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The inclusive p and n momentum spectra from $(3100) decay have been measured in
e+e annihilation at SPEAR. %hen the y spectrum is compared with that expected from
r0 decay, an excess of high-momentum p's is observed. This excess is compared with
that predicted by quantum chromodynamics for the decay of the g into a y and two gluons.

We have discovered an excess of high-energy y
production over that expected from z' decays at
the g(3100). One possible explanation for this ex-
cess is hadronic production via the quantum chro-
modynamic (QCD) process by which a pair of
charmed and anticharmed quarks annihilate into
a y and two gluons rather than the more copious
annihilation into three gluons. This direct y pro-
duction is expected to occur at a significant rate:
12% of the three-gluon rate" (for a strong-coup-
ling-constant value n, = 0.2) or 8.3% of the rate
for all hadronic decays of the g.' We compare
the observed y excess with this model and with
that expected from exclusive radiative decays of
the g.

The experiment was run at SPEAR with the
Stanford Linear Accelerator Center-Lawrence
Berkeley Laboratory magnetic detector, aug-
mented by the lead-glass wall' (LGW) for e and y
detection. The LG% consists of two finely seg-
mented layers of lead-glass counters, one layer
3.3 and the other 10.5 radiation lengths thick,
with a fiducial region which covers 0.049&4m sr.
Identification of y's in the LGW is described by
Scharre et al. ' Spark-chamber information is
combined with the lead-glass energy distribution
to obtain an angular resolution of 68= 0.5'. The
y energy resolution was measured using the re-
action e'e -yy to be bE/E = 0.08/E"' at E = 1.89
GeV.

The data sample used in this analysis consists
of about 80000 e'e -g(3100)- hadrons events
with at least two detected charged particles. If
only two oppositely charged particles are detect-
ed, they are required to be acoplanar with the
beams by at least 20'. Two classes of events in
this sample are considered in the analysis: those
with at least one y which has converted in the ma-
terial (0.05 radiation length) surrounding the
beam intersection region, and those with at least
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FIG. 1. Trigger efficiency times acceptance for two
or more charged particles in the magnetic detector with

a y in the LGW vs x„{p„ /E ~,) .

one photon detected in the LGW.
To determine the y inclusive spectrum, one

needs a trigger efficiency and charged-particle
acceptance correction which compensates for. the
loss of neutral events and events with less than
two detected charged particles. The y conversion
events are used to measure this trigger efficien-
cy and acceptance since the e'e conversion pair
provides the trigger. This gives us a sample of
events with a y and anything else, including all
neutrals. The trigger efficiency times accep-
tance shown in Fig. 1 is just the fraction of this
sample which would have triggered without the
conversion pair. It is independent of x& =p&/
Eb„within our statistics, and has an average
value of 3'l%.

Figure 2 shows the y inclusive spectrum for
y's in the LGW corrected for a constant 3'l% trig-
ger efficiency and acceptance as determined
above, and for a shower detection efficiency and
LG% acceptance correction based on the Monte
Carlo shower development program EGS.' The
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FIG. 2. Inclusive p spectrum from P decay, normal-
ized to the hadronic decays of the g. The dashed curve
is the sum of the "n.~ inclusive" contribution scaled up
by a factor of 1.12 and the "71 po" contribution to the p
spectrum. The sum of the dashed curve and the "y-
two-gluon" spectrum, labeled "Total", is fitted to the
data.

latter efficiency and acceptance is roughly a con-
stant 4.4% above x& =0.2 and decreases rapidly
at lower x . The inner error bars shown in Fig.
2 are statistical while the outer error bars in-
clude systematic errors added in quadrature.
These systematic errors are obtained mainly
from the statistical errors in the trigger efficien-
cy of Fig. 1; also at lowx& the systematic error
in the efficiency of the LOW is significant.

