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A novel form of mass spectrometer has been used to measure the masses, widths, and
cross sections of the g, cu, X (958), and Q mesons near their respective thresholds in the
reaction m +p -missing mass+n. The incident momentum is varied in small steps through
the threshold while neutrons of a given momentum are detected near zero degrees. The
lower limit of the c.m. momentum P* at which measurements have been made ranges from
about 50 MeV/c at the P to about 30 MeV/c at the q. A somewhat low value for the ~ mass,
782.3+0.6 MeV, is found. The width of the X is & 1.9 MeV (95% confidence level). All four
mesons show evidence of 8-wave production, with values of o/I'* of 21.2+1.8, 0.35+0.03,
and 0.29+0.06 pb/(MeV/c) for the g, X, and P, respectively. A rapid rise in the cv cross
section appears to be modified by a final-state interaction. The effect of this rise can prob-
ably be seen in some S&& pion-nucleon phase-shift solutions. Evidence is also presented of a
sudden drop in the sr+a mass spectrum just above the threshold for the production of a K+E
pair. The paper includes a comprehensive discussion of the method and of the details of the
spectrometer.

I. INTRODUCTION

The mass spectrum of the nonstrange mesons
has been the subject of intensive study. It has
been found that several of these mesons are nar-
row, that is, have widths comparable to or less
than typical experimental resolutions. This ap-
plies not only to such well-established ones as g
and ~, but also to others, in particular a group
near 1 GeV, which as yet lack detailed confirma-
tion. %e have used a novel form of the missing-
mass technique to investigate narrow mesons, in
which we exploit the high mass resolution avail-
able near the reaction threshold. In this paper we
describe the technique and report on the results
obtained for the isotopic-spin-zero mesons q, X,
u&, and P. Some of the results on the A'0 have
already been published. ' The experiment was
carried out at the proton synchrotron Nimrod of
the Rutherford Laboratory.

The missing-mass technique relies on energy
and momentum conservation to determine the in-
variant mass of a number of kinematically unde-
fined particles. Usually, the mass spectrum is
obtained by scanning in one or more of the mea-
sured kinematical variables in the final state at
a fixed incident momentum. In this experiment
the method is reversed; the spectrum is achieved
by scanning in the incident momentum, holding
constant, within a small range, the measured
final-state variables. A particular case of this

is the "threshold-crossing" method in which each
value of the missing mass is examined by varying
the incident momentum across the threshold for
its production. In addition to a high-resolution
measurement of the masses and widths of the
resonances, we have therefore determined the
production cross sections very close to threshold.
The magnitudes of these vary greatly; the forms
of variation also present some interesting com-
parisons.

In Part II we discuss general aspects of the
technique we have used and its relationship to
other missing-mass techniques. The experimental
implementation of a variable-incident-momentum
technique presents certain problems whose solu-
tion we believe to be of general interest. These
problems are discussed in Part III of this paper,
where we also describe the experimental setup
and discuss its operation. The method of analysis
leading to the determination of masses, widths,
and cross sections near threshold are described
in Part IV. Finally in Part V we present and
discuss our results on the I =0 pseudoscalar and
vector mesons.

II. GENERAL CONSIDERATIONS

Consider the reaction 1+2-3+4, where 1, 2,
and 4 are relatively stable particles and 3 repre-
sents a group of kinematically undefined particles.
Let the symbols M, E, P, T, and P, with an ap-
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propriate subscript, denote the mass, total en-
ergy„momentum, kinetic energy, and velocity of
a particle or particle group. Unless specified
otherwise, all variables are taken in the labora-
tory system. Energy and momentum conservation
allow the calculation of the invariant mass

M3 —M, +M~ +M4

+2(E,M, -E,E, —M,E, +P,P, cos8») . (1)

Particle 1 is the beam particle, particle 2 is as-
sumed initially at rest. B4 is the polar angle of
particle 4 to the beam. The uncertainty in the
determination of M, can be considered in terms
of the three differential coefficients

M~
' =P» cosg» —P, (E» —M2),3' 4

M3 =(E, +M2)(p, cosg» —p»),
BAI33' 1

~M3
Aj3 PjP4 s ln B4

~B4

P, is the velocity of the center of mass of 1 and 2

in the laboratory. We shall also use in what fol-
lows the four-momentum transfer squared, which
can be written

& =(p, -p, )'=(M, —M, )' —2V;M, ,

where P, and p4 are the four-momenta of particles
2 and 4.

For a fixed incident momentum the number of
events/incident beam particle into a solid angle
bQ and momentum interval b, P4 will be given by

vary. For definiteness we shall refer to the re-
action ~-+P —x'+ n.

Fixed Incident Momentum

Figure 1 shows equal M, lines on the (P„8,) plane
for P, =1.55 GeV/c. The general situation, corre-
sponding to the regions marked (a) in Fig. 1,
where none of the differential coefficients are
close to zero, is not particularly well suited to
counter experiments because of the need to make
accurate measurements of P4 and B4.

The region where &M, /BP» is near or equal to
zero, corresponding to region (b) of Fig 1,.is the
so-called Jacobian peak region. ' It derives its
name from the fact that for P, and M, fixed and
64= 6, a small laboratory solid angle corre-
sponds to a large solid angle in the c.m. system.
The condition also corresponds to the vanishing
of SM, /BP»,' the events are spread over a wide
range of momenta and the Zacobian Jp of Eq. (4)
remains finite. For a restricted range of M, the
property allows a reduction in the size of the de-
tectors while maintaining a good acceptance. For
a wider range the main advantage lies in the im-
proved resolution and experimental simplifica-
tions arising from the insensitivity to P4. A fur-
ther advantage is that by choosing the recoil an-
gle appropriately, it is possible to detect a reso-
nance in missing mass at incident momenta near
the peak of the production cross section. Several
experiments have used this technique to study the
meson spectrum. ' Typical values of the resolu-
tion have a full width at half maximum (f.w.h.m. ),

d 0'8 =N~ d~dP dQdP4
6 Q DP4 4

1.0- GeV/c i

Nyy

2m

0'
JP dQdp4 .

3
0.8

N„ is the number of target particles/unit area
and JP is the Jacobian for the transformation from
(cosg„P») to the Lorentz-invariant variables
(t, M, ):

0 6

0.2

) Jacobian
Peag

Z, = 2P M,P,'/(M~, ) . (4)

In general a high-resolution measurement of M,
requires accurate knowledge of P» P„and B„
however certain kinematic regions can be chosen
in which one or more of the differential coeffi-
'cients in (2) are close to zero, thus reducing the
required precision of the relevant variables. This
can be exploited either to s&mplify the experimen-
tal design or to improve the mass resolution or
both. We first review briefly the various regions
under the assumption that P, is kept fixed, and
then discuss the consequences of allowing it to

(C)

0
Zero de~ees'

0 20 40 60

FIG. 1. The relationship between momentum and
angle in the laboratory frame at a fixed incident mo-
mentum and given values of M3 in the reaction 1+2

3+4. The mass of 3 is to be determined from
measurements of 1 and 4. In region (a) both 04 and
P4 must be accurately measured whereas in (b) only
04 (Jacobian peak) and in (c) only P4 (zero-degree
method). Region (d) is common to both (b) and (c).
The curves are drawn for the reaction x +p xo+n.
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ranging from 15 to 25 MeV, for llI, in the range
700- M, & 1300 MeV.

The region where BM, /Bg» is near or equal to
zero, corresponding to region (c) of Fig. 1, is
known as the "zero-degree" region since BM,/BB»
-0 as g4-0. The main advantage of exploiting
this region is that accurate measurements of 94

are not required. This is particularly helpful for
neutrons. Assuming that P4 is to be measured by
timing the neutron over a fixed distance d then
the mass spectrum will be derived from the neu-
tron time-of-flight spectrum N(T). This is re-
lated to d'v/dtdM, by the expression

dR
N(T) =

d7

Ng do
T

where

(events/ns ec )/incident pion,

J, =2P,M2P» c/(MSM» d)

T = T, —
7O = (1/p, —1)d/c,

(6)

J, being the transformation Jacobian between
(M»t ) and (cosg», 7) and T the time of flight in nsec
relative to a reference time To corresponding to
the arrival of particles with P, =1.

Figure 1 shows that at zero degrees each miss-
ing-mass value is collected at two points corre-
sponding to the recoil nucleon going forward and
backward in the c.m. system and therefore having
maximum and minimum values respectively of t.
The requirement of high resolution implies work-
ing with backward going nu'leons and this is where
the method has usually been applied. Unlike pro-
tons, neutrons suffer no energy loss in the target
so that P4 is given directly in terms of &. Note
that if t channel exchange is important, then de-
pending on the reaction, do/dt may be abnormally
high or low in this region.

A general disadvantage of the method is that the
time-of-flight spectrum given by (5), which is al-
most linearly related to the mass spectrum, falls
rapidly with increasing time-of-flight. The de-
crease is dominated by the Jacobian factor which
from (6) is seen to fall like P»». This rapid vari-
ation in the nonresonant background makes the
unambiguous recognition of a small resonance ef-
fect very difficult. Although in principle the fac-
tor can be removed during analysis, in practice
difficulties arise. The main problem is that there
may be other contributions to the counting rate.
Thus a relatively flat background which could be

produced by accidental coincidences, would be
transformed into a rapidly rising spectrum of
uncertain shape. Note however that much infor-
mation can be gained if the run is split into two or
more parts, at slightly different incident momenta,
so that the mass scale is displaced but the general
background shape essentially unaltered. The sys-
tematic application of this idea is one of the fea-
tures of the present experiment.

The zero-degrees method has been used for the
study of both charged and. neutral missing-mass
systems. ' For 900& M, - 1300 MeV, typical values
of the resolution have a f.w.h. m. in the range from
10 to 15 MeV.

Variable Incident Momentum

As can be seen from Fig. 1 the Jacobian peak
region (b) and the zero-degree region (c) coincide
in the threshold region (d). Here the conditions
BM,/B8, -0 and BM,/BP, -O are simultaneously
satisfied. For these coefficients to vanish we re-
quire 8, =0 and p, sec g» = p, . Thus in the limit,
particle 4 is at rest in the c.m. system and for a
given P„M, has its maximum possible value.

There are several difficulties in trying to exploit
this region at a fixed beam momentum. The van-
ishing of dM, /dr implies a high degree of non-
linearity of the mass scale and of the acceptance
as a function of missing mass. Also the P4' factor
in the Jacobian referred to above leads to an ex-
tremely rapid variation in the nonresonant back-
ground spectrum. However all these can be
avoided and the high-resolution property of the
threshold region maintained, if M, is varied by
varying P, in very small steps. For each value of
missing mass, the corresponding recoil nucleon
will then be detected as P, crosses a momentum
just above the threshold for its production. We re-
fer to this as the "threshold-crossing" technique.

