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I. Introduction the leptonic width is roughly

As the mass Me increases beyond 70 GeV, the weak inter
action begins to dominate in the 8 decay width, follow
ed by the electromagnetic interaction while the strong
interaction provides the smallest contribution to the
8 decay width. This remarkable reversal of the
strengths of the strong, electromagnetic, and weak
i~teraction, persists for M8> mZ' where the weak decays
v~a charged currents dominate. The mass and decay
widths of 8 essentially dictate its production cross
section.

In this report, we examine the properties of the
bound states 8(t~) of t and ~ quarks and the possi
bilities of studying these bound states at different
machines. Consistency of the standard electroweak
model requires the presence of a top quark t. The
standard model also allows (but does not require) the
existence of a fourth family of quarks and leptons.
Therefore, our discussion with appropriate modifi
cations, can easily be applied to any heavy quark.

The most important properties of Toponium, 8(tT),
are

r ee(8) '" 5 KeV (2)

mlc = machine resolution

the pp facility are from F. Paige, and
facility are from J. Wiss (private
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Facilities pp* pp ep*
+ - + -e e e e

IS (in GeV) 800 2000 140 100 100

Lum: 2 -1
1033 1030 1032 6.1030 1032(em sec )

(CW/W)rms 1% 1% 1% 0.5% 10-5W

(det)
(in GeV)

(det) (det) (m/c) (m/c)

Number of ~-pairs/(107) sec. for
Different Toponium Masses

Table 1

Numbers of ~-pairs from Toponium Decay at
Different Facilities

II. Production of 8(tt) and T Mesons

_ Here we consider the production cross section of
0(tt). To compare the production rates of different
facilities, we must assume definite luminosities and
detection methods. For e+e- machines, the signal is
rather distinct, if observed, while for hadron-hadron
or ep machines, 8's are observed via its decay to
~epton pairs. To facilitate comparison, we give
~n Table 1 the number of ~-pairs from 8 decay per year,
~.e. per 107 sec for various facilities.

*The numbers for
those for the ep
communication) .

(det) = detector

(1)
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(1) itsmassM8 ",2mt ,

(2) its various decay widths, and

(3) its spectroscopy.

where the lower bound is provided by PETRA data and
the upper bound comes from theoretical arguments based
on the simplest version of the standard model l . As a
function of the mass of 8, the various decay widths
of 8 ~re calculable in the standard model. They are
shown in Fig. 1. In the absence of the ZO effect,

In the standard electroweak model, we expect

20 GeV ~ mt ~ 130 GeV,

Fig. 1: The electromagnetic, the electroweak and the
strong decay widths as a function of Me. The
sum over all fermions f in the final state has
been performed and a constant decay width of
r (8 -+ y* -+ flfl) of 5 KeV has been assumed. In
r (8 -+ tbW) decay, the propagator effect of the
virtual Wboson is ignored (Ref. 2).

A few comments are in order:

(1) It is clear that machine luminosity is very impor
tant, for both hadron-hadron and e+e- machines.
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(2)

(3)

(4)

For an e+e- machine, it is important to have good
beam energy resolution (see discussions below).

For Me'\, 100 GeV, the weak decay of the t quark
via the charged current dominates the width so
that B~~(e) is suppressed. Hence the event rate
for ~-pairs with Me> 100 GeV is small.

For Me within a few GeV of the ZO resonance, the
dilepton signature from 0 decay may be confused
with that from the ZO decay. For an e+e- machine
with very good beam energy resolution, the e
resonances may still be observed. We shall dis
cuss this in a moment.

into H~ ~ H with experimental signatures which are
quite distinct. If neutral Higgs HO (or a neutral
hyper-pion or hyper-eta ~o) exists with a mass less
than about 0.8 of 0(15) (i.e. up to masses of the order
1.6 mt), the decay 0(15) -+ qHO decay should occur at the
1 to 2~ level, resulting in a monochromatic high energy
y-ray which would be experimentally distinctive.
Finally, for a range of t masses, weak processes of the
t quark bound in 8(15) will be observable, enabling,
for example, the determination of the semileptonic width
of the t quark.

