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Charmed-quark models of the new narrow resonances at 8.1 and 3.7 GeV suggest that a
virtual S state lies slightly above the charmed-hadron threshold. This state causes a
large enhancement of R = o(e+e —hadrons)/o(e e +—p+p ) just above the threshold, fol-
lowed by a dip and several broad but smaller enhancements at higher energy. Estimates
of this intriguing structure in R are presented.

It has been proposed that the new narrow reso-
nances' are S-wave bound states of heavy charmed
quarks. ~~ This physical picture and the idea that
strong interactions are described by an asymptot-
ically free gauge theory provide a good first-or-
der understanding of some of the striking proper-
ties of these states. Pursuing this suggestion
further several authors4 have constructed simple
models of these bound states in order to under-
stand their structure and decay modes in more
detail.

These investigations have dealt most vigorous-
ly with either the new resonances themselves or
the approach of the annihilation cross section to
the asymptotic region. However, between these
two regions lies the threshold for the production
of charmed hadrons. This kinematic region and
the behavior of R there is the subject of this note.
On the basis of the ideas mentioned in the first
paragraph we suggest that R has considerable in-
teresting structure in the energy region F. = 3.9-
5.5 GeV. Calculations done in simple models de-
scribed below suggest that just above threshoM
there is a sharp enhancement in R followed by a
dip and several smaller broad enhancements.
These calculations strengthen a conjecture of
Eichten et al.4 that the presence of a 3S state

above threshold should be visible in R. The height
and width of the enhancement just above threshoM
(at 4.0 GeV, say) are about 6.2 and 300-400 MeV,
respectively. The position of the first dip above
threshold occurs at about 4.5 GeV. The height of
the second enhanced region is estimated at 4.5.
A second dip occurs at 5.5 GeV and a smaller en-
hancement follows [see Figs. 1(a) and 1(b)].

First we discuss the theory behind these re-
marks. Consider a simple approach to bound
states of heavy charmed quarks (let c denote the
charmed quark) in a theory containing ordinary
barks and Yang-Mills gauge fields. U'nder cer-
tain circumstances the interaction between a c
and a c can be described by a nonrelativistic po-
tential V(r). These conditions are similar to
those which determine the validity of the Born-Op-
penheimer approximation' in molecular physics.
In particular, if the cquarks are sufficiently
heavy and slow moving, then the ordinary quark
and vector fields can be treated in an adiabatic
approximation. To define the adiabatic approxi-
mation we first consider a fictitious problem in
which the degrees of freedom are the Yang-Mills
field A„» the ordinary, light-quark fields g, and
a pair of static sources of the Yang-Mills field at
positions r, and r,. The static sources consist of
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moving sources and remain in the ground state.
If the adiabatic approximation is good, then it

follows that at every instant the potentiaL energy
stored in the Yang-Mills and light-quark fields
is just E(r„r,) which is defined as

E (r„r,) = V(r, r,). - (3)

2Q I I I I I I I I I I I I I I I I
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Then the system is described by the Hamiltonian

H =m, +m, +p, '/2m, +p, '/2m, + V(r, r,) (-4).

FIG. 1. (a) Bas a function of c.m. energy. The vir-
tual S-wave bound state lies ~95 MeV above the thresh-
old at 4.0 Gev. (b} Same as (a} except virtual state
lies ~125 MeV above threshold.

For the moment ignore the light quarks and con-
sider only the contribution of the Yang-Mills
field to the potential V. For smaLL ~, asymptotic
freedom' gives

a pair of color spins represented by the SU(3) col-
or A. matrices. The interaction between the field
A „and the static sources is given by

II~,=A o(r~)X~ +A o(r2)X2",

where e is a color index, A, is the time compo-
nent of A „, and X„,are the color-spin degrees
of freedom of the two static sources. Suppose
that the ground-state eigenvectors and eigenval-
ues of this static-sorce Hamiltonian are

where r, and ~, are thought of as parameters in
the Hamiltonian. The adiabatic approximation to
this problem consists in assuming that at any in-
stant when the heavy quarks are located at x] and

x„ the other degreees of freedom are described
by the state l X fr„r,j). Roughly speaking, the
adiabatic approximation assumes that the ordi-
nary-Iluark degrees of freedom (i.e. , the 9c and
(P) have time to continually readjust to the slowly

V(r)-.
( / ), r «ro.

