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Using a secondary pion beam from the Argonne Zero Gradient Synchrotron we have studied the process
m' p ~$n in the region of the cross-section enhancement near kinematic threshold. For incident momenta
between 1.6 and 2 GeV/c, we have determined production and decay angular distributions and extrapolated
total cross sections from a sample of about 160 $'s above background. The production and decay
distributions are consistent with isotropy over this entire incident-momentum range. The extrapolated total
cross section varies between 19 and 25 p,b.

The production of Q mesons in x P collisions
provides an interesting demonstration of both the

power and the limitations of simple quark models.
If the Q meson were a pure XX quark state, its
production in m P collisions would be forbidden by
the Okubo-Zweig-Iizuka (OZI) rule' owing to the
absence of strange quarks in the initial state. To
the extent that the ~-Q mixing angle is such that
the Q has some small admixture of t and 'X

quarks, the reaction w p- Pn should occur, but
the cross section should be (and is) suppressed
relative to the cross section for the reaction
m P- (dn. One limitation of this simple quark
model is that it does not explain the different
energy dependences of the ~ and the Q cross sec-
tions. v production drops uniformly from near
threshold, proportional to s ".The s dependence
of the total Q production cross section is less
clear because the relatively flat t dependence re-
sults in large angular extrapolations from the mea-
sured data. ' However, do/dt at f = 0 is well known;
this cross-section has a threshold enhancement,
drops sharply in the P, = 3 to 5 GeV/c region, and

then has an s ' dependence at higher incident mo-
m enta.

%e have performed an experiment in Beam 8 of
the Argonne Zero Gradient Synchrotron (ZGS) in
order to study this threshold enhancement by mak-
ing measurements of the total cross section and
determining the production and decay angular dis-
tributions of the Q mesons. The P's were detected
by measuring the momentum and angles of candi-
date K'K pairs produced in the target and re-
constructing the effective mass. The recoil neu-
tron was not detected; but for acceptable events,
the calculated missing mass was required to ap-
proximate the nucleon mass. By then assuming the
mass of the neutron, this technique yielded a one-
constraint (I-C) fit. In order to minimize losses
due to the decay of the low-momentum K mesons
produced in this experiment, the apparatus was
arranged compactly. Both the target and aQ of the
detectors were located in the magnetic field of a
wide-aperture analyzing magnet.

The layout of the experiment is shown in Fig. 1.
A secondary beam of 1 to 3&10' particles per
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FIG. 1. The layout of the experimental apparatus.
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burst was incident on a 30-cm liquid hydrogen
target. The momenta of the incoming particles
were measured to an accuracy of ~ 0.5 percent
by a three-counter, overlapping hodoscope (Pl,
P2, P3) located at the intermediate focus of the
beam; the particles were identified as pions by
two Freon-filled, threshold Cerenkov counters.
The angles and positions of the incident particles
were determined by four x-y multiwire propor-
tional chamber (MWPC) planes (PC1, PC2, PC3,
PC4). The analyzing magnet (SCM-105) produced
a maximum field integral of 11.4 kom with an
aperture 0.7-m high by 2-m wide. The trajec-
tories of the final-state particles were measured
at three points each by x and y MWPC planes
(A, B,R, L) and at one point by a u plane (inclined
at 30' to the vertical) to resolve reconstruction
ambiguities. The chamber spatial resolutions
were +1.5 mm.

The trigger consisted of a coincidence of beam
scintillation counters (Bl and B2), scintillation
counters TL and TR, located just downstream of
the final MWPC planes, and the absence of signals
from beam halo counter B~, downstream veto
counters SV and the MV veto counters, which ob-
scured the pole faces and sides of the analyzing
magnet downstream of the target. All of the veto
counters, except for 83 and the SV counter directly
in the path of the uninteracted beam, contained
lead-scintillator sandwiches to reject photons as
well as charged particles. To discriminate against
the substantial background from w'm events, the
trigger included in anticoincidence two Lucite
Cerenkov counters (LC1 and LC2) of somewhat
novel design, one located behind each of the final
MWPC planes. These counters were basically
of the Fitch type, ' but the 5-cm-thick radiator was
painted black at one end and could be tilted to ad-
just the threshold over the range 0.85& p& 0.95.
The tilting of the counter changed the detection
threshold by altering the relationship between the
Cerenkov angle and the angle for total internal re-
flection. (See Fig. 2). The change in detection ef-
ficiency with P as determined by calibration runs
with these counters placed in the incident beam is
shown in Fig. 3. The combined rejection efficiency
of both Lucite Cerenkov counters against pion pairs
was 25:1. The overall trigger rate for the system
81 82 83 TR. TL MV SV varied between 3.6 and
8 triggers per 10 incident particles, with the high-
est trigger rate at the highest incident momentum.