The kinematics of the threshold-crossing region
are shown in Fig. 2 which shows M, contours on
the P P4 plane for g4 = 0. The main characteristic s
of this region are discussed below.

Experimental Aspects

The incident momentum, which defines the miss-
ing mass, can be chosen so as to concentrate the
data in a narrow mass region of particular inter-
est. It can be measured with high accuracy by a
momentum spectrometer and hodoscopes and is
easily computed using hardware logic. In the
present experiment the momentum step was chosen
to be 0.5k of Pz. This defined a momentum seal. e
of the form P„=P, (1.005)" ', where P„ is the cen-
tral momentum of the nth momentum bin. Po was
taken as 600 MeV/c. The mass spectrum can be
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variation with P, is also slow. Therefore, from
(5), the variation with P, in the number of events
falling within a given interval of I'4 will be dom-
inated by the behavior of the cross section d'c/
dtdM3. If no resonance is present, a smooth,
slowly varying rate can be expected. This be-
havior is in general agreement with observation.
Thus we can with this technique study possible
resonances, with high mass resolution, in a lin-
ear mode and with a nearly constant background.

0
1.0 1.2 1A

(GeV/c. )

1.6

FIG. 2. The systematic variation of P&. The relation-
ship between P& and P4 at 04=0 for various values of
M3 and final-state c.m. momentum P * is also shown.
Highest resolution is available in region (a}, the
threshold-crossing region, where in the limit the
missing mass depends only on P&. Region (b} where
both P~ and P4 must be measured, the hybrid region,
is also useful.

obtained by measuring the event rate in a pre-
determined time-of-flight gate, which may if
necessary be varied along with the incident mo-
mentum, to cover a wide missing-mass range.
Experimentally, the main requirements are clear.
Firstly, it must be possible to set the beam rap-
idly and precisely to any given momentum within
the range of interest. Secondly, the apparatus
must be stable and the counting rates reproduc-
ible, preferably over a period of weeks.

Mass Resolution

Mass Scale and Counting Rates

At threshold the differential coefficient &M,/&P,
reduces to p, M, /(M, +M, ) and is therefore almost
constant, typically about 0.5, in the neighborhood
of a narrow resonance. Thus there is an almost
linear relationship between the momentum scale
and the missing-mass scale. The expression for
the Jacobian J, shows that for given t or P, its

Use of data in this kinematical region allows the
highest possible resolution in the measurement of

le As wi ll be de sc ribed late r we have us ed a
simple incident beam momentum spectrometer to
achieve ~, =0.5% P, (f.w.h.m. ). In the X' thresh-
old region near P, = 1.4 GeV/c this leads to a lim-
iting resolution of b, M,=3.5 MeV (f.w.h. m. ). To
achieve this figure would imply also a short hy-
drogen target, small neutron counters and a nar-
row time-of-flight gate. All these requirements
reduce the event rate and in practice all were
relaxed to obtain a resultant figure of about 5 MeV
at the X'.

Description of Resonance Production

As threshold is approached from above, the
range of four-momentum transfer kinematically
accessible falls, and it is easy to show that.=4&*P*, wher«* and P' ar«he
initial and final c.m. momenta. K* shows little
variation. Thus a constant dc/dt corresponds to
an S-wave production cross section, o.=XI'*,
where A =4K*do/dt. So although o. falls, do/dt,
which determines the event rate, remains finite.
This is the usual assumption made about cross
sections near threshold unless some dynamic
mechanism which strongly inhibits S-wave pro-
duction is involved. This possibility is considered
in more detail later. It is important that apart
from the finite range of the m P interaction, the
initial state places no restriction on the final spin-
parity of a meson produced in an S wave.

To describe the resonance we start from the
assumption that for a narrow resonance the cross-
section behavior with P* and 8* of each mass in-
terval within the resonance is the same. In terms
of t this implies that we can factorize the M, and
t dependence of the double-differential cross sec-
tion in (5).

d'o r/2w d(x

dtdM, (M —M )'+(—', I')2dt '

where M, and I' are the central mass and width.
As the resonance is assumed narrow we have used
the simple Breit-signer expression. The impli-
cation of the factorization is that if we hold con-
stant the final-state parameters, such as t and
O„and scan through M3 by scanning P„we will
trace out the form of the resonance independent of
any assumptions about cross-section behavior.
This is essentially the method we have used to de-
termine the resonance mass and width. Alterna-
tively, by integrating over P„and therefore M„
we can extract the value of do/dt at various in-
tervals of t. Details of these methods are dis-
cussed in Part IV. The possibility of extracting
resonance parameters from the threshold region
has been discussed by Baz.' A variation on the
present approach was used by Jones et al. ' to put
an upper limit of 0.9 MeV on the q width.
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Direct-Channel Effects, Nucleon Isobars

As P, is varied, so is the c.m. energy. s-chan-
nel resonances could affect the data in various
ways. We distinguish two main possibilities. The
first is the simple formation of an N* followed by
its ultimate decay, possibly via further N*'s, into
a nucleon and pions. This process leads to a mod-
ulation of d'o/dtdM„and the event rate, with P,
and therefore could simulate meson production
near threshold. However for narrow resonances
the two can be readily distinguished; such an N*
would be characterized by a vertical band on Fig.
2 and the behavior above the assumed threshold
would be quite different. The second possibility
is that the N* could be an intermediate state in
the formation of the final meson and nucleon. A

good example of this is q production via N" (1535)
decay. ' In addition to the modulation imposed on
d'o/dtdM„ this may lead to constraints on the
angular momentum of the final state. In view of
the angular momentum barrier effect, such a con-
straint would have a marked effect on do/dt near
threshold. Thus cross- section measurements
near threshold may give useful information on the
properties of N* resonances.

Final-State Interactions

The low value of the c.m. momentum P* may
lead to final-state interactions between the meson
resonance or its decay products and the recoil
nucleon. If the condition

P*h/MoI'c'& I fermi

is satisfied, the decay will take place within a dis-
tance of the order of one fermi from the interac-
tion point. The resonance will never have existed

as a free state outside the field of the nucleon and
one might observe forbidden transitions or width
changes in analogy with similar effects in optical
spectroscopy. ' In addition the resonance decay
products may scatter off the recoil nucleon, lead-
ing to further changes in the observed width and
the branching ratios into different decay channels.

Of the four resonances investigated the ~ is the
most suitable for the study of these effects. This
is mainly because with a width of about 10 MeV
the condition above is satisfied for P*=40 MeV/c,
roughly the lower limit of P* used. In this situ-
ation we regard (7) as a parameterization of
d'o/dtdM„accepting that I' and possibly M, may
be functions of P* or t . Further discussion of
these effects is deferred to Sec. V.

Extension into Region Where M3/BP4 Is Not Small

This corresponds to region (b) of Fig. 2. The
kinematical properties of this region were dis-
cussed in connection with the zero-degree meth-
od at fixed P. Although it is now possible to pro-
duce a mass spectrum with P, fixed, the system-
atic variation of P, offers significant advantages
which may offset the extra complication involved
in the procedure. Figure 3 shows how a mass
spectrum is constructed from a series of time-
of-flight spectra. The mass intervals have been
matched to the momentum intervals and can con-
veniently be labelled by the momentum bin number
closest to threshold. They are then identical to
those used in the threshold-crossing technique.
Note that each mass bin contains just sufficient
contributions for these to be recombined to build

up a complete time-of-flight spectrum. Thus the
nonresonant background level is almost unaffected.
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FIG. 3. Data consist of a series of time-of-flight spectra taken at 0.5% intervals of I'&. In the threshold crossing
technique the number of neutrons within a narrow time-of-flight gate around the threshold velocity is determined as

P& is varied. The P& scale thus defines an M3 scale. This is extended into the hybrid region above threshold by

adding in the appropriate contributions from the higher momenta. The figure shows the formation of mass bins
160 (900.3 to 903.6 MeV) and 161 from the spectra at momentum bins 160 {1326MeV/c) to 163 (1346 MeV/c). Note

that all times-of-flight contribute to each mass bin and that the background level is therefore unaffected.
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As before, all differential coefficients and the
Jacobian (6) are only slowly varying functions of
P„and therefore again any meson resonance
should be seen on a relatively flat background. Al-
so as the range of I'4 is constant, so is the detec-
tion efficiency for neutrons and the effect of
ionization loss in the hydrogen target for protons.
For the same reason, any spurious structure al-
ways occurring with the same amplitude at a par-
ticular time of flight would not appear in the mass
spectrum.

In the experiment reported here we have used
data in the threshold region for high-resolution
width measurements and have followed the reso-
nance into this hybrid region, mainly in order to
study the cross-section behavior.

III. EXPERIMENTAL TECHNIQUE

The missing-mass spectrometer was designed
to work in the neighborhood of the reaction thresh-
olds

tr +p-(MM) +p, (MM) +n

for incident momenta between 0.7 and 4.0 GeV/c.
Incident pions, of precisely defined momenta,
were directed on to a liquid hydrogen target. Sec-
ondary nucleons were detected near zero degrees
and their momenta determined by a time-of-flight

technique. Apart from the lower detection effi-
ciency for neutrons, close to threshold where the
laboratory nucleon momentum was high there was
little difference in the response to protons and
neutrons. Events in the various decay channels
could be classified by a system of counters called
decay counters which surrounded the hydrogen
target. The general layout is shown in Fig. 4.

The beam momentum was defined by a momen-
tum spectrometer included in the beam line and
determined with LP, /P, =0.5%. It was varied in
steps of 0.5% and data were accumulated over a
wide momentum range. The hydrogen was con-
tained in a melinex flask 29.4-cm long and 6-cm
in diameter and the whole encased in a thin walled
(mainly 1.5 mm) duralumin cylinder with melinex
end windows. The hydrogen was maintained at
constant pressure of about 1.07 atmospheres; this
determined its density to be 0.070 g/cm'. The
outer cylinder was surrounded by six target count-
ers T1-6 made of strips of scintillator 5-cm
wide and 3-mm thick wrapped toroidally around
the outer cylinder. Their main function was to
locate approximately the interaction point inside
the target.