For the purpose of this study, we assume an e~e
collider with an average luminosity of

< i.> = 2 x 1031 [5;eGa;,] 2 cm-2sec -l

(or <JL> = 2000 (Ebeam/50 GeV)2 nb-l/day)
spread in center of mass energy

(lIW)rms = 100 [sE~~~r MeV .

IR • dW = %2 r .
2a ee

For the heavy bare quark t and the corresponding
T meson, we must look for the associated t~ production
in hadron-hadron, ep and e~e- facilities. In this
case, the relevant number is the rate of the produc
tion times the rate of detected signals. Because the
capabilities of the various detectors are crucial to
the estimate, and there are large uncertainties in
detection efficiencies, we find it difficult to com
pare the capabilities of the different facilities. The
most likely signature is a lepton from the semi-lep
tonic decay of the t quark. Since mt is so large, it
is expected that the lepton would have a transverse
momentum. To differentiate the t-quark from the b
and the c-quark, the hard lepton should have no
accompanying hadrons in the same direction; the signal
for this should be very distinct. Another interesting
possibility is to look for cascade decays to charm,
e.g. t-+b-+c.

Defining

We have

R
G(e+e--+0)

o(e+e- -+11+~-)

(4 )

with an rms

(5 )

(6)

This is shown in Fig. 2, where R for e~e--+Lf.f.,11

Thus with a mean center of mass energy spread given by
Eq. (5), we get a peak in R associated with the 8(15)
of

In hadron-hadron colliders, the tT production
rates are quite substantial. The difficulty is in
detection. One possible signature is provided by
studying events with 3 or more leptons. This signa
ture can be improved by also analyzing the accompany
ing hadron jets. Developments in microvertex detec
tors may, furthermore, make it possible to identify
charmed mesons.

R =~
peak 2a2

r ee

(lIW) rms /27f
(7)

For e+e- machines, the question is whether there
is enough phase space. In the latter case, if 0
mt < mZ/2, many Tt pairs can be produced from the Z
resonance. If mZ/2 < mt < mZ' the decay mode

ZO -+ tu, tc
may be useful. In general, the branching ratio of
this is calculated to be 1O-8 '\, 10-10 , which is clearly
negligible. However, if there is a fourth family of
quarks and leptons, then, for a sufficientlY heavy b '
quark

mz.90 GeV

r z=3 GeV
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a:

50 70 90 110 130 150
R eak, the contribution to R of the ground
s~ate as a function of Me (solid line) as com
pared to the non-resonant value of R (dashed
curve). The sum over all fermions f in the
final state has been performed, and a constant
decay width of r (8 -+ y* -+ ~11) of 5 KeV has been
assumed. (Ref. 2)

Fig. 2:

(3)
o _ ~ 4

B.R. (Z -+ tu, tc) '" !Db' •

3 . 1 'bl 'This may give an experlmental y acceSSl e rate, 1.e.
B.R.'\,lO-S; also this probes the existence of very
heavy quarks. Of course, with a high-energy machine,
heavy t quarks can always be produced via e+e- -+ T:t.

III. 0(tt) Studies at an e+e- Machine2

To study the spectroscopy of e(tt) and other
related topics, we must go to an e +e - coUider with a
good beam energy resolution. Various measurements of
the spectroscopy of the (tt) system are found to be
feasible, and some transitions among (tt) states should
be observable. This can be used to test QeD, and can
even provide a precise determination of the QeD scale
parameter ~MS' We also note that the 135 toponium
state, 0(15), is uniquely suited for definitive
measurements on the Higgs sector. If charged Higgs
scalar particles, H±, exist with a mass less than the
top quark mass mt , 0(15) should almost always decay
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2.355 6Wrms if 6Wrms » rtotal and

ftotal in the opposite limit.

