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We make some comments concerning charm-related models, the Schwinger phenomenological theory, and a
possible multiplicative t quantum-number scheme for the J and other Q particles. It is seen that an accurate
measurement of the rate J ~@++ m + y, a search for narrow-width (I,J ) = (1,1 ) particles (with the vector
particle probably below 3.1 GeV), and a possible enhanced pair production of (JJ) and (JQ) in hadron-

initiated reactions at high energies remain of substantial interest in sorting out our options.

There now exists fairly convincing experimental
evidence" that the J(3.1}particle and the g(3.7)
-=t(r' particle have both quantum numbers (Io, J )
= (0, 1 ). [We use the notation g to denote the
family of particles g(3.1),g(3, 7), g(4.15), . . . . For
clarity we often denote p(3.1) as J, tjI(3.7) as tjI',

and tjI(4.15) as P".] The theoretical interpretation
remains in a state of flux and we make here some
remarks concerning some of the models proposed
with an aim to extract out those experimental con-
sequences which will help us to sort out the various
options provided by different theories.

I. CHARM-RELATED MODELS

Perhaps the current theoretical favorite is the
charmonium' interpretation which places the
J(3.1}and $(3.7) as bound cc states 1'S, and
2'S, with I~ =0 in the general framework of the
Weinberg-Salam phenomenology. ' This same
theory would place the broad g(4.15}found in e'e
annihilation' as above cc charm threshold with a
"phase transition" between 3.7 and 4.1. However,
the detailed predictions of this model are not in
good agreement with experiment. ' They can be
briefly summarized as follows':

(a) The model predicts 8 = o (e'e -hadrons)/
&(e'e - p'g ) =~ when color is included. Experi-
mentally e'e annihilation seems to be settling to
a new scaling plateau (without marked structure
between g =4.1 and 6.8 GeV with R = 5.

(b) The model predicts a substantial increase in
(K/v) ratio when one passes through the phase
transition region (s ~'-4 GeV in e'e annihilation.
Experimentally, there is perhaps a 10-15% in-
crease but nothing abrupt is observed.

(c) In order to understand one-hadron h inclusive
annihilation from e'e -h+ anything with the ab-
sence of Bjorken scaling for x =2E„/s' ' less than
0.5, the proposal has been made' that the small-x
region is associated with creation of very slow
pairs X,X (with charm content) via e'e -X+X,
each X then decays into two usual hadronic parti-
cles (each carrying energy- —,'s'~'). Hence the

breakdown in scaling due to the creation of slow
X,X is expected to occur for x =2Egs'~2
~ 2s'~'/4s'~'-0. 5, in rough agreement with data.
Experimentally the ratio (E~ ~/E„,~) and the
charge multiplicity (n~) -4 do not vary very much
over the phase transition region around 4 GeV in
e'e annihilation. This then creates the "mmulti-

plicity crunch" problem for the conventional charm
model, since the absence of peaks in K'g,
K'v'v, . . . corresponding to X (or X) of mass 2
GeV cannot be easily explained away by attributing
dominant multiparticle decay modes to these
charmed objects since (ng is only 4. Indeed,
assuming that, for instance, the charmed meson'
D' is produced at the level of ~ nb in e'e, and
that one might reasonably guess that the branch-
ing ratio of D'-K m'm' is about —,', then
c(ee-D'+X)B((D'-K v'v')/(D'-all))--, ' nb. Ex-
perimentally there appears to be nothing signifi-
cant above & nanobarns per channel.

(d) The charmonium picture"'" places the tjI(3.7)
in a radially excited 2'S, state from the ground
1'S, J(3.1) state; hence an M1 y transition of the
$(3.7) to the 1'So parastate partner of the J(3.1)
expected also in the neighborhood of 3.1 GeV
should be much in evidence. A more serious prob-
lem is the theoretical prediction of Ei transitions
from g(3.7) to 'P„'P„'P, states expected in the
neighborhood of 3.5 GeV with typical width of order
200 keV. Experimentally these transitions appear
to be absent at the 15-keV level. ~ Although two or
more states" have been observed in the 3.4-3.5
GeV region, the photonic rates are not consistent
with expectations of a charmonium radial-excitation
picture. The 1'S, has also been observed" but at
a much lower mass than expected (2.85 GeV rather
than 3.1 GeV).

