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The inclusive p and r momentum distributions at the g have been measured. Using
these data and estimates of rj production, it is found that (4.1+ 0.8)Vo of g decays con-
tain a direct photon with energy greater than 60Vo of the beam energy. The expected
momentum distribution for direct photons calculated to lowest order in quantum
chromodynamics is qualitatively different from that observed in the data.

First-order quantum chromodynamics (QCD)
calculations predict that a significant fraction of
the hadronic decays of heavy quark-antiquark Sy

resonances (such as the y) result in the produc-
tion of direct y's (i.e. , y's not coming from sec-
ondary decays of n" s or q's). ' We have meas-
ured the inclusive y and r momentum distribu-
tions at the jr, and have made estimates of the r~

momentum distribution from the data. We ob-

serve y production in excess of the expected con-
tributions from v and g decay.

The data were collected with the Mark II mag-
netic detector at the SLAC e e storage ring
facility SPEAR at energies near the peak of the
P(3095) resonance. The detector has been de-
scribed in detail elsewhere, ' and only a brief
description of the particle detection will be pre-
sented in this Letter.
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Charged tracks are reconstructed from hits in
the sixteen cylindrical drift-chamber layers
which provide solid-angle coverage over 85% of
4m sr. The trigger requires two or more charged
tracks, one of which must be within the central
region of the drift chamber which covers 67% of
4m sr.

Photons are detected primarily in the eight
lead-liquid argon (LA) shower counter modules
which surround the solenoid, covering approxi-
mately 64% of 4s sr. The rms energy resolution
for detected photons is given approximately by
6E/E =(0.12 GeV' ')/E' '. The y detection effi-
ciency (including geometry) is approximately 30%
at 0.2 GeV, 50% at 0.3 GeV, and 55%%u&& above 0.4
GeV. '

Neutral pions are reconstructed by combining
pairs of y's each of which is required to have
momentum greater than 150 MeV. Pairs with
invariant mass between 0.075 and 0.200 GeV are
considered to be &' candidates. The &' signal is
extracted after subtraction of a background whose
shape is a function of momentum. The background
shape is obtained by combining real photons and
"pseudophotons" from the same event. Pseudo-
photons are created in the analysis program by
pretending that charged particles are &"s and
allowing them to decay into pseudophotons. 4 The
background distribution is normalized to the data
in the mass region between 0.3 and 1.o GeV.
Finally, a correction is made for tails of the r'

lol

which fall outside the specified mass cuts. The
~' detection efficiency is 6%at 0,4 GeV, 18% at
0.6 GeV, and 30% at 1.0 GeV.

We have measured the inclusive y and r' mo-
mentum distributions at the P using a sample of
280 000 observed ~ 2-prong hadron events. The
trigger efficiency is measured by using a sample
of events taken near the peak of the g '(3684). A

sample of ( of events from the decay g'- yw+m

is obtained by requiring the missing mass from
observed pairs of oppositely charged pions to be
consistent with the mass of the g, m&. ' This
sample of y events is identified purely from the
r' and r and has no trigger bias arising from
the |I decay. As a function of y or m' momentum,
the trigger efficiency is calculated as the frac-
tion of events which satisfy the trigger require-
ment after elimination of the recoiling &' and &

from the event. The resulting trigger efficiency
as a function of y momentum p varies from 70%
at x =0.1 to approximately 40% near x = 1.0, where
x =2p/m&. The trigger efficiency versus v' mo-
mentum varies from 70% at x = 0.3 to approxi-
mately 50% near x = 1.0. From the average trig-
ger efficiency (based on the entire event sample),
the number of produced p events corresponding
to the 280000 observed hadron events is calcu-
lated to be 435000.

Figure 1 shows the inclusive y momentum dis-
tribution, (1/N«, )dN/abc, as a function of x, where
N„, is the total number of produced g's. The
error bars represent the statistical errors only.
Overall systematic errors are approximately
+20%%uo, roughly half of which are independent of x.
Corrections for detection and trigger efficiency
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FIG. 1. Solid points: the inclusive y momentum
distribution (1/N«, )drV/&x. Open points: the expected
y momentum distribution based on measurements of

and q production. The error bars on the measured
p diitribution reflect only the statistical errors,
whereas the error bars on the expected distribution
include a + 20/o systematic error.

lO
I

0.2 0.4 0.6 0.8 1.0

FIG. 2. Inclusive 7I momentum distribution (1/@got )

xdN/dx, where x 2p/mg. Systematic errors of + 30%%uo

are not shown in the figure.
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have been made. Background due to the e'e
final state in which one of the electrons radiates
a y is eliminated. Radiation in the initial state is
negligible. The inclusive Tt' scaled momentum
distribution is shown in Fig. 2. Systematic errors
of +30%%uo, much of which may be x dependent, are
not shown in the figure.