Noninteracting beam particles were eliminated
from the final trigger by veto counters V1 and
V2, situated at 3 m and 6 m downstream of the
hydrogen target. Some problems were experi-

/ /, / / /' / / / // / //'

C oncrete Wa l l

/ / / / / /!!!!
V2

V1

40
~

Counters

T1-6

r
R 1-2Steet Q(a[)

C 1-20
01,

Lead
Coll i rnator

I / I I / / I I I I / // / I /

/ / /' / / / / / / / / I I / / / / /

FIG. 4, (Not drawn to scale. ) The general layout, excluding the beam. Incident n mesons enter from the right and
either interact in the hydrogen target or are vetoed by corunters Vl and V2, Neutrons and protons produced at a
small angle (1.6-4.4 ) may enter one of the six cylindrical neutron counters N1-6 and are distinguished by counters

Al -6 and counter I'. Secondary mesons and gamma rays are detected by 66 counters almost surrounding the hydrogen
target.
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enced with spurious neutron triggers, probably
arising from secondary interactions of the origi-
nal reaction products from the hydrogen in the
decay counters, walls etc. These effects were
appreciably reduced by a steel wall about 120-cm
thick placed as shown in Fig. 4. No analogous
problem existed with proton induced triggers. A
2-mm thick scintillation counter I', just down-
stream of the decay system, the data from which
were always recorded, could be set in coincidence
(protons) or veto (neutrons) in the analysis.

The slow neutrons and protons were detected by
counters N1-6 and distinguished by counters
A1-6. The N counters were cylinders of plastic
scintillator arranged symmetrically around the
beam axis with their centers at a radius of 32 cm.
The upstream face of the counters was positioned
600-cm downstream of the hydrogen target center.
The time of flight was determined between a beam
counter S and the neutron counters. One of the
minor differences between the two nucleons was
the effective flight path, about 615 cm on average
for neutrons, whereas either 630 or 600 cm for
protons depending on the relative velocities of the
proton and of scintillation light inside the counter.
In general the counters are referred to as neutron
counters and will be discussed mainly in this con-
text.

In the remainder of Sec. IV, we discuss in more
detail the beam, the neutron counters, the decay
system, the electronics, and finally data collec-
tion and reduction.

Beam and Momentum Spectrometer

The beam magnets, counters and electronics
were designed to produce a measured flux of beam

particles having a known, narrow momentum pro-
file. The disposition of the beam elements is
shown in Fig. 5. Negative particles from an in-
ternal target near the end of a Nimrod octant
were transported to an intermediate horizontal
and vertical focus near the collimators at G where
a rough momentum selection was made. Electrons
in the beam were rejected by a threshold gas
Cerenimv counter. The second part of the beam
also served as a double-focusing momentum spec-
trometer. Just upstream of the intermediate
beam focus was mounted a counter hodoscope, the
G hodoscope, consisting of nine fingers each 7.5-
mm wide and 5-cm high. After crossing these the
pions entered a vacuum pipe, were deflected by
the spectrometer dipole M2 and focused on to the
hydrogen target. A second hodoscope consisting
of five fingers each 6.8-mm wide was placed 50-
cm upstream of the hydrogen target in such a po-
sition that, at the central momentum, the H hodo-
scope counters and the image of the G hodoscope
counters were in coincidence in the horizontal
plane, i.e., the hodoscopes were in conjugate
planes and the horizontal magnification equalled
the ratio of the widths of the counters. The de-
termination of the momentum of a, particle was
then made directly in terms of its positions in the
two hodoscopes and was independent of multiple
scattering in the counters. The spectrometer had
a dispersion of 0.5% of P, per counter width. Five
adjacent momentum bins, at 0.5% intervals of P„
were selected from the beam by conventional fast
electronic logic, which formed and ordered co-
incidences between 25 pairs of counters. A coun-
ter 8 near the hodoscope gave a timing signal and,
together with a counter V which surrounded the

V
1

H —Hodoscope
8

Vac

G -Hodoscope

L H2 Target
Q~ Q

M2

Lead
coll imator

Adjustable
coll irnator

FIG. 5. (Not drawn to scale. ) Negative particles from an internal target are deflected and brought to an intermediate
focus near the t" hodoscope and a final focus at the hydrogen target. Any vertical misalignment could be compensated
with the dipole M3. Electrons are rejected by a threshold Cerenkov counter. The second half of the beam also acts
independently as a precision momentum spectrometer in which the momentum of a particle is determined by its relative
positions in counter hodoscopes G and H. Several collimators are used to remove stray beam particles which otherwise
could ultimately enter the decay array or the neutron counters. The general shielding of the accelerator is not shown.
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beam at S, was also used to reject automatically
all particles if two or more were present within

any period of about 40 nsec.
The spectrometer magnets were investigated

individually using search coils and appropriate
shims added. The dipole field was monitored by
means of an nuclear magnetic resonance (NMR)
probe, and the quadrupole fields by the currents
in the windings after cycling to remove hysteresis
effects. Magnet supplies were typically stable to
better than 1 part in 10', and for the spectrometer
dipole to 1 part in 10'. The spectrometer was
adjusted and calibrated at a series of momenta
from 700 MeV/c to 4 GeV/c using the floating wire
technique. ' An air-bearing pulley removed the
usual main source of error in this method. The
errors in the absolute current and tension in the
wire were estimated to be 1 and 3 parts in '10',

respectively. Over the range of beam angles of
interest, the envelope of the spot size at H from
a point source at G was about 1 mm for a wire
current corresponding to the central momentum.
The calibration was repeated at the end of the
experiment and showed a systematic increase of
about 0.17% over the original settings. This was
mainly attributed to small relative movements of
the quadrupoles and hodoscopes. The mean cali-
bration has been used.

If the hodoscope counters were uniformly illu-
minated, and aberrations neglected, each mo-
mentum bin selected by the electronic logic would
have a triangular momentum profile with a width
of 1% of P, across the base. The effect of non-
uniform illumination was much reduced as several
pairs of counters formed each momen'. .tom bin and
could be further reduced by collecting data at
0.5% intervals of the central momentum so that
each momentum bin had comparable contributions
from all five momentum channels. Chromatic
aberration in the two outermost momentum chan-
nels produced a distribution at the II hodoscope
from a point source at G with a standard devia-
tion of about 2 mm. This was the most serious
aberration in the spectrometer. Its effect could
be reduced by arranging that all five channels con-
tributed to each momentum bin.

The beam was operated typically at an intensity
of about (1.5-2) && 10' useful pions/pulse with a
pulse duration of about 300 msec. At the hydrogen
target the f.w.h.m. of the beam was about 3 cm in
the horizontal plane and 1 cm in the vertical. Hor-
izontally the beam was almost parallel, vertically
the f.w. h.m. of the divergence was about 23 mrad.
A correction was made for the small percentage
of p, mesons in the beam.

Of the seven magnets, the settings of the three
which formed the momentum spectrometer were

predetermined from the floating wire measure-
ments. The currents in the two upstream quad-
rupoles, which controlled the beam shape and
angular spread, had been optimized at a series of
momenta and were then interpolated. A small
vertically deflecting dipole, M„was usually un-
necessary. This left only one dipole to be opti-
mized at each setting. The beam momentum
could be changed in about 15 min. Typically a
run lasted about three hours.

Neutron Counters

Each of the six neutron counters consisted of a
right cylinder of NE102A. plastic scintillator, of
diameter and length 30 cm, viewed from the down-
stream end through a tapered light guide 30-cm
long by a 58AVI' photomultiplier. The over-all
tube voltage was maintained to within y1 volt and
the temperature, which also affected the tube
gain, to +1 'C. For each counter the arrival time
of the output pulse was determined by one dis-
criminator and the threshold amplitude defined by
a second which had half the sensitivity of the first.
Scattered beam m's provided a reference signal at
about 63 MeV and phototube linearity was found
to be adequate up to 200 MeV (from protons which
just stopped in the counter). The threshold was
estimated to correspond to a proton of energy
14+2 MeV. The total pulse amplitude from the
six counters was also recorded.

The estimate of the efficiency of the counters
was based on the measurements below 130 MeV of
Crabb et al." on almost identical counters and
their extrapolation of the calculation of Kurz" up
to higher energies. The timing resolution was
determined from a study of fast m's, fast protons
and neutrons from backward elastic and charge
exchange scattering, and fast neutrons from the
reaction w +P -q+n at 725 MeV/c. After a final
correction for pulse amplitude, for charged par-
ticles the standard deviation was 0.5 nsec. For
neutrons the resolution was divided into an in-
trinsic part, having a standard deviation of 0.6
nsec, and a second part, usually small, which
was a function of the neutron velocity relative to
the velocity of light in the counter and arose from
the different possible interaction points inside the
counter.

Slow neutral particles detected by the counters
were usually assumed to be neutrons although K~0

could be present and this possibility was consid-
ered in the interpretation of any structure. Like-
wise slow charged particles could be n' or K'.
The low mass of the w reduces greatly the ac-
ceptance of these particles by the counters in the
velocity range of interest. Slow protons could be
recognized by their characteristic ionization loss
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or energy deposited in the neutron counters. No
evidence was seen for smaller signals correspond-
ing to m' or K' and typically the contamination
from this source was estimated to be & 10%%uq.

Neutrons were usually selected by demanding a
pulse in a neutron counter with no pulses detected
in any of the 9-mm thick scintillation counters
Al-6 or in the P counter. Typically about 4%%up of
neutrons activated two counters.

Decay Counters

As the final nucleon was detected in the neutron
counters, an arrangement of detectors which
merely counted the number of charged particles
and y rays leaving the hydrogen target should suf-
fice to distinguish several of the simpler final
states. Then from the nature of the missing-mass
technique, the mass scale and resolution in all of
these decay channels would be identical. The task
of separating the final channels was clearly helped
by charge conservation. For strong decays of
resonances, G parity conservation also limited
the number of possible final pion states, further-
more for these decays y rays would usually be
produced in pairs.

The arrangement of decay counters used is in-
dicated in Fig. 4. Charged particles were detected
primarily by 20 counters, C1-20, each of which
consisted of two strips of scintillator in the form
of an "L." The downstream, or "lid" end of the
counter had an 18 taper. The two halves were
cemented together and viewed by a single photo-
multiplier via an air and aluminum foil light guide
to avoid Cerenkov light from y cascades. Behind
each arm of the "L"was a separate y detector.
Each of these 40 counters consisted of six layers
of lead, each 0.7 radiation lengths thick and six
layers of scintillator. In addition to y detection
they served to divide into two regions the polar
angular range subtended by the charged particle
counters. Further subdivision at forward angles
was effected by two pairs of counters A1,A2 and
K1,K2. The upstream end of the cylinder was
nearly closed by two semicircular counters D1
and D2.

