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ABSTRACT
The g-family of bound states, formed by the anticipated t-quark and its
antiquark, is discussed. The quantitative connection between the g-spectroscopy
and the short distance behavior of the quark-antiquark potential is examined. It is

pointed out that the next quarkonium system will lead to an accurate determination
of the QCD scale parameter A. Weak g-decays are briefly considered.

I. INTRODUCTION

Most unified models of the electroweak interactions predict the existence of
a t-quark, carrying electric charge +2/3, which, together with the b-quark, the -
lepton and the t-neutrino, is supposed to build up the "third generation" of quarks
and leptons. If it exists, the t-quark will be heavierl’2 than 19 GeV and the
superheavy resonances Z, L', ¢"..., formed as (tt) bound sta’ces3 below the OZI
threshold, can be expected to provide an ideal laboratory to test predictions of
perturbative QCD and to study the weak interactionsq of heavy quarks.

The charmonium model5 was inspired by the idea of asymptotic freedom
which suggests that heavy quarks and antiquarks should form non-relativistic
positronium-like bound states. However, the analysis of the quarkonium spectros-
copies which have been discovered so far, i.e. the ¥ and T families, has not led to
unequivocal evidence6 for asymptotic freedom. It is expected that the next
quarkonium system will settle this issue, and most of this talk will be concerned
with the question what we can learn about the short distance behavior of the (QQ)
potential from the {-spectroscopy. In addition, weak decays will be briefly
discussed, mainly in connection with the leptonic widths of (tt) resonances and the

feasibility of observing them in e’e” storage rings.



II. THE (QQ) POTENTIAL AT INTERMEDIATE DISTANCES
Over the past six years the potential model for heavy quarkonia has been
extensively developed. The theoretical efforts have been concentrated on the

exploration of specific potential mode]s7’8

as well as the application of rigorous
methods derived from non-relativistic quantum mechanics.g’lo Theoretically,
based on strong and weak coupling expansions in QCD, one expects the static Q%
potential to be Coulombic at short distances and to become linear at large quark-
antiquark separation. The "Coulomb plus linear" potential, which is obtained by a
simple superposition of both asymptotic limits, therefore represents the prototype
of a QCD-like potential model, and its detailed study by the Cornel} group11 has
led to a successful description of the ¥ and T families.

More recently, vafious authors have investigated the effects of logarithmic
modifica’tions12 of the Coulombic part of the potential which are expected as a
result of vacuum polarization corrections in QCD. Richardson,]‘L2 in particular, has
obtained a simple and elegant potential which yields an excellent description of the
(cc)- and (bb)-spectra. In order to relate the short distance behavior of the (QQ)
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potential to a well-defined QCD scale parameter, say AK/‘E’ the two-loop

contribution to the B-function and the one-loop correction to the potential have to
be incorporated consistently. These considerations led to a new po'tential mode]m
and, within this framework, to a value of Am = 0.5 GeV which, determined from
quarkonium spectroscopy, is consistent with ana]yseslj of deep inelastic scattering
experiments.

QCD-like potential models have achieved a successful description of the ¥

and T spectroscopies, in particular with respect to leptonic widthsm

and hyperfine
splittings which are most sensitive to the short distance part of the (QQ) potential.

However, this success is not unique. It is shared with the class of logarithmic and
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small power potentials, investigated in detail by Quigg and Rosner™ ~ and Martin,
which do not conform to the theoretical expectations at either small or large
distances. Thus, so far quarkonia have not led to any conclusive evidence for the
theoretical preconceptions based on QCD. Yet the Y and T families have
determined the quark-antiquark potential at intermediate distances: the four
phenomenologically successful potentials, shown in Fig. 1, all coincide numerically
at distances r with 0.1 fm < r < 1.0 fm, although their functional forms are very
different. At large and small distances a variety of asymptotic behaviors appear to
be compatible with present experimental data.

The evidence for a flavor independentw’20 (QQ) potential has also been
established in a model independent way by use of the inverse scattering method.
Using mass differences and leptonic widths of the S-states in the Y or T families as
input and assuming different "correction factors"zo in the van Royen-Weisskopf
formula (which reflect uncertainties of unknown relativistic and higher order
radiative corrections), the (QQ) potential has been constructed. Again, as shown in
Fig. 2, it appears to be uniquely determined at distances between 0.1 fm and 1.0 fm
where it coincides with the specific models shown in Fig. 1. The accuracy to which
potential models can account for the properties of quarkonia is demonstrated by
table I, where the predictions of various models for the three narrow S-states of
the T family have been compiled.

