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We have studied the reactions 7r p ~sr+@. n and m p ~K+K n at 1.98 and 2.41 GeV/c over a dimeson

mass range from 0.75 to 1.23 GeV/c . Final-state neutrons were detected near 0 corresponding to

~t —t;J & 0.003 (GeV/c)' near a dimeson mass of 1.0 GeV/c . Charged particles were detected in the
Argonne Effective Mass Spectrometer and/or scintillation detectors surrounding the hydrogen target. The
mass of the dimeson was calculated from the beam and neutron four-vectors, the latter being determined by
the measured flight time of the neutrons, with a mass resolution of cr = 4 MeV/c '. One of the prominent
features of the 7r+7r mass spectrum is a sharp break near 0.95 GeV/c '. This feature and the rapid rise of
the K+K spectrum near threshold are analyzed in terms of the parameters of the S* resonance. In the
kinematic region covered by our data the contribution of the p meson is small. The 62000 m+m events

(11000 three-constraint and 51000 one-constraint) and the 470 K+K events (all four-constraint) were

analyzed with both a Breit-Wigner and a K-matrix formulation with various parameterizations of the
background. Consistent values of the S* pole parameters were obtained in all of the various types of
analyses for both beam momenta. An average of the parameters from these fits gives the position of the S~
pole to be (969 ~ 5) —i (15 + 4) MeV/c ', compared to the present world average of (993.2 ~ 4.4) —i(20.0+ 3.7)
MeV/c '.

I. INTRODUCTION

For effective masses near 1 GeV/c' the produc-
tion cross sections for s-wave isospin-zero di-
meson systems (ww or KK) are dominated by the
S* resonance. Both the rapid drop in the cross
section for the process m p-7t'7t pg near dipion
mass 950 MeV/c' and the rapid rise above thresh-
old for the reaction m p -K'K n have been explained
in terms of a pole in the s-wave ww scattering
amplitude near K'K threshold, the S*. The posi-
tion of the S* pole was originally calculated from
scattering-length fits to the K'K' spectrum. ' How-
ever, the pole value has never been well deter-
mined by KK data alone. The pole position may be
determined rather more accurately from m'~ mass
spectra' but only after the s-wave contribution to
the data has been separated from the somewhat
larger high-mass tail of the p. 'The separated
spin-zero contribution is then fitted to a slowly
varying background plus an interfering Breit-
Wigner term or, more commonly, to a K-matrix
formalism. (The K-matrix parameters may be
Taylor expansions in mass giving the M matrix. )
The fit results are then used to compute the S
pole value.

The separation of the s-wave and p-wave contri-
butions normally is made using a phase-shift anal-
ysis. This background subtraction has the poten-
tial for introducing systematic errors in the com-
puted pole position. It is therefore important to

cross check this type of analysis with results
from experiments involving different backgrounds.
One way in which the large p contribution to the
p-wave background may be removed is by studying
the w'w' spectrum through the (900 to 1000)-MeV/c'
mass range. ' To date, the advantage of this meth-
od has been largely offset by the experimental dif-
ficulties inherent in such measurements. Typical-
ly the ratio of s wave to background is worse in
these data than in m'w data.

We have discovered that the p contribution to the
m'm mass spectrum is strongly suppressed in a
particular kinematic regime. Specifically we ob-
serve that very little p is produced near a beam
momentum of 2 GeV/c for extreme forward pro-
duction. 4 This tendency for p production to drop
in the forward direction has been observed before. '
With minimal p-wave contamination in the m m

mass spectrum the data may be analyzed without
recourse to a phase-shift analysis.

In this paper we present the data from an ex-
periment which studied w'w (and K'K ) production
in this p suppressed regime. In order to carry
out our investigation we studied meson production
in the reaction n p-X'yg, where X' is a meson
system. Data reported in this paper were taken at
two different incident m momenta, namely 1.98
and 2.41 GeV/c. The 1.98-GeV/c data spanned the
missing-mass region from approximately 750 to
1080 MeV/c'. The 2.41-GeV/c data spanned the
missing-mass region from approximately 840 to
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1230 MeV/c'. Because of the experimental place-
ment of the neutron detectors in the forward di-
rection, the events accepted were extremely peri-
pheral corresponding to squared four-momentum
transfers (t) that were very nearly equal to the
minimum squared four-momentum transfer (t „).
Charged particles %ere detected in the Argonne
Effective Mass Spectrometer' and/or scintillation
detectors surrounding the hydrogen target.

In an earlier paper we reported a Breit-Wigner
analysis of the 1.98-GeV/c data. ' In this paper
both the 1.98- and 2.41-GeV/c samples are ana-
lyzed using both the Breit-Wigner and K-matrix
formulations with the previously published analy-
sis included for completeness. In addition to
doubling the data base, the 2.41-GeV/c data have
a markedly different background under the S* and

thus provide a check for background-induced sys-
tematics in the pole position. Both data samples
are used to look for model-induced systematics in
the S* pole value.

In Sec. II the experimental apparatus and the on-
line data acquisition system are described. In
Sec. III the details of the data analysis are pre-
sented. The major results of the experiment are
given in Sec. EV. Section V summarizes the con-
clusions gained from this study.

II. APPARATUS

momentum hodoscope which tagged individual par-
ticle momenta to +0.25%. The total momentum
spread of the beam was typically *1.5~/0.

The second stage of the beam consisted of a pair
of bending magnets and four quadrupole magnets
which recombined momenta at a final focus located
at the center of a 38.1-cm-long liquid hydrogen
target. 'The diameter of the approximately circu-
lar focus was 2.5 cm. The position and angles of
incident beam particles for events of interest were
measured to better than +1 mrad by three spark
chambers upstream of the hydrogen target.

A beam signature consisted of a coincidence be-
tween the three beam-defining counters, the mo-
mentum hodoscope, and six beam-defining antico-
incidence counters. Two ethylene-gas threshold
Cerenkov counters provided tagging information to
label incident beam particles as pions.

Beam composition varied with momentum, but a
typical m: K:p ratio was 127:1:0.5 for the range of
momenta used in the present experiment. A small
p, -e contamination present in the incident beam
was insignificant to the results presented in this
paper.

The total incident particle flux was kept in the
range from 2.5 && 10' to 3.5 && 10' per 700-msec
beam spill of the ZGS. This was done in an at-
tempt to ensure the uniformity of accidental co-
incidences and other rate effects.

In this section a detailed discussion of the ex-
perimental apparatus will be presented. This will
include a discussion of the secondary beam, the
neutron counters, various other counters and tags,
the Argonne Effective Mass Spectrometer, the
neutron time-of-flight system, the trigger scheme,
and the shielding used to reduce the number of
background neutrons. In addition, the data collec-
tion and on-line data analysis system will be ex-
plained.

Beam

The apparatus was located in an unseparated
beam' which for negative momenta consisted main-
ly of pions. Protons of 12.33-GeV/c momentum
were extracted from the main accelerator ring of
the Zero Gradient Synchrotron (ZGS) and brought
to a focus on a 0.64 cm x 0.64 cm x 10.2-cm-long
copper production target. Horizontal and vertical
collimators restricted the production angles of the
accepted particles to be centered at 4.25 with re-
spect to the proton beam line. The apertures of
the collimators were varied to maintain a nearly
constant beam intensity.