The efficiency of the y counters was determined
over a range of energies and angles from 30 to
1500 MeV in a subsidiary experiment. Electrons
of the required energy entered a 0.1 radiation-
length copper converter and events were selected
in which no charged particle emerged with more
than a few MeV. This simple form of "tagging"
was found to be very satisfactory. Otherwise the
main tests of the system were performed using
the nonresonant channels m m p and n'm n and the
decay g-2y. As an example of the technique

consider events with one charged n and two y's
in the decay counters. The 2y's are predicted and
usually found to be close together and opposite the
m. This was used to study the behavior of m's, for
example it was found that about 5% of v's had a
signal in the adjacent y counter in addition to the
one directly behind the charged particle counter.
A study of the g-2y decay confirmed the measured
efficiencies of the y counters but also showed that
in some 10%%u~ of the cases when a y was detected
the corresponding charged counter also fired.
Only about half of this was understood in terms of
pair production in the hydrogen target and walls
etc. The remainder was attributed to the de-
tection of Compton electrons from very low-en-
ergy photons from the shower. " A comparable
number of events were also seen in which a dif-
ferent charged counter fired and this could also
be understood by such a process.

Information from such studies together with the
earlier results on y-counter efficiencies and the
geometry of the apparatus was incorporated into
a Monte Carlo program to simulate meson decay.
Predicted and measured efficiencies could be com-
pared for cu —m'm m', and this comparison was
used as a basis for estimating the magnitude of
the errors in the simulation program. Qualitative-
ly the efficiencies were in broad agreement and
while some observed decay configurations had no
counterpart in the simulation program, in general
agreement was observed, to about +1(P/p to + 20%%uo

of the efficiency, in the main decay configura-
tions. '

Electronics

Essentially the experiment consisted of mea-
surements of the ratio of neutrons detected within
a particular time-of-flight gate to the number of
incident beam pions as a function of beam mo-
mentum P, . A wide mass coverage implied data
collection over many momentum bins and conse-
quently at different times. Thus the over-all re-
producibility of the apparatus was of particular
importance. The two main problems were the
general stability and the reproducibility under
varying conditions of beam intensity and duty cy-
cle.

All beam particles of the same momentum
counted by the beam scalers, should have the
same probability of producing a given type of
event. It was this probability, or cross section,
whose variation with momentum was to be mea-
sured. In all the counters in the experiment, most
of the pulses were produced by particles originally
in or close to the beam. The large collimators
near H (Fig. 5) meant that almost all such parti-
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cles had to pass through S or V. Consequently,
rejection of events in which a second particle was
detected by one of these counters ensured that as
far as possible beam particles were only counted
if the rest of the apparatus was able to record ac-
curately an event.

Coincidences were made between each of the
hodoscope counters and the timing counter S (re-
solving time about 15 nsec). The required com-
binations of hodoscope counters were then se-
lected and combined to form the five momentum
channels. Subsidiary circuits checked that only
one 6 hodoscope counter pulse and similarly only
one H pulse were present, that the particle was
not an electron, that there was no stray beam
particle in V and no other pulse in S within 40
nsec. If all these conditions were satisfied the
pulse was counted in the appropriate beRm sealer
and a signal signifying a good beam particle pro-
duced.

In addition to the constancy of the threshold en-
ergy in the neutron counters two factors were im-
portant in the measurement of the number of neu-
trons in a given time-of-flight gate. Almost all
detected neutrons produced a pulse, within a wide
amplitude range, in one neutron counter only and
there was no clear way to distinguish genuine
events from those in which a stray pulse in a
counter was in accidental coincidence with an in-
teracting beam particle. The number of such
events was measured in a region too early to be
accessible to beam induced triggers, but the prob-
lem remained that the effective background rate
in the neutron counters could be strongly time-
dependent. For example, if some of the counts
were produced by particles which also initiated
pulses inother counters, then readout, veto or co-
incidence resolving times for these counters could
lead to structure in the time-of-flight spectrum.
Care was taken to minimize such effects but ul-
timately reliance had to be placed on the con-
sistency of the data. They could be particularly
serious if data were accumulated at one beam
momentum only.

The second factor was that resonances had to be
seen against the nonresonant background, which
as already noted falls very rapidly with increasing
time of flight. This made the measured rate sen-
sitive to the width and particularly the position of
the neutron time-of-flight gate used in the data
analysis. This gate was typically 5-nsee wide
and in a region such that a change in position of
1 nsec led to a change of about 10%%uo in the rate.
This was always important, but was particularly
serious at the X'. Most sources of variation were
ultimately associated with changes in tempera-
tures. All critical elements, the photomultiplers

in S and N1-6, the discriminator and coincidence
electronics, the digitizers, and certain voltage
supplies, were kept in temperature-controlled
enclosures, typically stable to ~1 'C.

The six neutron counter outputs were combined
to produce a single pulse train. A long dead time
(120 nsec) introduced at this point meant that if
more than one pulse were present in the counters,
only the first was considered by the coincidence
electronics. This requirement reduced certain
backgrounds but did imply that if a fast secondary
particle entered the neutron counters no slow
neutron or proton could be detected. In normal
operation three final coincidence gates were used;
all of these were opened by a neutron pulse. Non-
interacting beam particles were vetoed by count-
ers V1 or V2. Gtherwise, beam pulses entered
the gates and if any were open at the appropriate
time, produced a final coincidence. This caused
the state of all counters in the system to be read
into a store (resolving time —20 to +40 nsec), the
computer to be flagged, a time-of-flight digitizer
to be activated and the neutron-counter pulse
height and the P-counter pulse height to be re-
corded.

Fast beam m's scattered into the neutron count-
ers provided a reference time, the "fast peak, "
and one of the three coincidence gates accepted a
sample of such events. A second gate responded
to neutrons within from 3 to 45 nsec after the fast
peak. The third, the "accidentals gate" was set
for neutron-counter pulses between 5 and 15 nsec
before the fast peak. Typical time-of-flight spec-
tra for protons, i.e., triggers in which the ap-
propriate A. 1-6 has also fired, and neutrons, are
shown in Fig. 6. No decay selection has been
used. Note the characteristic falling shape of the
time-of-flight spectra, the use of the fast peak in
"protons" to define zero time and the level of ac-
cidental backgrounds. The time of flight of the
neutron was digitized in bins of about 4 nsec, the
timing scale being calibrated regularly relative to
a 100-MHz stabilized crystal oscillator. Timing
marks spaced at 10 nsec intervals along the time-
of-flight spectrum were generated by stopping and
starting the clock at random but in phase with the
100-MHz oscillator in the method described by
Baker et al." The linearity was checked with a
noise generator. The position of the "fast peak"
was usually determined to +0.02 nsec. However
due to the depth of the counters and also the wide
range of neutron-pulse amplitudes, there remained
a systematic uncertainty in the absolute time of
flight of up to 0.5 nsee.

Noise in other counters could have been impor-
tant, in particular pulses in beam veto counters
V1 and V2 would have rejected good events. How-
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FIG. 6. Typical time-of-flight spectra for (a) charged
and (b) neutral particles at 1.4 GeV/c. Both spectra
fall rapidly with increasing time. A sample of fast
particles (mainly scattered n. mesons from the beam),
monitors time zero. The accidental coincidence rate
is measured at negative times. It is barely visible and
the average level is as indicated. The time scale shown
is approximate only. (c) shows the number of neutrons
within the gate indicated in (1) as a function of incident
momentum. The X and P can be seen on an almost
constant background. The gate used is in the threshold
region for the X and Q but well above threshold for the
~, which is consequently detected over a wide range of
mome nta.

ever, almost all pulses in these counters were
produced by beam particles and were therefore
discounted by vetoes in S and V referred to above.
The residual "occupancy" was monitored but was
usually less than 1%. Noise in the decay-couhter
system moved events from one class into another
but this effect was again small.

Data Co11ection and Reduction

A beam intensity of 2 x10' m's produced about
110 triggers/burst. For each of these triggers,
sixteen 12-bit words were read into the memory
of a PDP8 computer in about 60 p, sec using the
data break facility and stored on a magnetic disk.

At the end of each burst the data were recovered
from the disk, analyzed and together with addi-

tional scalers giving the number of beam part-icles
in each of the five momentum channels and other
monitor information, written on seven track
magnetic tape. A complete tape or run repre-
sented about 6 &10' incident pions.

All the scalers were set to zero before each
burst so that if an error were detected the entire
burst could be rejected. No individua1. events
were rejected on-line. Histograms of counter
distributions, pulse height and time-of-flight spec-
tra and various monitor rates were accumulated
on the disk, examined at the end of each run, and
important rates monitored as the experiment pro-
gressed.

The main stage in the "off-line" analysis in-
volved the creation of data summary tapes con-
sisting of sets of up to 90 time-of-flight spectra,
with five such sets for each run, corresponding to
the five momenta. An event was first checked for
consistency with the requirements of the electronic
selection and interface electronics. The fraction
rejected from all such sources was nearly always
less than 1%. The digitized time of flight was cor-
rected for pulse-height variation, redefined in
terms of a zero based on the position of the fast
peak and recast into double bins, each about 0.5-
nsec long. Finally the event was checked against
the requirements for a neutron or a proton, the
decay configuration likewise examined, and the
event allotted to the appropriate time-of-flight
spectrum.

IV. EXTRACTION OF RESONANCE PARAMETERS

From the data we can obtain the behavior of
(d'o/dtdM, )e, as a function of say t and M, . The
gener'al assumption made in the analysis is that
this can be interpreted in terms of narrow Breit-
%igner resonances superimposed on an incoherent
and slowly varying background. %e have seen
that at a given time-of-flight v. the Jacobian J,
[Eq. (6)] connecting the counting rate and the
cross section also varies only slowly with P, . In
Fig. 6(c) is shown the counting rate as a function
of P, for events in the time-of-flight gate from 10
to 15 nsec. The background level above the ~ is
remarkably constant. Over the small mass range
usual&y required, a linear or at most a quadratic
parameterization of the background should be ade-
quate. The assumption of incoherence indicates
a limitation in the technique and implies that con-
sideration may have to be given to interference
effects in the fina}. interpretation.

The general expression for the number of de-
tected neutrons can be obtained by combining Eqs.
(5) and ('1). This gives
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~= "f f J uoum IV = b—.Q '
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The factor n(P, ) is the momentum distribution of
the incident beam either at one momentum setting
or over a range of momentum bins. This distri-
bution should describe the momentum at the inter-
action, i.e., after allowance for ionization loss in
the target. q(r) represents the neutron-counter
efficiency.