The discussion of this section leads to the following conclusions:

(i) QCD-like potential models provide an accurate description of the ¥ and T
families., However, this success is shared with power potentials, which disagree
with theoretical expectations based on QCD. Thus, no direct unequivocal evidence
for asymptotic freedom has been obtained so far on the basis of quarkonia.

(ii) The (QQ) potential has emerged as a measurable quantity, which can be

directly compared with predictions derived from any fundamental theory of strong



interactions. The Y and T spectroscopies have determined the quark-antiquark

potential at distances between 0.1 fm and 1.0 fm,

Il. THE (QQ) POTENTIAL AT SHORT DISTANCES

At short distances the (QQ) potential can be computed perturbatively in QCD.

14,21

The result reads (for & flavors)

QD) m 4% ,
r->0 3r
127 462 Int 53 1 1
Ots(r) = ’?—T[l-—?—sT +(7—5 +2YE)¥ +O(?)] 3 (3.1)
_ 1
t =In rzAZ- s
MS

where Yg = 0.5772... is Euler's coﬁstant. In order to compare this perturbative
short distance behavior with a phenomenological potential, one has to specify at
what distances corrections to Eq. (3.1) are expected to be negligible. In analyses of
deep inelastic scattering processes comparison with perturbative QCD is considered
to be justified f_or momentum transfers Q, which satisfy Qz/l\,2 > 100. Corres-

pondingly, at distances r, with

= 100 . (3.2)

vRED() should be a good approximation to the (QQ) potential. Indeed, for
distances r < r , the corrections of relative order 1/t in Eq. (3.1} are less than

v 15% and the perturbation series is self-consistent. Nonperturbative effects, such
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as gluonic vacuum fluctuations, characterized by a nonvanishing expectation value
o

$= <0 |7§ Gu\)dwl O>,22 appear to be negligible; a dimensional analysism

suggests corrections less than 1%.

for

Figure 3 shows vRCD() for different values of Agzg and distances r< r.;

comparison the potentials of Martin”

and Ref. 14 are also given. For Am = 0.1
GeV, VQCD(r) and the empirical potential, determined by the ¥ and T families,
overlap for distances between 0.1 fm and 0.2 fm. The two potentials appear to be
cle.arly different in this region, and a quantitative analysisw shows that values of

WS less than or equal to 0.1 GeV appear indeed incompatible with quarkonium
spectroscopy. For values M5z > 0.2 GeV perturbation theory becomes unreliable
already at distances r < 0.1 fm. Therefore present quarkonia cannot distinguish in
a model independent way between values of Am larger than 0.2 GeV.

Obviously, the g-spectroscopy will be sensitive to larger values of the scale
parameter. Figure 4 shows two potentials whose asymptotic behaviors at short
distances are characterized by the scale parameters AE-/I_S_ = 0.2 GeV and A—Mg = 0.5
GeV. The indicated mean square radii illustrate down to which distances the (QQ)
potentia] will be probed by (tt) bound states of a given mass. The properties of the
1S-state of the g-spectroscopy will be most sensitive to the short distance part of
the potential. Figure 5 shows the 1S-2S mass difference as a function of the t-
quark mass for Am-g = 0.2 GeV, AM—S-= 0.5 GeV and Martin's potential;” for a t-
quark mass of 30 GeV various predictions of the different models are listed in table

II. It appears obvious that a (tf) system with m_> 40 GeV will clearly distinguish

g
between power potentials and QCD-like models as well as between different values

of AlT/FS'



The main problem in the determination of A by means of the (QQ) potential is
the uncertainty in the absolute normalization of the potential, i.e. the uncertainty
in our knowledge of the c-quark and b-quark masses. The z-spectroscopy will
measure the (QQ) potential down to distances of about 0.04 fmn, where a change of
AK’TS by 100 MeV will change the "asymptotic freedom" potential by about 300 MeV.
The uncertainty in the absolute normalization of the empirical potential of about
+ 400 MeV (cf. Fig. 1) will lead to an uncertainty of about 150 MeV in the deter-
mination of A. This situation would be improved through a better theoretical
understanding of fine structure, hyperfine structure and E1l transitions which would
lead to a more precise determination of the quark masses.