Table 2

Ground state Toponium signals in e+e- as a function
of mass Me compared to "background" of intermediate
photon and ZO signals for machine with beam energy
resolution (6W/W) 10-5W(GeV) in units of R.

rms
0.5 /.0

I II III
T T TT

I II IIII
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Table 3

o Spectroscopy (Weak Interaction Effects Neglected)

mt (GeV) 20 30 40 50 60

Fig. 3: Various successsful potentials are shown. The
numbers refer to the following references: (1)
A. Martin, Phys. Lett. 93B, 338 )1980); Ref.
TH 2980-TH (CERN); (2) ~Buchmuller, G.
Grunberg and S.-H.H. Tye, Phys. Rev. Lett. 45,
103 (1980); 45, 587(E) (1980); (3) G. Bhanot
and S. Rudaz:-Phys. Lett. 78B, 119 (1978); (4)
E. Eichten, K. Gottfried, ~Kinoshita, K. D.
Lane, and T.-M. Yan, Phys. Rev. D2l, 203 (1980).

(Ref. 2). For a general discussion-on the
potential, see C. Quigg and J. L. Rosner, Phys.
Rev. D23, 2625 (1981). (Ref. 2)

-I

A variety of potential models have predicted mass
splittings and leptonic widths for 0(2S) and higher
states. In Fig. 3, various potential models are presen
ted. We note that data-fitting of the ~ and T spectros
copies essentially dictates the form of the (QQ) poten
tial at distances 0.1 fm::;r::;l fm. If we assume that
perturbative QCD is ade~uate in describing the short
distance part of the (QQ) potential, and that the poten
tial is smooth as a function of r (i.e. differentiable),
we can determine the QQ potential all the way up to a
distance of 1 fm, as a function of the QCD parameter
AMs. For AMS= 0.5 GeV, the predictions are shown in
Table 3.

of scanning should be adequate for finding 0(lS),
determining its mass, and making a 10% measurement of
ree[8(lS)].

60 events/day
130 events/day

84 events/day

Below resonance
On the 0 (IS)
Far above tt threshold

+ - + - + -
~all e e ..... ).1 ).I

Me (GeV) 6R(0) 0
M

Il
l-L(0)RTotal RIll-L ('( , Z )

(Bkgrnd) (Signal) (Bkgrnd) (Signal)

40 6.9 33 1. 01 3.3
50 7.4 21 1. 03 2.1
60 9.0 14 1. 08 1.3
70 14 11 1.3 0.81
80 43 11 2.2 0.53
90 830 69 28 2.4
93 5710 450 191 15
96 1020 84 35 2.8

100 248 24 9 0.76

Notes:

Toponium parameters are determined by [ee('() = 5 KeV
and sin2ew = 0.215 in the standard model M(Zo) =
93 GeV, [(20 ) = 2.62 GeV.

To illustrate the various effects, we consider in
some detail the example of Me = 75 GeV, a mass suffic
iently large so that the influence of ZO and we are
present, but do not dominate the G decay. From Table
2, we find ~eClk = 11. Radiative effects will reduce
this to abou~ 0, so that the signal to noise in R at
the 0(lS) is expected to be about 1:1.

Thus, with <J. > given by Eq. (4), we expect about
the following rates in the 0(15) region.

is also shown. The reason that Rpe~k(e) grows dram
atically when Me approaches mZo is slmply becau:e
f (e ..... '(* ZO-+e+e-) increases as e can decay Vla the
viitual Z6. For Me=MZ, the e resonance has Rpeak =400
versus Rpeak"v 5000 for ZO. (see :ig. 2). Sinc~
the width of ZO is [Zo"v3 GeV, whIle that of e IS
given by the machine resolution, "" 100 MeV, the 0
resonances should be clearly observable (as narrow
peaks on top of a broad peak) even if Me "v mZo. For
M~ «m 0 the situation is similar to that of 'l' and
T~reso~a~ces. In Table 2, we give the Rmax for the
toponium and the background for various Me' Radiative
corrections are not included in Table 2. Were we to
include them, 6R(G) would be reduced by a factor of
1/2, while the ZO signal at the peak would be reduced
by 2/3. Peak R values scale inversely with 6Wobs '
where