Suppose firstly that the ranges AQ, 47, and APj
are sufficiently narrow for the resultant variation
in M, to be«-,'F. Then in view of the almost lin-
ear relationship between M, and P„ the number of
events detected, normalized to the incident pions
as P, is varied, will follow the Breit-signer shape
at all T. Notice that there is no explicit reference
to the threshold momentum and the behavior is
continuous across the threshold region. Notice
also that this is independent of the neutron-counter
efficiency and the I; dependence of the cross sec-
tion. If the restriction is now relaxed and the
actual ranges of the variables is used, the Breit-
Wigner form will be modified by the experimental
resolution. The shape will then depend on the

valise of & chosen. Otherwise the conclusions will
be unaltered apart from the effect of errors in 7.

which make the behavior at a given, measured
value of 7 somewhat dependent on the cross sec-
tion and neutron-counter efficiency at nearby val-
ues. The nonlinearities near threshold and the
various minor effects additional to those treated
here resulted in our using Monte Carlo techniques
to extract the best values of the mass and width.
These will be described later. However (9) can
be carried a stage further to demonstrate the
extraction of the cross-section information.

For given 7 and g„Pj can be treated as a func-
tion of M, through Eq. (1) and an integral over a
wide range of P, replaced by a corresponding in-
tegral in M, over the resonance. Using the values
at Mo for those quantities which are almost in-
dependent of Pj or M„and noting that the Breit-
Wigner expression is normalized, the integral
over M, gives

N= dQd& J~———' n(MO)q(r).
N~ 00' BPj

2S gg g~ QE BM3

This can be further simplified as neither J, nor
BP,/SM, vary significantly over the small range
of g4 in the experiment:
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FIG. 7. Predicted behavior of der/dt as a function of
t just above the threshold in the reaction x +p Xo(985)
+n for various angular momenta in the final state when
the neutron is detected at zero degrees. Note also the
I'* scale.

As the time of flight is a function of t only, this
integral gives directly an average value of do/dt
in a given t interval.

The description in terms of der/dt points to a
sensitive way to examine the cross section down
to very low values of the final-state c.m. mo-
mentum P*. In Part II it was shown that the sim-
ple S-wave behavior, characterized by a total
cross section rising linearly with P~ and an iso-
tropic angular distribution, was equivalent to a
do/dt independent of both P* and the c.m. angle
g,*. If this situation obtains, then a plot of do/dt
against t should show a constant value, with no
discontinuity through the resonance in spite of the
rapid variation in P*. In Fig. 7 is shown the type
of variation in der/dt that might be expected, under
various assumptions, in the limiting case of a
point neutron counter at O'. Thus although P, is
allowed to vary, whereas a cross section is usu-
ally defined for P, fixed, the description (V) and
its incorporation in (10) avoid a correction for
the kinematic factors which distort a resonance
very close to threshold.

To assist in the determination of resonance pa-
rameters and cross sections, a Monte Carlo sim-
ulation of the production process was used. The
main effects considered were the momentum pro-
file within a momentum bin, the mean ionization
loss in the beam counters and hydrogen target, the
range of neutron angles accepted and the time-of-
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Qight error. Minor effects included the range of
incident beam angles, the predicted aberrations
in the momentum spectrometer, and Landau fluc-
tuations in the ionization loss in and before the
target. The simple Breit-Wigner form of the res-
onance together with a linear rise in its cross
section as a function of P* was assumed. The
program was used to generate time-of-flight spec-
tra over the required range of momentum bins.
These spectra could then be analyzed in the same
way as the data and comparisons made at any
stage. Thus in the extraction of the cross section
behavior, the data were fitted with the appropriate
polynomial to describe the background together
with the predicted signal from the Monte Carlo
simulation. Apart from minor corrections, the
relative normalization then gave the measured
value of do/dt.

The highest mass resolution and the lowest er-
ror in the absolute mass are available closest to
the threshold. As outlined in Sec. II the mass and
width information lay in the measurement of the
relative number of events detected in a fixed time-
of-flight gate as P, was scanned through the mass
range. For a narrow resonance the choice of the
gate width was usually made according to the fol-
lowing procedure. The approximate resonance
parameters were first determined and were then
incorporated in a Monte Carlo simulation which
generated time-of-flight spectra across the thresh-
old region. These were then inspected to find the
widest gate possible subject to the constraint that
an error of up to 0.5 nsec in its absolute position
would have a negligible effect on the predicted
yield of neutrons. This allowed for possible er-
rors in the absolute time-of-flight scale for mea-
sured neutrons. Optimization of the signal/back-
ground ratio would usually produce a somewhat
wider gate. The choice was a slow function of the
resonance mass and width.

The decay system could also be used to make a
selection of the events, either to emphasize a
particular channel or to increase the statistical
accuracy of the measurements by reducing cer-
tain backgrounds. Clearly, for the cross-section
determinations, minimum selection is to be pre-
ferred in order to avoid an additional uncertainty
in the results. Generally the detailed decisions
as to which decay configurations should be in-
cluded were made by comparing the predicted
signal from the resonance (assuming the decay
branching ratios} with the measured background
below threshold. Given a set of such comparisons
for the various configurations the choice could be
made according to the appropriate criteria. With
the possible exception of the K'K channel in the
study of the Q, the variation in the efficiency of
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FIG. 8. Predicted behavior of the distribution of
neutrons across the X threshold with beam momentum
as a function of the assumed width. The dashed lines
are drawn for I' =0.0 MeV. While the total number of
events remains almost constant, for small I' the number
in the central bin falls almost linearly with I'. The lost
events reappear in the tails.

the decay selection with P, should have a negligi-
ble effect on the measured number of neutrons.

The experimental data within the selected time-
of-flight gate were directly compared to Monte
Carlo predictions which assumed different masses
and widths, and y' calculated in each case. For
the relatively wide co we allowed a low-order poly-
nomial background; for the q, Ã', and Q a
a straight line sufficed.

Statistical errors on the mass and width were
generally determined by noting where X' increased
by 1 from its minimum value.

Apart from the statistical error, the only sig-
nificant contribution to the error in the absolute
mass arose from the uncertainty in the absolute
beam momentum discussed in Sec. III. In view of
the results obtained with the floating wire cali-
bration this was described by a standard deviation
of 0.08% of P, .

Some insight into the basis and accuracy of the
width determination can be gained by examining
the behavior predicted in the threshold region for
a fixed mass of resonance as the width is varied.
This is shown in Fig. 8 for M, =958 MeV. Inte-
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this mass is equivalent to about 3.5 MeV and,
mainly as a result of the length of the hydrogen
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from the general form of a Breit-Wigner reso-
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M, + EMis approximately I'/(trb, M) for 6M»-2I'.
As onl narroy w resonances are being discussed,
this is probably reliable. The loss of events from
the central bin also increases the width of the
distribution.
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background behavior uncert t thain y ln e neutron-
counter efficien
scale

'
iency and in absolute time-of-fl' ht

ale. The relative importance of these depended

on the resonance studied and f th d'ur er iscus sion
is delayed until Sec. V.

V. RESULTS

fr
In this section we present the results obta dine

rom a study of the four mesons ~ X'
and also s

ons tl, co, W , and p
an a so some evidence of structure in the g'g
channel at the threshold for two charged K's. The
most extensive data were collected in the in e region

bel
o e, but shorter runs were made d t

e ow the threshold for co production and a sepa-
rate set of three short runs across the q threshold

The q Meson

The lifetime of the g has been determined by
means of the Primakoff effect" d

' uf 'an is s ficiently
long for the width to be neglected in this experi-
ment. The cross section has been shown to be
lar e and d
2 deca

g ominated by an S-wave behav' ' Th

y ecay offered an almost background free selec-
ion o g's. The main interests lay in the detailed

behavior of the cross section and in the
o checking and investigating the mass resolution.

imited data comprising about 6&&10' incident
m's/momentum. bin were obtained from three runs

to 728.8 M
covering in all 15 bins from 679 7 M V
o .8 MeV/c. Figure 9 shows time-of-flight

spectra for events with a 2y select' Th
si ua ackground presumably consists mainly of
nonresonant 2m production.

A time-of-flight cut, or gate, from 25.6 to 31.4
nsec was chosen. Figure 10 shows the number of
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The time-of-fl-fbght gate used in the extraction of the

a 0

mass and width is also shown.

FIG. 10.0. The number of neutrons within the
shown in Fi .

i xn e gate
xg. 9, normalized to 10 incident beam par-

ticles and subject to the sam 2 Ime y se ection, as a func-

dl
tion of beam momentum. Th 1'd 1'e so i ine shows the pre-

iction for a mass of 548.1 and a width of
linear bac ro

n a wx o zero. A
r ackground has been allowed. A small but

significant discrepancy is noted from bins 33 to 35
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neutrons detected in this gate as a function of mo-
mentum. The 2y selection has again been applied.
The gate position is also indicated in Fig. 9. The
distribution was fitted with a straight line back-
ground plus a set of Monte Carlo predictions as
described in Part IV. The y' distribution as a
function of mass gave a sharp minimum at
548.1 +0.1 MeV. After allowing for the uncertainty
in the absolute momentum the value for the mass
is 548.1 +0.4 MeV.

Figure 10 shows the yield in the gate as a func-
tion of momentum along with the Monte Carlo pre-
diction for a width of zero. Agreement is good
apart from a small discrepancy at the higher mass
side of the resonance. In this region very many
q's are produced and the associated neutrons only
avoid being detected because they arrive at the
wrong time or because they are outside the angu-
lar acceptance. We interpret the extra events as
being principally due to rescattering of up to 0.5%%up

of the produced neutrons back into the neutron
counters from the supporting framework and
shielding. Because of these extra events at the
high mass side, the best fit to the data as a func-
tion of the width was obtained for I' =0.6 MeV.
The fit however was poor, with X' = 34 for 12 de-
grees of freedom.

It is interesting to compare these results with
the earlier work of Jones et aE.' in which the width
was found to be less than 0.9 MeV [95%confidence
level (C.L.)]. The technique was basically simi-
lar, except that the total number of q's detected
was measured as a function of beam momentum
and attention was concentrated on the rising edge.
This approach was probably preferable for the g
but less satisfactory for the study of other me-
sons where the cross sections are smaller, as it
required either a much wider time-of-flight gate,
with a consequent increase in the background
rates, or the prior subtraction of the background
at each momentum which would introduce ad-
ditional uncertainties. But problems encountered
here on the high-mass side of the resonance would
be largely absent.