It is also conceivable that the scale parameter will be determined more
accurately through the measurement of electromagnetic and hadronic decay
widths, where next to leading order QCD radiative corrections have recently been

computed.23’24

For instance, a measurement of the hadronic width of a 60 GeV
toponium state with an accuracy of v20% would determine the strong coupling
constant of o (60 GeV) within 7% and thereby measure AKA‘S' with an uncertainty
of about * 100 .MeV. This, in turn, would fix the normalization of the (QQ)
potential up to *300 MeV and thereby determine the c-quark and b-quark masses
within *150 MeV!

Thus the r-spectroscopy iwill not just determine the (QQ) potential at short
distances and the QCD scale parameter A, it will also have consequences for the ¥
and T spectroscopies: we can expect a better determination of the c- and b-quark
masses and a very accurate test of the flavor-independence of the potential at
intermediate distances due to the large number of Z-states with mean square radii
in this region. For instance, as shown in Fig. 6, a (tt) system of 60 GeV will have 8-

9 narrow S-states, in accord with the semiclassical estimate25
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and a corresponding number of P-, D-, F-,... states which will lead to an extremely
rich spectrum of electromagnetic and hadronic transitions.26

Predictions for the z-spectroscopy up to ground-state masses of 60 GeV have
also been made in a model independent way based on inverse scattering methods.27
The three potentials, shown in Fig. 2, which are constructed from the masses and
leptonic widths of the T family, lead to a range of predictions for toponium, thus
reflecting the degree to which the g-spectroscopy can already be anticipated from
our understanding of the T-spectroscopy. The energy level spacings of the first
four S-states are shown in Fig. 7. The main conclusion is that the properties of the
1S ground state, in particular its leptonic width, will be most important for the
determination of the short distance behavior of the (QQ) potential.

The main results of this section can be summarized as follows:

(i) VQCD(r), the "asymptotic freedom" potential calculated in perturbative
QCD, is expected to coincide with the empirical (QQ) potential at distances r < Lo
where l/ril\%ﬁ = 100; |

(ii) the ¥ and T spectroscopies lead to the lower bound on the QCD scale
parameter A, Aﬁg > 0.1 GeV;

(iii) the r-spectroscopy, with mc > 40 GeV, will determine the scale para-
meter A, if A-I\-A—S-< 0.5 GeV;

(iv) the g-spectroscopy may ]eéd to a better determination of the c-quark and
b-quark masses;

(v) the properties of the 1S toponium ground state will most conclusively

determine the short distance behavior of the (QQ) potential.



IV. WEAK DECAYS

It has been noted by many authors22-31

that weak decays of quarkonia
become very important as the mass of the constituent quark increases. Of
particular importance are neutral current effects on the leptonic decay widths
which determine the production cross section of quarkonia in e*e” collisions.

The decay modes of spin-1 S-states, which occur to leading order in the
strong and electroweak coupling constants, are shown in Fig. 8. They fall into two
categories: annihilation decays (cf. Figs. 8a-8e¢), which are proportional to the
wave function at the origin squared, and single quark decays (cf. Fig. 8f). The
various partial decay widths of the g ground state are listed in table IIl for a t-
quark mass of 30 GeV. It is very intriguing that, contrary to our experience with
the ¥ and T spectroscopies, the electroweak decays dominate the strong decays!
We also note that the branching ratio of the decay into Higgs particle and photon
has become substantial.

Two examples may illustrate the interesting phenomena which can be
expected in g-decays as a result of the increased strength of the weak interactions:

() The vector meson D decays mostly via the strong and electromagnetic
decays D*0 »> D% ° and D%0 > DOY . For heavier constituent quarks, such as a (tb)
system, which can form the vector and pseudoscalar states Tb* and Tb’ a different
decay pattern is predicted, because the hyperfine splitting M(Tb*)—M(Tb) is
expected to be smaller than the pion mass. Thus the strong decay Tb*+ Tb'lTo is
kinematically forbidden, and the Ml-transition Tb*—> Tby is also suppressed, due to
the small momentum of the emitted photon. As pointed out by Bigi and
Krasemann,3 1 Tb* is therefore anticipated to decay mostly via weak annihilation

(cf. Fig. 9), yielding as one possible final state a very energetic lepton, which will

be a rather spectacular signature.
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(b) Sehgal and Zerwas>2 have investigated the process (ci. Fig. 10)
ete” = 7z > bb ,

and the possibility to observe the interesting phenomenon of y- Z - W interference.
They find that the charged current contribution enhances the branching ratio of bb

final states compared to all two-jet events,

o(ete™ + ¢+ bb)
olete” >z Iqy

BR =

by more than 50% for g-masses around 50 GeV. Above 70 GeV the Z contribution
becomes dominant.
~ The strong, electromagnetic and weak contributions to the g-decay width are

shown as a function of mc in Fig. 11. Clearly, three different regions have to be

distinguished:

(1 m, < my

(2) m, & my

(3) m, > my .