It is hoped that as r -~ the Yang-Mills field en-
ergy will grow and confine quarks. In particular,
theories of this phenomenon have been advanced
in which the Yang-Mills electric field between
the pair is distorted to a tubelike configuration
when ~ becomes large. ' In this event the energy
will grow linearly with distance as in Fig. 2(a).

Next consider the effects of the light quarks.
As r and the field energy increase, it will even-
tually become energetically favorable to lower
the energy by producing ordinary quark pairs
from the vacuum. The point is that the long-
range force can be screened by creating a color-
neutralizing light quark near each heavy quark.
In fact, when ~-~ the state of lowest mass will
consist of a pair of color-neutral charmed me-
sons. Thus, as ~ -~ the energy of a c-c pair plus
screening cloud becomes the sum of the masses
of two charmed mesons. Accordingly the final
potential will resemble that in Fig. 2(b).
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In this adiabatic picture the potential at short
distances represents the c-c potential, but at
larger distances it represents the potential be-
tween charmed mesons. Thus, the finite ioniza-
tion potential of Fig. 2(b) is associated with
charmed-meson production and not with charmed
quarks. Likewise, at small distances the sys-
tem's wave function describes two half-spin
quarks, and at large distances two mesons. In
e+e" annihilation the virtual photon directly de-
cays into a c-c pair in a 'S wave. As the quarks
separate they evolve into a pair of mesons in a
P wave. Therefore, the caLculation of R must in
principle confront some angular-momentum ques-
tions. However, we have found that as long as
the P-wave mesons are produced at a distance so
large that their centrifugal repulsion is insignifi-
cant, thenR can be calculated just in terms of
the c-c wave function at the origin and quasi-
free heavy-quark kinematics. A fuller justifica-
tion of this scheme will be reported in the near
future.

We shall sketch now the calculation of R. For
simplicity we approximated the potential of Fig.
2(b) by

V(r) =ax —b, r ( b/a,

V(r) =0, r & b/a,
(6)

where the constant a is determined (essentially)
by fitting the energy difference between the g(3100)
and the ((3695). The constant b is adjusted by
requiring the charmed-meson threshold to be at
about 4.0 GeV as suggested by several authors. '
In fact, the numerical analysis of the model was
performed for several choices' of b. Typical val-
ues of a and b are

a =0.25, b =+ 1.72,

in GeV units.
Before solving the Schrodinger equation with

the potential of Eq. (6), it is instructive to con-
sider the potential of Fig. 2(a). Given the param-
eters of Eq. (7), one then finds a bound 3S state
at E = 4.2 GeV. Thus, for the screened potential
of Eq. (6), this state must lie in the continuum
and become a virtual bound state. The presence
of this virtual state causes nearby S waves to be
highly distorted and concentrated at the origin.
This physical effect lies behind the large enhance-
ments in R discussed below.

The calculation of the e'e annihilation cross
section in this model consists of two parts. First,
there is the continuum wave function g(r) of the

R =R,+2.5, (10)

where R, is defined above, and 2.5 is the height
of the continuum contribution to R below the
threshold.

We conclude with several remarks. The pres-
ence of the first dip after threshold is due to the
competition of a rising kinematic factor and a
falling dynamical factor. The first enhancement
inR beyond 4.0 GeV is, therefore, not indicative
of a resonance. Instead it is an S-wave enhance-
ment due to the virtual 3S state. Needless to say,
the experimental verification of these structures
should be important evidence for the existence of
charmed quarks.

Finally, we believe that the general features of
Figs. 1(a) and 1(b) are common to many models.
The quantitative details are, however, difficult
to calculate in a truly convincing, fundamental
fashion. " Our model calculation should serve as
a guide to experimenters and as a crude sugges-

c-c pair. The annihilation process samples the
wave function at zero c-c separation. Second,
there is the cross section for the production of
a quasifree heavy c-c pair. This factor reads

v = (4mo. '/3s) 3(3)'(1—s,/s)"'(1+ s /2s), (6)

where s, is the position of the charmed-meson
threshold. If we put these factors together, the
c contribution to R (call it R,) reads

R = 1.33(1-s,/s)"'(1+ s,/2s)~((0)~'.