In the first stage of the beam a pair of quadru-
pole magnets and a pair of bending magnets created
a momentum dispersed focus at a six-element

Neutron counters

Neutrons produced in the target and arriving in
the appropriate time interval subsequent to an in-
teracted beam particle were detected 5.30 m down-
stream of the hydrogen target by an array of 30
neutron counters. This time interval corresponds
to neutrons whose speeds were within the interval
0.17c to 0.42c. Figure 1 shows the neutron coun-
ters (labeled N) in relation to the rest of the ap-
paratus. The array subtended angles up to 12.5'
with regard to the beam and a total laboratory
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FIG. 1. Plan view of the apparatus.
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solid angle of 0.098 sx. Each of the neutron coun-
ters consisted of a 30 cm x 30 cm x 15-cm-deep
block of plastic scintillator, viewed from the
downstream end by an Amperex 58 AVP 12.V-cm
diameter photomultiplier tube. A timing signal for
each counter was generated by a diseriminator set
at a relatively low signal level, whereas the
threshold amplitude was determined by a discrimi-
nator set at a higher level. With this "high-low"
system accurate timing as well as precise thresh-
old discrimination was achieved. The counter sig-
nals were timed with xespect to each other to an

accuracy of *0.2 nsec using scattered beam par-
ticles. With all counters summed together the
time-of-flight spectruxn for charged particles and

y rays in time with the beam showed a peak at P
=1 of 1.40 nsec full width at half maximum.

Slow neutral particles detected by the neutron
counters were assumed to be neutrons, although
slow neutral kaons axe present at an estimated
level of less than 1k. For the data presented in
this paper only constrained final states are con-
sidered and therefore the neutral kaon contamina-
tion is not important. It should also be noted that

y rays from beam interactions in the target may
be eliminated by virtue of their velocity. An 11-
element hodoscope, labeled V„was located im-
mediately upstream of the neutron counters and

was used to veto charged particles which struck
these counters.

The efficiency of each neutron counter is a func-
tion of photomultiplier voltage and discriminator
threshold. ' In the present experiment, the high
voltages of the photomultipliers were set and main-
tained so that the 2.75-MeV y ray from an Na'4

source gave a fixed maximum pulse height. Vari-
able attenuators were then adjusted so that the
thresholds on the discriminators correspond to
3.5-MeV electron equivalent energy. For this
threshold, neutron detection efficiencies ranged
from 16 to 18/ depending on neutron kinetic en-
ergy.

Decay and trigger counters

A box of 41 scintillation counters surrounded the
hydrogen target. In Fig. 1 these counters are de-
noted by T, and H. These counters detected vir-
tually all charged particles produced in an inter-
action and approximately 86% of all y rays passing
through H. The hodoscope T, was constructed
from 11 counters. 'The pulse-height information
of the central counter of this array was used to
tag those events which had two or more charged
particles simultaneously passing through this
counter and is denoted by the symbol C»„for
"double-pulse height. "

The hodoscope H was made of two subunits, one
of which was constructed from 16 elements and
detected wide-angle charged particles. The sec-
ond, located to the outside of the first, was a 14-
element hodoscope used to detect electron showers
from y-ray conversion in two radiation lengths of
lead positioned between the two subunits.

The hodoscopes T, and H were used in forming
the spark-chamber trigger and also provided a
measurement of the approximate direction and
multiplicity of charged particles originating in the
hydrogen target. This information was used in
some of the subsequent event analysis.

A 40-element hodoscope located at the spectro-
meter magnet exit and labeled by T, in Fig. 1 was
used to detect charged particles exiting the spec-
trometer. The counters of this hodoscope were
arranged in rows of 20 10-cm-wide counters above
and below the magnet midplane.

Spectrometer

A plan view of the Argonne Effective Mass
Spectrometer is shown in Fig. 1 along with the
previously described apparatus. The basic com-
ponent of the spectrometer was a large dipole
magnet which had an aperture 2 m wide by 0.66 m
high. The magnet had a central field of 11.4 kG,
an effective length of 1 m, and an f8 dl which was
constant to about 20/o over the aperture. Further
details of the spectrometer are found in Ref. 5.

The five sets of wire spark chambers K, through
K, measured the angles and momenta of forward-
going secondary charged particles produced in the
hydrogen target. The readout of the wire cham-
bers was accomplished by 40 magnetostrictive
lines with electronics which could record up to
six sparks per readout for the chamber sets K,
and K„andup to four sparks per readout for the
chamber sets K„K„K„andK,.

The K„K„andK, spark chambers each had
planes of horizontal and vertical wires. The K,
and K, chambers both had a plane of vertical wires
and planes of wires at ~30' to the vertical. These
nonorthogonal planes were used to resolve ambigu-
ities in multiple-track events. The K, chamber
had only a plane of vertical wires which were ex-
tended outside the magnet enabling the readout to
be located in a low-field region. The spatial reso-
lution of the chambers was approximately +0.5 mm.
The single-track efficiencies are estimated to be
about 96% fox this experiment.

Neutron time-of-flight system

To establish the neutron time of flight a standard
time-to-amplitude converter (TAC) module was
used. An output pulse from the beam counter
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labeled B in Fig. 1 was the "start" signal input
to the TAC unit and the output pulse from one and

only one of the neutron counter timing discrimi-
nators was the "stop" signal. The resulting output
voltage level of the TAC unit was digitized by a
high-precision analog to-digital converter (ADC).
The output of the ADC was then used to calculate
the absolute value of the neutron time of flight
from a linear relationship in which two values, a
slope and an intercept, have been determined. The
intercept value was determined from special runs
in which the electronic logic was set to accept y
rays in time with the beam. 'The resulting spec-
trum gave the previously mentioned narrow 1.40-
nsec [full width at half maximum (FWHM)] peak
corresponding to p= 1 flight times. To establish
the slope a crystal controlled oscillator accurate
to a few parts in 10' was used to input accurately
known absolute time intervals into the TAC-ADC
system and thereby the time interval per ADC
channel was measured.

Trigger scheme

The design of the triggering scheme was dictated
by the simultaneous desire to eliminate elastic
scattering events and to maximize the detection of
the w'm n, K'K n, and m'm w'n final states. Most of
the data were taken with a trigger which could be
satisfied in any one of three independent ways.
This so-called "threefold" trigger consisted of
one of the following requirements: (1) an incident
beam particle, at least one particle in any counter
of T, except the double-pulse-height counter (C»„}
located at the center of the array (mentioned ear-
lier), at least one particle in T, following the mag-
net, and one and only one neutron-counter (N) sig-
nal, or (2} an incident beam particle, at least one
particle in C~„,at least one particle in T„at
least one particle in the inner subsection of 0,
and one and only one neutron-counter signal, or
(2) an incident beam particle, at least two particles
in C»„,at least one particle in T» and one and
only one neutron-counter signal. A potential event
was vetoed if any particle was detected in the
beam-halo counter V„the beam-veto counter V„
or that element of the charged-particle-veto hodo-
scope V, covering the counter which detected the
neutron. Symbolically this trigger may be sum-
marized as

where 8 denotes an incident beam particle.
For a portion of the running at 2.41 GeV/c a

"twofold" trigger was employed. This trigger was
designed to reduce the v'v n one-constraint (1C)
final state and thereby enhance the 4C and 3C z'm n
final state. This trigger consisted of either one
of the following two requirements: (1) an incident
beam particle, at least one particle in any counter
of T1 except C»„,no particles in H, at least one
particle in T„andone and only one neutron-
counter signal, or (2) an incident beam particle,
at least two particles in C»„,at least oneparticle
in T„noparticles in 0, and one and only one
neutron-counter signal. Once again a potential
event was vetoed if any particle was detected in
V„V„orthat portion of V, covering the neutron
counter which detected the neutron. Summarizing
this trigger symbolically we have

(1) 1B 1T, (except C»„)~ 8 1T, 1N

or

(2) 1B 2C D„rH 1T, 1N.

Shielding

Considerable shielding was required to reduce
background neutron events. This shielding acted
to absorb much of the low-energy component of
background room neutrons and to thermalize
higher-energy room neutrons. In addition, a
Borax enclosure was built around the neutron
counters themselves. Boron, a constituent of
Borax, has a 759-b total thermal neutron absorp-
tion cross section. The absorption length for this
process is 1.3 mm. In the present ease, approxi-
mately 10 absorption lengths of Borax were used
in the enclosure and consequently virtually all of
the thermal neutrons surviving the concrete were
eliminated.