(e) In a radial-excitation model, the matrix ele-
ment for P —

trav'v

should be suppressed'4 at.
large m„' owing to the orthogonality of |I}' and tt}

wave functions. No such suppression is seen. '
In a context outside of ee annihilation, Barger,

Weiler, and Phillips" pointed out thai the dilepton
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anomaly in neutrino interactions" could be under-
stood in terms of charm production if scattering
off the quark sea component is the dominant in-
gredient. The recent broad v =xy distribution
data" indicate instead yroduction off the valence
quarks. Finally, De Rdjula and Glashow' suggest
that the thermodynamical model" predicts, for
the production of a particle with mass M,

o(pp M-+. . .)/40 mb-(M/m, )"'e " '=H(M),

where T =160 MeV. For orthocharmonium J(3.1),
Eti. (1) yields 2 && 10 "cm', or 10 "cm' for e'e
production via the resonance, agreeing with exper-
iment. " It seems to us that the Hagedorn formula
(1) assumes that the particle M has normal strong
interactions with the usual hadrons (g»'/4v-1).
For J(3.1), the production cross section given by
(1}needs at least to be supplemented by multipli-
cative factor g»'/4w-6 &&10 ', hence

o(pp- J(3.1)+.. .)= 6 X 10 "cm'.

lt is our opinion that because the J'(3.l) is such a
long-lived particle (medium-weak coupling to the
normal hadrons), Hagedorn thermodynamics in
strong interactions is inapplicable for singly-pro-
duced "orthocharmoniums" J(3.1) and P(3.7) (Ref.
12} (even though it is formally ascribed with strong
interaction properties with h) via hadron-initiated
reactions. This does not rule out alternative
mechanisms for producing J'(3.1) singly as has been
proposed recently. '0

Of course some of the problems (such as the
ratio It) facing the "charm" picture can be solved
by inventing more or different quarks' and/or in-
voking heavy leptons. "

II SCHWINGER'S MODEL

Exciting as the exyerimental yrosyects of dilep-
tons are (especially p, p. ) with an origin couched
in varying degrees of charm, we must consider
also the possibility of a more conservative solu-
tion. For instance, Schwinger~ asks the question
whether one can exhibit a mechanism for avoiding
unwanted (48 =1) neutral currents that refers
largely to experimentally recognized types of par-
ticles, and sketches an affirmative answer. The
Schwinger yroposal rejects the Cabibbo rotation in
favor of a mixing, between two types of unit-spin
mesons, that is produced by the SU(3)-symmetry-
breaking interaction. As an example, the ac-
customed set of vector mesons (p, ur, Q) will be
supplemented by another set (p, 9, $}= V, with an
analogous situation holding also for the 1' sets.

The second sets of hadronic fields have disparate
roles in strong interactions, in that they are pos-
tulated to have only slight couplings to the quasi-
stable hadrons. Indeed it was remarked" ploy to
the discovery of Jgnd 'the other tt particles that the
apparent discrepancy between the Cabibbo factor
cosa~=—0.98 and unity could be removed if for
instance the V particles had an effective coupling
to hadrons-2% of that for p meson, to wit,
I'(V)/I'(p') = (0.02)' = 70 keV/150 MeV. Although
the V has normal electromagnetic couplings, de-
cays into y+ n, y+ g, y+ q', etc. , are suppressed
relative to its electromagnetic decay into lepton
pairs because (0.02)' o.'& a' by an order of magni-
tude. Hence the predicted V does appear to have
the gross characteristics" of the recently found
J(3.1) particle, and is perhaps the only phenome-
nological theory which clearly anticipated par-
ticles with the observed general characteristics
(normal electromagnetic coupling, suppressed
hadronic interaction). Of course (in common with
the charmonium picture} the decay of V(3.1)- vv

is weak whereas its decay into charged lepton pairs
is electromagnetic; thus (V- vv)/(7-f'l ) is of
order" Gr'/a'-10 ' and this decay mode would
not be seen in the SLAC-SPEAR experiment with
respect to the 3.1-GeV object.

