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%e show that the process gg4 P lpsion+ a (a = hadron or y, g = gluon) explains the observed features in
the hadronic production of Q/J and Q' and the absence of hadronic production of Q", Q"', etc.

Recent experiments' have observed the g'(3. 7) in

p-Be collisions at a rate of approximately 1.7%
that of the g/J(3. 1) in the ee channel P. reviously, '
we proposed that the mechanism responsible for
the production of tt) particles is the one displayed
in Fig. 1. That is, the g particles are not pro-
duced directly, but come from the decays of p-
wave intermediate states, ' which in turn are
produced from collisions of gluons which are con-
stituents of the initial hadrons. 4 Here we extend
the model straightforwardly to calculate produc-
tion of the g' and explain the absence of higher
g~~ =1 psion states in hadronic collisions.

The total cross section is given simply as

8x' + + I'(n'P~-gg) I'(n PJ -/+a)
M ~ t ](n PJ)

xT,g, —. 1

In this equation, each & state is labeled by its
principle quantum number n and M„~ is its mass
(we neglect the fine and hype rf inc splitting), I' is the
particular decay width, r = VI„~'/s, a.nd f, (x) is the
probability distribution function in momentum for
the gluons in the hadron, which we take to be'

f, (x) =
1

—(1-x)".

r(n'P, -gg) «I'„„,(n'P, ) . (3)

The very small production of the higher vector
states follows from the important remark that the
sum over & states receives large contributions
only from those few states which are below the
threshold for decay into charmed particles. The
reason is that the total decay width of a P state
whose mass is lower than the charm-production
threshold is approximately given by its two-gluon
decay (a decay mechanism which violates the
Okubo-Zweig-Iizuka rule). On the other hand, for
the & states which can decay into charmed parti-
cles (Okubo-Zweig-Iizuka-allowed) we expect that

This fact, aided by the factor M„p ' and the di-
minishing phase space, ensures that contributions
from higher P states are negligible.

The observed widths of the psions and the rise
in R indicate that the threshold for decay into
charmed particles is about 4 GeV. This leads
us to predict that the higher vector states ob-
served at SPEAR (at 4.1, 4.45, . . . GeV) can be
produced in hadronic collisions only at negligible
rates Fur. ther, the ratio of g' to g/J hadronic
production will be small because only photon de-
cays of the 3P can feed into the g' (the mass dif-
ference between the 3j' and g' is expected to be
about 200 MeV so that either quantum-number
conservation or phase space prevents any decay
3P-g'+hadron). The explicit calculation shown
below confirms that the ratio of g' to g/J hadronic
production given by our model is of the right mag-
nitude. Also, it is clear that if the structure seen
at 6 GeV (see Ref. 6) in hadronic collisions is real
and is due to a bona fide resonance it cannot, with-
in the context of this model, be a bound state of
the standard SU(4) quarks (u, c, s, d). We shall
elaborate on this point later.

Let us now consider quantitatively the two lowest
states, g/J(3. 1) and p'(3. 7). For the g/J both the
2P (3.44) and 3P (3 95) can contribute. The decay
processes involved are 2P-p/J+ y, 3P-g/J+ y,
3P-(g'-p/J+ anything) + y, and 3P-p/J+s&. 7

As input for this calculation we need the widths
of the P waves into two gluons. This calculation

FIG. 1. Process of producing P-like particles in had-
ronic collisions. The state 'a" can be y, co, 37r, etc.
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is similar to the one for the decay of the corre-
sponding positronium state into two photons. ' The
result is

2 d 2

r('P. -gg} = (-') 9
r=0

= —", r ('p, -gg), (4)

where &,=0.2, m is the mass of the quark, p is
the radial wave function, and the factor of -', is due
to color. The results of our calculation' are
I'(2'p, 2g) =1.29 MeV and I'(3'P, -2g) =1.98 MeV.
We also need the electric-dipole matrix elements,
which are I &IS I

r
I 2P&I =I 24 (GeV) '~

I &2S I
r

I 3P&l

=1.79 (GeV) ', and I &1SI r I 3p&l =o 14 (GeV& " «
corresponding B1 transition widths are r(2P-p/J '

+y) =270 keV, r(3P-q/J+y) =54 keV, and I'(3P
-g'+ y) =269 keV. Neglecting for the time being
the width r(3P-g/J+up}, we can calculate the
cross sections.

What is relevant for the comparison to the ex-
perimental data' is do/~, I, „which we cal-
culate along with the total cross section. At x =0,
we obtain for s = 750 (GeV)'

do(y') xB(g'-ee) =0.46 nb
x=o

[Ref. 1: (0.44+0.24) nb],

„o,„(y')xB(g'-ee) =0.26 nb,

where B is the branching ratio. The corresponding
values for p/J including the three processes that
involve photons are

We can then calculate the g/J and p' cross sections
for all energies. The predicted total cross sec-
tions are plotted in Fig. 2. We agree with the
available experimental data'~ within a factor of 2
(using our calculation to complete an x spectrum
whenever full data were not available}. This is
compatible with the experimental error limits,
but we are always on the low side.

Our success with the psions encourages us to
consider the enhancement reported at 6 GeV. The
experiment at Fermilab reports'

d c.m. , x=0
x B(T -ll )

= 14.6 pb = 14.6x10 ~ cm' at s = 750 (GeV)'.