Our analysis of m 's is similar to that described
in Ref. 6. For g(3100) decays we find a clear n'
signal in the yy mass spectrum for x,0& 0.25,
where x,o=p, o/E~, . The background under this
signal, obtained by pairing uncorrelated y's from
separate events, ranges from -45% of the total
near x,o=0.3 to -20% near x,o=0.8. The x,o dis-
tribution of the events remaining after background
subtraction is shown in Fig. 3. Corrections are
included for a trigger efficiency and charged-par-
ticle acceptance based on a statistical model
Monte Carlo calculation for ~P(3100) decays and
for an LOW solid angle and 7T' detection efficiency
similar to that of Ref. 6. Study of shower distri-
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FIG. 3. Inclusive n spectra from P decay. The curve
is fitted to the charged-7t spectrum for x &0.65 which
is extrapolated to x~ =1.

butions of high-energy photons indicates that the
loss of g"s due to the two y's coalescing is neg-
ligible. The outer error bars include a 17% sys-
tematic error added in quadrature.

We compare the g' spectrum with the charged-
particle spectrum measured in the same data
sample. The charged-particle measurement is
based on the spark-chamber system of the mag-
netic detector which has a resolution of ap/p
= 0.013p (in GeV/c) over a solid angle of 0.60x 4g
sr. A time-of-flight system with resolution of
0.35 nsec is used to obtain a statistical m-K sep-
aration up to 1.0 GeV/c (x, = 0.65). We correct
for trigger efficiency and acceptance with the
same statistical model of g(3100) decay used in
the m' analysis. The measured x,~ distribution
for p' or m production with x,~&0.65 is shown
in Fig. 3. Systematic errors of about 20%%uo are
not shown. We find that the m' and charged-p
spectra agree in shape and that the ratio of p' to
charged-w production is N„o/(N, ++N, -) =0.52

+ 0.05 (statistical) + 0.07(systematic) for 0.25 &x,
& 0.65,

We now compare the observed y spectrum of
Fig. 2 with that expected from p' decay. This is
done in two ways. For the first method we ana-
lytically calculate the y spectrum using our meas-
ured z' spectrum. We find that 7t' decay accounts
for about 90%%uo of the observed y's. The excess
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measured at low xz is within our systematic er-
rors, while the excess for x& &0.6 is above sys-
tematic errors and has a magnitude of (3.4
+ 0.8',",)% of all hadronic ( decays, where the ex-
cess has been corrected for a 1+cos'0& angular
distribution (this correction is 25%%uo larger than
for a flat angular distribution). The systematic
error is mainly a 14% error in the measurement
of the trigger efficiency of Fig. 1 for x &0.6 and
a 30%%u~ uncertainty in the m' decay contribution.

The second method of calculating the m' decay
contribution uses a fit to the charged-7t spectrum
to estimate the 7t' spectrum. The solid curve in
Fig. 3 represents a hand fit to the measured z'
data for x,~ & 0.40, and an exponential fit to the
six measured 7l' data points ln the 0.40&x,~ &0.65
region, which is then extrapolated to x, = 1. We
extend the exponential fit to x, =1 since the
charged-p spectrum has been measured' to be
exponential with the superposition of a peak at
x„+——0.94 due to z'p' decay. We find that the
(x,o) = 0.95 point in our m' data is higher than the
exponential extrapolation and is consistent with
the expected g'p' effect. We use the shape deter-
mined from the charged-g data, solid curve in
Fig. 3, with the absolute normalization deter-
mined by our z' measurement in a Monte Carlo
calculation of the p continuum contribution. The
resulting y spectrum is shown in Fig. 2 with the
label "p inclusive. " The "p'p'" contribution to
the y spectrum is shown separately with its nor-
malization determined by the measured' (-wp

branching fraction (1.1+ 0.2)%%u&. Following this
procedure, we find an excess of magnitude (2.V

+ 0.6',",)%%uo for x& &0.6 in agreement with the first
method. We calculate that n' production a factor
of about 4 above our measured m distribution
near x, =1 would be required to explain the meas-
ured excess at x& -—0.8. This factor is nearly an
order of magnitude larger than the error on our
m' measurement in this region.

