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21 de-excitation of paracharmonium II,

“The value of ag=0.26 at 3.1 GeV was obtained in
Ref. 1 from the leptonic branching ratio of orthochar-
monium I. Asymptotic freedom reduces this value to
0.22 at 3.7 GeV.

E. Eichten ef al., Phys. Rev. Lett. 34, 369 (1975)
(this issue), As pointed out by these authors in the
transition orthocharmonium II— paracharmonium I
+v, the orthogonality of the wave functions may make
our upper limit a gross overestimate,

Spectrum of Charmed Quark-Antiquark Bound States™
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The discovery of narrow resonances at 3.1 and 3.7 GeV and their interpretation as
charmed quark-antiquark bound states suggest additional narrow states between 3.0 and
4.3 GeV. A model which incorporates quark confinement is used to determine the quan-
tum numbers and estimate masses and decay widths of these states. Their existence
should be revealed by y-ray transitions among them.

Recently two astonishingly narrow resonances
have been discovered™? at 3.105 and 3.695 GeV,
In our view the most plausible explanation of this
phenomenon is that of Appelquist and Politzer,3
to wit, that they are cC-bound states of charmed
quarks ¢ which lie below* the threshold M, for
the production of a pair of charmed hadrons.® Be-
cause of its similarity to positronium this sys-
tem has been called charmonium.® This note is
devoted to the spectrum of charmonium.® Many
of the phenomena that we shall discuss are ac-
cessible to existing experimental techniques.

If the strong interactions are described by an
asymptotically free theory, one may hope® that
the short-distance structure of charmonium (in
particular, its decay into leptons, and probably
also hadrons) is adequately described by pertur-
bation theory in terms of a small “running” cou-
pling constant. In this regime the ¢ interaction
would be Coulombic, with a small strong “fine-
structure” constant a,. At larger c¢T separation,
on the other hand, there are rather compelling
arguments that gauge theories provide for quark
confinement.”

If o, is small and the observed levels do not
lie far below the threshold M., nonrelativistic
quantum mechanics should provide a sound zeroth-
order guide. Given® the sizable electronic widths
T, of ¥(3695) and ¥(3105), it is natural® to assign
them to the states 23S, and 13S,, respectively,
This being said, it is at once clear that there
should be other levels below M., for any confin-
ing potential will raise’® the 2S Coulomb level
above its previously degenerate partner 2P, One

must therefore expect a multiplet of narrow P
states below ¥(3695), fed from the latter by £1
y transitions, and decaying in turn into ¥(3105).
If 3.7 GeV is not too close to M., bound D states
could also exist.

It goes without saying that many qualitative fea-
tures of the spectrum can be surmized without
resorting to a detailed model. Nevertheless, we
have found it informative to simulate the intri-
cate c¢CT interaction by a simple potential that in-
corporates both the Coulomb and confinement
forces:

Vir)==(ay/r)1 - @r/a)?] 1)

That the interaction is far from Coulombic fol-
lows from the large 2S-1S mass difference, and
the fact that®

_|¥(3S;7=0) 12 (3.1Y I, (3105)
=13@%s;7-0) *<3.7> T. 3695)" % @

in contrast to Ref. 8 for a Coulomb field.}! In
analogy with electrodynamics there must also be
spin-spin, spin-orbit, and tensor forces, but
hopefully they play a secondary role. Near M. a
treatment that accounts for coupling to decay
channels is necessary.

We have determined o, a, and the charmed-
quark mass m . by solving the wave equation nu-
merically,'? and by imposing the constraints
(a) M(23S) -M(185)=0.59 GeV; (b) I',(138)=5.5
keV; (c) 1.5 GeV<m.<2.0 GeV; and (d) 0.1 =< a
< 0.4. Constraint (c) is the requirement that the
system be nonrelativistic, and that $(3695) lie
below M_; naive quark phenomenology would set
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FIG. 1. The spectrum of charmonium. The vertical
scale is schematic; our predictions of masses for the
P and D levels are given in the text. The *D; and 3D,
levels are not shown as their position relative to *D,
is sensitive to 2%5,-*D, mixing. Heavy lines are al-
lowed E1 y transitions; the 23S— 115 decay is a highly
suppressed M1 transition. Dashed levels are unlikely
to be produced or fed from above at an e*e” storage
ring. Transitions among levels of an LS multiplet are
probably unobservable, while y transitions between
states having the same value of C=(—1)X+5 are rigor-
ously forbidden.