The continuum wave function' evaluated at the
origin, ((0), can have strong dependence on s.

The Schrodinger equation with the potential of
Eq. (6) was solved numerically and lg(0)I'was
tabulated as a function of energy. The qualitative
features of g(0) are as follows: Very near thresh-
old it is large but as s increases it falls rapidly
having additional smaller enhancements. It is
crucial to note that the expression for R, also
contains the phase-space factor (1 —s,/s)"' which
vanishes at s so and approaches unity as s grows.
When these two factors are multiplied, one ob-
tains a curve with oscillations. The amplitudes
of these oscillations diminish as s grows [see
Figs. 1(a) and 1(b)]. These calculations were re-
peated for several choices of the relative position
of the threshold and the virtual bound state. In
Fig. 1(a) the virtual state lies roughly 95 MeV
above threshold. In Fig. 1(b) the difference is
about 125 MeV. In these figures we have plotted
the total R,"
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As in the first article of Bef. 4 we choose the mass
of the c as 1.6 GeV.

g is a continuum wave function and is therefore nor-
malized to unit flux at spatial infinity.

As s this model's A approaches 83 from above.
Calculations by T. Appelquist and H. Georgi, Phys.
Rev. D 8, 4000 (1978), and A. Zee, ibid. , 4088 (1978),
indicate that the enhancement above 83 for E~ 6 GeV is
~0.5. If P does not descend to 8.8-4.0 by E ~ 7 GeV,
the theory of one charmed quark and/or asymptotic
freedom will be wrong.

~~The reader should note that a nonrelativistic de-
scription of the high-energy end of Figs. 1(a} and l(b)
is very crude.
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We propose assignment of the new g particles in an SU{4) symmetry scheme, incor-
porating SU(3} and a new additive quantum number, paracharge Z. Anomalous currents
are introduced to account for the production and decays of these particles. Two more
rather broad resonances at around 4.3 and 5.0 (+0.2) GeV are expected in the e+e anni-
hilation, one of which has recently been reported {at 4.15 GeV).

We describe in the present note a phenomeno-
logical scheme for the new narrow g particles'
at 3.105 and 3.695 GeV and the (possible) reso-
nance' at 4.15 GeV. We shall regard them as had-
rons. The decay width of a typical hadron having
a mass of a few GeV is generally expected to be
quite sizable, unless forbidden by some selection
rule. We, therefore, introduce a new additive
quantum number, called' the "paracharge" Z.
While all the earlier known particles will be as-
sumed to have Z = 0, the $(3.1) and the $3.7) will
be assigned 2 t0. Only strong interactions are
supposed to conserve Z. The observed small
width of the $(3.1) will thus be accounted for. The
strong decays $(3.7) —$(3.1) + hadrons (Z =0, e.g. ,
2n) are allowed by quantum numbers but are sup-
pressed for reasons to be discussed below.

The observation of the $(3.1) and the $(3.7) in
Bhabha scattering will be assumed to proceed di-

rectly through the electromagnetic current (e 'e
-virtual y-((t-virtual y-e'e ). Thus the g par-
ticles will be assumed to have 0 =1 and charge
conjugation C = —1. This naturally leads us to
postulate new additional Z-changing anomalous
(nonminimal) pieces in the phenomenological had
ronic electromagnetic current (but not in the well
established electromagnetic current of the charged
leptons).

We incorporate U(1) s along with the convention-
al SU(3) into a larger SU(4) symmetry group of
strong interactions, regularly broken according
to the chain SU(4) DSU(3) SU(1)sDSU(2)&SU(1)r
eU(1),.

The g(3.1) has I= 1' = 0 and is the C = —1 mixture
of Z =+ 1 states of a near ideally mixed 151
multiplet containing the vector mesons of the p
family. A new vector state, the P, with I=~=X
=0 and C = —1 is also expected in this family (ac-

770