Binding Energy
For Ebea at 5 GeV above the 8(15), tt production is -EB(GeV) 0.93 1.18 1.39 1. 57 1. 74
still onTy half of its asymptotic value. At energies E2-El (GeV) 0.67 0.76 0.85 0.93 1.01
well above the tt threshold one will observe an in- E3-E l (GeV) 0.99 1. 09 1.19 1. 29 1.38
creased R value, as well as more events with higher
sphericity, and events with high momentum leptons. E4-El (GeV) 1. 21 1. 31 1.41 1. 51 1.61
Scanning the energy range available to the collider in ElP-ElS(GeV) 0.58 0.67 0.75 0.84 0.91
about five 10-GeV steps,__ taking 5 to 10 days per point,
should be capable of establishing a t~ threshold (if [ ee (IS). (KeV) S.lO 5.68 6.26 6.69 7.14
it exists), and isolating it to one 10-GeV interval. [ (2S)/f (IS) 0.33 0.30 0.28 0.26 0.25
Fine scanning in lOa-MeV steps would then find eelS) ee l< ee
in a maximum of 100 days. Thus about one half a year <r2>"(lS) (fm) 0.09 0.07 0.06 0.05 0.04
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Different potential models agree on the position
of the 8(2S) to within about 60 MeV, and fee[8(2S)]~

1/3 f ee [8(lS)]. Thus a month of scanning in the pre
dicted region should suffice to find 8(15) and
measure the 25 - 15 mass splitting well enough to
distinguish between the various models. In that time,
f ee (2S) could be determined to 10 to 15%. Higher
exci tat ion ('V 10 narrow excitations are expected to
exist below if threshold) are expected to have lower
peak cross sections and will require correspondingly
more time to accumulate events. Typical values of
the various widths are listed in Table 4. (In Table
3 and 4, the weak interaction effects are neglected.
The weak interaction effects are sensitive to the
mass difference between e and Zoo They can easily
be incorporated using Fig. 1, once the precise value
of Me-mZ is known.

For values of QCD scale parameters other than
AMS = 0.5 GeV, the short distance part of the QQ
potential differs accordingly. In Fig. 4, the G(2S) _
eOS) splitting is shown for AMS =O.5 GeV and AMS =
0.2 GeV as a function of 2mt - The 2S state is sensi
tive to the potential at distances between 0.1 fm and
1 fm (where the potential is well determined from
phenomenology (see Fig. 3)) and is relatively insensi
tive to the short distance part of the potential
(which is determined by perturbative QeD). On the
other hand, the IS state is sensitive to the short
distance part of the potential, and hence to the QCD
scale parameter ~S' The wavefunction at the or~gin
of G(lS) is also a function of AMS ' In Fig. 5, the
leptonic width of 8(15), f (e -+ y* -+ e+e-) is also

ee

20

Table 4

Typical Widths of Toponium
(Weak Interaction Effects Neglected)

eelS) e(2S)
f(keV)-- BR r(keV) --BR

5 0.08 1.7 0.07

26 0.44 9 0.36

24 0.41 8 0.32

4 0.07 1.4 0.06

0.7 0.03

4 0.16

9

~7
>
W
~

Vi5

Q.l
Q.l
t.. 3

# 11+11- "expected" = l280±35 in the nearby con
tinuum

yielding a 11+11- branching ratio with 14% prec1s10n.
This, in turn, can be used in conjunction with th~

measurement of f to determine the G(lS) total w1dthee ..
with a similar prec1s10n.

