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The effects of new, heavy quarks are examined in a colored quark-gluon model. The
e+e total cross section scales for energies far above any quark mass. However, it is
much greater than the scaling prediction in a domain about the nominal two-heavy-quark
threshold, despite 0 + - being a weak-coupling problem above 2 GeV. We expect spikes
at the low end of this domain and a broad enhancement at the upper end.

We report some theoretical work on e'e a.nni-
hilation in asymptotically free, colored quark-
gluon models of hadronic matter. Our fundamen-
tal assumption is that in addition to the light
quarks that make up ordinary hadrons, there is
a heavy quark, such as the charmed 6". This has
been suggested in several other contexts' and is
consistent with the observed scaling and success-
ful sum rules of inelastic lepton-hadron scatter-
ing. We argue that at energies well above the
6"(P' threshold ("threshold" and "mass" having
technical definitions which in no way imply the
existence of physical quarks), the total hadronic
cross section scales as in the free-quark model
because of the smallness of the asymptotic effec-
tive coupling. Scaling also holds in a region well
above the A, A. threshold and well below the 6"6"
threshold, with the magnitude set by the light-
quark charges. However, there are large en-
hancements in a finite region above and below the
6"6" threshold. We examine the behavior in this
region and the approach to the asymptotic region
a,bove it.

Consider the Lagrangian —4E""E„,+4(ip -m)%',
where FI ~ is the non-Abelian gauge-covariant
curl; 4 is several quark color multiplets: e.g. ,
+ =6'„n„A.„6',', where i runs over colors; D„ is

' the gauge-covariant derivative; and m is the
quark mass ma.trix. We take the color gauge
symmetry to be exact, giving rise to strong forc-
es at large distances. Hence the gauge fields are
massless, and each quark color multiplet has a
given mass. We imagine m~, m~, and mz to be
small (& 1 GeV) while mq. & 1 GeV.

In renormalizing the theory, we define g in
terms of the two- and three-point functions at
some Euclidean momentum configuration of scale
M. If asymptotic freedom is to explain Bjorken
scaling, then forM=2 GeV, a, =g'/4s must be
small. m is related to the bare mass matrix m,
by m =Zm„where Z is adjusted so that the 6"
propagator has a pole at P'=mq. to any finite or-
der of perturbation theory.

The renormalization-group apparatus implies
that in the one-photon approximation o(e 'e —had-
rons) is of the form o(s, g, m, M) =o(s, g(s), m(s),
s'"), where s is the square of the center-of-mass
energy, g=g[1+g bin(s/M )] '~', and m=m[1+g'5
x in(s/M )]" for small g, with 5 and d positive
group-theoretic constants. In particular, the to-
tal cross section, a function of a single energy,
is governed by g(s). Such is not the case for any
partial rate. If we are interested in a range of
s such that ln(s/M') = 0(1), perturbation theory in
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FIG. 1. Contributions to the total e+e cross section,
to be summed over light and heavy quarks.

g and in g are equivalent, and m=m. IIoggever,
perturbation expansions axe only to be trusted
zvken successive terms are systematically small-
er.

The first two orders in n, contributing to 0,+,-
involve the graphs of Fig. 1. For light quarks,
the calculation can be done with the masses
scaled to zero. The ma. ss-singularity theorem

of Kinoshita' assures us that no singularities ex-
ist to any order of perturbation theory since we
a,re calculating a total transition probability.
Thus large logarithms do not invalidate the per-
turbation expansion. We emphasize that it is
only the total cross section that can be calculated
in this way. Partial rates, details of final states,
and the question of whether quarks exist as physi-
cal particles involve logarithmic singularities
tkat cancel in the total cross section.

The perturbation expansion could be invalidated
as a result of the presence of multiple-light-
quark thresholds in higher orders with their at-
tendant small subenergies. In a forthcoming pa-
per, we will examine this problem and argue that
these contributions will remain small correc-
tions to the dominant graphs of Fig. 1.

The 6" mass is 0(+s) and so it must be retained.
We make use of identical electrodynamic calcula-
tions" and exhibit their contributions along with
the light-quark contribution:

R(s)=, = Q Q (1+a
4

'+. . . )+ Q Q&'8(s —
4m&ad ')u [1+an,f(u)+. . . ],

o(e'e -hadrons), 3o., 3 —'0

4~ & 3s J|ght ~ heavy
quarks qII a rh

where v=(1 —4m~7/s)'~', a = 34 for an SU(3) color
group, and the two sums over squares of quark
charges are 2 and -'„respectively, in the three-
quartet model. f(v) is approximated to + 1/& by'

(2)

As v-0, f(v) ~1/u. This behavior comes from
Fig. 1(b) and is a consequence of a. Coulomb-like
final-state interaction. In nth order, n gluon
ladder exchanges give n factors of 1/u, and this
breakdown of perturbation theory for small v is
connected to a breakdown below 4m' ', responsi-
ble for the formation of positroniumlike bound
states. For s large enough so that, say, -', o.,f(u)
~~, second-order perturbation theory can be
used to calculate the approach to free-quark-
model scaling. The approach is more rapid than
the 1/lns approach that follows from g- 0, this
effect only becoming relevant when ln(s/le ) -m/
o, For reasonable values of n, (including the
value we determine shortly), the final-state in-
teraction should produce a 15-20% drop in R
from s=25 GeV' to the SPEAR-II limit of s =81
GeV'. Careful estimates will be presented in a
future paper.