From the measured v distribution, we have
made predictions for the expected y momentum
distribution. In addition to the contribution from

decays, there is an additional contribution
from g decays. ' To determine the g population,
we have made least-squares fits to the back-
ground-subtracted yy invariant-mass distribu-
tions in different momentum bins. The functional
form used in the fits consists of a Gaussian, fixed
at the q mass with width as determined by Monte
Carlo calculation, over a linear background. We
have measured the ratio

as a function of momentum. We find R(p) to be
less than 0.10 for all momentum bins except for
p&1.2 GeV, where we measure A=0. 16+0.06.
From the measured value of R as a function of
momentum, we estimate the contribution to y
production from g's.

The y momentum distribution predicted from
the measured &' and g momentum distributions
is also shown in Fig. 1. The error bars include
possible systematic errors (*22%%uc) which affect
the measured and predicted y distributions differ-
ently, but do not include correlated errors. We
observe an excess of produced y's over the pre-
diction for x ~ 0.5.

Figure 3 shows the direct y momentum distribu-
tion calculated by subtracting the expected dis-
tribution from r 's and g's from the measured

distribution. The error bars include the statisti-
cal error and the systematic error in the differ-
ence between the measured and predicted distribu-
tions. The errors become small at large x be-
cause the p' contribution is small. For x & 0.4
the errors become too large to provide meaning-
ful information, and only for x )0.5 can a clear
excess be demonstrated. In addition to the dis-
played error bars, there is a +17%%uo systematic
error on the distribution due to uncertainties in
the y detection efficiency, the number of produced
g events, the trigger efficiency, and the angular
distribution of the direct y's as discussed below.

Figure 4 shows the distribution of observed
photons with x &0.6 as a function of

I
cos0 I, where

0 is the polar angle of the y with respect to the
beam direction. The angular distribution has
been fitted by the form I+ eicos'0 and gives u

&

= 0.14 a 0.12. Approximately 25%%uz of these events
are background from r or q decays. Analysis of
the angular distribution of photons from observed
&' decays shows this background to be consistent
with an isotropic distribution. Correcting for this
background gives n

&
-—0.18+0.18 for the direct y

contribution. An overall correction of 3/o is
made to the data (which has been included in Fig.
3) to correct for the deviation of the observed
angular distribution from isotropy. Integrating
the direct y momentum distribution from x = 0.6
to 1.0, we obtain an inclusive rate for direct pho-
ton production of (4.1+ 0.8)%. This integrated
cross section includes a correction (-6%%uo) for
feeddown from lower x due to the resolution of
the LA.
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FIG. 3. Direct p momentum distribution. Curve is
the leading-order @CD prediction convoluted with the
energy resolution.

FIG. 4. Angular distribution of observed photons
with x& 0.6 as a function of I coseI. Curve represents
the best fit by the form 1+c'Y cos20.

116



VOLUME 44, NUMBER $ PHYSICAL REVIEW LETTERS 21 JANUARY 1980

As a check on possible systematic errors and

trigger bias problems, this analysis has been re-
peated with two other independent methods. The
first method makes use of photons which convert
in the 0.06 radiation length of material preceding
the drift chamber. The photons are reconstructed
from measurement of the momenta of the result-
ing e' and e in the drift chamber. Neutral pions
are reconstructed from combinations of a con-
verted y and a y observed in the I A. As essen-
tially all y's which are detected through pair con-
version satisfy the trigger requirement, no trig-
ger bias is introduced in this method. The data
are corrected for the y and & detection efficien-
cies, which are calculated independently of those
used in the LA. The second method makes use of
the statistically independent sample of ((I events
from the decay g'-err'v . As described above,
this sample is free of trigger bias. The resulting
y, &, and direct y distributions measured with
these alternative methods of analysis are consis-
tent with the results of the analysis described
previously.