There is now some evidence' that the J(3.1) is
dominantly an SU(3) singlet (JQKZ though the KZ*
mode is seen}, hence it appears unlikely that the
3.1-GeV object is a mass-degenerate superposition
of p and co, as suggested by some magnetic mod-
els." Since Schwinger 's phenomenological theo-
ry"" requires complements for (p', aP, &0), it is
suggestive to assign the Io =0 $(3.7}as dominantly
belonging to an SU(3} octet. A search for a nar-
rozo I=1 pin this general mass ~ange &vill be a
critical test of the theory There a.re already in-
dications that the 3.1- and 3.7-GeV objects are the
only narrow states" in the mass region of 3.2 to
5.9 GeV for e'e annihilation. Hence a search for
the p member might well be conducted in the mass
region below 3.1 GeV, a fact also motivated some-
what by the analogy with the (p, ~, P) case in which
the I=1 member also lies lower than its I=0 part-
ners. Another test would be a search for narrow
axial-vector mesons A(either I=O or I=1). Analo-
gous to the decay of the A„ the A(i =1) would decay
into J' (or tt')+ v. Since the decay of tt' -J+2m is
a large fraction of all P' decays, A(I =1) would be
exyected to have a large branching ratio for the
J (or ttI')+w decay mode. Thus the A(i=1) would
clearly show itself on a J(or g')+ v mass plot in the
experiment,

pp-2+x
J (or g')+v.
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Similarly, the A(f =0) could be found, although its
decay modes would be more complicated
[e.g. , A{I=0)-J+r}].

III. PAIR PRODUCTION AND j QUANTUM NUMBER

A particularly interesting question concerning the
J and other g particles is whether they have pair-
wise strong interactions with the normal hadrons.
Considerations of the photoproduction of these
states" suggest that the cross section for J(3.1}+N-J'(3.1)+N is about 1 mb. This in turn suggests
via crossing symmetry that JJ NZ coupling is
of medium- strong strength. Medium-strong pair
interactions with ordinary hadrons is further in-
dicated by the relatively large width' of between
100 and 400 keV (quite comparable to strong de-
cay rt'-r)'+ww) for the process $(3.7)-J(3.1)+2w
in spite of the small available phase space.
Hence, independent of any specific model, pair
production of (JJ'}, (Jg), and perhaps (P't)I') might
be enhanced over single production of these parti-
cles in hadron-hadron collisions at sufficiently
high energy when diffractive dissociation mecha-
nism of production is expected to be operative. "
This possibility could well be supported by the
rapid increase of J(3.1) production rate in going
from 30 GeV (Ref. 19) to 250 GeV in n+Be
—J(3.1)+X, seen recently. " However, it should
be exa.mined by looking for pairs of dilePtons both
with 3.1 GeV mass (or alternatively with 3.1 and
3.7 GeV masses). If a systematic search for such
pairs of dileptons in hadron-initiated reactions
should yield a null result, we might be more in-
clined to accept the thermodynamics interpreta-
tion" of pair production where
o(Pp-M+M+. . .)/40 mb=H'(M) and hence is
minuscule for I=3.1 or 3.7 GeV. Note that since
(JJ}and (Jg') have pair-wise medium strong inter-
action with the usual hadrons, the pair-production
process is more amenable to Hagedorn thermody-
namics than singly produced J or tt)', which are
essentially of medii!m-weak strength in their
coupling with normal hadrons.

As first emphasized to us by Schwinger, " the
medium-strong decay g'- J+2z can at first sight
create a problem for any interpretation of the 3.7
as a J~=1 particle with normal electromagnetic
coupling 3.7 —y. By itself, nothing in the original
picture~~ prevents paired couplings of V with nor-
mal hadrons. They are also anticipated in charm-
related models though one must keep in mind here
the caveat of Pati and Salam. ' Namely, writing
the decay 3.7-3.1+m'+m in the effective coupling
form gt)I'„J„ptg, (essentially a phase-space model),
we obtain g„.r'/4w 2 8, a medium-strong coupling
when compared to the large enhancement g...'/4w

-400 for p'(1600) —p+ w'+w . If the familiar
Okubo-Zweig-Iizuka rule [suppression of J(3.1) and
tlI(3.7) -normal hadrons by about 10 ' in the am-
plitude]" also applies to lit(3.7}-J(3.1)+2w, then
even with the p' enhancement we would expect
g„,r'/4w=10 'x400=4x10 ' as opposed to 8. The
situation will, of course, alter if deviation from
the Okubo-Zweig-Iizuka rule for (g'- J+w+ w)-

type decays could be understood consistently (per-
haps because they carry cc content in both initial
and final state?). Irrespective of models, Schwin-
ger" pointed out that if the decay 3.7-3.1+2m is
compatible with medium-strong decay, then a
normal electromagnetic coupling 3.7 —y would
imply that the decay J(3.1) -w'+w +y occurs at
too large a rate. To wit, the chain