But even with the above shielding, problems with
spurious neutron triggers were still experienced.
These accidental events are probably due to re-
sidual background neutrons and y rays produced
by secondary interactions of the original reaction
products from the hydrogen in the decay counters,
wall, etc. It should also be understood that these
spurious events could only be eliminated by the
use of kinematic constraints.

Data collection and on-hne analysis

or

or

(1) 1B 1T, (except C»„)~ 1T, ~ 1N,

(2) 1B 1CDp„1H 1T, 1N,

(2) 1B ' 2CDzH ' 1T2 1N,

The spectrometer was on-line to an EMR-6050
computer whose primary function was to collect
the data from up to 17 triggers per ZGS pulse and
to store the results on magnetic tape during the
3.5 seconds between beam bursts. 'The raw data
were supplied to the computer through the Science
Accessories Corporation's Multiple Input Data
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Acquisition System (MIDAS). The data consisted
of (1) the contents of six sealars for each of 12
spark-chamber readouts, and the contents of four
scalars for each of 28 readouts, (2) tag bits indi-
cating mhich scintillation counters had fired for
each event, including the momentum hodoscope,
the beam-veto counters, the 30 counters of hodo-
scope I, the 11 counters of hodoscope T„the 40
counters of hodoscope T» the 11 counters of
hodoscope V„and the 30 neutron counters, (3)
tag bits indicating beam-particle identity, (4) a
bit indicating the passage of an extra beam track
through the apparatus in the time between the in-
teraction and the spark-chamber firing, and (5)
12 bits of neutron time-of-flight information. For
each event, 204 24-bit words were written on
magnetic tape.

In the time between beam pulses, the computer
also analyzed approximately 35% of the events,
monitored spark-chamber efficiencies and scintil-
lation-counter rates, and provided an oscilloscope
display of xeconstructed tracks from selected
events and of histograms accumulated by the final-
state analysis program. The powerful diagnostic
tool provided by the on-line computer system'
allowed the experiment to be tuned and debugged
quickly, helped maintain a consistently high level
of hardware performance during the data taking,
and made feasible the on-line study of possible
systematic effects.

III. DATA REDUCTION AND ANALYSIS

'The data from this experiment correspond to a
total flux of 45.3 x 10' pions incident on the hydro-
gen target: 8.2 & 10' pions with the threefold trig-
ger at a beam momentum of 1.98 GeV/c, 22. 7
x 10' pions with the threefold trigger, and 14.4
&& 10' pions with the twofold trigger at 2.41 GeV/c.
In this section a detailed discussion of the data
analysis mill be given. This mill include a dis-
cussion of the off-line data analysis program, the
methods used to select events of various constrained
final states, the algorithm used to locate the vertex of
tracks, and the geometric acceptance of the ap-
paxatus. But before this detailed description of
the analysis system is given, two topics need to
be presented which provide essential background,
namely the kinematics of the reaction r p -X'n
and the contributions to the mass uncertainty.

K11MA18 t1CS

The symbols M, E, p, T, and p=v/c with an
appropriate subscript denote the mass, total en-
cl gy~ momentum~ klnetlc encl gy~ and velocity of
a particle or combinations of particles. All of
these variables are taken to be in the laboratory

Here M is the mass of the X and 8„is the polar
angle of the neutron to the beam. 'The variation of
M with the three independent variables ~p, ~,

~p„~, and 8„is given by

M = ip„icos8„—P, (E„-M~),
BM

~ip, I

=(E, +M~)(P, cos8„—P„),
am

~lp„I

M = /p, //p„/ sine„.~M
(4)

I3, is the velocity of the center of mass.
In general a high-resolution measurement of M

requires accurate knowledge of ~p, ~, ~p„~, and 8„.
However, certain kinematic regions can be chosen
in such a may that one or more of the differential
coefficients in (2)-(4) are close to zero, thus re-
ducing the required precision of the relevant vari-
ables.

In the present experiment the neutron counters
were placed near 0 with respect to the incident
beam direction. This mas done for two reasons.
First, we desired to duplicate as closely as pos-
sible a previous experiment which reported nar-
row mesons. ' In that experiment the neutron count-
ers were located near O'. Second, the geometric
constraints imposed by the layout of the Argonne
Effective Mass Spectrometer required the neutron
counters to be placed near 0 . Neutrons produced
at large angles in the hydrogen target pass through
the steel of the pole pieces of the spectrometer's
magnet. Since the neutrons are near 0', then by
Eq. (4) 8M/&8„wiII be nearly 0. Consequently a
high-resolution measurement of M under these
kinematic conditions requires only an accurate
measurement of the magnitude of the beam and
neutron momenta, with only a relatively coarse
measurement of the neutron angle.

Figure 2 shows the calculated relationship be-
tween M and the neutron time of flight for a 1.98-
GeV/c incident pion and a neutron flight path of
5.30 m centered on the beamline. The two values
of time of flight at a given mass value correspond
to the neutron going forward and baclovard in the
center-of-mass system. In the present experi-
ment, only events with neutron time-of-flight
values in the interval 42 to 103 nsec were accepted.
The 42-nsec cutoff in the time of flight at both

frame of reference unless indicated otherwise.
Applying energy and momentum conservation to the
reaction g p-X'g we have

M =I +M +MP n

+2(E„M E,—E„M-E„+ip, imp„icos8„).
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1.98 and 2.41 GeV/c means that only those neu-
trons emitted near 180' in the center-of-mass
system were detected. Consequently in the case
of two-body processes these neutrons correspond
to the X' system being produced at essentially 0'.

The range of 6} accepted by the neutron detectors
may be converted to a range of t, the squared
four-momenta transfer from the target proton to
the recoil neutron:

f= (pp-p„) = (M„Mp)-—2T„M~, (5

where p~ and p„arethe four-momenta of the pro-
ton and neutron. Figure 3 presents a plot of t
versus M for the two extreme angles of the neu-
tron detectors at 1.98 GeV/c. The lower curve
corresponds to a laboratory angle of 0.0' (f =-f „)
and the upper curve to an angle of 12.5'. The es-
sential point of thi. s figure is that the data are
taken at t values very neax'ly equal to t,.„butthe
t values do vary as a function of M. A similar
range of I, is covered at a beam momentum of
2.41 GeV/c.

Mass uncertainty and mass resolution

Experimental mass uncertainty and mass resolu-
tion are both quantities which enter into the data
analysis. Uncertainty in the mass scale arises
because of three independent effects: (1) the ab-
solute uncertainty in the time-intex"val measure-
ment associated with the measurement of the time
of flight, (2) the absolute uncertainty in the length
of the flight path, and (3) the absolute uncertainty
of the beam momentum. In the present experiment
the systematic error in the time interval is mass
dependent and is estimated in the case of the 1.98-
GeV/c data to be +0.18 nsec at the ~'-meson mass
(f83 MeV/c') and ~0.11 nsec at the K'K threshold
(98'I MeV). At 2.41 GeV/c the error in the time
of flight was estimated to be +0.19 nsec at 840

MeV and +0.14 nsec at 987 MeV. At both 1.98 and
2.41 GeV/c the absolute error in the 5.30-m flight
path was estimated to be +0.25% while the error
in the beam Inomentum was estimated to be +10/0.

Table I gives for each of these errors the corre-
sponding error in the absolute mass. Note that
the dominant errors are associated with the beam
momentum.

