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have medium-weak decays

0 —nucleon+ e' +e + mes ons,

9 -nucleon+ mesons.

8 and J could be produced in association.
Remarks. —(a) The sign of g&&/g„can in prin-

ciple be determined by studying the interference
between the resonance and background te~ms in
ee —p. p. We notice here that the background
term is due to quantum electrodynamic Bhabha
scattering with the annihilation diagram as the
only contributing one. This term can be explicit-
ly computed. (It has the opposite sign from the
background Bhabha scattering amplitude in e+e
-e+e .) The interference term is sizable and
has a. sign that depends on that of g» jg„.

(b) If J has no strong interactions it may be
possible to determine the existence or absence
of g„by accurate measurements of I' and the
partial widths of J. In such a case, it seems to
us that it is very difficult to determine g„by
other experiments.
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This is a collection of comments which may be useful in the search for an understand-

ing of the recently discovered narrow resonances at 3.1 and 3.7 GeV.

Several recent experiments' ' have revealed a
strikingly narrow meson resonance at 3j.05 MeV

(we shall refer to this as the J particle). There
are also indications of a narrow resonance' at
3695 MeV (we refer to this as the g particle), ob-
served in e -e annihilation.

Let us first briefly recall some of the charac-
teristics of the J particle. The partial widths
are estimated to be I"(J-e'+e )=I (J- p, ++@ )
= 3 keV, and for decay into channels containing
charged hadrons, I"(4- visible hadrons) 50 keV.
The total width cannot be more' than -4I'(J -visi-

ble hadrons). The J particle seems to decay at
most only very rarely into states composed ex-
clusively of 4 or 6 charged pions. This suggests
assignment of odd G parity to the J particle; and
the angular distribution of e +e"- p. +p" under
the resonance peak is consistent with a spin-1
assignment to the resonance.

Various possibilities suggest themselves for
the theoretical interpretation of the J particle.
The view that we wish to explore here is that it
is a hadron in the same family as p, ~, p, . . . ,
but composed of new kinds of quarks. We call
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these, generically, "charmed" quarks and denote
them by the symbol & (they may or may not be
the charmed quarks proposed by Glashow and co-
workers" for use in theories of the weak inter-
actions). This picture provides a natural basis
for odd G-parity assignment to the J particle.
The outstanding problem, of course, is to ex-
plain the narrow width for decay of the 4 particle
into hadrons, and relatedly, the smallness of the
production cross section as reported in Ref. 1.

Concerning the various alternative interpreta-
tions, ' an important initial issue has to do with
the question whether the 4 particle couples direct-
ly to leptons or only indirectly, via a virtual pho-
ton. On the latter picture the spin-parity assign-
mentmust, of course, be 1". There is, however,
another test. On any picture, decay of the J' par-
ticle into hadrons presumably takes place pre-
dominantly without electromagnetic intervention.
However, if the J particle indeed couples direct-
ly to a virtual photon in its decay to leptons, then
it can sometimes also decay to hadrons through
a photon link: J virtual y- hadrons. For Ks
-3 GeV, the branching ratio on this mechanism
is about three times that into leptons; and from
e+-e annihilation data' off the resonance one
knows that of the hadronic events about one in
twenty involves four charged pions exclusively.
Thus, for the J, we would expect a width of about
3 +

gp
x 3 keV 0 5 keV for dec ay into four charged

pions, or about one such event in a hundred under
the J peak. Similarly, about 1% of the events un-
der the peak should have a final state of six
charged pions only. If such events were not ob-
served at this level, ' this would constitute a
strong indication against coupling of J to a virtu-
al photon.