Another breakdown of the perturbation expan-
sion arises from the non-Abelian structure of
the theory. As s —4m+i', the typical momentum

Qowing through a gluon line in Fig. 1 goes to ze-
ro. A measure of this momentum is s/4 mq. '-
and when this becomes less than about 1 GeV',
higher-order effects will be large. The effect of
6" below 4m~. ' is first seen in order a,', e.g.,
Fig. 2. This is a small correction to R(s) until
4n(p ' —s ~ 4 GeV' when higher-order corrections
typically involve soft gluons. Altogether, for
about 8 GeV' centered on 4md. ', perturbation the-
ory breaks down as a result of non-Abelian ef-
fects.

The integral of R(s) over this region can be
bounded since R(s) is related to the spacelike
vacuum polarization II(- q') via dispersion rela-
tions. The enhancement b,R of R above Eq. (1)
with e, = 0, when dispersed, must correspond to
an O(o, ) addition to II. Perturbation theory is re-
liable for -q'~4 GeV' because there are no mass
singularities in the Euclidean region. We find
that fb.R ds ~ 4md. '~n, . For reasona, ble values of
n„ this is a stringent bound that will be tested

FIG. 2. A {V' contribution to 0 +, below 4m(I, .
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I' = l~.l'I+(0) I'

= (2/9~)(~' —9),n, '(-', n, )'m6

The leptonic width via one photon into ll is

I', =l~, l'I+(0)I'=-'. (-; )'(-: .)' (4)

where e =,37 Although separately these calcula-
tions are not trustworthy, the ratio

2 +2
Q

I'„(2/9n ) (n' —9)5/n, ' (5)

is independent of wave-function effects.
If me assume that the recently announced reso-

nance' with mass =3 GeV is orthocharmonium,
Eq. (5) fixes n, . Preliminary estimates give'
I', =3 keV and I'„=75 keV. Their ratio gives n,
=0.26. This, along withmt =1.5 GeV, implies
I', =0.8 keV and I'~= 20 keV, surely low estimates
since the Coulomb wave function will be enhanced
at the origin by stronger forces at large distanc-
es. This explains the large width of the reso-
nance.

The existence of excited states is strongly sug-
gested but Coulomb-like calculations are even
less believable since the Bohr radius increases
like n'. All but the lowest few states will be
broadened, shifted, and smeared together into a
broad enhancement mhich connects smoothly onto
the approach to the asymptotic region already
discussed.

"Paracharmonium" (0 ) should also exist, with
a mass slightly less than that of orthocharmoni-
um, the hyperfine splitting being of order n, m@
(=10 MeV with mq ——1.5 GeV). The ground-state

in the immediate future.
Below 4nt. ', ladder exchanges between the

quarks in Fig. 2 lead to a breakdown as they did
above 4m@.2 and produce "orthocharmonium"
bound states. From the Balmer formula, the
ground state is at s =4m'. ' —(-', n, )'my~' which is
likely mell inside the 8-GeV' region. Another
way of seeing that a Coulomb-like picture is not
completely correct is to estimate the size of the
"charmonium" atom. The Bohr radius is 2/
-'3o.,md which, for n, &0.3 andmd. +2 GeV, is
greater than 3 GeV ', probably too large for use
of a Coulomb-like potential.

If this problem is neglected, the width into had-
rons is given by the three-gluon discontinuity.
The result involves the matrix element and the
wave function at the origin:

width in the Coulomb approximation is

I'a(p»a) = IM~(p»a) I'I+(0) I'

= —,
' n,'(-', n, )'mp. .

With n, =0.26 and mq =1.5 GeV, I'„(para) =1.3
MeV. More reliably,

I'„(ortho) 5 2
(

p
) 0 pl

I'„(para) 6 9n

(6)
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so that I „(para) =6 MeV. The existence of para-
charmonium with this width and a mass on the or-
der of 3 GeV is one of our most unambiguous
predictions and it is important to look for it ex-
perimentally. A more careful estimate of the
ortho-para mass splitting will be given in a fu-
ture paper.

Any tmo-quark system in which the sum of the
masses corresponds to a small g can be studied
analogously. (Whether it couples to a, particular
leptonic current is inessential. ) Thus we can
identify charmed hadrons, whose masses are
simply net plus a light-quark mass minus an
O(n, ') binding energy. Other a.spects of charm
phenomenology will follow from the smallness
of g. The existence of other heavy quarks would
not complicate matters in principle; their ef-
fects are calculable. 'However, specific predic-
tions based on a single 6" may be altered.

In a forthcoming paper, we shall expand on
these ideas and discuss the theoretical infra-
structure more thoroughly.
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