The data were recorded with different angular
settings of the spectrometer arms and different
tilt angles for the LC counters for each of the four
incident momenta. A fraction of the events were
analyzed on-line by a PDP-9 computer and all
data were written on magnetic tape for later anal-
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ysis. This off-line analysis consisted of recon-
structing the momenta and angles of the incident
and scattered particles using the position mea-
surements from the MWPC's and the measured
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FIG. 3. The detection efficiency for the Lucite
Cerenkov counter as a function of P for the particle and
the tilt angle of the counter.

FIG. 2. A schematic diagram of the radiator in the
Lucite Cerenkov counters. Because the bottom is
painted black only the light emitted upward can reach
the photomultiplier tube. Light which is not totally
internally reflected in the Lucite is absorbed by a black
shroud (not shown) and is not detected.
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field map for the analyzing magnet. Events with
more than tmo charged particles in the final state
were rejected. Those remaining were interpreted
according to the kinematic hypothesis m p- K'K X.
Those events for which the mass of X was less
than 75 MeV from the neutron mass were used
for a 1-C fit to the hypothesis m P-K'K n, where
the mass of the neutron was assumed in the fitting.
Events with a X' confidence less than 10 percent
mere rejected after this step. The remaining
events in each bin of incident momentum and four-
momentum transfer were separately histogrammed
as a function of effective mass; after correction
for the acceptance of the apparatus, which mas
determined by Monte Carlo calculation assuming
isotropic decays, the effective mass distributions
were fitted to a Breit-signer resonance and aphase-
space background. Because of the experimental
resolution of -10 MeV full width at half maximum
(FWHM), the width of the resonance was left as a
floating parameter in the fit. The total data sam-
ple of 3.1 x 10' triggers yielded about 160 Q's above
background after this procedure (Table 1). A typ-
ical effective mass distribution is shown in Fig. 4;
although the histogram has been corrected for the
spectrometer acceptance, it has been normalized
such that the number of events shown in the P re-
gion corresponds to the number of events actually
observed. 'The solid lines show the results of the
fit for the resonance and the phase-space back-
ground. The fit parameters were used to calcu-
late cross sections for each value of s and t.

The uncertainties in the results of the experi-
ment come from both systematic and statistical
origins. The former were estimated from the
size and method of computation of the corrections
applied to the data, which are listed in Table I.
The largest of these factors are kaon decay, which
mas determined by Monte Carlo calculation, the
Q- K'K branching ratio, which comes from pub-
lished data, and proportional-chamber inefficiency.
The large inefficiency correction was a result of
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FIG. 4. The K K effective mass distribution for
events with an incident momentum of 1.8 GeV/c and a
neutron missing mass. The distribution has been
corrected by the spectrometer acceptance determined
from Monte Carlo calculation and has been normalized
so that the number of events in the p region corres-
ponds to the number of events actually observed. The
lines represent fits to the resonance and the background.

the stringent requirements placed on each track
candidate in order to permit a measurement of the
momentum. Since there mere only three M%PC
x-y planes and one u plane, small individual plane
inefficiencies considerably lowered the overall
efficiency of the spectrometer. Because this was
a large effect, it was determined by measuring
the single plane inefficiency for each plane in
known good events and combining these individual
detection probabilities into a net spectrometer
probability in the usual way. These effects mere
constant over the acceptance, but they did vary
with time, so the corrections were applied to the
data on a run-by-run basis. The other correction

TABLE I. Correction factors applied to the data.

Source Factor Origin

Proportional-chamber inefficiency
Kaon decay
Branching ratio (Q K K )
Vetoing of K's in LC counters
Analysis cuts
Vetoing Qf 6 1ays
Beam lepton contamination
Vetoing of neutrons
Deadtime
Nuclear absorption

2.50-2.86
1.89—2.44

2.13
1.18
1.10
1.09

1.04-1.07
1.02
1.02

1.01-1.02

Measured
Calculated
Published data
Measured
Calculated
Calculated
Measured
Calculated
Measured
Calculated
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TABLE II. Differential cross sections and extrapolated total cross sections for the reaction
& P-Qn as determined in this experiment.

