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The reaction n p —qvr p at 6.0 GeV/c hss been studied at the Argonne zero-gradient
synchrotron using optical spark chambers. About 1400 events have been obtained in the
range 0.80&M&~ & 1.65 GeV/c, yielding approximately 1000 events of the type A2
with 0.27& lt I (0.42 {GeV/c} . No structure is discernible within the &2 mass spectrum
with an experimental resolution of 7.1 MeV/c [full width at half-maximum (FWHM)
=16.7 MeV/c ]. A single &-wave Breit-Wigner distribution fits the data with a high con-
fidence level yielding the parameters ~0=1 828+0 008 GeV/c and I p=0 108+0,009
GeV/c for the A2.

An optical spark-chamber experiment has been
performed at the Argonne zero-gradient synchro-
tron to study the reaction

g p-Xp;

for an X mass in the range from threshold to
1.5 GeV/c'. This paper presents the analysis of
the mass range 0.80 & M„&1.55 GeV/c'. For this
mass range, a beam momentum of 6 GeV/c and
a range in t (the four-momentum squared to the
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The beam spot size at the hydrogen target was
typically 1.5 cm and the hydrogen-target cell po-
sition was carefully adjusted to minimize the
amount of hydrogen traversed by the recoil pro-
tons. A beam flux of typically 10' pions/pulse
produced a trigger rate of approximately 0.7
event/pulse.

For each of the 360000 triggers two views of
each spark chamber were photographed in ap-
proximately 90' stereo. . The photographs were
scanned for final states with a good proton, a sin-
gle outgoing pion, and two photon showers with a
projected opening angle of greater than 7' in at
least one view. This latter cut reduced the num-
ber of 7)m candidates due to single and multiple n'

production by a factor of between 2 and 3. Ap-
proximately 20 000 candidates for full analysis
were obtained.

A successful spatial reconstruction of an event
required a unique vertex for the beam, the pro-
ton, and the outgoing pion using a method based
on that of Zacharov. ' The kinematic fitting was
done using a modified version of the bubble cham-
ber program sQUAW. The trial hypotheses were

m p-w pyy, (2)

which gives a fit with one constraint (1C), and a
2C fit,

m p - m p 7); 7i- yy.

This procedure yielded approximately 1400 gm

events fitting Reaction (3}with a y' probability of
greater than 1% in the mass range 0.80 &Mx
&1.55 GeV/c'. The invariant-mass plot of the
two photons, M, for events which satisfy Reac-
tion (2) shows a clean w'/q separation, with a
background of approximately 3% under the q
peak.

The mass resolution g(M„) is mainly dependent
on errors in the following quantities (unless
otherwise stated the errors presented in this pa-
per correspond to 1 standard deviation): (a) The
beam momentum. The 6-GeV/c beam had a, mo-
mentum spread of +0.4%, and the absolute mo-
mentum was determined to +0.15% by wire orbit
measurements. An NMR probe was used to mon-
itor continuously the momentum-defining magnet
which was stable to within 0,02% throughout the
experiment. (b) The recoil Proton momentum.
This error is determined from a knowledge of
the stopping power of the plates in the range
chamber and an analysis of zp elastic scattering
at 1.1 GeV/c (see below') to be +6 MeV/c. (c) The
angle between the beam and the recoil proton.

The mass resolution is dominated by this error,
which itself is dominated by the multiple scatter-
ing of the proton. An experimental estimate of
the average multiple-scattering error was ob-
tained by measuring mp elastic scattering at 1.1
GeV/c in the same apparatus. At this beam mo-
mentum, the recoil protons are produced in the
same angle and momentum interval as those
which give an X mass centered around the A.,
for a beam momentum of 6 GeV/c. Since these
events are kinematically overconstrained, it is
possible to extract the multiple-scattering con-
tribution to the error in the projected proton an-
gle.

