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rBSTRACT 

We show rather generally that the number of 3 
S1 levels of a (Qc) 

system which lie below the threshold for Zweig-allowed decay grows as 
!i 

a* (mQ/mc) , where m and mc are the masses of the heavy quark Q and of 
Q 

the charmed quark. Reference to the charmonium system and consideration 

of specific potential models both indicate a coefficient a = 2, implying 

that for the T family (m 3 
Q 

= 5 GeV) three or fOUr qUaSiStable S1 levels 

should lie below threshold. 
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Foliowing the discovery of 3, $', and other levels of c.7armonium, 1 

there nds been renewed interest in describing the interactions of heavy 

quarks by means of nonreiativistic potentials. Q-I the basis of a specifi. 

potentlai (and also on heuristic grounds), Eichten and GotCried* argued 

that for -arks considerabiy more massive than the charmed quark, +Ae 

3 c$ system would have t;hree or more Sl states below the threshold for 

Zuerg-ailowed decays, rather than the two such states ($ and ,$') of the 

charmonium system. %is conclusion inplied the exciting possibility of 

+- extremeiy complex qxarkonim spectra accessible in the study of e e 

annihilations into hadrons, should more than four quarks exist in nature. 

It is likely that tSe discovery 3 +r 
in the reaction p+p"~ L + anythinc 

2 of i(3.4 CeV/c ) anti of additiohai strdct'xes 7' (10.01, T" : 10.477) at 

higher zzss4 signals the existence of a new quark Q with mass a 
Q 

= S GeV/c 

It is catural, tserefore, ~3 be optinCst1.c about the rich spectroscopy 

awaltlng the next generation of electron-positron storage rings. However, 

measured spacing of T' and T (interpreted as 13S 
1 and 235. * 26 levels) 

is much larger than predicted by the specific potential used in Ref. 2. 

This has led us to reconsider in more general terms the concf*usion of 

Eichten and Gottfried which is of Lznediate importance for t:e ihter- 

pretation of the upsilon spectrum, as well as for storage-ring futurism. 

We find a remarkable general result: the ntlmber of 3 Sl E states which 

lie beloir the threshold fcr Zweig-allowed decays (into 0s + ,:q paars, 

where q IS a light quark) iS 

n - a(mQ/mc) 4 . (1) 

The CoefficAent a appears to be close to 2. This last deductlcn follols 

from ce cc system, ;r; uiuch the second level ici' lies lust ceiow charm 
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threshold. It follows as weil ir. speclflc potential models, notably that 

of Ref. 2 and the logarithrnrc potential shown by us5 to describe features 

of both the J, and T families. Taking m 
Q 

= 5 GeV/cL andm 
C 

= 1.5 GeV/c2, 

we are therefore led to expect ttree or four narrow 3 S1 T states to be 

prominent rn e+e- annihilations. 

The key to the result (1) i: the observation 2,6 that althougn the 

dynamics of the Qi system cannot be expected to yield to a nonrelatlvistrc 
. 

approach, the dependence upon m 
Q 

of the lowest (lLSo) mass becomes simple 

as mQ becomes large. The (& nuss depends upon m 
Q 

in three ways: the 

additive contribution of m * the hyperfine i3Sl - 1 
Q' 

SD) splitting which 

decreases monotonically (s m -1 
Q 

in specific mdels); and the binding 

whfch ha: a focble dependence thxoc:h reduced mass effects. Thus the 

quantity 

6(mp’ : 2m(loGest G state) - 2m 
Q 

(2) 

is expected to approach a finite limit 6- as m 
Q 

+ -. Furthermore, as ve 

shall show below, it is likely that 6(mc)/6, ' 1. 

Let us now consider the G riystem. it will be convenient to set the 

zero of energy at 2m 
Q 

. The thre!;hold for decay of a & state into G + (3s 

is then 6(m 
Q 

) above the zero point. Let V(r) be any potential which binds 

G states rising at least 6(m 1 
Q 

above im 
Q 

. Any infinitely-rising confining 

potential satisfies this condition. Then the number n of bound states 

lying below 6(m_) 1s given ;n the semiclassical approxiElation by 
Y 

s 

'0 
drlmQ(6(sQ) - V(r))1 4 = (n - i;)n , (3) 

0 

where r o is the point at which t(r.*) = V(ro), which becomes independent 

ofm asm *-. rr 
Q Q 

Dividing both sides of (3) by m 
Q ' 

we obtain the result (I). 
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The result (1) is achieved in different ways for potentials of 

different shapes. For potentials V s rE the level spacing behaves as 

m-c/(2+c) . Thus the increase of n(mQ) as m 
Q 

increases is achieved by 

packing levels mOte closely for e > 0, and pushing them deeper into the 

well for t c 0. 