Values for do/dt as a function of t were ex-
tracted by the method described in Part IV. The
relatively low mass of the q together with the
limited range of momenta at which data were col-
lected meant that all measurements were con-
fined to nine values of t from —0.12 to —0.28
(GeV/c)'. To avoid normalization errors no decay
selection was used. Typical distributions, both
for data and the Monte Carlo simulation, are
shown in Fig. 11(a) and 11(b). General agreement
is good. An uncertainty in do/dt arose from the
estimated neutron-counter efficiency; this esti-
mate was particularly sensitive to the discrimi-
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FIG. 11. Typical mass spectra at the g (a) are
compared with the corresponding Monte Carlo pre-
dictions for an &-wave cross section (b). No decay
selection has been used. An apparent small shift in the
mass at t =-0.26 (QeV/c)2 is attributed to an error of
about 0.3 nsec in the absolute time-of-flight scale in
this region. (c) do/dt for the g as a function of t. The
behavior is mainly S wave, with evidence for some P
wave also. The corresponding c.m. momentum P ~ of
the g is indicated.

nator bias at the lowest t.
The results for dc/dt at the q are summarized

in Fig. 11(c). This figure also shows the mean
value of P* for the various intervals of t. Closest
to threshold the value of do/df corresponds to a
rise of cross section at a rate of e/I'*=21. 2

+1.8 pb/(MeV/c). We have recalculated the value
of Jones et al. [v/P~ =17.0+2.3 p, b/(MeV/c))
using more recent values of the g-neutrals
branching ratio and the neutron-counter efficiency"
and find 22+3 pb/(MeV/c) in good agreement with
the present result. It is interesting that at
t = —0.18 the g's must have been. produced by beam
w's having a momentum of about 1 MeV/c above
the reaction threshold.

Above threshold, at lower and higher t, the
results indicate an increasing P-wave contribu-
tion to the final state, characterized by an in-
creasing forward/backward asymmetry. Such a



2804 D. M. B INNI E e t al .

P-wave term would be consistent with the results
of Buniatov et al."at 718 MeV/c and not incon-
sistent with those of Jones et al. ' and Richards
et al." To quantify the result, the present data
were fitted with a combination of 8 and P waves.
The small angle between the detected neutrons
and the beam direction means that the transverse
momentum is always small, =30 MeV/c. In this
circumstance it is reasonable to neglect the P-
wave spin-flip amplitude. The cross section
should therefore be of the form

—~
~

1+pP ' cos g*e" ~'
dt

where P and 5 are real and are a measure of the
relative P to 8--wave contribution. Figure 11(c)
shows the best fit, which was obtained with the
values pcos5 =(-9+3)x10 ' (MeV/c) ' and
p' = (-4 ~ 9)x10-' (Mev/c)-'.

The m Meson

The co meson has been studied in many ex-
periments and its main properties are well known.
Most of the decay proceeds via the 1t'm 7t' channel
and is therefore readily identified in the decay
array. The cross section near threshold is found
to be relatively high. The width of about 10 MeV
is appreciably greater than the mass resolution
available in this experiment which is about 4.5-
MeV f.w.h.m. in the threshold-crossing region.
We report on the detailed behavior of the cross
section close to threshold and also give values for
the mass and the width.

Data were available at all momenta of interest
from well below threshold. Runs were spaced at
intervals of 2-,'%%uII in P, so that there was one con-
tribution of about 10' incident w's in each momen-
tum bin.

The mass and the width were determined using
events for which two charged particles and two

y rays were detected. The time-of-flight gate
chosen lay between 16.1 and 20.9 nsec. Figure 12
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140

shows the yield of neutrons as a function of beam
momentum. This was fitted between bins 96 and
158 with a second-order polynomial together with
the Monte Carlo prediction. Minimum y' was
found at a missing mass of 782.3 +0.4 Mev. (X'

=72 for 59 degrees of freedom. ) A linear back-
ground gave a similar result. After allowing for
the uncertainty in the absolute momentum this
gave a final value of the mass of 782.3 +0.6 MeV.
The width was found to be 12.4 +2.2 MeV, the er-
ror being statistical. The use of a linear rather
than a quadratic background increased this by
about 0.2 MeV.

To investigate the cross section near threshold
the yield of co's was determined in ten adjacent
intervals of t. Figure 13 shows typical mass
plots. To avoid uncertainties in the efficiency of
any decay selection procedure, all neutron events
have been included. The background is conse-
quently relatively high. Third- and fourth-order
polynomials were used and gave essentially iden-
tical results. After small corrections for pos-
sible errors in the absolute time of flight scale,
satisfactory fits were obtained at all values of t.

The results for dc/dt are summarized in Fig.
14(a). They show a depression of dv/dt close to
threshold (P*& 80 MeV/c). It seems unlikely that
this could be an +-channel effect, as in terms of
the total c.m. energy the rapid variation occurs
over a range of mass from 1724 to 1734 MeV
with little further variation up to 1770 MeV.
There is no significant forward/backward asym-
metry up to at least P*=140 MeV/c. From a
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FIG. 12. Threshold crossing at the u. A selection
for the 7l+7l 7t' decay mode has been made and the
number of neutrons within a time-of-flight gate from
16.1 to 20.9 nsec is shown as a function of beam mo-
mentum. The best fit to the data is also shown.

FIG. 13. Typical mass spectra around the co from
which values of do/dt are extracted. The curves show
the fitted distributions. No decay selection has been
used. At high t, where BM3/87 is large, statistical
errors are correlated over several mass bins.
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study of 7t'+n-~+P at a c.m. energy below 1.8
GeV, P* ~ 260 MeV/c, Abolins et al."also re-
port an isotropic production angular distribution
indicative of an S wave in the ~-nucleon system.

Because of the short life of the ~ a possible
interpretation is that the depressed production
close to threshold is the result of a final-state
interaction between the neutron and the (d decay
products. In the decay ~- w'n z' the pions have
an average momentum of about 220 MeV/c in the
~ rest frame, which at threshold coincides with
that of the neutron. This momentum is near the
maximum of the mN scattering cross section and
therefore the probability of at least one of the
decay pions interacting with the neutron is high.

In Fig. 14(b) we show da/dt on a logarithmic
scale plotted against 1/P*. The straight line
fitted to the data is based on a simple model in

FIG. 14. (a) The cross section de/dt for the ~ as a
function of t. da/dt appears to be a function of P*,
with its smallest value at the minimum of P". (b)
The same data replotted, on a logarithmic scale, to
allow comparison with a simple model in which do/d t
is constant at production but (d's decaying within a
distance R from the neutron are removed through a
final-state interaction. The straight line corresponds
to R =1.5 F. (c) Total cross section plotted against P*
assuming an isotropic production cross section. The
smooth curve is based on the simple model described
in (b).

which we assume
(a) production of &u's occurs with an S wave be-

tween the ~ and neutron;
(b) there is an effective distance R such that &u's

decaying within B from the neutron are removed;
those outside R are unaffected.

For a width I' = 10 MeV these assumptions im-
ply a variation of do/Ck with P* of the form
da /dt ~ exp(-22R/P*c), where R is measured. in
fermis. The fit to the data corresponds to R ='1.5F,
which is reasonable. From the S-wave assumption
the measured da/dt at various P* can be converted
into an equivalent total cross section. This is
shown in Fig. 14(c) together with the fit and the
results from other experiments. ""The model
implies that the true S-wave production cross
section da/dt at threshold is about 3.5 mb/(QeV/c)'
[Fig. 14(b)].

The explanation advanced wouM suggest a dif-
ference in the behavior in the m'y and 37' channels.
Alternatively, if for example the production mech-
anism only were responsible, the effect would be
seen equally in both. The present statistical ac-
curacy is inadequate for this check to be made.
Assuming, however, that the explanation is ba-
sically correct, the co behavior allows an estimate
to be made of the effect of a final-state interaction
on the other cross sections, in particular the X'
and Q. The effect on the measured width of the &u

appears to be small.
It is interesting to note that if the linear rise

were maintained the cross section for (d produc-
tion would saturate the I =-,', S-wave mN inelas-
ticity at a P* near 250 MeV/c. In the case of 7)

production a similar behavior of the cross section
was successfully interpreted as being due to the
presence just above the qN threshold of an S» res-
onance with a large qN coupling. " For ~ produc-
tion an S-wave final state can come either from
an S» or a D» mN state whereas for q production
only S» is allowed. Also a simple two-channel
analysis as applied to g production is probably
inadequate at the ~ threshold due to the presence
of other important channels (mL, pN, qN). However
it would be surprising if the sudden opening of
the ~N channel with such a rapidily rising cross
section did not show in the elastic phase shifts.
In this context we would like to point out that the
second S» resonance around 1VOO MeV/c' is very
close to the roN threshold and that some phase-
shift solutions" (especially Berkeley, Path 2)
show a rapid change in the elasticity of S» in this
region.

If, on the other hand, the strong S-wave u pro-
duction is due to a D» resonance around 1700 MeV
(a state required by the L excitation quark mod-
el"), then the strong coupling to the ~N channel
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may account for the difficulty of observing this
state in elastic phase-shift analyses.

Recently Rosner" has pointed out that whenever
a meson-meson or meson-baryon system is al-
lowed by the quark model to form a resonance it
does so for P*=350 MeV/c and P*=250 MeV/c,
respectively. In this context we point out that
Brandstetter et a/. "have recently reported evi-
dence for a D» resonance in K P, with a large
coupling to ~A, lying in the range 1920 to 1980
MeV/c which is just above the &uA threshold at
1894 MeV/c'.

In conclusion we suggest that the rapidly rising
cross section for ~ production near threshold is
probably due to the existence of either an S» or a
Dj 3 resonance with a large coupling to co¹

The Xo and P Mesons

We examine now our data in the mass range 920
to 1040 MeV which therefore includes the well-
established Xo and Q. A measurement of the X'0

cross sections exists" in the same reaction at
1.50 and 1.52 GeV/c (P*=190 MeV/c). The pre-
dominant X' decay is through Imp; this produces
a large number of possible final configurations in
the decay apparatus, so that selection is difficult.
From other experiments the width is less than
4 MeV (Ref. 26) and 3.8 MeV (Ref. 2V) [90%%uo con-
fidence level (C.L.)]. The production at low P* of
the Q meson by incident w's was reported by Dahl
et al." and was shown to have an approximately
isotropic production angular distribution. Recent-
ly very precise data have come from colliding beam
experiments. " We took advantage of the large
branching ratio into the channel K'K, where in
view of the Low-Q value the opening angle of the
2K's is small, to make a decay selection which
greatly enhanced the signal/background ratio.

Possible complications exist in this mass range
in that evidence from other experiments for sev-
eral additional states has been reported. Some
doubt has been cast on the uniqueness of the X'
itseLf as there is the possibility of a second me-
son" M(953) with rather similar decay modes.
The two narrow states recently reported" in the
reaction m +p -x'+n at an incident momentum of
2.4 GeV/c have masses of 940.1 +1.6 and 962.5
+1.6 MeV. The latter could be the neutral counter-
part of the original narrow 6 (962)." Relatively
wide states may also be present, " in particular
the m~(980), L =60 MeV. Also there is evidence
for a pole, the S*, in the S-wave mm scattering
amplitude at a mass of 980 MeV."