Production and decay of g's can contribute to
the observed excess, but the process (-g+any-
thing has not yet been measured. We find that an
q/m' ratio of about 8 at x = 1 would be required
for the g to explain the measured excess at x&
= 0.8. This ratio is larger than the q/n' ratio of
0.1-1 observed in large-p hadronic production
of g's." Monte Carlo studies show that if the g
inclusive spectrum is similar to the m' spectrum,
then the resulting y spectrum would be similar
to the "g' inclusive" spectrum of Fig. 2 for x
&0.2. To allow for an q contribution in the sec-
ond method of analysis we renormalize the "p'
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FIG. 4. Subtracted p inclusive spectrum. Systematic
errors, which vary in magnitude from 0.08 at x„=0.6
to 0.02 at x„=1.0, are not shown. Solid curve is the
"y-two-gluon" spectrum and the dashed is the sum of
previously measured exclusive decays of the P into p's
(Ref. 11).

inclusive" curve upward. For example, the
dashed curve in Fig. 2 represents a renormal-
ization upward by a factor of 1.12 (as determined
in a fit described below) with the "7t'p"' contribu-
tion added to it. If we normalize by this factor,
we find that an excess of magnitude (2.4+ 0.5',",)%
for x& ~ 0.6 remains.

To compare the excess with the QCD prediction
we perform a maximum-likelihood fit to the data
with the sum of the "7t' inclusive" and "g'p'" spec-
tra and a "y-two-gluon" spectrum of the form
given in Ref. 2 folded with an 8'fp/KE resolution,
shown in Fig. 2. The gormalizations of the "p'
inclusive" and "y-two-gluon" spectra are the two
free parameters of the fit while the "m'p"' spec-
trum normalization is fixed. The sum of these
three spectra, labeled "Total" in Fig. 2, fits the
data well. We show in Fig. 4 the y spectrum at
high x with the renormalized 7t' contribution
(dashed curve of Fig. 2) subtracted. The errors
shown are statistical only. The solid curve is
the "y-two-gluon" spectrum. If we correct. for
the low-x part of the spectrum by using the "y-
two-gluon" spectrum from Ref. 2, we obtain I"(g
—y+two gluons)/1 (g- hadrons) =(3.5+ 0.7",'2'.
This is smaller than the 8.3%%u~ predicted by @CD
for o, = 0.2 and could correspond to a higher
strong coupling constant for ((3100) decay.

The dashed curve in Fig. 4 is the expected y
distribution from the measured" exclusive proc-
esses g-yw', yq, yg', yf. The contribution from
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these decays accounts for about 25/g of the ob-
served excess. However, these final states (ex-
cept for the yn' which is small in any case")
could be produced via a y plus two-gluon inter-
mediate state.

In conclusion, we have measured inclusive y
and z' production in g decay. We find agreement
between the p' spectrum and —,(m'+m ) production.
When the y spectrum is compared with that ex-
pected from z' decay as determined from the
measured m' spectrum, we observe an excess of
high momentum (z& &0.6) photons of magnitude
(3.4+ 0.8',",)% of all hadronic tc! decays. We have
considered the q as a possible source of these
excess y's and have found that an excess remains
after one renormalizes the g' contribution upward
to allow for an q contribution which has the same
shape as the p' decay contribution. The meas-
ured excess could be explained by the QCD decay
of the ((3100) into a y and two gluons, or, in
part, by previously measured exclusive decays.
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Note added. —We are aware of a recent meas-
urement of y production in g(3100) decay (G. S.
Abrams et al. , SLAC Report No. PUB-2415)
which confirms the existence of an excess at high

x but disagrees with this experiment in the ex-
7

cess at intermediate x„(about 0.6).
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It is proposed that the effective magnetic moment of quarks in hadrons should have
an anomalous moment contribution because of the magnetic coupling of the photon to
three or more gluons. We estimate this nonperturbative effect phenomenologically and
find stror~ evidence for it from the measured decay rates V —I' + Z and the observed
magnetic moments of baryons.

For several years analyses of the radiative de-
cays of vector mesons have been plagued by their
inability to explain in any simple way the anoma-
lously large observed" value of the ratio

F(m-n) ) 889+ 50 keV
F(p - py) 63+ 8 keV

Except for small corrections due to phase-space

differences and y —&~ mixing effects, simple
quark-model ideas predict that this ratio is sim-
ply related to the magnetic moments of the u and
d quarks (u„and u„) by the formula

&,t, =(u„- u, )'/(u. +u&)'

Applying the notion that the moments are propor-
tional to the quark charges (u„/u~ = —2) then
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