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We discuss what can be learned about the dynamics of the new particles by studying the decays of Q(3.1) into
even- G-parity states.

In this note I will discuss what we can learn
about the dynamics of the new particles" by
studying the decays of $(3.1) into even-G-parity
final states. Experimental indications that G =+1
decays are rare are consistent with the hypothe-
sis that $(3.1) is a hadron with G= —1. As a
hadron, it is created by a virtual photon in e'e
annihilation, and so it may decay via a virtual
photon into hadrons, as in Fig. 1(A). Because the
purely hadronic decays of $(3.1) are suppressed
by 10', the process indicated in Fig. 1(A) (here-
after referred to as the "type-A" process) has a
much larger branching ratio (by -10') than the
10 we would have guessed by just counting
powers of 0.'. Squaring this amplitude, we obtain
a contribution to the hadronic width,

F„(g(3.1)—y-hadrons}=R ~, o,vx«(4(3. 1)-p p )
=—12 keV,

where we have used'

R~, o,v=-o(e'e -hadrons)/&(e'e —p'p ) ~, c,v
= 2.5

and' F(((3.1)-g p }=5keV. Since' F(g(3.1)-had-
rons) = 60 keV, about 20% of the hadronic width
of $($.1) is due to the type-A process.

Similarly for exclusive G =+1 channels such as
the decay into 2n pions, we have

F„{g(3.1)- (2s)v}=

branching ratios for ((3.1)-2~'2w and
g(3. 1) -3v'3v are each 2%. Given the enormous
cross section for e'e —li(3. 1) at the peak of the
resonance, it should be possible to measure these
decay modes if they are indeed present near the
1% level.

The above remark has often been made in recent
months. Here I will discuss two related issues:

(1) By determining whether there are other
important mechanisms by which $(3.1) decays into
6=+1 states, we can learn about the nature of
the dynamics which underlies the new particles.

(2) How large are the dynamically uninteresting

& Hadrons

(A)

Had rons

{8)
xF(4(3.1)-u'u ).

Using experimental values, "we find that the
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FIG. 1. Type-A and Type-8 decays of $(3.1) into had-

rons.
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sources of G =+1 states in e'e annihilation at
~s=3.1 GeV which determine how well we can
detect the dynamically interesting mechanisms
referred to in (1) above t

The alternative mechanism (hereafter referred
to as "type B") for the decay of $(3.1) into a G =+1
state is illustrated in Fig. 1(B), which is single-
photon irreducible as opposed to Fig. 1(A). The
simplest examples of type-B mechanisms are
processes in which P decays by strong interactions
into a G = —1 state which then undergoes electro-
magnetic final-state scattering or electromagnetic
mixing into a G =+1 state. A specific example is
illustrated in Fig. 2: $ decays into ~~a, which
mixes electromagnetically into ~~.

The important point is that from our knowledge
of the electromagnetic properties of ordinary had-
rons, we can be confident that such final-state
interaction amplitudes are much smaller than the
type-A amplitudes. Therefore, if there is a large
discrePancy betueen the observed rate of G =+I
decays and that sehich u)e Mtould exPect due to the
type-A mechanism, it soould mean that

(1) either the hyPothesis that g(3.1) is a G = —1
hadronic state is false, ox

(2) the type Bmech-anism is involved in a geay

uhich illuminates the internal dynamics of the nese

particles.

In the remainder of this note I will make the pre-
ceding statement more precise and will illustrate
how the presence or absence of important type-B
amplitudes can help us to understand the dynamics
of the new particles.

First consider what is meant by a "large dis-
crepancy" between the observed G =+1 decay rate
and the rate which is expected from the type-A
mechanism. In addition to the type-A mechanism,
there are two trivial sources of G =+1 states in
e'e annihilation at vs = 3100 MeV —the nonreso-
nant background and type-8 decays of g'(3. 1) in
which the electromagnetic interaction involves
just the final-state hadrons (e.g. , Fig. 2). These
two amplitudes may interfere with the type-A
amplitudes, and since the relative phases are un-
known we cannot calculate the sum but can only
estimate the range of possible values. Therefore,
the presence of these two trivial sources of G =+1

FIG. 2. Exampl, e of a Type-B decay involving electro-
magnetic mixing of the hadrons in the final. state.

states determines a "noise level" beneath which
we cannot hope to detect the more interesting
type-B processes which probe the internal dynam-
ics. This "noise level" provides the scale which
determines what is meant by a "large discrepan-
cy.