For the remaining discussion we adopt the view
that the Z particle is a hadron, pictured to be a
3S bound state of cc and analogous to the y meson,
similarly regarded as a 3S bound state of ~&. The
decay y 3~ is known to be highly suppressed,
presumably in accordance with the semiempiri-
cal "hairpin" rule of Zweig" and others. A mea-
sure of this suppression is provided by the ratio
I'(cp-3m)/I'(&u-3z) =Vx10 '. On the basis of
various mass formulas to be discussed below we
expected charmed hadrons (c6', c%, cX, etc. ) to
have masses in the range -2 GeV and greater,
so that the analog of y -K+K decay is not avail-
able for 4 decay. In this way one may estimate
that I'(J - hadrons) = (typical, unsuppressed had-
ron width -200 MeV) x t x10 ')=14) MeV, where
$ is an extra suppression factor which reflects

the presumed heaviness of the charmed quarks,
m, -mz/2. To obtain the observed Z width one
needs a considerable extra, suppression indeed,
$- 5x10 '. Various attempts" have been made
to explain this, none completely convincing. For
present purposes we simply accept the fact.
What is especially puzzling, and no doubt signi-
ficant, is that this suppression does not seem to
be operative for annihilation of J into a virtual
photon, i.e. , the width for J decay into leptons
is "normal" in the sense that it is comparable to
that for y-e e decay.

Because decay into ordinary hadrons is strong-
ly suppressed, for whatever reason, certain de-
cay modes which might otherwise be expected
to be minor may become significant. In particu-
lar, if we accept that the J particle is a 'S state
of cc, we may expect that there exists a pseudo-
scalar 'S state, call it J~, with mass compar-
able to that of J. If the mass is in fact below that
of the J, as might be expected, the possibility
arises of 4-J~+y decay. On the present picture
this would be a pure spin-flip transition, whose
amplitude, expressed in terms of the magnetic
moment of the charmed particles, can be esti-
mated fairly reliably. We find I (J-Z~+y)
= -', o.Q'p, '~'/m', where Q = -', is the presumed
cha.rge of the charmed quark, m, -1500 MeV is
the mass, p, is the magnetic moment in units of
Qe/2m„and cu is the photon energy. Calcula-
tions of this sort give a reasonable value" for
the width of ~-m +y decay. Taking p. =1 we find
that the interesting range 1 keV ~ I'(J-J, + y)
s100 keV' corresponds to 80 MeV~M J' ~J~
~400 MeV"

Concerning decays of the hypothetical J~ parti-
cle, whose G parity is even and isospin zero on
the present picture, the allowed hadronic chan-
nels include states with an even number of pions
(but the two-pion state is forbidden by parity con-
siderations), KKm, etc. However, the same
mechanism that suppresses 8 decay into hadrons
would be expected to be operative here also, so
that modes which would otherwise be minor could
become significant here, in particular the mode
J~-y+y. The analogous process g- y+y has a
width of about 1 keV. For Jt, -y+y, an estimate
based on unbroken SU(4) for dimensionless cou-
pling constants (with q taken to be a pure octet
and J~ taken to be a, state formed out of quarks of
charge two-thirds) gives I'(J~-y+y)/I (q-y+y)
-'-,'(m~ /m „)=60. It would seem that a conserva-
tive lower limit is provided by equating the two
widths, so I'(J~-y+y)-1 keV. At the other ex-
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treme, purely dimensional considerations would

suggest a, scaling according to the cube of the
ma.ss, so I'(J~-y+y)/I'(1i-y+y) —(mz /m„) .
This leads to an enormous width, -2 MeV, for
J~-y+y decay. All in all, a width of several
tens of keV does not seem unreasonable. As for
J~- y+m+m we appeal to the small width for the
analogous q-y+2~ process to suggest that this
may not be too significant.

According to the estimates described above,
if J~ is appreciably less massive than J, one
should encounter the chain J-J~+y-y+y+y
which would affect the estimate of the widths. '
These events would have a dramatic signature,
involving one monochromatic low-energy photon
and two others nearly monochromatic and nea, rly
back-to-back.

An interesting question arises in connection
with possible decay processes of the type J- y
+ ordinary hadrons. Under "normal" circumstanc-
es one would expect the widths for J-.hadrons, J- y+ha, drons, J—e++e to stand roughly in the ra, -
tio 1:n: n', where n =