According to this model, BR(8(lS)-+IlIl) =0.08, or

about 5 8(1S) -+ 11+11- events/day. This occurs against
a background of 17 e+e- events from the continuum.
Assuming a dimuon acceptance of 75%, we expect, after
100 days of running on the peak of the resonance and
100 days of running off resonance,

# 11+11- "expected" = 1650±40 on the resonance

e(t"t) -+ Wqt

LWq

A lOO-day run on G(lS) would provide a total 240
inclusive electron events for Me = 75 GeV, which would
provide about a 10% deterrni~ation of the w~dth for t
quark semi1eptonic decays w1thout the requ1rement of a
direct t quark lifetime measur~ment. For Me 'V 100 GeV,
the dominant decay mode of 0(tt) is

shown as a function of 2rn t for two values of AMS ' Of
course, once the Me-mZo d1fference is deter~ine~, the
weak interaction contribution to the lepton1c w1dth
should be included in the comparison of theory and
experiment. Hence the eelS) - e(2S) splitting, to
gether with the fll~(e) value, can give an accurate
determination of ~S.

The W± boson effects on toponium are extremely
interesting. These cause the weak decays of the t
quarks in Gto compete with its "normal" strong and
e.m. decays, as illustrated in Fig. 1, where the
estimated width for this dec~y mode is shown a~ a ,
function of Me- We expect W- induced decays wlth BR s
which are of order 2% for Me 'V 40 GeV and 'V 20%. for
M0 = 75 GeV. Since W is expected to have a BR 1nto
ev or llV of about 11% each, this should give rise ~o

measurable yields of direct leptons at the e (rang1~g

from 'V O. 4% at Me = 40 GeV, to 4% at Me - 75 GeV) haV1ng
a momentum spectrum significantly harder than that
expected from Band D meson decays.

I , I I I

"MS=200Mev

~-------I -__- _

20 40 60 100 160

2m t [Gev]

The mass splitting of e(2S)-0(lS) as a func
tion of 2mt' for two typical values of ~S
(Ref. 2).

1100

900
>
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::E

UJ 700
I
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Fig. 4:
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-178-



with width given by

f(t->- Wq)

On the other hand, some potential models predict
that the BR for the decay

3p' ->-y 0(lS)
0,1,2

4are expected to have a net BR of 0.2%, as can be
obtained from Fig. 6.

The hadronic decay of 0 may be used to obtain a
precise determinationS of the QCD parameter
AMS ' We expect that this measurement together
with the level spacings and the leptonic widths,
should give an accurate and reliable determin
ation of ~S to 10-20%.

Since mT-~ 'V 50 MeV r~J .we might expect that

mostly T*, T* are produced once we pass the TT
threshold.

(2)

(1)

3
8(25) -+y 8(1 P2,1,0)

Ly

(3) Toponium is a good source of gluon jets and is an
ideal place to study the properties of gluon jets,
such as mUltiplicity and jet broadening .

A few comments on the toponium properties are in
order:

will have combined BR of 'VO.15 X O.S X 0.08 "-'0.6%.
Thus in a sample of 3000 8(2S) decays, we might see
18 cascade events with a distinctive )1)1YY signal. A
detector that has good acceptance and sufficient
resolution, particularly in the determination of muon
directions, should have a good chance of finding and
studying the 3p states via this process in an
extended run.

may be 50% or even larger. In that case, one might
expect that the cascade decay process

-..._--------~

---------

..-.......
.......•..

-- f(2S-IS+17"17")

---- f(3S-IS +17"71")
--- f(4S-IS+7I"7I")
•••••• f(4S-2S+7I"7I")

0.1

8(2S) ->-7T7T 8(15)

L)1+)1-

On the 8(2S), we expect about 20 resonant events/
day. In a ISO day run, about 3000 8(25) decays should
be accumulated. Decays of the type

where m is neglected and Vt is the appropriate mat
rix ele~ent of the KobayashlgMaskawa matrix. This may
be a good source of W± bosons if m8> mW'

IV. Toponium as a Higgs Source

J : 0,1,2

10 20 30 40 50
2mt [Gev]

.0 I '------l.._...L-..----l._--l-_.L.-l

o

Fig. 6: 8(25) ->-'1TTf0(lS) tranSlt!on rate as a function
of m

t
(Ref. 4).