Consider first the nonresonant background. The
background cross sections are'

o(e'e -2w'2w ) ~, , o,v=—o(e'e -3w'3w ) ~, , o,v
—= 0.7 nb.

Taking the "true" cross section at the peak of the
resonance" as o(e'e —$(3.1) —hadrons)
=—1.0X10' nb, we compute "true" cross sections of

o„(e'e-- $(3.1) -2w'2w )

= o„(e'e —tt(3. 1)-3w'3w )

=- 500 nb.

(With the SPEAR resolution, "true" cross sections
of 500 nb correspond to observable cross sections
of 12 nb. } Therefore, the interference between
the nonresonant background and type-A amplitudes
gives rise to cross sections which may differ from
500 nb by a "noise" factor of 1 s 2(0.7/500)' '
= 1 +0.07.

Consider next type-B processes involving elec-
tromagnetic interactions among the final-state
hadrons. These amplitudes are typically of order

compared to the nonelectromagnetic decay am-
plitudes, which are in turn only a factor of

larger than the type-A amplitude. Thus these
type-8 amplitudes added to the type-A amplitudes
will create interference effects of order
1 +2(+)—= 1 +0.03.

To improve on the above order-of-magnitude
estimate of electromagnetic final-state effects,
we would have to do a detailed study of each had-
ronic final state. Such an analysis would require
more experimental information about the final
states than we are likely to have in the near future.
As an especially simple and experimentally acces-
sible example, consider the process illustrated in
Fig. 2. The probability for p-+ mixing is
F(ur-w+w )/F(p'-w'w )=0.85x10 '. If xis the
fraction of nonre sonant e 'e —2w'2n events at
~s=3 GeV which are in the p'n'n' mode and y is
the branching ratio &($(3.1)—&uw'w )/&(tt(3. 1)
-hadrons), then the type-A mechanism contrib-
utes a branching ratio for g(3.1) —p'w'w of
&10 'x, and the B process of Fig. 2 causes this
to be multiplied by an interference "noise" factor
of 1 +2[(0.85)10 'y/-,'10 'x]'t'. With' y --,' x10-'
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and x-—', we get 1+0.07, which is consistent with
the above order-of-magnitude estimate. If x
were much smaller than &, the noise factor would
be larger, but this would not have important con-
sequences since pram would then be only a very
small fraction of the 2m'2v events (the number
of ~m events decreases as x while the noise only
increases as I/~x).

Since we cannot now hope to carry out such an
analysis for each important final state, we will
have to use an order-of-magnitude estimate. To
be conservative, we allow an extra factor of 3

beyond the initial estimate of 1 +0.03, so that we
estimate interference effects due to final-state
interaction at 1 +0.1. Combining this with the
above estimate of interference with the nonreso-
nant background (1 +0.07) we obtain a generously
large estimate of 1 ~0.2 for the total noise level
due to "uninteresting" interference effects. As a
practical matter, the uncertainty in this estimate
is not at the moment very important, because the
experimental errors in the measurement of the
nonresonant 2m'2r and 3~'3m cross sections
are even larger. ' These errors, which are a 20%,
introduce greater uncertainty in the estimate that
o„(2w'2w )

- o'„(3v'3v ) -500 nb than the uncertain-
ties in the estimate of the "uninteresting" inter-
ference effects.