When the 1.98-GeV/c data were first analyzed
from the raw-data tapes, they were processed at
a nominal beam momentum of 1.96 GeV/c. At the
conclusion of this analysis two facts concerning
the mass scale were observed which led us to the
conclusion that the beam momentum should be
raised by approximately 1 jg. First, an ~'-meson
signal was observed which was approximately 4
MeV below the known (d'-meson mass of 782.7
MeV/c'. Second, the edge of the K'K threshold
was observed to be some 5 MeV/c below its cal-
culated value of 987.4 MeV/c'. From Table 1 it
may be seen that a 1% increase in beam momentum
would put the threshold edge and the (d' mass at
nearly their proper values. So we decided to re-
analyze the 1,.96-GeV/c data from the generated
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TABLE I. Error sources contributing to absolute mass uncertainty.

Error Source
Mass

t',MeV/c )

Beam
momentum

(GeVjc)

Error in
missing

mass (Me V/c')

+0.18 nsec
+0.11 nsec
+ 0.25%
+ 0.25%
+1.0%
+1.0%
+0.19 nsec
+0.14 nsec
+0.25%
+0.25%
+1.09%
+1 09%

Time interval
Time interval
Flight path
Flight path
Beam momentum
Beam momentum
Time interval
Time interval
Flight path
Flight path
Beam momentum
Beam momentum

783
987
783
987
783
987
840
987
840
987
840
987

1.98
1.98
1.98
1.98
1.98
1.98
2.41
2.41
2.41
2.41
2.41
2.41

+0.62
+ 0.78
+0.84
+ 0.94
+3.98
+ 5.35
+0.68
+0.80
+0.92
+1.03
+4.24
+ 5.13

summary tapes and raise the beam momentum 1/o

(within the error quoted in Table I) to 1.98 GeV/c.
All of the 1.98-GeV/c mass spectra presented in
this paper are from this second analysis.

The evidence at 2.41 GeV/c, while not so com-
pelling as that at 1.98 GeV/c, suggested the need
for an equivalent 1/o shift. Because of cost limi-
tations and the relatively small size of the effect,
the data mere not reprocessed, but the resulting
mass spectra mere adjusted before final analysis.
These adjustments involved an upward shift in the
mass scale of 8 to 5 MeV/c'.

Our mass resolution depended on two indepen-
dent effects. The first effect was the momentum
uncertainty of a particular beam particle. This
was due to both the physical size of a single beam
momentum hososcope element and the finite ex-
tent of the beam spot. As mentioned earlier in
Sec. II a particular element of our momentum hodo-
scope could tag an individual beam particle to
+0.25%. The other effect contributing to our mass
resolution was the momentum uncertainty of a
detected neutron. 'There were two contributions
to this uncex tainty. 'The first was the fact that it
was not known at what point in the 15-cm-deep
scintillator the neutron interacted. Thus the exact
flight path of the neutron was uncertain. For neu-
trons near P = 1 (high-mass events) this contribu-
tion mas of little consequence. For slomer neutrons
this contribution dominated. The second contribu-
tion to the momentum uncertainty of the detected
neutron was the time resolution of the 30 neutron
detectors. This contribution was 1.40 nsec
(FWHM) as determined from the width of the pre-
viously mentioned (in Sec. II) P = 1 peak. This lat-
ter contribution becomes dominant at high values
of M. The total resulting resolution of these two
effects is presented in Table II for several values
of M.

Event selection

Events to be considered were divided into three
classes before a final-state hypothesis selection.
Class 1 events had two charged particles of op-
posite polarity momentum analyzed in the spectro-
meter. Class 2 events had one charged-particle
momentum analyzed and a second particle had only
its polar and azimuthal angles measured in the
spark-chamber sets K, and K,. Class 3 events had
one momentum analyzed track and no further spec-

TABLE II. Total mass resolution for several different
mass values.

Missing mass (M) Beam momentum Mass resolution
{MeV/c ) (GeV/c) Peev/c') P mHM)

800
900

1000
900

1000
1100

1.98
1.98
1.98
2.41
2.41
2.41

7.4
9.0

11.1
8.5

10.3
12.5

Off-line analysis —program EMsoF

The data were processed using an approximately
modified version of the standard Effective Mass
Spectrometer routine, EMSOF.9 EMSOF is an off-
line program to reconstruct tracks through the
wire spark chambers of the Argonne Effective
Mass Spectrometer. Programming instructions
mere added mhich implemented a nem vertex-f inding
algorithm, anew histogramming package, anew
subroutine to separate constrained final states,
a subroutine which handled data from some one
hundred new scintillation counters, and a routine
to write summary tapes. Also, many of the stan-
dard EMSOF subroutines were somewhat modified
to meet the needs of the experiment.
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sample are indicated by arrows.

trometer information. For each event class, vari-
ous final-state hypothesis assignments were at-
tempted.

Class 1 events, those having two momentum
analyzed tracks through the spectrometer, were
investigated as possible candidates for the reac-
tions

(8)

('I)

(8)

Class 2 and 3 events in which only one particle
was momentum analyzed could only be examined
as possible candidates for reactions (8}and ('I).

In the case of class 1 events, reactions (8) and

(T) have four constraints since all of the kinematic
variables were measured in the final state. The
constraints employed were 3-momentum balance
plus the calculated mass squared of the neutron.
Figure 4 displays histograms of these constraints
for the v'v n final state at 2.41 GeV/c together with
the cuts indicated by arrows used to select the
final data sample. In our coordinate system x is
the beam direction and z is upward. Similar con-
straints were obtained at 1.98 GeV/c.

In the case of 4C events of reactions (8}and (7)
the invariant mass of the g+vr or K'K system may
be calculated in two independent ways. First, one
may use the beam and neutron four-vectors to

l50
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PIG. 5. The difference bebveen the spectrometer mea-
surement of the dipion mass and the missing; mass for
the reaction ~ p m'en at 1.98 GeV/c.

establish the missing mass of the m'm or K'K
system. Second, one may use the four-vectors
of the pions or kaons as measured by the spectro-
meter to establish the effective mass of the m'~

or K+K system. Figures 5 and 6 show the differ-
ence between these two masses for the 1.98-GeV/c
w'm andK'K data. The figures show an agree-
ment to within 10 MeV/c' between the effective-
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mass and missing-mass scales. Similar agree-
ment was obtained at 2.41 GeV/c.

Class 1 events were then analyzed as possible
candidates for reaction (8). The reaction in this
case has only one constraint since the polar angle,
azimuthal angl. e, and the magnitude of the momen-
tum of the m' were not measured. The one con-
straint was calculated by considering the reaction
to proceed as

COS g as d —COS gcal cul at ed

Qg 2 2

Sin gcal cul at ed
2

(10)

Now if one assumes, for example, that the two
particles are pions and that pion number 1 was the
momentum-analyzed particle, then from energy
and momentum conservation and the measured val-
ue of 8, it is possible to calculate both 8, and ~p, I.
The variables

n P-n'm mB. (9)

In Eq. (9) the v'v ve is hypothesized and from ener-
gy and momentum conservation and the knowledge
of the velocity of the detected baryon 8, it was
possible to calculate the mass of the baryon. In

Fig. 7 the mass of 8 is plotted for the 1.98-GeV/c
data. 'The asymmetry of the neutron signal on the
high side is due to the presence of K'K n events
in which the detected neutron did not come from
the event. The final event selection was made
by requiring the mass of B to be in the range ap-
propriate to the neutron, 0.925 to 0.980 GeV/c'.
The uP meson (to be discussed later in Sec. IV)
was observed in this event sample.

Class 2 events had one particle momentum analy-
zed and a second particle which went only through
the spark chamber sets K, -K,. This second par-
ticle had its polar and azimuthal angles measured,
but there was no measurement of the magnitude
of its momentum. Consequently, three constraints
were available that could be applied to select
reactions (6) and (7). The three constraints used
require some explanation. From the neutron in-
formation the energy (Ere) and the three-momen-
tum (pre) of the X' were calculated for each event.

gp ) p )measured ]p [calculated
1 1 11)P )p ~calculated

l

can then be formed, allowing a comparison be-
tween predicted and measured values to be made.
n8 and &P/P as defined above form two of the
three available constraints.

