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W e  d iscuss  t h e  p rope r t i e s  of  s t a t e s  c o n t a i n i n g  t h e  h y p o t h e t i c a l  t op  q u a r k  w i th  m a s s  
m I > 20 GeV in t h e  f r a m e w o r k  o f  a f l a v o u r  i n d e p e n d e n t  po t en t i a l  model .  

1. Introduction 

Recent ly  the spectacular  results of the CLEO and CUSB [1] experi- 
mental  groups at  the  CESR machine have confirmed the  idea tha t  the T 
system is a bound s ta te  of a pair of heavy  nonrelat ivis t ie  quarks b and �91 This 
has compelled us to ant ic ipate  tha t  the nex t  hypothe t ica l  part icle ~ is a bound 
state of the much  heavier  quark  t and an t iquark  ~ where the hypothe t ica l  top 
quark t [2] is the weak isospin par tner  of the b-quark. The present  experimen- 
ta l  lower limit on its mass is 17 GeV, bu t  we will ex tend  our studies up to the 
mass of 20 GeV. 

There  have been various fits of the charmonium and bo t tomon ium spectra 
with variou~ potent ia ls  like those containing the effect of one gluon exchange 
[3] in the short  range part ,  and like V =  A 7- Br  e point ing towards  a value 
of ~ which is close to zero and positive. The advantage  of t ha t  kind of f i t  is 
t ha t  i t i s  simple and one has simple propert ies  of scaling with respect  to the 
quark mass. The other  advantage  is t ha t  ir allows to appreciate  the s ta tements  
according to which the comparison of the bb and cE spectra  gives evidence 
for a short  range pa r t  of the potent ia l  behaving as predic ted  by  QCD, i.e. 

V ~ ,  r -1 log r0- . In this s tudy  we use the W K B  fi t  for the speetra 

of the nex t  heavy  part iele ealled the top meson,  if  it  exists at all beeause 
for all potentia}3 usual ly eonsidered in the quarkon ium problem, the W K B  
approximat ion  is exeellent (with ah error  of a few pereent  for s-waves). 

The paper  will be organised as follows: in Seetion 2 we will diseuss the 
T* --  T mass spiit t ings and prediet  the masses of the pseu~osealar  and r ec to r  
mesons; in Seetion g the W K B  fi t  of the top meson spee t rum is studied; in 
Seetion 4 meson deeay  eonstants  will be diseussed in the eontex t  of a non- 
relativistie potent ia l  model. 
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2. t~ spectroscopy and mass splitting 

We notice t ha t  mesons (Q~), where Q is a heavy  quark  and q is the light 
qua rk  u or d behave  to some ex ten t  like a hydrogen  a tom (a h eav y  pro ton  
a n d a  light electron).  I f  the pro ton  is replaced b y  a deuteron the binding energy 
of  the  electron is not  appreciably changed. Similarly, in the first  approxima-  
t ion  the binding energy of ~ in (Q~) will not  depend on the f lavours  of  Q if Q 
is he a vy  enough. Hence  

M(Q~)  = MQ + C.  (1) 

A QQ state will be stable if 

M(Q())  ---- 2 M  + E < 2M(Q(~) 

= 2MQ ~Ÿ C ,  (2) 
i . e .  

E (binding energy) < 2 C ,  

where C is given by  the  potent ia l  model [4]. 
Using Eq.  (1) and the quark masses as m,--=- 20 GeV, m b = 4.86 GeV, 

m c = 1.45 GeV; m s ~-- 0.54 GeV and m u ~-~ m d ~ 0.33 GeV we have 

M(Tu)  ---- 20.42 G e V ,  

M ( T s )  = 20.69 G e V ,  

M ( T c )  -~ 21.645 G e V ,  (3) 

M(Tb)  = 24.95 G e V .  