M ,~2m+0.7 GeV. Condition (d) is imposed so
that the Coulomb term can be understood as a
short-distance effect.™

A good fit was obtained with m .=1.6 GeV, o
=0.2, and ¢=0.2 fm. This is not an empty exer-
cise. It is not a foregone conclusion that our
naive model could simultaneously fit the data,
conform to the qualitative features of asymptotic
freedom, and satisfy the requirement that (v /c)?
«1., But we do find®® a small value of o, and
because (m . a)"'=~0.6, we can safely assume that

' ¢C annihilation occurs in the short-distance re-

gime, Finally, (v/c)*=(m.7,) 2~ 1/25, where 7,
~3.4a is the classical turning point of the 1S
state.

We shall now describe the salient features of
the level scheme (see Fig. 1).

(a) The center of gravity (c.o0.g.) of the lowest
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TABLE I. y ray widths.?

FY

Transition B ¥ (keV)
23s—3p, 5Lk 120
—3p, 3Lok 70
—3p, Lok 25
3p,—~13%s Lok® 240
Spy—~13s Lok 240
3py—~13s Lak® 240
p,—~1ls Lok’ 240
3p,—°p, Lok 7
—%p, 1550k 110
-°p, 20Lak° 150
23s—11g Ik’ ~1

3In the second column 1/a =137, k is the energy of
the transition, and I, is a radial integral. The last
column is based on our wave functions and energy dif-
ferences, with fine-structure splittings and S-D mix-
ing ignored.

P multiplet lies about 230 MeV below that of the
2S levels. This energy difference is not very
sensitive to our choice of parameters: It de-
creases to 160 MeV if o, and m, assume the un-
reasonable values of 0.8 and 0.9 GeV, respective-
ly.

(b) The c.o.g. of the lowest D multiplet is 70
MeV above that of the 2S levels. These D levels
may therefore lie below the threshold M.

(c) The 3S level lies at ~4.2 GeV, As no sharp
resonance has been found in this region,? this im-
plies that M <4.2 GeV.

(d) The almost inevitable presence of tensor
forces has an intriquing consequence, for it guar-
antees some mixing between the rather nearby
23S, and ®°D, levels. Let ¢(2“S,”) and 9(“D,”)
be the true eigenstates. Because of the 2S com-
ponent of (“D,”), this function does not vanish
at =0, and therefore it can be produced in e*e”
annihilation, albeit with a width that may be quite
small. It is therefore essential to seek such a
level with greater resolution than in previous
searches.? At the other extreme,! it is even
conceivable that $(3695) is ¥(“D,”)! This re-
quires very strong S-D mixing, and implies an-
other spectacular e e” resonance somewhat be-
low ¥(3695). According to Ref. 2, this mass re-
gion has not yet been examined systematically.

(e) If spin-orbit and tensor forces can be treat-
ed in first order,' P lies at the c.o.g. of the 3P,
levels. Furthermore, if these forces have the
same ratio as in positronium, 5[ MGP,) -MCP,)]
=4[MCP,) -MEP,)).
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TABLE II. Angular distributions and correlations.?

Transition w
T=1)—g=2) 1+(1/13) cos?s
T=1)—g=1) 1 - (1/3) cos?g
J=1)—g=0) 1+cos?g

=)= Gg=0—g=1) 1

1+(1/13) cos?6y,
1+(69/377) cos?6,,

J=)—d=1)—~U=1
T=1)—@G=2)—J=1)

aFor levels fed directly by e *e~, W is the distribution
in the angle 6 with respect to the beam direction. In
the case of sequential transitions, W is the correlation
in the angle 6, between the two y rays, irrespective of
the direction of the first y. With the exception of the
(J =1) = (J =0) transition, these W’s do not incorporate
recoil effects.

Finally we turn to the decay and production of
these levels (see Fig. 1 and Tables I and II).

(i) There are E1 transitions between $(3695)
and the 3P multiplet, as well as between the lat-
ter and (3105). Taking our 2S-°P energy differ-
ence (and wave functions) at face value, we find
the remarkably large result 1",(3695)g 210 keV.
The presently inferred'® value of I',(3695) is
well accounted for by I'y, T, I'5;(3695~3105),
and'” T,

(ii) The 3P, states decay mainly by y transi-
tions with appreciable rates. Because yCP;» =0)
=0, their direct decay into hadrons should be
negligible (T'p,4<30 keV). Furthermore, ®P, and
3P, cannot decay into 1!S+27, and T,,CP,~11S)
should be very small because of the lack of phase
space and the angular momentum barrier,

(iii) The M1 transition between #(3695) and the
paracharmonium ground state 1'S is strongly
hindered because the radial wave functions are
orthogonal. The only hope for seeing 1S at an
e*e” storage ring is by the rare 27 decay of °P,.