If X' is either n'm or K'K then the angle between
the planes formed by the vector Pxo and the unit
vectors in the direction of the two charged par-
ticles must be zero to ensure the conservation
of momentum. The coplanarity angle, ~Q, be-
tween the two planes forms the third constraint.
ng, &P/P, and n$ are shown in Fig. 8 for the
1.98-GeV/c data with the cuts used to select v'v n
events indicated by arrows. At 2.41 GeV/c, a
similar set of constraints was obtained.

Class 3 events had one momentum-analyzed
track and no further spectrometer information.
For the m'm n and K'K n final states they are 1
constraint; the constraint used is the nP/P con-
straint described above for class 2 events. Further
reduction in the background to the m+~ and K'K
final states was obtained by requiring that the
second meson, not seen by the spark chambers,
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FIG. 6. The difference between the spectrometer mea-
surement of the dikaon mass and the missing mass for
the reaction 7t. p K K n at 1.98 GeV/c.
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FIG. 7. The constraint used to select the ~ ~ en final
state at 1.98 GeV/c.
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Final state
Constraint

class

Beam
momentum Signal-to-noise

(GeV/c) ratio

7r'7r n
7r'7r n
7r'7r n
K'K n
7r'7r 7r'n

7r'7r n
7r'7r n
7r'7r n
K'K n

4C
3C
1C
4C
1C
4C
3C
1C
4C

1.98
1.98
1.98
1.98
1.98
2.41
2.41
2.41
2.41

180.
22.3
9.7
7.1
0.8

58.7
13.0
3.1
6.7

TABLE III. Signal-to-noise ratios for various con-
strained final states.

FIG. 8. The three constraints used to select the 3C 7r+7r n

events at 1.98 GeV/c.

be detected by the appropriate counter element
of the hodoscope surrounding the hydrogen target.

In Fig. 9 &P/P is presented for these potential
1C n'v n events at 2.41 GeV/c (a) without counter
selection, (b} with counter selection. Note the
strong suppression of the background with little
loss in the m'7r n signal that the counter require-
ment imposes on the data. A similar result was
obtained at 1.98 GeV/c.

Table III presents the signal-to-noise ratio of
all constrained final states previously considered
at both 1.98 and 2.41 GeV/c.

Target vertex

The vertex location of momentum-analyzed
tracks was determined by the minimization of a
g' defined for the hypothesis that all the tracks
originated at one point. An attempt was first made
to locate the vertex of the beam and all momen-
tum-analyzed tracks. If the y' of the fit was great-
er than 50, the worst track was eliminated and the
fit repeated.

An attempt was then made to locate the vertex of

any other lines found in the chamber sets Ky K2
with the beam. The method used was the distance
of closest approach. Any line whose dista. nce of
closest approach with the beam was greater than
0.4 in. was immediately rejected. A mean vertex
was then calculated which was the average value
of the vertex formed by any of the momentum-
analyzed tracks and of the vertices formed by the

Ky K2 lines and the beam. Any Ky K2 line whose
distance from this mean vertex was greater than
1.0 in. was eliminated. A new mean vertex was
calculated and the above procedure repeated. The
mean vertex where all of the Ky K2 lines were
within the cutoff distance of 1 in. formed the final
vertex.

The distribution of vertices for the 2.41-GeV/c
class 1 events and the location of the liquid hydro-
gen target was shown in Fig. 10. The interactions
in the 0.16-cm-thick double-pulse-height counter
of the T, array are clearly evident just beyond the
downstream edge of the target. The rise in the
number of events across the target in Fig. 10 is a
reflection of the acceptance of the spectrometer.
The acceptance for events produced at the down-
stream edge of the target is about a factor of 2
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FIG. 10. The distribution of vertices and the location
of the liquid hydrogen for class 1 events at 2.41 GeV/c.
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higher than the acceptance for events produced
at the upstream edge. All events used in the analy-
sis were required to have a vertex within the target,
thereby eliminating non-hydrogen-associated
events. The vertex position in the hydrogen target
also enabled the neutron flight path to be corrected
for the target interaction point.

Geometnc acceptance

A Monte Carlo calculation of the spectrometer
acceptance was performed in the case of the w'~ ~
final state for each of the three constraint classes
mentioned above. At discrete values of M, events
were generated which, like the data, uniformly
populated the neutron counters. Decay pions from
the X', which was assumed to be spin zero, were
propagated through the spectrometer and deter-
mined to be 4C, 3C, 1C, or undetectable events
depending on which spark chambers intercepted
the trajectories. For purposes of field integration,
a square field with vertical focusing was found to
be adequate after comparison with a sample of
events processed using a full inhomogeneous field
integration. Corrections were made for absorption
in the target and surrounding counters and for in
flight decays.

The successfully detected m'~ g events by class
were then transformed into the X' Gottfried-Jack-
son (GJ) rest frame. For our highly peripheral
events, the Lorentz transformation to the GJ rest
frame was essentially along the beam direction.
Figure 11 shows the acceptance curves generated
by the Monte Carlo calculation along with the z'g ~
event histograms from the 1.98-GeV/c data. 4C
events were found to populate a m+ polar angle
6I~~ region near 90' in the X' rest frame as shown

by the curve in Fig. 11(a). After transformation
into the laboratory frame, the m' and w are for-
ward going and approximately symmetric with re-
spect to the beamline as required in order to get
two trajectories passing through the spectrometer.
At the other extreme, the 1C events are produced
with the m' either parallel or antiparallel to the
beam direction. This gives one particle through
the spectrometer while the second misses altogeth-
er. 'The acceptance for the 1C events is shown in
Fig. 11(c}. The 3C event acceptance is intermedi-
ate between the other two classes in angle as can
be seen. Of particular significance is the sym-
metry of the efficiency about 90' in the GJ system.
'The data as represented by the histogram show
an asymmetry about 90 of the three classes. This
asymmetry is due to the interference of a relative-
ly small p signal with other non-p amplitudes and
this effect will be further discussed in the next
section. Figure 12 presents the acceptance of the
Monte Carlo generated events as a function of M
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generated m n n events at 1.98 and 2.41 GeV/c.

integrated over HG~ for the two beam momenta of
1.98 and 2.41 GeV/c.

Efficiencies were also generated for nonzero-
X'-spin states. The general result is that spin-
projection-zero states, whose angular distribu-
tions peak near 8 = 0' and 180', tend to populate
the 1C distribution, whereas nonzero projections
are more important to the 3C and 4C distributions.
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IV. RESULTS

In this section we survey the missing-mass
spectra for the constrained final states at both
1.98 and 2.41 GeV/c. Results from the analysis
of unconstrained final states have already been
published. " An ~ -meson signal observed in the
mass spectrum of the 1.98-GeV/c v'v n'n final
state is presented. In addition, a sharp break in
the m'w n mass spectrum and a rapid rise of the
K'K spectrum just above threshold are observed
and are associated with the S* resonance. From
fits of two models to the 7r'm n and K'K n spectra
the position and width of the S* pole are deter-
mined. The s-wave amplitudes from the fits are
then presented in the form of Argand plots. The
s-wave and p-wave amplitudes determined from
the mass plots are shown to be consistent with the
observed asymmetry in the m'~ angular distribu-
tion.

TABLE IV. Number of events for various constrained
final states.

Final state
Constraint

class

Beam Number
momentum of events in

(GeV/c) this category

Mass spectra

As discussed in Sec. III selection criteria (cuts)
may be imposed on the data in an effort to isolate
various final states. Table IV lists the numbers
of events including background which satisfied
these cuts for each final-state category.