We now briefly illustrate how the dynamics un-
derlying the new particles determines whether
there are additional large type-8 amplitudes for
$(3.1) to decay into G =+1 final states. As a first
example, consider the hypothesis that ((3.1) has
the Han-Nambu' assignment (1,8), i.e. , a singlet
under ordinary SU(3) and an octet under the color
SU(3). Since the electromagnetic current is

= Z(8, 1) + J'(1, 8), there are type-B amplitudes

(&'&I 8) I ~(8, 1)(~)&(I,8)(o)1(8, 1)&

which transform $(3.1) into an ordinary (8, 1) had-
ronic state which may then decay with a typical
hadronic width ~ 100 MeV. Thus we estimate the
partial width for such decays to be
F~a e'xl00 MeV-10 keV, which is of the same
order of magnitude as the contribution of the type-
A process, I'„(g(3.1)-y- hadrons) —12 keV.
Therefore, with Han-Nambu dynamics, we expect
G =+1 decays of $(3.1) at a rate which differs from
the type-A rate by much more than the 20% "noise
level" discussed above.

As a second example, we consider a model
which is unattractive from a theoretical point of
view but which, given the depth of our ignorance,
nonetheless deserves consideration from a phe-
nomenological point of view. Suppose, in partial
analogy with charmonium models, that g(3.1) is
a bound state of new quarks, q'q', which carry a

new quantum number. The new quantum number
is conserved by strong interactions but, unlike
charm, is violated by first-order electromagnetic
interactions. Exchange of a single photon then
allows the transition of the new quarks to an
ordinary qq quark pair which has an uninhibited
transition into hadrons. As in the preceding es-
timate we then expect I ~& 10 keV, and there
should be substantial deviations from the rates
expected for type-A processes alone.

Consider next those versions of the charmonium
model' in which the narrow width of C(3.1) is
viewed as analogous to the poorly understood
suppression of P -wry (often referred to as
"Zweig's rule" ). Experimental information from
P decays suggests that the suppression mechanism
continues to operate in decays in which both strong
and electromagnetic interactions occur. For in-
stance, I'(P-m'y) as measured at Orsay is con-
sistent with the rate to be expected using vector-
meson dominance and the hypothesis that

P - m'm m' proceeds primarily via
Q-pm'-m'n m ." Therefore, if the g-Q analogy
is correct, all type-B decay amplitudes of $(3.1)
are of order o smaller than the (suppressed)
strong decay amplitudes. All type-B amplitudes
are then of the same order of magnitude as the
previously discussed type-B amplitudes involving
electromagnetic interactions of the final-state
hadrons. Therefore, in these models we expect
$(3.1) to decay into G =+ 1 states at the rate to be
expected from type-A amplitudes, with correc-
tions in the rate of no more than -30%, which
includes the 20% "noise level" discussed above.
(A caveat: It is possible, though it seems far-
fetched, that second-order electromagnetic pro-
cesses could violate Zweig's rule although first-
order processes do not. In this case, type-B
amplitudes could be much larger. }

A more quantitative evaluation of the type-B
amplitude is possible in the charmonium model of
Appelquist and Politzer, " since in that model the
underlying dynamics is precisely specified to be
an asymptotically free, non-Abelian gauge theory.
The strong-interaction decay of $(3.1) into hadrons
is calculated from the amplitude of Fig. 3, as if
the three gluons were actually produced on their
mass shell. It is assumed that the confinement
mechanism which is conjectured to operate at
large distances ( 1 fm) causes the gluons to have
a transition into ordinary hadrons with unit prob-
ability. The result of their calculation is

I'(g(3. 1) -3 gluons -hadrons)
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where &,=—0.19 is determined' from

F(g(3.1)—e'e )/F(g(3. 1) —3 gluons —hadrons}= ~8

and m, is the mass of the charmed quark.
The leading type-B amplitude is obtained by re-

placing one of the three gluons in Fig. 3 with a
photon. For this process I have obtained"

8 2 m' —9
F(g(3.1) —y+2 gluons)= —x—x aa, '(-, a, ) m, .