Some of the analysis of our data has already
been published. ' It was found that the cross sec-
tions for Xo and Q production are small, with

values of o/P* near threshold only a few percent
of those obtaining for the g and ~. There was no
evidence for any peaks at 940 or 962 MeV, which
would imply cross sections for these mesons much
less than the X' in contrast with the original ex-
periment of Cheshire et al."where the cross sec-
tions were reported to be greater. We determined
the X mass to be 957.1 +0.45 MeV and the width
to be less than 1.9 MeV (95% C.L.). The narrow
width implied that if the M(953) were also present
in the data then the mass difference and both
widths would have to be less than about 2 MeV.
Using the measured branching ratio for (Xo-2y)/
(Xo- total), the upper limit on the width gave
some support for linear mixing in the pseudosca-
iar-meson nonet. Finally we found the Q mass to
be 1019.1+0.6 MeV, but without a satisfactory
selection for the decay mode Q-K'K no signifi-
cant value for the Q width could be obtained. The
present paper continues this analysis. The be-
havior of the cross sections is investigated over
a wider range of t. The results of a study of the
Q in the K'K decay channel are also reported.

Above bin 161 (1332 MeV/c), data colLection
runs were made at —,'%%uo intervals of P, . As each
run covered five momentum bins, the data at each
bin came from five separate runs and corre-
sponded to about 5&10' incident m's.

To investigate the cross-section behavior in de-
tail the data were divided into ten intervals of t
and missing-mass plots constructed. It was found
that in the intervals near threshold the X' and P
were both clearly visible. However, outside this
region and particularly at higher t the X' signal
appeared to be weak. For the purpose of presen-
tation the data have been recombined into four
intervals of t only. The resultant spectra, which
use no decay selection, are shown in Fig. 15. As
the mass resolution is also a function of t, we
show the predicted distributions for S-wave pro-
duction of the X'. We assume the value of o/P*
found in the threshold crossing region. It should
be remarked that the high value of BM,/87 at high
t in conjunction with the —,'-nsec channel widths
used in the time-of-flight distributions again leads
to some correlation in the mass spectra over two
or three mass bins. The relative errors between
adjacent points are therefore not wholly random.
The effect is only significant for the highest val-
ues of t.

It was noted that some of the spectra seemed to
show a drop in the background level near mass
bin 185, although the effect is small compared to
the total rate. To increase the statistical accu-
racy, data from a very wide range of t were com-
bined. These are shown in Fig. 16(a). The drop at
bin 185 is particularly clear in a selection of two
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FIG. 15. Mass spectra between about 900 and 1060
MeV for several intervals of t. No decay selection has
been used. Note the expanded scales. The X and Q
both show clearly near threshold. Qn the right are the
X signals predicted for a pure 8-wave cross section
normalized to the value close to threshold (t =-0.45).
It appears that da/dt falls for t both greater and less
than this value. There is also some indication of a drop
in the background levels near bin 185.

charged particles which are required to have an
azimuthal separation of 9 or 10 decay counters,
i.e., be nearly coplanar with the beam [Fig. 16(b)].
Such a selection has a high efficiency for the m'm

channel. The K'E channel was excluded by de-
manding that at least one of the charged particles
entered a side y counter (Fig. 4).

The sharpness of the drop is illustrated in Fig.
16(c), which shows the predicted response to a
step function input at a mass of 987.7 MeV, i.e.,
twice the K' mass. As each mass bin is about
3.5-MeV wide, it is clear that the effect is very
sharp and that much of it is within a few MeV of
the threshold.

A rather similar effect in the 27' mass spectrum
has already been reported by Alston-Garnjost
et al."and Grayer et al." An analysis of the re-
sults of Alston-Garnjost et al. has been made by
Flatte et al. '4 by extrapolating the data to the pion
pole and describing the behavior in terms of the
m-m scattering phase shifts. The S-wave ampli-
tude is dominated by the wide ~p and the relatively

FIG. 16. Mass spectrum for events within a wide
range of t. (a) Total neutrons and (b) a ~+~ selection.
Two charged coplanar particles with an opening angle
sufficient to exclude the K'E channel are demanded.
A sharp drop is noted near bin 185, particularly in the
selected but also in the unselected events. (c) Predicted
behavior for a step function at the K+K threshold.

narrow S*. The latter couples strongly to the
K'K channel. This drop occurs because the
phase change across the S* is superimposed on a
background phase of near 90' from the ~p The
2m amplitude does not however recover above the
S* because of strong absorption by the 2X channel.

In order to provide a quantitative estimate of the
position of the drop seen in the present data in the
2m spectrum, these were fitted with a step function
and a linear background. The range chosen was
+5 bins around bin 185 (969.4 to 1006.0 MeV). A
satisfactory fit was obtained and the best value for
the mass at which the drop occured was 989.2
~1.5 MeV. This is 1.5+1.5 MeV above the K'K
threshold.

The simplest way to pxplain both the position and
the sharpness of the drop is to assume that in the
present data the S* is produced but the &p is ab-
sent. The problem then reduces to that of the be-
havior of a resonance at the crossing of the thresh-
old for a new decay channel. This predicts that
the m'm cross Section should start to fall exactly
at the K'K threshold. The rapidity of the fall is
a measure of the relative couplings, g~ and g„ to
the two decay channels. The observed behavior
suggests a value of gr/g„at least as high as the
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figure of 2.5 preferred by Flattie et al." The
g'p spectrum below the A'K threshold is not
incompatible with the presence of an S* with a
half width of about 37 MeV.

The onset of the E'K threshold effect leads to
some difficulty in the determination of the back-
ground levels under both the Xo and the Q. For
the X' an examination of Fig. 16(b) shows how-
ever that even for the m'm channel, in which the
drop at bin 185 is most apparent, the variation
below this bin is small. We therefore make the
usual assumption about, the linearity of a back-
gound over a small range, but keep below the drop
itself. The extraction of the mass and width made
use of data between bins 172 and 183. Given the
deterioration in the resolution at both lower and
higher t, a slightly wider range from 167 to 183
was used for the determination of the cross-sec-
tion behavior. The Monte Carlo simulations (Fig.
15) show that this range should still be adequate.

Information from the decay counters was used
in an attempt to reduce the uncertainty in the
cross-section measurements. An X' decay se-
lection was made by comparing the predicted ef-
ficiency for X' selection in each of the various
possible decay configurations with the background
measured in the same configuration just below
threshold. The selection was then made of that
combination of configurations predicted to give
the highest possible X' signal in terms of the
statistical error. This was the selection previous-
ly used in our determination of the X width. The
over-all selection efficiency was determined by
direct comparison of the data for selected and un-
selected events in the threshold crossing region
and found to be about 75%. Monte Carlo studies
showed that the variation of this figure with t was
very small. Examples of the resulting spectra
are shown in Fig. 27. Expected X signals for an
S-wave cross section are again indicated.

The mass spectra, both for the unselected and
the selected events, were fitted over a range
from mass bin 167 to 183 (924.0 to 980.1 MeV). A
linear background was assumed. The cross sec-
tion we deduced is plotted, after correcting for the
selection efficiency, as a function of t in Fig. 18.
The same general picture emerges in both cases.
It appears that da/dt has a maximum near thresh-
old (minimum P*), and there is evidence of a
particularly rapid fall at the higher t. The com-
parison of the data with the S-wave prediction in
Fig. 17 shows that while the exact baekgound lev-
el assumed may be questionable, the relative ab-
sence of signal at high t seems clear. The dis-
crepancy is much too large to be accounted for by
a variation in neutron-counter efficiency (which
should be almost constant in this region) or by an
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FIG. 17. Mass spectra in the X region in four
different t intervals, after making a decay counter
selection to enhance the X . The corresponding 8-wave
predictions are shown on the right. Relative to these
the X signal is clearly synall at both high and low t.
Note the reduced background compared with the un-
selected spectra in Fig. 15.

error in the absolute time-of-flight scale.
We recall that a simple S-wave behavior should

yield a constant value for da/dt while all other
waves will give a do/dt that tends to zero at
threshold. The data thus indicates a significant
8-wave contribution at threshold and ada/dt at
high and low t which is less than the S-wave con-
tribution. This drop could be produced by inter-
ference but an interfering I'-wave amplitude would
lead to a monotonic rise or fall of da/dt with t,
and so the interference would have to be with a D
wave. The presence of significant D waves so
close to threshold is, however, surprising.

Since the points at lower and higher t corre-
spond to a sbghtly higher incident beam momen-
tum, an alternative explanation for their low val-
ues could lie in a rapid modulation of the cross
section by an s-channel effect such as a narrow
N*. As can be seen in Fig. 18 the rapid fall in
do/dt at high t occurs over a range of Ws of only
8 MeV. However, there is no evidence for such
a rapid variation on the low-t side where the
range of vs is much greater. The measurements
of Dufey et al.25 at 1.50 and 1.52 GeV/c give an
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average value of do/dt of 130+15 pb/GeV/c)' at
Ws =1.935 GeV. As the neutrons in that experi-
ment were detected near the maximum laboratory
angle, the momentum transfer of their events
would be in the region where our value of do/dt
is high. The similarity with our results at this t
makes it very unlikely that it is V s that is the
significant parameter.

If we view the variation of do/dt with t as sim-
ply being due to a t-channel effect, then the fall
at high t is not surprising except in its suddeness.
In this context it is interesting to note that our re-
sults bear some resemblance to those of Harvey
et al."at 3.65 GeV/c for the reaction w +P -X'
+n, X'-2y. Their results show some evidence
of a maximum in do/dt near t =-0.4 (GeV/c)',
but the straightforward interpretation of their da-
ta is that do/dt falls monotonically with increas-
ing —t.

That the effects we see could be due to a final-
state interaction, we consider to be very unlikely,
not only because of the narrow X' width but also
because da/dt in that ease should be only depen-
dent on P* or Ws which, as we have seen, is not
in accord with the data.

The possibility of a systematic error in the
technique of background subtraction must be con-
sidered. For example if a second resonance were
present at a mass of about 980 MeV this could
raise the assumed background level, so lowering
the apparent X' cross section. To serve this pur-

pose such a resonance would need a width of less
than 20 MeV whereas the preferred value of the
w„(975) is about 60 MeV. It would also have to
have a low cross section nearer threshold. In ad-
dition, much of the fall near bin 185 is already
accounted for by the fall in the m'm channel at the
K'K threshold and there is no evidence for any
other structure in the m'm channel between the
K'K threshold and the X .