We will first consider the mass spectra obtained
from the data taken at a beam momentum of 1.98
GeV/c. These data with an analysis less extensive
than that which is presented in this paper have been
published previously. 4 The distribution in M for
the 1C w'w n events is shown in Fig. 13. The full
mass range of the experiment at 1.98 GeV/c ex-
tends from I'IO to 1060 MeV/c'. The data show
a flat spectrum at high and low M with a rapid tran-
sition over the 40-MeV/c' interval between 840
and 980 MeV/c'. We associate this dramatic drop
in the cross section with the previously reported
S~ resonance. " The normally large p meson signal
is not apparent. Given the 11.5-to-1 signal-to-
noise ratio as presented in Sec. III, we expect
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FIG. 13. Missing-mass spectrum of the 1C m'~"n

events at 1.98 GeV/c. The solid curve is a fit using the
K-matrix fit corresponding to row 1 in Table V. The
dashed curve is from the K-matrix simultaneous fit to
both the m'7r and K K spectra with the parameters
given in the text.
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an average of only 24 background events per 5
MeV/c' in Fig. 13.

'The 3C and 4C 7r'7r n M distributions are present-
ed in Figs. 14 and 15, respectively. There are
significantly fewer events in these spectra since
the acceptance for these two constraint classes
is much lower than for the 1C constraint class.
The events are also concentrated at low mass be-
cause the acceptance for each of these constraint
classes falls sharply with increasing M. However,
a break is still apparent in the 3C spectrum near
950 MeV/c'. Owing to the lower overall acceptance
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FIG. 14. Missing-mass spectrum of the 3C x en
events at 1.98 GeV/c. The smooth curve is a fit using
the K-matrix fit corresponding to row 2 in Table V.
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for the 4C class and its rapid falloff with increas-
ing M, the 4C data are not useful in studying this
effect.

The M distribution for the 1.98-GeV/c 4C K'K n
events is presented in Fig. 16. 'The previously
reported" rapid rise of the K'K mass spectrum
near threshold is apparent. As was mentioned
previously, we have a check on the M scale as the
M spectrum for the 4C K'K rg events is found to be
consistent within experimental resolution with a
threshold at 2M~ . The 1C and 3C K'K n signals

are small relative to the 4C signal because near
threshold both the K' and K are likely to traverse
the spectrometer.

Another check on the M scale and resolution
was provided by the observation of the (d meson.
Figure 1V shows the 1C p'g p'g mass spectrum at
1.98 GeV/c. An &u" signal is evident. Even though
this peak is located near our low-mass acceptance
limit, an examination of our acceptance shows
that it is essentially constant through the region
of the figure and does not distort the ~' signal.
The data in Fig. 17 were fitted to a Gaussian plus
a constant background. The width of the (d' from
the fit is I'= (13+3)MeV/c'. After correction for
our experimental resolution we find the cu' natural
width to be (9 +3) MeV/c', which is consistent with
the tabulated world average. " The co' peak is cen-
tered at (781 + 2) MeV/c', slightly below but con
sistent with the tabulated value of 782.6 MeV/c'.

We now turn our attention to the mass spectra
at 2.41 GeV/c. The 1C, 3C, and 4C v'v n M dis-
tributions at this beam momentum are presented
in Figs. 18, 19, and 20. The full experimental
mass range at 2.41 GeV/c extends from 845 to
1205 MeV/c'. The 1C data of Fig. 18 show a rela
tively flat spectrum between 860 and 940 MeV/c',
a rapid falloff between 940 and 980 MeV/c', and
then a slow rise beyond 980 MeV/c'. The 3C M
distribution of Fig. 19 has a pronounced drop over
the interval 940 to 980 MeV/c'. Although less
statistically significant, the 4C M spectrum pre-
sented in Fig. 20 also shows some evidence of a
falloff in the (940 to 980)-MeV/c' region.

The M spectrum for the 2 41-GeV. /c 4C K'K n

15— 4C K K n EVENTS—
I 98 Ge V/c

O

& IO—

O
O
MI-

w5—

(U

~ 20—

O
O
O

V)I-
l0—

LLJ0
ILJ

IC m'm m n

EVENTS

1.98 GeV/c

0.960 1.000 1.040
M (Ge V/c ~)

1.080
I

.75
I

.80
M (GeV/c2)

I

.85

FIG. 16. Missing-mass spectrum for 4C K K n events
at 1.98 GeV/c. The smooth curve is from the K-matrix
simultaneous fit to both the 7I'7I. and K'K spectra with
the parameters given in the text.

FIG. 17. cu -meson signal in the ~'x 7r n final state
from data at 1.98 GeV/c. The curve is a fit to a con-
stant plus a Gaussian & .
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events is presented in Fig. 21. Qnce again the ra-
pid xise of the spectrum near the K'K threshold
is apparent. A small background of order 5
events/5 MeV/c' remains in this data sample.

The S+ resonance

In a previous paper' we presented an interpreta-
tion of the structure of the 1.98-6eV/c m'v n and
K'K g spectra in texms of the S* resonance. Thes&
results are repeated below for comparison. Signi-
ficantly we find equivalent S~ parameters for both
the 1.98- and 2.41-GeV/c data, although the data
themselves appear qualitatively somewhat differ-
ent.
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FIG. 20. Missing-mass spectrum of the 4C vr'~ n
events at 2.41 GeV/c.
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An altex'native explanation of the observed struc-
ture in these spectra might be a cusp (threshold)
phenomenon associated with the opening of the
K'K channel. This alone, however, is not suf-
ficient to cause such a large effect. As Refs.
12-14 point out, any threshold effect not produced
by a pole is usually too weak to be observable.
Therefore an observable effect around thx eshold
is most likely due to the presence of a pole in the
complex mass plane. In the S* parametrization
the pole is explicitly given a Breit-Wigner form.
If one uses a threshold parametrization in terms
of the K-matrix, as discussed below, the formal-
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FIG. 21. Missing-mass spectrum for 4C K K n events
at 2.41 GeV/c. The smooth curve is from the K-matrix
simultaneous fit to both the 7l 7l and K K spectra with
the parameters given in the text.
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ism does not automatically produce a pole. The
parameters which are necessary to describe the
data may or may not imply a pole. As we shall
see, this approach does lead to a pole at the same
complex mass as found in the S* analysis.

In most data samples a problem encountered
in extracting the S~ parameters comes from the
need to extract the s-wave mm amplitude in the
presence of larger p-wave amplitude. To do this
a partial-wave analysis of the m'n. system is em-
ployed. In our data, as is particularly evident in
Fig. 13, there is no discernible p and hence no
obvious gain to be made from such a procedure.
We will return to this point later when we discuss
the asymmetry ratio.

At this point a short outline of the analysis to
follow is helpful. We first present a discussion
of the equations appropriate for describing the pm

mass spectrum for both the S* and K-matrix pa-
rametrizations. This discussion is concluded with
an enumeration of parameters used in the various
fits. We next present the results for fits to the
vv spectrum at 1.98 and 2.41 GeV/c using the two
different models. A short discussion of the role
of the KK spectrum in the two models is presented
next. 'The amplitude analysis is concluded with a
discussion of the simultaneous analysis of the 7t~

3nd KK spectra using the K-matrix parametriza-
tion.