37 In fact, the absolute
width for J-e'+e does have the normally ex-
pected magnitude, whereas the hadron width is
greatly suppressed. This leaves open, for J-y
+hadrons, whether if. is to be scaled by the ap-
propriate factor of e relative to J- hadrons or
to J- e+ +e, or neither. The "hairpin" rule
would perhaps suggest the first alternative, so
that J-y+hadrons would be insignificant, even
relative to J—e++e; but the uncertainty, a
priori, is enormous. For y decay the branching
ratios into m +y and a++m +y are small, with
respective uPPex limits 0.35% and 0.7%. The
limits are not yet decisive, considerably exceed-
ing as they do the branching ratio for cp- e'e .
On the other hand, the branching ratio for y-q
+y is 3%, which is smaller than that for y-31/
only by a factor of 5. Since q has a substantial
AX quark content this decay is analogous to J-J~
+y, which we have argued might be substantial
if the mass difference is appreciable. The evi-
dence from y decay therefore suggests that J
-y+ordinary hadrons should be suppressed rela-
t1ve to J» Jp +y.

The suppression of the coupling of J to ordinary
hadrons reflects itself not only in the small de-
cay width but also in the smallness of the cross
section reported for J production in nucleon-nu-
cleon collisions. ' On the other hand, on the pic-
ture under present discussion J couples with nor-
mal strength to virtual photons. This suggests
that J production could be substa, ntial in diffrac-

(l ~2g2)1/2 (l ~2y2)1/2

2m geog

(l ~2p2)1/2
CO'E

0 (l 2 2)1/2

where ~ is determined by d, = (1+m +/&o 8 )
'

From the observed Reggeon slope of ordinary

tive photoproduction, comparable —at given mo-
mentum transfer t—-to photoproduction of y me-
sons. The only effect, a priori, that works
against J photoproduction arises from the large
J mass, hence the larger value for

~ t;„~. Even
so, for E ~20 GeV the photoproduction cross
section, "almost wholly diffractive, could well
lie in the range of a few microbarns.

If the "usual" 6', ~, & quarks are indeed supple-
mented by charmed quarks, and if J can indeed
be pictured as a cc state, then the J particle
should belong to a family containing 1" charmed
hadrons of various sorts. The Gell-Mann-Okubo
mass formula for the ordinary vector-meson
nonet (supplemented by the assumption that y
= AX) may then be extended to yield m„'= (mz'
+m, ')/2, m '=(m '-, ')/2+m .', whe e II
denotes the charmed vector mesons with quark
content c6', c&, and where I denotes a strange
and charmed vector meson with quark content
c~. There is of course the age-old dilemma of
choosing between a quadratic mass formula, as
given above, and a linear mass formula. Here,
in fact, in the picture that J is a loosely bound,
nonrelativistic system, the linear formula might
well be more appropriate. With the quadratic
formula we find mJ. =m~=2. 3 GeV; with the lin-
ear formula m& = 2.05 GeV, mH = 1.95 GeV. We
do not enter here into a discussion of the possible
decay and production properties of the charmed
hadrons, a subject which has already been ex-
tensively discussed in the literature. " To esti-
mate the mass of the J& particle, discussed ear-
lier, we may extend various ideas from the lore
of Regge recurrences and of SU(6). Thus we ex-
tend the mass formula rn'-(K*) -m2(p) =m (2K)

-m2(7/) =m'(K, *)-m'(A, ) to read m2(J) -m'(K*)
=m'(J~) -m'(K). This leads to m(J~)=3 GeV. A

linear version of this formula would produce a
mass splitting m& —m&~= 400 MeV. To discuss I-
excited states of the cc system we propose an ex-
tension of the string model" in which the charmed
quark masses at the ends of the string are given
a, finite value, mq. The energy and angular mo-
mentum of a. rotating string are then given by

54
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hadrons (with mo--0) we infer that 2vT, = l GeV'.
For the low angular momentum excitations the
nonrelativistic approximation is quite adequate
and we find

Z(L) =2m, +(2T '/m )'"I'"
Thus, the L = 1 excitations of the loaded string
(corresponding to J~' 0++, l++, 2++, 1+ mesons)
have a mass - 3400 MeV, while the L = 2 (12, 3, 2 ') excitations have a mass -3600
MeV.