In conclusion, while several effects may be
present, the most likely interpretation is that the
variation in dc/dt does represent a nonisotropic
production angular distribution necessitating the
presence of important partial waves up to l =2.
The total X cross section rises from threshold
at a rate c/P*=4Ã*do/dt =0.35+0.03 p, b/MeV/ . c
As already noted this is very small compared with

the g or co and this may help to explain how D
waves could be relatively significant at a P* of
about 70 MeV/c.

The data above mass bin 187 (994.6 MeV) were
interpreted in terms of Q meson production. The

P could be followed fairly easily above threshold,
both for faster and slower neutrons, without the
benefit of decay selection (Fig. 15). The design
of a decay selection to take advantage of the large
K'K branching ratio was based on the near co-
planarity of the two mesons with the beam axis
together with their small opening angle. The prob-
lem in the selection was the possible disruption
of the signature by a K meson which stopped in or
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FIG. 19. The yield of neutrons within the time-of-
flight gate indicated as a function of beam momentum
across the threshold for Q production. (a) shows the
Q in missing mass, while in {b) a selection for the
K+X channel has been made.

before a y counter. If a K it would interact and
if a K' it would decay. Either of these occur-
rences could give rise to pulses in additionalcount-
ers. Some allowance for such a possibility was
made. The selection was used in the measure-
ment of the width, to check the shape of the P in
the mass spectra, and as a check on the cross-
section measurements. However, the efficiency
of the selection is to some extent a function of the
Q meson velocity and is difficult to determine in
detail as several factors are involved. Therefore,
there is an uncertain correction to cross-section
measurements based on this selection.

Figure 19 shows the application of the threshold
crossing technique at the Q. The time-of-flight
gate chosen extended from 10.2 to 14.5 nsec. Note
the greatly reduced background level resulting
from the selection. From the ratio of the signals
and the measured K'K branching ratio the selec-
tion efficiency for this channel at the P mass was
estimated to be (51 + 5)%. The K"K threshold
occurs at bin 185 and the detection efficiency of
the selection as a function of the effective mass of
the K'K pair is expected to rise sharply in the
first two bins above this as the K'K opening an-
gle increases from zero. Much of the background
persists below the K'K threshold and is there-
fore spurious. The residual K'K background
under the P is clearly small.

The mass and width of the Q were extracted from
this data over a range from bin 187 to 201. The

lower limit represented a compromise between
the K'K threshold and the need for several data
points below the Q. Given the general near con-
stancy of the background rate as a function of P„
in the unselected events [Fig. 19(a)], a linear
background had previously been used. This argu-
ment for a linear background was not so justified
for the K'K selection because of the threshold.
However the measurement of the mass is rela-
tively insensitive to assumption about the back-
ground shape and the main interest in the deter-
mination of the width was the comparison with the
results from other, more accurate experiments.
Also from observation most of the background
under the Q in the selection was not in the K'K
channel and would be expected to be nearly con-
stant with P, . Therefore, a linear background was
used and a quadratic background also tried as a
check on the sensitivity to this assumption.

The best fit was obtained for the events in the
K'K selection at a mass value of 1019.4+0.4 MeV
(y' =11.5 for 15 degrees of freedom). After al-
lowing for the uncertainty in the momentum scale
this became 1019.4~0.7 MeV. A quadratic back-
ground gave a similar result. For the width the
corresponding results were 4.5 +1.1 and 3.9+1.6
MeV. The mass value differs slightly from that
earlier reported for the unselected events. ' The
more recent value is based on data with a much
higher signal jbackground ratio and is therefore to
be preferred.

Mass spectra for events with decay selection are
shown in Fig. 20 for several t intervals and com-
pared with Monte Carlo predictions. The general
agreement between the two, apart from the rela-
tive normalization, is good. The extraction of the
cross section was straightforward. Figure 21
shows the t dependence obtained using both the
selected and the unselected events. The selected
events have the advantage of a much reduced
background but there is some uncertainty in the
selection efficiency. In the figure these points
have been corrected using the efficiency previous-
ly measured in the threshold crossing mode.

The general pattern is that of a predominantly
S-wave cross section, with some evidence of a
small decrease at high and low t. The compari-
son with the ~ again suggests that the effects of a
final-state interaction with the decay products
should be small. The KN cross sections are
smaller in the relevant momentum range, the
main final state consists of only two mesons and
of course the lifetime is longer. S-wave produc-
tion through the formation of an intermediate N*
state is not favored as the spin parity would have
to be & or & and the nearest suitable baryon re-
ported is again the N" (1V00). At threshold the
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FIG. 20. Mass spectra in the Q region, in four
different t intervals, after making a selection for the
K'K channel. The corresponding S-wave predictions
are shown on the right.

final-state energy required is about 1960 MeV.
However, the width of this baryon is very uncer-
tain and such a scheme is not impossible, espe-
cially in view of the low cross section involved.

Comparisons

In Table I we group together our results on the
masses and widths of the four mesons and com-
pare them also with the preferred values taken
from the latest compilation of the Particle Data
Group. As already noted, the accuracy of the
mass scale, apart from statistical errors, is
dominated by the accuracy in the absolute momen-
tum measurements. The latter was estimated at
0.06% of P„but the only independent estimate of
the accuracy comes from the mass scale. The
comparison in Table I shows very good agreement
at the X' and tIt, reasonable agreement at the q
and a possible disagreement, of 2.4o; at the ~.
An error in the absolute momentum of 0.1% I't
would correspond to a shift in the mass at the ~
of 0.6%%uz MeV. But there is no systematic trend in
the mass values obtained and no reason to make
a general correction to the momentum scale. The
~ is relatively wide compared with the other me-
sons. This makes the measured mass more sen-
sitive to the effect of interference with the back-
ground. However, the observed distribution in
the m'm m channel was well described by a Breit-
Wigner distribution and showed no significant
asymmetry (Fig. 12).

Generally good agreement is found for the
measured widths. The apparent nonzero value
for F„ is interpreted as a measure of the level at
which the resolution of the apparatus is under-
stood. The presence of an additional "tail" in the
distribution of either P, or P4 or 8, could explain
the discrepancy (Fig. 10). But the magnitude of
the effect is very small and only the exceptionally
high cross section of the g coupled with the al-
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FIG. 21. Values for do/dt for the p. The open circles show the fQI) in missing mass only; the closed circles result
from a K+K selection after correcting for the selection efficiency. There is some indication of an increase in do/dt
close to threshold.
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TABLE I. Masses and widths. TABLE G. Cross sections near threshold.

Mass (MeV) Width (MeV)
Meson This expt. P.D.G. This expt. P.D.G. a

da/dt a/P +

Meson Form of da/dt [mb/(GeV/c) ] [pb/(MeV/c)] (mb)

548.1+0.4 548.8 ~ 0.6
782.3+ 0,6 783.9*0.3
957.1 + 0.6 957.1 + 0.6

1019.4 + 0.7 1019.1*0.5

(0.6b)
12,4 + 2.2

&1,9
4.5+ 1.1

0.002
10.0+ 0.6

&3.8 d

4.4 + 0.3

7l

x'

S +small P
S +f,s.l.
S, max at
threshold

s

12,3 + 1,0
3.5 + 0.3 c

0.125 + 0,010

0.097 + 0.020

21.2 + 1,8
83 ~07c
0.35*0.03

0.29+ 0.06

4.3
2.3
1,6

1,5

Particle Data Group, Phys. Lett. 39B, 1 (1972).
Fit poor, See Fig. 10 and text.
Final value of error, differs from Ref. 1 as estimated

uncertainty in absolute value of P& has been increased
from 0.05% to 0.08%.

d Reference 27.

a The S-wave unitarity limit in the I = 0 channel at threshold.
" Local minimum in do/dt seen near threshold, attributed to a loss

of ~'s arising from a final-state interaction (f.s.i.) between decay x's
and neutron.' Corrected for effect described in footnote b. See Fig. 14 and text.
Uncorrected values shown in Fig. 14(a).

most negligible background 2y selection has en-
abled it to be detected. No correction to the
measured values of I' and I'& is necessary.

The results on the cross sections are sum-
marized in Table II. Generally it appears that all
four mesons have a relatively important S-wave
component in the cross section near threshold,
but the X' and Q cross sections are much smaller
than those of q and co. It is significant that the
large cross section of the g is certainly associated
with, and that of the ~ is probably associated with
an s-channel resonance close to threshold. A
synthesis of these observations is provided by the
picture advocated by Rosner" that meson-baryon
systems can and do form resonances near thresh-
old whenever a quark in one can annihilate an anti-
quark in the other. If the X' and Q are predomi-
nantly AA. in quark structure this precludes them
from forming such resonances with a nucleon and
so accounts for their low cross sections compared
to g and v.

The presence of s™channel resonances in g and
e production seriously binders any attempt to
deduce the pseudoscalar and vector-meson mixing
angles from our cross-section data. For instance
the model of Alexander, Lipkin, and Scheck" is
probably not valid when quark annihilation can oc-
cur and an analysis similar to that of Martin and
Michael" based on t -channel dominance is also
inappropriate in the presence of s-channel reso-
nances.

VI. SUMMARY

We have described a form of missing-mass
spectrometer designed to exploit the high mass
resolution available close to threshold in a reac-
tion of the form 1+2-3+4. Particle 4 is detected.
This region is normally avoided in view of the
rapidly varying density-of-states factor and other
nonlinearities. It is shown that all such problems
can be avoided by holding fixed the momentum

and angle of particle 4 and scanning in P, . The
only quantity requiring accurate measurement is
then P, itself, although stability in the detection
of particle 4 is also very important.

The method has been applied in the reaction
m +P -x'+n using a momentum spectrometer to
define the incident w and time of flight over
6.'15 m to define the neutron. It has been used to
investigate the g and ~ and the meson spectrum
around the Xo(958) and the Q. It is found that
such relatively narrow mesons can be studied in
this manner and that the values for the masses
and widths generally agree with and in some cases
improve on the previous world average values.
Evidence was found for a sharp drop in the 3'p
channel at a mass of 1.5+1.5 MeV above the
threshold for production of E'K pairs. This is
assumed to be associated with the effect previous-
ly reported by Alston-Garnjost et al."and Grayer
et al "

Cross sections for the production of the reso-
nances have been extracted. The results are most
conveniently described in terms of der/dt. The
integration over the resonance width, necessary to
obtain the cross section, is made by integrating
over the corresponding small range in P, . These
cross sections are being measured within a few
Mev/c of threshold. Since a constant do/dt is
equivalent to an S-wave cross section with a~P*,
the form of dv/dt as a function of t gives not only
the initial S-wave component but also shows how
this is modified as P~ increases. All four mesons
are produced in an initial S wave; the q and X
show significant departures at higher P* and the
~ at very low P*. The latter is attributed to a
final-state interaction between the neutron and the
co decay products.
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