(iv) The partial y widths, y angular distribu-
tions, and y-7 angular correlations are listed
in Tables I and II

(v) Because of the tensor force, the value of 7
[Eq. (2)] computed from our wave functions (
=~1,15) does not give I', (3695) directly; rather,
it gives T', (2“S,”)+ T, (“D,”). This may account
for the discrepancy between 1.15 and the value
quoted in Eq. (2). (Naturally there are also ex-
perimental, and deeper theoretical uncertainties
in this ratio.)

(vi) pp annihilation can only feed states having
an appreciable total width,'® and therefore pro-
vides access to paracharmonium S states. It is

possible that 1'S has already been seen.’® But it
may prove very difficult to observe the levels 'D,
'P, 3Dy, and °D,, even if they exist. This remark
also applies to the Primakoff effect.

(vii) It is important to scrutinize the region
just above charm threshold with some care. A
vestige of the bound 33S could perhaps be seen.

If future experiments reveal a spectrum bear-
ing a resemblance to these predictions, it could
well be that charmonium is the “hydrogen atom”
of strong interaction physics. For it may then
be possible to subject the gauge theories of strong
interactions to fairly stringent tests in a reason-
ably simple setting. Much of hadronic physics
could then be related to charmonium spectroscopy
as molecular spectra are related to that of hydro-
gen.

We are very grateful to S. D. Drell and J. D.
Jackson, and to many colleagues at Stanford Lin-
ear Accelerator Center, for providing us with in-
valuable information. We have also benefited
from stimulating conversations with S. Rudaz,

K. G. Wilson, and D. R. Yennie.

Note added, —Some of our expectations appear
to be borne out by the new results on 0, (e*e”) re-
ported by Augustin el al.?°: (i) o, rises rapidly
for Vs = 3.8 GeV; this is to be compared with the
charm threshold of naive quark phenomenology,
M, ~2m_+0.7, which gives 3.9 GeV with our val-
ue of m,. Observe that M, would be ~4.7 GeV if
the Coulombic interaction were to be deleted, for
then®® m . =2.0 GeV. (ii) 0., has a resonancelike
structure at Vs ~4,15 GeV, with an electronic
width comparable to #(3105) and ¥(3695). As stat-
ed in the text our 3S level lies at ~4.2 GeV (to be
precise, 4.18 with our parameters). The 2S and
3S states are insensitive to the Coulombic inter-
action, whence'! T, (4.2)=(3.7/4.2)T", (25)=0.8
X T, (3695), provided one ignores the influence of
decay channels on ¥(3S;7 =0).

*Work supported in part by the National Science Foun-
dation.

fAlfred P. Sloan Foundation Fellow.
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A theory of the resonant x-ray Raman effect is presented and compared with recent ex-
perimental data of Sparks. Excellent agreement between theory and experiment is found
for the integrated intensity of the scattering, the spectral density, and the output polariza-
tion. The potential importance of this newly discovered spectroscopic probe is discussed.

Although the x-ray Raman effect has been known
for many years,' the resonant enhancement in the
scattering cross section that occurs when the in-
put frequency w, is near an atomic absorption
edge has been discovered only very recently by
Sparks.? As Sparks correctly points out, a theo-
retical description of this phenomenon requires
that the § - A term in the interaction Hamiltonian
be taken to second order in perturbation theory.
Sparks also notes correctly that the dispersion
corrections to the atomic scattering factor? re-
quire a similar treatment, and he postulates a
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conservation law which he claims enables him to
use the known form of these dispersion correc-
tions to describe the resonance x-ray Raman ef-
fect. The justification for this postulated conser-
vation law is claimed to be the existence of a sim-
ilar law for the A® terms in the interaction Hamil-
tonian. Unfortunately, neither of these conserva-
tion laws exist,* and the theoretical expressions
presented by Sparks? are inadequate.

We present here a theory of the resonant x-ray
Raman effect which does not employ ad hoc postu-
lates, but represents, instead, a direct evalua-