Beam
momentum

10 6&& {No.
of 7t''s)

].0~ x {Fractional
acceptance ~) No. of Q's

der jdQ*
(8*=0)
(~b/'»)

o(xp ~)
(b)

1.6
1.7
1.8
2.0

1310
1877
3201

997

4.6
4.1
4.9
6.2

23
3S
80
28

1.5+0.5
1.9+0.5
2.0+0.5
1.7+0.5

19+6
24+7
25+S
21+7

This acceptance includes geometrical factors and E-decay probabilities but none of the
other factors included in Table I.

factors were relatively small and were determined
as indicated in Table I. The effects of accidental
tracks and random vetoing were measured and
found to be negligible as a result of the low beam
intensity. The overall systematic error, deter-
mined by adding the errors in the individual cor-
rections in quadrature, was 16 percent. The dif-
ferential cross sections listed in Table II include
this systematic error and the statistical errors
due to the limited number of Q events and the back-
ground subtraction added in quadrature.

The angular distribution for Q production in the
center-of-mass system is shown in Fig. 5, with
events at incident pion momenta from 1.6 to 2.0
GeV/c combined. Over the angular range access-
ible to this experiment, the data appear to have
a slight dependence on cos8*, but they are, in
fact, not inconsistent with the isotropic production
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FIG. 5. The center-of-mass production angle for

events satisfying the hypothesis 7t p ~ for incident
momenta between 1.6 and 2.0 GeV/c. Backgrounds
have been subtracted in each angular range.

reported in other experiments at low incident mo-
menta. " For 0.4& cos8*«1.0, where the accep-
tance is large, the g' for pure 8-wave production
is 2.9 for 5 degrees of freedom. 'The decay angu-
lar distributions for Q- K'K, corrected for ac-
ceptance, are shown in Fig. 6, with all events at
incident momenta between 1.7 and 2.0 GeV/c in-
cluded The. events at P, = 1.6 GeV/c have been
excluded from these plots because of the difficulty
in fitting the background adjacent to the kinematic
threshold. The angles for each event are com-
puted in the Gottfried-Jackson frame using the
usual definitions for 8 and Q, the Treiman-Yang
angle. The 8 distribution is summed over Q;
the P distribution is summed over e. These dis-
tributions are also consistent with isotropy, even
though events with different values of t for P pro-
duction are included; the g' for cr(coss) = constant
is 9.8 for 7 degrees of freedom and the y' for
o(P) = constant is 0.9 for five degrees of freedom.
If we assume isotropy in both production and decay
angular distributions, which is certainly consis-
tent with the data, we can calculate from the ob-
served events the total cross section for the pro-
cess m P- Qn. 'These cross sections are listed
in Table II; a nonisotropic production cross sec-
tion would tend to lower these numbers. Figure 7
displays this cross-section data along with pre-
vious measurements. "' Since in most Q-pro-
duction experiments, including the one reported
here, only a portion of the angular distribution is
observed, the plot indicates only that part of the
cross section obtained by integrating out to
( t'[=0.9 (Gev/c)'.

The model of Berger and Sorensen' explains the
threshold enhancement in m p- Qn in terms of
s-channel threshold and duality cancellations in
the intermediate states of K*(890) and K**(1420)
in a box diagram, which obeys the OZI rule at
each vertex. In their view, the threshold enhance-
ment arises because the K*~(1420) is energetically
forbidden as an intermediate state near kinematic
threshold; above 2 GeV/c, where the K**(1420)
contribution is permitted, it cancels the ampli-
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FIG. 7. The cross section for the process & p pn
as a function of the incident pion momentum. The differ-
ential cross section has been integrated only to
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FIG. 6. The decay angles in the Gottfried- Jackson
frame for the p mesons. Events with an incident mo-
mentum between 1.7 and 2 GeV/c are summed together .
The plots are corrected for acceptance. The e dis-
tributions are averaged over @ and the @ distributions
are averaged over 8.

tude resultant from the K*(890}intermediate state
leading to a small, net scattering amplitude.
Their model predicts relatively flat angular dis-
tributions, which is in agreement with these data

However, their use of only one graph in the ex-
plicit calculation accounts for only about 10 per-
cent of the experimental cross section and results
in a forward dip which is not observed. The in-
adequacy of the use of only one graph in their mod-
el is also demonstrated by the decay angular dis-
tributions. This one graph implies that the Q would
be produced with helicity one' and would therefore
have a decay distribution that varied as cos'6. The
observed decay distribution is not consistent with
this prediction and indicates that calculations in
the context of the Berger-Sorensen model must
consider other intermediate states. In the future,
it may be interesting to compare these results
with measurements near threshold for the process
m P- ~, for which only an upper limit now exists. '
This latter reaction also violates the OZI rule in
that charmed quarks are also not present in the
initial state.

%e thank the entire staff of the Argonne ZGS
for assistance in running this experiment.
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