The analysis procedure used in this paper is the
minimization of the X' for the hypothesis that the
m'm n mass spectra in Figs. 13, 14, 18, and 19
are of the form

=«M}F(t M)[".(M}
I
T.'(M} I'+ ~.'(M}

I
T.'(M} I']

+B,(M). (12)

N, (M) is the number of events of constraint class
c as a function of missing mass M. J(M) is the
solid angle subtended by the neutron counters in
the overall center-of-mass frame multiplied by a
normalization factor. &', is the s-wave Monte
Carlo efficiency for constraint class c; T,' is the
s-wave m7r scattering amplitude. &,

' and T„'are
the corresponding P-wave functions. B,(M) is a
background term which will be discussed in more
detail in connection with the p-wave amplitude,
T, . We have tried fits including corresponding
d-wave quantities in the form of the f meson and
have found the contribution to be consistent with
zero in the 1.98-GeV/c' data. For the fits to the
2.41-GeV/c' data the d-wave contribution was neg-
lected from the outset and the fitted mass range
reduced to 840 to 1070 MeV/c'. Note that Eq. (12)
implicitly assumed that an integration over angles

1', = g, (-,'M' M„')'",
(»)
(14)

I"r=tj'r[(4M' —Mr, ')'t'+ (r'M' Mro'}'t ], —(15)

where 5, M„g„andg~ are the adjustable param-
eters; M... M~„and M~ are the masses of the
m', K', and K'. I'E is the sum of the partial widths
for decay to the final states K'K and K'Ko. Below
KK thresholds the positive imaginary squar e root
is implied. Here the T,'(M) amplitude is the sum
of a background amplitude plus a Breit-Wigner
amplitude. The drop occurs in the m'w n spectra
because the phase change across the relatively
narrow S* is superimposed on a constant back-
ground phase 5. According to this view, it is then
the interference between the background amplitude
and the S* Breit-Wigner amplitude that causes
the sharp edge in the data. In addition, the 2w am-
plitude does not fully recover above the S*because
of strong absorption by the KK channel. T'he posi-
tion of the S* pole is by definition the complex zero
of the denominator of the second term of T,'(M).

The K-matrix amplitude""'" is given by

o.'+ it3'q/(1 —iraq}
1 —ik[n+ ig'q/(1 —iraq)]

'

t = (-,'M' M')'"-
q = (-,'Sf' —M„')'",

where the K matrix is

(17)

(18}

(in the wv rest frame) has been performed. The
cross terms between s and p waves vanish in this
integration because the calculated efficiencies
are symmetric about 90'.

In a m7I scattering analysis of reactions 6 and 7,
f'(t, M) would contain the virtual-pion propagator
and describe the nucleon ver tex. Several forms
of I were examined including the one-pion-ex-
change (OPE) form, "an exponential factor
exp(7t, ,), and the product E(t, M)S(M) equal to a
constant. For the w'w n data presented, we em-
phasize that both the s-wave cross section and the
overall quality of our fits (y' probability) did not
depend on the choice among these three options.
Therefore, this parametrization should not be
taken as implying the dominance of a particular
production mechanism. Results presented in this
paper have been obtained using the OPE form.

Two different parametrizations of the s-wave
amplitude were used in the fitting, namely the S*
Breit-Wigner and the K-matrix parametrization
of the previously mentioned threshold phenomenon.
The S Breit-Wigner amplitude is given in the uni-
tary form'6

2 e'" —1 e'"I",M
T M =— ff 0T M =8. 2; 'M, Mo;M, (r, ,r, )

*
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(a P)

ij1 ~i
(19)

and a, P, and y are the adjustable real param-
eters. In this parameterization the position of the
S* pole is by definition the complex zero of the
denominator of T', (M) in Eq. (18).

For the p-wave contribution either we use a p
Breit-Wigner form multiplied by a Monte Carlo
generated efficiency as indicated in Eq. (12) or we
include the p-wave effects in the background term
B,(M) Th.e former case will be referred to as
the physical background, the latter as the poly-
nomial background. In the physical background
the p amplitude, T,', is given by

r p M p
I"

p Y,(Q)
M2 HAMI.

p P
(20)

where M, is the p mass, I', is the p width, Y', (Q)
is the l = 1, m =0 spherical harmonic, and rp is
a scale factor. In fits using this background there
are two parameters, r, and B,(M) which is as-
sumed to be mass independent. In the polynomial
background, B,(M) is taken as a linear (two pa-
rameters) or quadratic (three parameters) function
of M depending on the particular fit. The param-
eterization of the p-wave contribution is the same
for both the S* and the K-matrix analyses.

The final form of Eq. (12) in the S* Brett-Wigner
case contains either seven or eight adjustable pa-
rameters: the overall normalization, four s-wave
parameters, and either two or three parameters
to describe the p-wave contribution plus back-
ground. In the case of the K-matrix fits Eq. (12)
has either six or seven adjustable parameters:
the overall normalization, n, P, y, and two or
three parameters for the p-wave plus background
contribution.

We have already noted the independence of the
pole position on the form of F(t, M). To check
its dependence on the parameterization and back-
ground we list in Table V the pole position from
various fits made to the 1.98-GeV/c 1C and 3C
wmn data in Figs. 13 and 14. Rows 1 and 2 list

fits made using the K-matrix parameterizations
in conjunction with linear and quadratic back-
grounds. For reference purposes the fits to the
1.98-GeV/c vvn spectra of Ref. 4 which used the
S* Breit-Wigner parametrization are included in
rows 4 and 5. In row 6, a fit which used the S~
Breit-Wigner parameterization and a physical back-
ground is presented. The X' probabilities for the
various fits are given in column 4 of Table V. The
1C fits are excellent and the 3C fits are acceptable.
The fits from rows 1 and 2 of Table V are shown
as the solid curves in Figs. 13 and 14, respective-
ly. These curves are nearly indistinguishable
from the curves for the S* parameterization shown
in Ref. 4.

The results of fits to the 1C and 3C m'm ~ events
at 2.41 GeV/c are presented in Table VL Rows
1 and 2 present the K-matrix fits while rows four
and five present the S* Breit-Wigner fits. The X'

probabilities for the fits are once again given in
column 4. All fits are seen to be acceptable. The
fits from rows 1 and 2 are shown as the solid
curves in Figs. 18 and 19, respectively.

There is an obvious consistency between fits
to the data at 1.98 and 2.41 GeV/c and an indepen-
dence from the background parameterization. 1he
computed pole position is found to be independent
of the form of the background within the computed
uncertainties. The pole parameters also appear
independent of the rest frame decay angles since
the data from the two constraint classes sample
different angular ranges. 1he implication of the
analysis thus far is that there is a pole in the
s-wave mm amplitude just below the KK threshold.
The pole position is well defined in the sense that
it is model independent.

In the S* analysis the position of the pole was
found to be independent of the choice of the param-
eter g~. In order to determine g~ it was neces-
sary to use the K'K n data. On the other hand, in
the K-matrix formalism n, P, and y may all be
determined by fitting the m'7t mass spectrum alone.
Since the K'K mass spectra can be fitted simul-
taneously with no extra parameters, this would

TABLE V. S* pole parameters at 1.98 GeV.

Constraint
class

Mass
range

(MeV/c )

Background
form

X

probability
(%)

Pole
position
(MeV/c )

1C 7r'n' n
3C 7t'+7r n
iC ~'m-n
4CK+K n
1C n'7r n
3C r'r n
1C x'7r n

K matrix
K matrix
K matrix

simultaneous
$* Breit-Wigner
S* Breit-Wigner
S* Breit-Wigner

770—1070
770-1070
770—1070
975—1085
770—1070
770-1070
770-1070

Linear
Quadratic
Linear
None
Linear
Quadratic
p Meson

95
11

92

94
9

82

(978 +5) —i(21 +5)
(965 +5) j(10+5)

(969 a3) —Z(14 +4)

(965 +5) —i(21 +5)
(970+6) g(13 ~5)
(967+7) &(32+6)
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TABLE VI. 8* pole parameters at 2.41 GeV/c.