(4)

However, at distances of order 1 fm, the effec-
tive coupling of the photon is still e = (4wa)'~'
= (4w/137)' ', so that the transition y+2 gluons
-hadrons occurs with a rate P of order a and not
of order unity. Therefore, we obtain

1 s(g(3. 1)- y+2 gluons-hadrons) 16 a
I'„,($(3.1)-3 gluons-hadrons) 5 a,

Since

F„(g(3.1)- y-hadrons}
I'„,($(3.1) -3 gluons —hadrons)

and taking, for example, P=—+we have

Fs(g(3. 1) —y+ 2 gluons -hadrons } =3.6x10 '.
I'„($(3.1) —y -gluons }

Interference between the A and B amplitudes can
therefore modify the rate due to the type-A pro-
cess alone by a factor 1+2(3.6x10 ')'~'=1 +0.12.
Taking account of the previously discussed "noise
level, " the observed rate for ('(3. 1) to decay into
G =+1 states should not differ by more than 30%
from the rate due to the type-A process alone.

Equation (5} is in the spirit of the original char-
monium calculation" of I'(g -3 gluons —hadrons)
since we treat the photon and the two gluons as
though they were real and ignore (except for the
factor P) the details of the final-state interaction
y+2 gluons -hadrons. This hypothesis is only a
conjecture both in its original version and in the
extension to the virtual photon which has been
introduced here. It is a necessary hypothesis if
we wish to make quantitative predictions, since
we cannot hope to calculate in detail how the gluons

FIG. 3. The strong-interaction decay of g(3.1) in the
charmonium model of Appelquist and Politzer.

(or, here, gluons and photon) become the com-
posite quark states, which are the hadrons of the
model. The hypothesis could be totally incorrect
or it could be qualitatively correct yet fail quan-
titatively (the latter possibility seems more likely
in the extension to the virtual photon than in the
original model). If, for instance, we had P—= 10+,
then for Eq. (6) we would have 3.6x10 ' and the
interference effect could be 1*0.4, or 1 +0.6
when the noise level is added.

We should also keep in mind that there is no
model-independent quantitative connection between
the type-A and type-B processes and the produc-
tion of G =+1 final states [except for certain type-
A processes, as in Eq. (2)]. However, in the mod-
els discussed here, we would expect these pro-
cesses to give rise to G =+1 and G = —1 states in
comparable proportions. Whereas the SU(3) elec-
tromagnetic current of Gell-Mann and Nishijima
is & part G =+1 and & part G = —1, in the extension
to SU(4) the current is —„part G =+1 and —,",part
G = —1, and in the Han-Nambu model (i.e. , the
SUB version') it is 8 part G =+1 and 8 part G = —1.
For type-A decays in both models and for the type-
B decays of charmonium which proceed by y+2
gluons, the virtual photon couples to ordinary
hadrons in the final state, so we expect G =+1
states to predominate over G = —1 states by ap-
proximately 3:1. For type-B decays in the Han-
Nambu model the situation is more complicated,
but again we expect G=+1 and G = —1 states to
occur with rates which are equal within an order
of magnitude.

The analysis which has been presented here is
possible because of the enormous cross section
for e'e —g(3.1), which makes the "signal-to-
noise" ratio extremely favorable, that is, the
ratio of the type-A amplitude to the uninteresting
sources of G=+ 1 states. It would not be profitable
to pursue such an analysis of the decays of P and

$(3.7). For instance, o„(e'e -P-y-w'w ) is
only 2% of the nonresonant background for
e'e -m'm at ~s=1 GeV, and
o„(e'e —g(3.7) —y-2w'2w ) is probably a few
times smaller than the nonresonant cross section
o(e'e -2w'2w ) at Vs =3.8 GeV. "

To conclude: The hypothesis that 5'(3. 1) is a
G = —1 hadron implies that 20% of the hadronic
decays proceed through a virtual photon —the type-
A mechanism of Fig. 1(A). Regardless of dynam-
ics, interference effects may cause decay rates
into G =+1 states to differ by as much as 20%&

from the rate due to the type-A mechanism alone.
Additional large type-B interference effects may
or may not be present, depending on the internal
dynamics of the new particles. For example, in
the charm model, additional interference effects
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are probably small, but in the Han-Nambu color
model type-B interference effects would be as
large as the type-A amplitudes.
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