However, this "resonance" has not yet been seen
at SPEAR,"and we make our comments with some
trepidation.

Following our previous discussion, we will try
to understand this structure as a bound state, bb,
of new quarks b of charge ——', . An increase of the
number of quark flavors from 4 to 6 has been sug-
gested by the large value of R =o (e+e -hadrons)/
o(e+e p,+g ) and the possible heavy leptons ob-
served at SPEAR." Several kinds of six-quark
models have been studied, '4 but we do not need to
discriminate among them.

The parameters needed for the cross-section
calculation can be gotten by a series of standard
exercises. There are no free parameters, ex-
cept possibly m~ which we take to be 3 GeV. The

do(y/J)
x=0

xB[($ /Jee)]=8. 97 nb

[Ref. 1: (29+8) nb],

~ I ~ 5 0 ~ ~ I ~ ~ ~ ~ 8 ~

og,gg (P/J) xB[(g/J-ee)] = 5.2 nb

[Ref. 1: (11+3) nb].

Therefore the simple processes P-gy could ac-
count for 30 to 50% of the p/J cross section de-
pending on what we choose to compare to. We
could stop here with no further ado, but it is in-
teresting to speculate on the possible hadronic
decay channels I'(3P g/J +to). Calculation of the
r(3P-g/J+ +) is unreliable. It requires a de-
tailed knowledge of the fraction of light quarks in
the 3p wave function. " Rather than attempt an
ab initio calculation, we will use the experimental
data' on the ratio of the g' to g/J cross section to
estimate I'(3P p/J+&g). The value we need to fit
the ratio is I'(3P g/J+&g) =1.1 MeV or 1.35 MeV,
using the differential or total cross sections, re-
spectively. (Our spectrum' in x is somewhat dif-
ferent from the one assumed in Ref. 1.) The pres-
ence of the r(3P-y/J+~) modifies our previous
calculations. We now obtain o „~(g/J) x B = 8.5 nb.
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FIG. 2. Total cross sections for pp f!J+anything
and p +p p' +anything.



1418 C. K. CARLSON AND R. SUAYA

strong coupling constant c., (6 GeV} = 0.17 is ob-
tained from asymptotic freedom" with parameters
valid for SU(6) xSU(3), . We use wave functions for
the 2P and 18 states obtained by a variational cal-
culation with Gaussian trial wave functions (x
xGaussian for the 2P state) and a linear potential
V= r/a' —V,. The parameter a is chosen to be
the same as for the psions, ' a =1.94 (GeV) ', on

the grounds that it is a parameter of the "string"
that binds the quarks and not of the quarks them-
selves. M The 2& mass becomes 6.29 GeV and the
necessary widths are I'(3P, -2g) =298 keV and
T'(3P-Ty) = 30 keV. The branching ratio of T into
leptons is 0.032, which follows from I'(T 3g)/
I'(T -ee) =(10/9n')(v'-9)(a, '/o, '}. The cross sec-
tion we calculate (assuming that only the 2P con-
tributes) is then

do(T) 16
~C.m. x =0

and the total cross section is o„„,(T)xi= 10.6 pb,
agreeing well with experiment. '

The leptonic width of 'r for the linear potential is
unfortunately 0.5 keV. However, it is interesting
to note that using a Coulomb potential would not
change our predicted cross section greatly: With
the same values of ~, and m„ the Yy width in-
creases by about a factor of 4, while the Pg width
decreases by about a factor of 5, and the cross
section is nearly the same. The leptonic width
of the 7 in this case is 0.1 keV.

In this comment we have shown that the hadronic
production of narrow vector resonances can be
accounted for by the production of p waves by two

gluons and the subsequent decay of the Q into vec-
tor states. We should not need to emphasize the
importance of this mechanism which for the first
time provides experimental confirmation of pro-

cesses in which the gluons are more than mere
spectators. It gives support to strong-interaction
dynamics based on an underlying non-Abeban
quark-gluon field theory.

Psion production by means not violating the
Qkubo-Zwieg-Iizuka rule has been suggested. "
However, this should lead to production of charmed
particles in association with the psions, and

experiments rule this out by the low observed ratio
of 3g to 2p production, about 2/3000." Also,
production of psions directly from 3g must be
small as it would lead to a g' to gjg ratio near
(Mv /Mgg~) .

Let us briefly review the main conclusions of
our model:

(a) The g'(3. 7) production occurs only vial
~ 3P ~g&y

(b) The $'(3.1) ls produced via the decay of fhe
3p' and 2~ intermediate states and 40'f/0 of the final
states associated with the g should contain photons.

(c) The energy dependence of the g/Z cross sec-
tion is well reproduced.

(d) We predict that the additional enhancements
at 4.1 and 4.4 GeV seen at SPEAR will have negli-
gibly small hadronic cross sections.

Notes added in proof.
(1) Hom et a/. "have recently published results

on p, p,
' in the region of the Y which did not con-

firm the existence of a resonance,
(2) In addition to Ref. 18, another group has

also reported an upper limit on trimuons. "
(3) Ellis, Einhorn, and Quigg" have discussed

a proposal similar to the one advanced here.
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