 2z(z—2)_

~t~ — 2

1/2

i-(*/2)
In 2y(l—x)

and the scale of a, can only be determined from second-
order corrections.

It is readily seen that the above corrections are very
large if the mass of the Higgs particle is close to that of to-
ponium (z-»l), and predictions become very uncertain in
this region.

In the case of decay into three gluons, the corrections to
(30) are as follows: 120J21

(A.2)

whereas, in the decay into two gluons and a photon [see
(31)]

(A.3)

where

4n lnln(« 2 /A2_)

ln»(?2/A2-)
MS

for nf = 5, 2.7760 - 14 = 7.2, 2.77- (2/3)6,, - 11.8 = 2.4.
We note that the radiative corrections to the decay

width and the correction term in the leptonic width (27)
have opposite signs, i.e., the effect of the QCD corrections
increases sharply when we analyze the corresponding width
ratios.

Let us also consider the correction terms for the hyper-
fine splitting A£°s (26), calculated in Refs. 122 and 123:

—§-- - In 2

(A.4)

where the averages are evaluated with the toponium wave
functions.

As far as the parameter AM S in (A. 1)-(A.4) is con-
cerned, it is well-known67 that the information on this quan-
tity deduced from different experiments turns out to be
somewhat different, although, for practical estimates, it is
probably safe to assume that A Ms is about 150-200 MeV.

"All three families of particles with hid_den flavor that consist of a heavy
quark and its antiquark (cc, bb, and tt) are given the common name of
quarkonia.

2lThe precision with which the masses are measured is so high that the
errors affect only the last figure.

"We are using the spectroscopic notation for quarkonia, described above.
4lHere and henceforth, we use the system of units with ft = 1, c = 1, i.e.,

the relativistic notation, since this does not give rise to any complica-
tions.

"The experimental information on quarkonia corresponds to this case, as
we saw in the last Section.

"We note that asymptotic freedom (for £ = — 1) leads to a radial depen-
dence of* of the form ln~ 'r, which makes the potential shallower thus
causing the Coulomb dependences to become closer (although not very
much) to the case of charmonium and bottomium. The change in the
qualitative dependence of different variables as we pass to toponium can
be appreciated in a crude way by comparing their dependence on the
mass of the system for e < 1 (charmonium, bottomium) and £=s — l.In
the two cases that we are examining, the conditions of theory (3) dis-
cussed above are satisfied and, therefore, the IP-state lies below the 2S-
state.

7'This problem is closely related to the Klein paradox and is explained by
the instability of the "Dirac sea" in strong fields.

"The arguments in favor of this choice of potential can also be based "7 on
the sum rule for heavy quarkonia, written out, for example, in Ref. 116.
The predicted"-54 toponium spectrum easily satisfies the sum rules,
whereas other choices lead to large differences.

9'Following Ref. 23, we shall represent the toponium levels by 0,9',..., %,,

""Its order of magnitude is usually about 0.1 % of the beam energy.
1 ' 'For the moment, we confine our attention to the nonrelativistic problem

without fine and hyper-fine splitting (which will be discussed later).
l2'This result is not surprising if we recall that, in the potential well, not

only the 1P- but even the 1 D-level lie below the 2S-level. The step which
acts as an additional potential well forces the IP level downward.

' "This corresponds to a "jump" in the charge, i.e., an abrupt change in the
Lorentz-vector part of the potential, which seems less probable than the
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change in the Lorentz-scalar component, discussed above.
""The relative position of the levels can be determined from the photon

energies in radiative transitions.
'5lThe tensor splitting is usually small.
I6lln particular, the constant difference between the squares of the masses

of the 'S,- and 'S,,-levels, predicted for quarkonia, will no longer be valid
here. However, the corresponding verification is complicated by the
fact that the splitting is small.

IT'W-boson exchange corresponds to such short distances that the wave
function of toponium can also be taken at a single point. Generally, all
effects due to very short-range forces are considered to be proportional
to |.R(0)|:; see, for example, (26). Hence, using (27), we have A£ss/
r,,==2a,,/or2, which is in reasonable agreement even in the case of char-
monium, when radiative corrections are taken into account [ see also the
remarks relating to (26) ].

""The UA1 results2 obtained on the SppS collider for electrons from top-
quark decays exclude charged Higgs scalars with mass
m(H + ) <m, — 5 GeV (if we adopt the interpretation based on the
assumed creation of toponium).

'91Appreciable mixing angles for different generations would be an indica-
tion of the preon structure of quarks. ' 'K

2<"However, it may be important for counting the number of types of neu-
trino (see Sec. 6.5).

2 "The formula given by (40) includes summation over all the •'?_, -levels,
since, as already discussed above, fine splitting is very small and it is
difficult to separate the individual levels.

"'According to Ref. 23, the mass can actually be measured to within
better than 1 GeV.

"'We note, however, that the radiative corrections to (29) are large, and
this throws doubt on its validity (see Appendix).

24'If we ignore depolarization due to the hadronization of the quark.
"'According to the estimates given in Ref. 23, if the mass of toponium is

less than that of the Z"-boson (about 70 GeV), the detection and inves-
tigation of the IS- and 2S-states will need less than two months of LEP
time. For the IP- and 3S-5S-states, the corresponding times are six
months and up to eight months, respectively.
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