(2)

with three-meson intermediate states n'g J and
w'w P' (J and g' in intermediate state are off-mass-
shell) dominating, "would yield bv a dimensional
argument"

I'(J- w'w y) -10 oM& = 220 keV . (3)

Here the factor 10 ' is introduced to take into ac-
count the medium-strong nature of {wwJJ') and
(wwJt)I') vertices. Equation (3), if taken literally,
would suggest that this one single radiative mode
would more than account for the total width of
J(3.1). Nevertheless, to the extent that such esti-
mates have been reasonably reliable for co'- z'+y,
we urge accurate measurement of the rate
J -z'w y for a Possibly large anomaly. In this
connection we sPeculate that a substantial fraction
of the unidentified 43% of yt'3. 7) decay' may also in
volve radiative transitions to y+h final states via
chain 3.7-3.7 (or 3'.1) +h- y+h.

Schwinger's suggestion" that the E model with a
scalar meson in the scheme 3.7-3.1+ (e - w'w )
be applied also to the process J -w'p y has
stimulated a number of detailed calculations" "
of this process. The conclusion is that in both the
& model and for an effective structureless local
g'Jw'w coupling model, the rate I"(J'-w'w y) can
be &1 keV and hence, if confirmed by experiment,
removes the difficulty raised by Eq. (3). Similarly
the rate" I"(p"-w'w y) is -0.675 I'(J'-w'w y).
However, implicit in these calculations is the
assumption that the far-off-mass-shell character
of the intermediate J and f' in Eq. (2) does not
seriously affect the medium-strong couplings
gag JJ gal Jilt and the couplings f„Jand f„„,at y-J
and y-g' vertices.
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Of course application of the & model to the on-
mass-shell decay 3.V -3.1+(e - w'w }is unambig-
uous; indeed, the predicted invariant mass dis-
tribution of the final-state pions"' are in good
agreement with preliminary experimental data
from SLAC.' We do not believe, however, that ap-
plication of the E model to g'- J+2g is an unvar-
nished triumph for the charmonium model. For in-
stance, if we use the q model and normalize to the
bona fide strong decay p'-p+ w (where Schwinger
et al. estimate" g,,„'/4w-2), the expected g„,~,'/4w
according to the charmonium. model supplemented
by the Pati-Salam rule" should be 2 && 10 —rather
different from the value g„,~,'/4w = (1.7 to 9) && 10 '
obtained purely phenomenologi cally by Harrington
et a/."from the & model. Indeed the over-all
characteristics of the medium-strong decay g- J2m
can be best parametrized by a multiplicative
t-quantum number' '" conserved in strong inter-
actions (e.g. , f =-1 for 8 and (' and I=+1 for all
previous hadrons h). Since y- Jo and y-po couplings
exist, the electromagnetic interaction appears not
to conserve f. Speculations along this line (with
small or null linear interactions between the J and
P' and ordinary hadrons) have been proposed by
several authors. ""

IV. CONCLUSIONS

tive decay of P(3.'I}-y+h is of great interest.
(b) If the rate Z'-w'w y should prove to be accept-
ably small (~ a few keV), the Schwinger phenome-
nological theory can be distinguished from charm-
related models not only by the absence of exotic
dileptons with varying degrees of charm, but also
by the positive identification of an I=1 p state of
comparable narrowness to the I=0 J and f' very
likely in the mass region below' 3.1 GeV and of
axial-vector partners of J, P' and p. (c}A multi-
plicative t-quantum-number scheme is supported
by both the medium-strong nature of decay g'- J2w
and JN -JN scattering inferred from photoproduc-
tion as well as by the small (perhaps null) linear
interaction of J and It}' with normal hadrons. If
this hypothesis w'ere correct, it would have im-
portant consequences for the pair production of
(JZ) and (Jg') in hadron-hadron collision. In par-
ticular, we expect pair production to be large at
high energies, while J and g' radiative decays
should also be substantial. Examination of pairs
of dileptons both with 3.1 GeV mass (or with 3.1
and 3.7 GeV masses} in high-energy reactions
where the diffractive dissociation mechanism for
generating large pair-production cross sections
might be operative, together with the identifica-
tion of a threshold for pairs, remains of high in-
terest.

(a) An anomalously large rate for J'- w'w p,
say a substantial fraction of the total width, will
create difficulties for models discussed here with
normal electromagnetic couplings for the J and g'

particles. Accurate measurement of this decay
together with a search for a possibly large radia-
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