It is tempting to identify ' the L = 0 daughter of
the L = 2 excitation at 3600 MeV with the ((3700)
resonance discovered at SPEAR, thus interpret-
ing g as a radially excited 'S state of the cc sys-
tem, with odd t" parity and spin and parity 1 .
On this interpretation, the processes (-J+2m
and g- J~+y could well be important among the
various decay modes of the g particle. Although
the decay (-J+2m is suppressed in the soft-pion
limit on consideration of partial-conservation of
axial-vector current and current algebra ideas,
a corresponding suppression for the analogous
decay E-q+~+~ does not seem to be operative;
for both reactions the pions are not that "soft."
Of course, for P-J+2n. and for P decay into or-
dinary hadrons we still have to invoke the sup-
pression implied by the hairpin rule but this
would be expected to be less strong for g- J+2m
if g and J have the same quark content. " The
process (-J~+y is analogous to the reactionJ-J~+y discussed earlier, but for the g decay
case there is ample available phase space. Re-
call, other things being equal, that the width
grows cubically with the photon energy. One
encounters here a radial overlap integral
((q~~ e' ' "

~g&) whose magnitude depends on the
characteristic radius 8 of the orbits of the cc
system. Since ~k~ =~ is large however, ruB

could well be substantial and the overlap integral,
therefore, might be of order unity. For the pur-
pose of estimating the width we assume a sim-
ple harmonic oscillator potential between c and
e with spring constant adjusted to give the ob-
served mass difference. The overlap integral
(taking mq -m~, so m& -m~ -600 MeV) turns
out to be --', corresponding to a width of -25
keV. The upper limit to the width would be -400
keV corresponding to the maximum overlap of 1.
The radiative decay of ( into L =1 states may be
very significant. On the basis of the loaded
string we estimated the mass of these states at
3400 GeV; the ha, rmonic oscillator model men-.
tioned above gives roughly the same. With the

harmonic oscillator model a rough estimate
(based on the electric dipole approximation) for
the decay width yields I"=,'-', nuP/m, '= 500 keV.
An alternative possibility is that the g particle is
the 'S ground state of another kind of charmed
quark-antiquark pair, c'c'. The Glashow-Iliop-
oulos-Maiani mechanism is easily extended to
such a, proliferation of charmed quark types. In
such a model the decay P- J'+hadrons would not
be expected to be significant.
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If the force between c and c may be approximated by
a harmonic oscillator potential then the first radial ex-
citation with I-=0 is degenerate in energy with the low-
est state with L =2.

We note that the decay (II) J+g, which might other-
wise be expected to be a strong competitor with g—J+2~, should be suppressed because the available
phase space is limited and the decay takes place only
in the P wave. Moreover the process violates SU(3)
symmetry.
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The intermediate-boson version of the earlier proposed fermion-current model of neu-
tral currents is discussed. In particular I speculate on the possibility that the recently
discovered 3.105-GeV particle may be identified with the intermediate boson of the fer-
mion-current model,

Shortly after the discovery of neutrino-induced
neutral-current reactions it was proposed that
the hadronic piece of the neutral current be iden-
tified with the unitary singlet baryon current. '
In the same paper I also speculated that all neu-
tral-current phenomena are due to an extremely
simple universal Fermi interaction of the form

lows:

+Z ~
(F)

where Z„ is a neutral spin-I field of mass m~.
Clearly we have

g'/4v = 2(Z/4w)(G/W2)ms', (4)

Z„,= (GX/W2) j~(~~j (F~

with

+ u y~u+i7y~d+ syrus],

where the notation of the uncolored quark model
is used for hadrons. In view of the recently re-
ported evidence for a narrow-width boson in e'e
production and in e'e annihilation, ' it is of some
interest to make a few comments on the inter-
mediate-boson version of the "fermion-current
model. "

I propose that the effective interaction (1) ap-
plicable to low-q' phenomena arises from a more
fundamental intermediate-boson coupling as fol-

gPC I'=O .
This quantum number assignment leads to numer-
ous predictions some of which will be discussed

where the factor 2 is necessary because the inter-
action (1) represents the product of two identical
currents so that a typical term like (ee)(uu) ap-
pears twice. ' The partial decay width for the Z
boson decaying into a lepton pair can easily be
calculated to be

I'(Z- e"e ) =1(Z- p, 'p. ) =-,'(g'/4p)ms

=(10 '/v2)(A. /6w)(m '/m ).
As for the hadronic decay modes of the Z bo-

son, let us first observe that the quantum num-
bers of the final states are characterized by