It is to be expected that the constrained fit of
Reaction (3) will improve the resolution in the qw

invariant mass. The input error to the geometric
reconstruction fit is the matrix of the errors in
the reconstructed points. In the kinematic fitting
procedure the multiple scattering error of the
proton and the outgoing pion is calculated for
each event using the method of Gluckstern4 which
includes contributions from small-angle single
and plural scattering, scattering from the atomic
electrons, and small-angle nuclear scattering.
These errors are included in the full error ma-
trix which is used in the minimum-y fitting
method. ' The resultant mass resolution is o(M~)
= 7.1 MeV/c' (16.7 MeV/c' FWHM).

This procedure has been checked in two ways:
(a} The elastic scattering events were processed
through the fitting programs using the same er-
ror estimates and assuming that the mass of the
outgoing pion was unknown. The calculated mass
spectrum fitted to a Gaussian distribution gives
a mean value of 139.0 MeV/c' with a standard de-
viation of 18.0+1.0 MeV/c' for the resultant 2C
fits. The calculated rms error is 18.2 MeV/c',
in good agreement. (b) The M ma. ss spectrum
from Reaction (2) for events satisfying the 2C fit
of Reaction (3) gives a central mass value of
549.6 MeV/c' with a standard deviation of 10 +1
MeV/c', again in good agreement with the calcu-
lated rms error of 12 MeV/c'.

The gm mass spectrum for events giving a 2C
fit with a y' probability of greater than 1% is
shown in Fig. 2. The overall efficiency of the ap-
paratus for detection of Reaction (1) has been
calculated by standard Monte-Carlo techniques
and the results incorporated in a Breit-Wigner
fit to the data of Fig. 2. This fit' yields a mass
M, = 1.323 ~ 0.003 GeV/c' and a width (corrected
for resolution) of I', =0.108 +0.009 GeV/c' for the
A„with a X' of 38 for 36 degrees of freedom.
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FIG. 2. Invariant mass of q7t from events fitting the
reaction of Eq. (8). The solid curve shows the result
of the single D-wave Breit-Wigner fit with parameters
described in the text. The dashed curve indicates the
fitted background.
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The errors quoted are statistical only. The sys-
tematic mass error is estimated to be approxi-
mately + 5 MeV/c'. It should be emphasized that
the spectrum shown has no background subtrac-
tion and includes a background of about 7 events
per 10-MeV/c' bin. If the g, mass spectrum ex-
hibited the "dipole" structure suggested by Chi-
kovani et al.,

' a mass resolution of 7.1 MeV/c'
would give an observable valley-to-peak ratio of
about 0.5. It is clear that the mass spectrum of
Fig. 2 is inconsistent with such a structure. The
result of no structure is in agreement with the
recent missing-mass experiment of Bowen et al.'
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"The bubble-chamber study of M. Alston-Garnjost
et al. [Phys. Lett. 84B, 156 (1971)] reported about 170
events of the type && p&+, p & 7t 7t. , produced at
all values of t.
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H. J. Sherman, private communication.
R. L. Gluckstern, Nucl. Enstrum. Methods 24, 881

(196').
The p probability plot for the 2C fit of Eq. (3) is

flat above 1%, confirming the correctness of the errors
used in the fitting procedure,

The (g&) mass spectrum was fitted from 1.05 to 1.45
GeV/c to the functional form &p, [afo(M)+hfdf(M)Fs~).
+p p is the phase space for the production of two out of
three bodies (q& in the final state Pq&) at a mass M,
corrected for the t acceptance 0.27& -t & 0.42 (GeV/c)~.
fi(M) is the detection efficiency for an Qw system in a
relative angular momentum state l, calculated using
Monte Carlo methods. The only sizable bias arises
from the incomplete efficiency of the apparatus for the
detection of the two p's from p decay. The Breit-Wig-
ner form used was

MMpI"

(M -Mp } +(MpI')

with

p (q)

q (qp) is the three-momentum of the q and & in the &2
rest frame, for a mass of ~ (Mp) l is the relative an-
gular momentum between the p and & (i=2), and p(q)
=(9+3R q +R q ) ~ with R, the radius of interaction,
chosen to be R =12 GeV . a, 5, Mp, and I'p are free
parameters found by the minimum-X fitting procedure,
which also includes the effect of a mass resolution of
7.1 Me+/c2.
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