Evaluation of the coefficient a in eq. (1) is straiqhtforwatd 

in 8ny specific model. An interesting example is provided by the 

logarithmic potential' 

V(r) - C ln(r/ro) (41 

whfch gives rise to g level spacings which are strictly independent of 

P . 
Q 

This is motivated by the apparent equality4 

m(T’l - m(T) = m($') - m(q) ' 0.6 GeV/c2 I (51 

which is reproduced with C = 3/4 GeV. At first we ignore variation of 

6 011~1. 5,6 An elementary scaling argument shows that the energy eigenvalues 

En(m 1 Q - Enbc) -$ln(m m) 
dC (6) 

have a simple dependence upon the quark mass. As the quark mass increases, 

aA the energy Levels fall deeper into the potential well. Consequently 

if b(m ) 
Q 

is fixed, more 3S1 levels appear below the new flavor threshold 

a8 P 
Q 

is increased. This behavior is illustrated by the straight line 

in Fig. 1. Although energies are there referred to the 13Sl (qround- 

state) energy, the physics is that the ground-state energy is depressed 

aa P 
Q 

increases. 
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How mny new levels appear? Fran the pslon spectrum and eq. (6) ue 

have 

6 (mQ) - EC1 3 s ) - l 2 '5 ' - m9 + 7 - 0.635 cev + 2 2 

while, to good apptoxlztacron 5 

‘n 
3 -EllSI-Cln 1 (8) 

We may determzne t;le number of levels below threshold n(mq) by equaunq 

(7) and (8). The result is 

n(a ) 
1+3e(0.635 GeV)/C 

- 
Q 4 ($= 2,.0 (2) * , (9) 

which coancides with our estzmate made above vlthout reference to a speclfrc 

potentral. 

Finally we may estmate the variation of j(y) with the hear( quark 

mass. Aithouqh this cannot be done v~th great relkabality, our estates 

are comfoitinqly snail. Zie magnitude of the hyperfine splittings LS 

detennrned by the charmed mesons. far vhlch rnDe - a3 = L44 XeV. ;ie 

assume2 ' 7 that & hyperfine spl:ttings are described by QCD and thus are 

inversely proportional to m 
Q 

. A ‘So state may therefore be expected to 

lie a distance 

(10, 

below the (1So,3 Sr) center of gravaty. Jar the hrghly-excited QQ sfates . 

we shall neglect !iyperfine effects. Zey should no: be larqer than a 

few tens of XeV, and therr mclasion vould tend to raise slightly ou 
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estate of n(mq). iie incorporate the effect of the reduced mass 

u(mQ) - 33 
%+% 

upon the binding by replacing m /m 
Q c 

in (6) with u(mp)/u(mc). Thue,ve 

hAV0 

46'mQ)reduced MSS = 5 ln(u (mQ) /u (mc) 1 

(111 

(12) 

Combining these tM effects with (7) we find 

a++ - E(13Sl) - 2mD - m+ + $ In(f)) + (1 - $)(216 Mev - 2 c) , 

(13) 

which is plotted as the boundary of the shaded region in Fig. 1, with the 

pla;lslble choice7 m /m 
Q = 

= l/S. We note that under these assumptions 

6(mc) is within lo\ of 6- so that the difference between the estimates 

(7) and 113) is unrmportant. 

Ke have shovn that for a qeneral class of confininq potentials the 

n-r of narrow 3 S 1 levels below new-flavor threshold qrows as 

aim /n 1 9. 
2 c 

This extends the conclusion of Eichten and Gottfried that 

i? a particular cf-amonlum potential heavier quarkonium systems should 

exL!rSit spectra richer thao that of the psions. Should there exut 

a ncv quark with a grass of 20 GeV (accessible at the nem electron- 

posruon storage rhqs), we may expect as nrany as 8-10 quasistable 3 s 
1 

levels1 
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FIGURE CAPTION 

Pig. 1 Plot of & + & threshold relative to the (ground state) 13.Sl 

QQ level as function of ratio of heavy quark mass m 
Q 

to charmed 

quark BUSS mc for a logarithmic potential. Upper cume: reduced- 

mass and hyperfine corrections included. :wer curve (straight 

line): reduced-mass and hypsrfine corrections ignored. Horizontal 

lines denote 23Sl, 33Sl, . . . s levels in this potential. 
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