In the {first case, m < mo, the g -spectroscopy will Jook similar to the ¥ and

C
T families. There is, however, the problem that the spread in beam energy may

wash out the expected resonance structure. The integral of the ratio
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R - ole'e” > ) (4.1)
olete” >y > uty)

with respect to the cms energy over a single resonance is given by

9
f RdAE v :2? T e . (4.2)

If §E is one standard deviation of the beam energy spread, the corresponding peak

value in R reads

[ RdE

Rpeak = VZnSE ’ (%.3)

As an illustration, for §E = 100 MeV x (E/100 GeV)2 one obtains

£

2
100 GeV * % - .
Rpeak = 1.06 <_E§—) Ng+y ,Z +e'e, inkeV) . (4.4)

Figure 12 shows R of the g-ground state as a function of m r and the non-

peak

resonant background R at the corresponding energy. Due to the quadratic increase

of 8E with E, Rpe ak becomes smaller than the background at m, w70 GeV.

Atm_wv Mo, R | amounts to only v10% of R. However, both the signal

c
and the background are strongly enhanced as a consequence of the Z-pole. Due to

34

pea

high statistics a characteristic Z - ¢ interference pattern”’ may be observable.

In the case m, > m, quarkonium physics will be very difficult. As Goggi and
Penso30 have pointed out, it may be feasible because of the dominance of the

single quark decay in this mass region (cf. Fig. 11), which is expected to yield high

sperocity events in contrast to the entirely two-jet like background.
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V. SUMMARY

The main conclusions are as follows:

(1) The (QQ) potential has emerged as a measurable quantity, which allows a
comparison with QCD at all coupling strengths. The ¥ and T spectroécopies have
determined the potential at distances between 0.1 fm and 1.0 fm.

(2) Comparison of the "asymptotic freedom" potential of perturbative QCD
with the empirical (QQ) potential, determined by ¥ and T data, leads to a lower
bound on the QCD scale parameter, A—M-g > 0.1 GeV. The g-spectroscopy, with
mc > 40 GeV, will determine the (QQ) potential down to distances of v 0.04 fm. If

s < 0.5 GeV, as expected on the basis of deep inelastic scattering processes, this
will lead to a determination of the QCD scale parameter A.

(3) The g-spectroscopy will have important consequences for ¥ and T physics.
It will provide a very accurate test of the flavor-independence of the (QQ)
potential at intermediate distances and may also lead to a more precise
determination of the c-quark and b-quark masses.

(4) z-decays will be dominated by weak interactions. A variety of interesting
phenomena, such as Y- Z - W interference can be anticipated.

Thus the g-spectroscopy will provide an ideal laboratory to study the theories

of strong and electroweak interactions.
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Table I. Predictions of various potential models for the T family,

compared with experiment. Model 1: Martin”

14 _
AMSI"
model 4: Bhanot and Rudaz

Grunberg and Tye,

.
’

; model 2: Buchmiiller,
0.5 GeV; model 3: Richardsonl?

(the range of predictions, which are

dependent on the b-quark mass, is given); model 5: Cornell group.11

The first column contains the leptonic widths in keV, the second

and third columns the excitation energies in MeV and, in brackets,

the ratios of the leptonic widths with respect to the T leptonic width.
From Ref. 14.

T Tl T"
Experiment
a) Ref. 5 1.29 + 0.22 553 £ 10 _—
(0.45 + 0.08)
b) Ref. 6, 7 1.02 + 0.22 560 £ 3 889 * &4
1.10 * 0.17 (0.45 £ 0.07) (0.32 + 0.06)

Model 1 - 560 390
{Martin)

(0.43) (0.28)
Mode} 2 1.07 555 890
(Buchmuller,
Grunberg & Tye) (0.46) (0.32)
Model 3 -_— 555 286
(Richardson)

(0.42) (0.30)
Model & 1.07 - 1.77 561 - 566 881 - 879
(Bhanot and
Rudaz) (0.47 - 0.76) (0.3% - 0.51)
Model 5 — 560 898
(Cornell group)

(0.48) (0.34)
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Table II. Comparison of (t1) spectra for different potential

models, with m, = 30 GeV.