Adopt ing the QCD inspired picture in which the sp in- -sp in  forces of the con- 
s t i tuents  are propor t ional  to their  colour magnet ic  moments ,  we f ind tha t  
the mass split t ing between pseudoscalar  states T and the vector  s tates  T* 
decreases rapidly with increasing quark  masses. We write 

M ( T ~ )  M(Tq)  mc ras - -  . - -  ~ • [ M ( F  *~ M(F~  (4) 
m t m q  

Using the values of quark  masses given above we obtain the mass split t ings 
of  at most  a few MeV. This suggests t ha t  T* cannot  decay s t rongly into 

T - ~  ~r. The results obta ined from Eq. (4) are 

M ( T * )  - -  M(Tu) = 10.85 MeV, 

M ( T * )  - -  M ( T , )  ~-- 6.6 MeV, 

M ( T * )  - -  M(Tc)  = 2.31 MeV, 

M ( T ~ )  - -  M(Tb)  = 0.78 MeV. (5) 
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3. WKB fit of the spectra 

For  a power potent ia l  the W K B  approximat ion  has the  advantage  of  
giving a par t icu lar ly  t ransparen t  expression for the energy levels, h has also 
the advantage  of being relat ively accurate .  We write for the l = 0 n s ta te  [5] 

M(n ,  mq) = 2mq --I- .,4 + Ca B 1-~1(~+2) mq ~/(~+2)(n --  1/4) 2~/(~+2) , (6) 

with V ~ A ~ Br  ~, ~ > 0 and C~ depends on ~. In  order  to f ind ~, we write 
in terms of the ra t io  of the quark masses 

( E 2 s -  Els)ti : [mb ]~/(~+2) (7) 

(E2s - -  E l s ) b  ~ [ m t  ] " 

This gives (E2, --  Els)t i : 0.517 GeV. Similarly (E3s --  Exs)t i = 0.83 GeV. 
A naive applicat ion the of W K B  approximat ion  gives for the  ~ system [6] 

E3s - -  Els (11)2~/(~+2) _ (3)2~/(~+2) 

E2s --  Els (7)2~/(~+2) _ (3)2~/(~+~) 

In this way we get ~WKB,r 0.17. 
Thus,  we predic t  

Els --  Els = ( E 2 s -  E,s ) X (15)2~/(~+2)- (3)2~/(~+2) = 1.05 GeV.  
(7)2~/(~+2)_ (2)2~/(~+ 2) 

We now argue t h a t  the spin-dependent  effect can be removed  by  considering 
the combinat ion  

3/4 M(tr iplet)  -~- 1/4 M (sing]et) 

o f  

M = Mtrtple t - -  1/4 (Mtrlple t -- Mslnglet) ; 

we fur ther  assume 

M t r i p l e t  - -  Msl,glet = C X I ~ n ( 0 )  12 
m~ 

The value of C is adjusted to the ~ --  n t mass difference and use W K B  for 
~n(0), then  one gets 

M(t r ip le t  - -  singlet, n, mq) = 

= 0.67 MeV ( - - ~ t Q ) - - -  2+~ X a+2 (8)  

Here we take ~ = 0.17 and from this equat ion  the energy difference obta ined 
is near ly  the same as obta ined above.  
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4. Decay constants 

For a nonrelativistie system 

f2(3S1(~#) e + e - ) =  i~<~174174  

_ 2m~,Fe+e- 
2 zl cr 2 

(9) 

where ~v(0) is the Schr6dinger wave funct ion at  the origin. For  charmonium 
and bot tomonium we f ind 

f~  ( T  -+ e +e - )  __ f~(J/~v -+ e+ e - )  

MT M~ 
(lO) 

and extend (10) to systems containing top quarks.  We thus  write the decay 
constant  as [41 

F,  ~ 3o v~e-v  
�9 ( 1 1 )  

V mt + mq + 
m t m q  

This relation is also valid for pseudoscalar mesons if  one of the const i tuents  is 
sufficiently heavy to make the spin-spin effeets negligible. F rom Eq. (11) 
the decay eonstants of vector T-mesons are 

and 

f (Tu)  = 65 MeV; 

f (Tc) = 263 MeV; 

f ( d )  = 1.4 GeV. 

f (Ts)  = 105 MeV ; 

M(Tb) = 705 MeV 

5. Conclusion 

When (or if) toponium or top product ion is observed, novel features 
will appear. For  mt ~ 20 GeV weak effects will beeome sufficiently strong to 
determine not  only the decays of the pseudoscalar mesons, bu t  also those 
of the veetor mesons. We have studied the various properties of these hypothet i -  
cal mesons. 
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A p p e n d i x  

Mass spectrum of toponium family  as obtained from Eq. (6) 

Label Energy (GeV) 

~(t~) 39.86 
~" 40.377 
~" 40.69 
~"" 40.91 

.... 41.115 
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