Theoretical estimates for the branching ratio for
the decays

are 10 to 15%. This BR is comparable to those obser
ved in the T system. During a six-month run at CESR,
in a sample of about 35 observed T(3S) decays, evidence
for monochromatic inclusive photons from the decays
T(3S) ->-y 23PJ has been isolated in the CUSB detector.
A run of similar duration at the 8(2S) would produce
one-tenth as many resonance decays with a signal to
background (i.e. resonance-to-continuum) ratio which
is about 3 times worse. Since ~o multiplicities are
likely to be twice as high the background level in an
inclusive photon spectrum will be twice as high as in
the T(3S) case. Thus an experiment like CUSB, work
ing at the 8(25), will be nominally 60 times harder
than similar experiments in the T region. An inclu
sive photon experiment of the CUSB/Crystal Ball type
will be futile.

The Higgs mechanism is an important feature of
the standard model. Experimental investigations into
the Higgs sector are of the highest importance today.

In the Weinberg-Salam model, the Higgs mechanism
is responsible for generating the W± and ZO masses,
but the actual mass mH of the Higgs particles are only
loosely constrained. If mH < Me(lS), the decay6

2 2
o GF mt mH + _

f(0(IS) ->-H y) '" --[1 - -]f(8(15) -+Y*-+)1 )1 )
/2 em M~

shOUld be substantial. The expected BR for this decay
is shown in Fig. 7 as a function of mH When 8(IS) has
the mass 7S GeV. Note that for m as high as 6S GeV,
this branching ratio is greater t~an 1%. Thus with
60 0(15) decays/day, we could expect an event every
few days. These yield a monochromatic high energy y
and would be quite distinct. Not only would this
establish the existence of a Higgs particle, but it
would also provide a clean sample of Higgs decays for
more detailed studies.

A number of theoretical models have been proposed
to replace the Higgs mechanism by dynamical symmetry
breaking. "Technicolor" or "Hypercolor" models
typically have two charged and two neutral Higgs-like
scalars, with masses 7 expected to be in the range
8 to 40 GeV. A dramatic prediction of these models
is that if the charged Higgs are lighter than
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S.-H.H. rye, CLNS 81_485 (1981); W. Buchmul1er
ibid.

6. F. Wilczek. Phys. Rev. Lett. 39. 1304 (1977).

3. G. Clements et a1., Cornell University preprint
CLNS-82/544 (1982); V. Ganapathi et al., SLAC
preprint (1982).

Y. P. Kuang and T.-M. Yan, Phys. Rev. D24, 2874
(1981); Earlier references on this subject can
be found there.

5. P. B. Mackenzie and G. P. Lepage, Phys. Rev. Lett.
47. 1244 (1981); see also G. P. Lepage. this
proceeding.

4.

7. E. Eichten, K. O. Lane, in "Proceedings of the
Cornell ZO Theory Workshop". ed. by M.E. Peskin
and S.-H. H. Tye, CLNS-81/485 (1981). where
earlier references can also be found.

80

Me=75GeV

40 60

m H [IN Gev]

20o

3

';F
0

z
2

0::
m

Fig. 7: The branching ratio of 8 + yH as a function of
"11; here Me =75 GeV.

MerlS/2, then each t quark in 8(lS) will decay almost
100~ of the time into charged Higgs and a quark. If
it is energetically possible, the accompanying light
quark can be a b quark, and the charged Higgs will
decay into qb. Thus, for a charged Higgs with
mH ± <N,,/2, we will have 4 or more kaons for every
8(lS) decay. This should be a very dramatic signature.
It has been calculated that this decay mode would
increase the total decay width of the G to as much as
40 to 50 MeV. While this will make the more conven
tional decay modes (such as e + \l\l discussed in the
previous section) very difficult to observe, it will
still be narrow compared to the Ecm energy spread,
and will thus not diminish the observability of the
eelS) as a "narrow" s-channel resonance.

We thank participants at the Snowmass Summer
Study, in particular Kurt Gottfried, for useful
discussions.
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