Martin'/ | Age=0.2 Gev!*|A==-0.5 Gev!*| Richardson!?
E2 - E1 [ MeV] 512 610 762 801
I (23)/T_(1S) 0.48 0.43 0.30 0.29
E3 - El [ MeV] g&l4 913 1090 1136
T e (38)/T, (15) 0.34 0.28 0.18 0.17
Table Ill. Strong and electroweak partial decay widths of the
g-ground state with m i = 30 GeV; the various processes are
displayed in Fig. 8. The values as(éO GeV) = 0.137 and
I‘ee(c) = 5 keV have been assumed.
. + - — * * —
final state e'e 3g Y, 28 Hy ff(y , Z) b(b)wW
I (keV) ' 5 24.4 ’ 3.8 i 1.6 ! 31.0 10.1
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FIGURE CAPTIONS

Various successful potentials are sﬁown. The numbers refer to
the following references: (1) Martin, Ref. 17; (2) Buchmuller,
Grunberg and Tye, Ref. l4; (3) Bhanot and Rudaz, Ref. 1&;
(4) Cornell group, Ref. 11. The potentials (1), (3) and (%) héve
been shifted to coincide with (2) at r = 0.5 fm; the "error bars"
indicate the uncertainty in absolute, r-independent normali-
zation. States of the ¥ and T families are displayed at their
mean square radii. From ref. 14.

Three potentials constructed from T data by means of the
inverse scattering method, corresponding to three different
"correction factors" p in the van Royen-Weisskopf formula,

I'oe(nS) = 1/p (16 no’e? )/Mn2 |0 n(O)|2. Dot-dashed line:

Q
p = 1.0; solid line: p = 1.4; long-dashed line: p = 2. The short-
dashed line is the QCD-like potential of ref. 14, with the scale
parameter chosen as Am = 0.5 GeV. From ref. 20.

2-loop "asymptotic freedom" potentials for 4 flavors and
different values of Am at distances r < r_, rc2 = 1/(100 A‘Zﬁg).
For comparison the potentials (1) and (2) of Fig. 1 are also
displayed. The "error bars" indicate the uncertainty with
respect to absolute normalization. From ref. 14.

Two (QQ) potentials which approach "asymptotic freedom"
potentials with AM—S =200 MeV and A-M—g = 500 MeV at short
distances. Mean square radii of (tt) ground states (denoted as
Z_;(th)) are shown for Agrg =500 MeV and different quark

masses m,. From ref. 14,
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Fig. 5: 15-25 mass differences as function of t-quark mass m,. The

+
solid lines represent the potentials of Fig. 4, the dashed line
Martin's potential. 17 From ref. 14.

Fig. 6: Energy level spacings of (ff) bound states in several potentials.
(a) Inverse scattering, p = 1; (b) inverse scattering, p = l.4;
(c) inverse scattering, p = 2; (d) Richardson potential, ref. 12 ;
(e) QCD-like model of ref. 14, with Agyg = 0.2 GeV: (f) QCD-
like model of ref. 14, with AM-S- = 0.5 GeV. From ref. 27.

Fig. 7: (tf) S-wave bound states below threshold as function of the t-
quark mass. The binding energies have been computed for a
potential which corresponds to Az\Ts }= 300 MeV; it satisfies
V(Agrs = 200 MeV) > V(Agg = 300 MeV) > VlAgz = 500 MeV).
From ref. 14.

PC.1™ 1o leading order in

Fig. 8: Decays of (tt) resonances with J
the strong and electroweak coupling constants. g = gluon,

vy = photon, f = fermion, q = quark, H = Higgs particle.

Fig. 9: Weak annihilation of Tb* = (tb) into quark--or lepton--pairs.
Fig. 10: | Y - Z - W interference in the process ete” » z + bb.
Fig. 11: Electromagnetic, electroweak and strong decay widths as

functions of m " The sum over all fermions f in the final state
has been performed, and a constant decay width
(g~ Y* + u ") of 5 keV has been assumed. (This value lies
in between the predictions of the QCD-like models of ref. 14,
with scale parameters M55 = 0.2 GeV and Az = 0.5 GeV.) In
the single quark decay, ¢ -+ b(b)W, propagator effects have

been neglected. For a detailed discussion, see- J.H. Kuhn, ref.

4.



Fig. 12:
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Rpeak’ the contribution to R qf the g-ground state as a
function of m, (cf. Egs. (4.1), (4.3)) compared to the non-
resonant value of R. The sum over all fermions f in the final
state has been performed, and a constant decay width

T(g~ Y* + 1" 1) of 5 keV has been assumed.
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