First-order QCD calculations predict signifi-
cant direct photon production at the ((. The had-
ronic decay of the j must proceed via an inter-
mediate state consisting of at least three color-
octet gluons. One expects the dominant contribu-
tion to direct y production to arise by replacing
one of the outgoing gluon lines by a y. From
lowest-order perturbation theory, we have

& y= ne-Mg)/F(4-ggd =(o/o', )C(eo/e)',

where C = 36/5 is a color SU(3) factor, e o is the
charge of the charmed quark, and e, is the color
fine-structure constant. For n, = 0.18,' one cal-
culates 8 z

= 13% for all x. Equating the direct
decay of the g into hadrons with the 3-gluon de-
cay, and correcting for second-order electro-
magnetic decays, the lowest order QCD predic-
tion for the branching ratio for direct y decays
from the y is 8%. The y momentum spectrum is
predicted to be roughly proportional to x and
peak near x = 1.0. The lowest-order QCD pre-
diction (convoluted with the y energy resolution)
is shown compared with the data in Fig. 3. Al-
though the total rate of direct y pr oduction ap-
proximately agrees with theoretical expectations
(one expects 50/c for x &0.6), and the mean value
of the coefficient of the cos'0 term in the angular
distribution agrees with theory (one expects o,

&

=0.3 for x &0.6), the shape of the observed dis-
tribution is inconsistent with the prediction. How-
ever, it is expected that the observed distribu-

tion should be' softer than the leading-order pre-
diction since radiative effects and the mass of
the final-state hadrons are not considered, but
no calculation has been made. One calculation
for the decay width of a heavy quark-antiquark
bound state indicates that higher-order effects
are of the same magnitude as lower-order terms, '
thus making it difficult to provide accurate theo-
retical predictions.

In conclusion, we have measured direct photon
production at the P at large x. We find that (4.1
x 0.8)% of i( decays produce a direct photon with
x &0.6.' The observed rate is consistent with
lowest-order QCD predictions, but the observed
distribution is softer.
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Inpp collisions at ~s = 62.3 Gev where each proton fragments into at least one low-
pr, high-x pion, no significant correlations for ~+x', ~+&, and ~ x are found, thus
excluding quark exchange with Brodsky-Gunion counting rules as the dominant inter-
action mechanism. This, together with the experimental x dependence of single-par-
ticle spectra, suggests the introduction of a new counting rule, which is discussed.

We report a measurement of the process

py +ps 7Ty +F2 +X

at the CERN intersecting storage rings (ISR) at
vs =62.3 GeV, in which s, (s,) is emitted at small
angle (18& 6 &40 mrad) with respect to p, (p,). In
this experiment we measure the invariant double-
differential cross section

olNv(~„~. )= E,zp'o-/d'p, d'p„
for the combinations r'~', m'~, and7t &, and
the correlation coefficient R, defined as

(2)

where N(m„s, ) and N(m, ) are the normalized dou-
ble- and single-pion yields. R is a function of the
variables x„p», x„pr„y» y„and vs. The
data cover the ranges 0.2&x»x, &0.95, 0.2&p»,
pr, &1.2 GeV/c, and Ks =62.3 GeV. Assuming fac-
torization in pr and no y dependence we have R

=R(x„x,) for data at fixed vs for each of the
three combinations of charges.

The equipment consists of two small-angle
spectrometers located on the downstream ends
of one intersection of the CERN ISR; see Fig. 1
Each arm consists of a septum magnet (SM), trig-
ger counters (S), five modules of drift chambers
(DC), two hodoscopes (H1, H2), and three atmos-
pheric Cerenkov counters (0).

The acceptance per arm is -1 msr. The mo-
mentum resolution dp/p 6 1%. The first and the
last Cerenkov counters in each arm were filled
with CO» the middle one with 50/o N, /50% He.
The threshold momenta for &/K/p in CO, and
50% N, /50% He are 4.6/16.2/30. 9 and 7.5/26. 5/'

50.1 GeV/c, respectively, resulting in unambigu-
ous identification of pions in the range 6 ~ p ~ 26
GeV/c. In the range 26&p& 30 GeV/c the con-
tamination of the &' sample by protons and K' is
calculated to be & 2% and & 15%, respectively; the
K and p conta. mination in the s sample is neg-
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