Constraint
class Fit

Mass
range

(MeV/e')
Background

form

X

probability
(%)

Pole
position
(Mev/~')

1C r'r n

3C 7t'n' n

1C x'7t' n
4C E'K n

1C n'z g
3C r'& ~

K matrix
E' matrix
E matrix

simultaneous

8* Breit-signer
S* Breit-signer

840—1070
840—1070
840—1070
975—1085

840—1070
840—1070

Quadratic
Quadratic
Quadratic
Constant

= 5 events/(0. 005 GeV/g2)
Quadratic
Quadratic

(968 +9) —j, (16 +8)
(970*7) z(12 ~ 6)

(976 +8) —j(22 +11)

(970 ~8) ~(14 +7)
(968 +7) —j(12 +6)

appear to be a strong point in favor of this latter
model.

We complete our analysis of the mass spectra
by simultaneously fitting the sample of 1C m'm n
and 4C K'K n events at 1.98 and 2.41 GeV/c using
the K-matrix parametrization. To fit the K'K n
events the fitting function"'"'" used was

(21)

except that a 5-event per 8-MeV/c' constant back-
ground was added to Eq. (21) to describe the pre-
viously mentioned background that is present in this
data sample. For these data we obtain a 21.V/p

confidence level fit shown as a dashed curve
in Fig. 18 and a solid curve in Fig. 21 for n = 1.0
+0.7, P= -3.4+0.8, y= -5.8~0.9. The position
of the 8* pole determined from these parameters
is given in rom three of Table VI.

P/(1 —iraq)
1 —ik[n+ iP'q/(1 —iraq)]

'

Equations (21) and (22) are the analog of Eqs. (12)
and (13) with the p-wave omitted and the s-wave
amplitude replaced by the inelastic amplitude To~

for the process v'v -K'K . The efficiency d'or(M)

i:s the Monte Carlo generated K'K acceptance.
The procedure used in fitting the data mas the

simultaneous minimization of a tmo part X' using
the function given in Eq. (12) with the amplitude
of Eq. (18) to fit the v'v n portion of the data and
the function given in Eq. (21) with the amplitude of
Eq. (22) to fit the K'K n portion of the data. Be
cause of nonzero mass resolution, there are some
K'K n events below threshold. To fit these data
it is necessary to include our o=4 MeV/c' resolu-
tion in the fit. Likewise even a small mass shift
can affect the fits enormously. We have already
observed that the mass of our w' signal is 1.0
+2.0 MeV/c' low. An appropriate upward shift
of the mass scale near the K'K n threshold is made
in compensation. We obtain a 92.2/0 confidence
level fit shown in Fig. 13 for the mm spectrum for
a=1.3~0.4, p=-2.9~0.3, and y=-7.1~0.5 'These
results compare favorably with n =0.9 +0.3, P
= -3.5+0.4, and y= -5.9 +0.6 determined by fits
to the m'~ n spectra alone. The curve for the KK
spectrum generated from this fit is shown in Fig.
16. The position of the S* pole corresponding to
these values of n, P, and y is given in rom three
of Ta.ble V.

A fit to the 2.41-GeV/c 1C v'w n and 4C K'K n
data was carried out using this same procedure

Argand plots

Figure 22(a) presents an Argand plot calculated
from the 8*parametrization, [Eq. (13)j using the

parameters given in row four of Table V. Figure
22(b) presents the equivalent plot calculated using
the K-matrix amplitude with the parameters given
in row one of 'Table V. 'These two plots agree
reasonably well and with the results of published
phase-shift analyses. Note, however, that the
phase shift for masses near the real part of the
pole is quantitatively quite different between the
two fits. It should also be noted that the sharp
left turn in the Fig. 22(b) is built into the K-matrix
formalism and its derivatives (e.g. , the M matrix).

Our Argand plots behave differently from those
of Refs. 2 and 15 near the pole. It is interesting
to note, however, that these simple s-wave fits
are in good agreement with the more complex
phase-shift results for masses away from the pole
posltlon.

Asymmetry ratio

No moment analysis was performed on the m m n
data. To carry out a moment analysis the experi-
mental efficiency as a function of the azimuthal
decay angle OG~ must be relatively uniform. This
requirement is clearly not met in our data as
shown in Fig. 11. It mas found that the norma1. iza-
tion problems associated with the large differences
in the relative acceptances of the three-event
classes and the limited statistical quality of the
3C and 4C m'w n events precluded an a,ccurate de-
termination of the full angular distribution in the
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0«885
-0.65 for the case of the backward hemisphere.
After integxating ovex these portions of the forward
and backwaxd hemispheres to form the quantities
I' and B defined by

0«95
E =

~

T ~'d{coss),

r I.065
~ i.oie
'o.ee&

0«65
8= iT i'd(cose),

0«95

we can calculate an asymmetry ratio given by

(25)

-0.5 05 RGT~
I 0

(26)

We find from Eqs. (24) and (25) that R is given bp

4 Re(T; T,'«) (0.48)
—; IT', I'(0.6)+ 9 IT,' I2(0.39)

' (27)

l
l.063

l.005

-0.5 0.97+8 0.983 0.5 Re T0~

FIG. 22. Argand plots calculated from fits to the 1C
7r m mass spectrum at 1.98 Geg/c. (a) $* Breit-Wigner
fit of row 4 in Table V. (b) E-matrix fit of roar 1 in
TaMe V.

Gottfried-Jackson fx'RIQe. But even so~ lt ls still
possible to understand the asymmetry of the angu-
lar di.stribution shown in Fig. 11.

To understand the asymmetry present in the an-
gular distribution a consistency argument ean be
made. Consider the fit to the 1C m'm n. events listed
in the last row of Table V. In this fit a background
in the form of the p meson [Eq. (20)] is used in the
parametrization of the fitting function. The result-
ing p amplitude, T,', may be used in conjunction
with the s-wave amplitude, T„to calculate from
Eq. (12) the absolute value squared of the total
amplitude

%hen the quantities T,' and T,' from the fit are
evaluated at a missing mass of 800 MeV/c' the
value of B that results is 0.64 ~0.09. This value
may be compared with one calculated from the
data of Fig. 11(c)which includes the missing-mass
range 760 —M ~ 940 MeV/c'. To calculate R from
the data it is only necessary to do a background
subtraction. In principle one should also correct
the experimental distribution using the Monte
Carlo acceptance. However, since this acceptance
ls syIQIQetx'1c Rbout 90 its effect cRncels out 1n the
calculation of R. The value of R obtained from
the data is 0.56*0.02 in good agreement with the
predicted asymmetry ratio. This experimental
value was obtained directly from the data in Fig.
11(c)after doing a background subtraction cor-
responding to the constant background determined
by the fit to the mass distribution. It was neces-
sary to assume that this constant background was
symmetric about eos8=0.

In summary, fits to the mm mass spectrum gi.ve
a small p-wave amplitude consistent with the lack
of a demonstrable p signal in the mass spectrum.
The small p-wave amplitude predicts a relatively
large forward-baclovard asymmetry in the angu-
lar dlstx'lbutlon which Rgx'ees with what ls ob'-
served.

V. SUMMARY AND CONCLUSIONS

iTi'= [-; )T', i'+4ae(T', T,'*)cos&

y 9
~
T,'

~

' cos'8],

where we have included only a cos8 dependence for
the p p-wave amplitude. The portion of the forward
and backward hemispheres where there is a large
acceptance for 1C m'm g events is in the cos8 in-
terval 0.65 to 0.95 in the case of the forward hemi-
sphere and cos& values in the interval -0.95 to

By studying dimeson pxoduction at very low
four-momentum transfer we have obtained m'm n
data samples with very little p production. As a
result we have been able to study the s-wave sys-
tem without first going through a partial-wave
analysis to subtract out the normally present large
p-wave contribution. %6 find that both the m m

and K'K spectra can only be understood in terms
of a narrow s-wave pole below the K'K threshold
which interferes with a slowly varying s-wave
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background. By studying the effect in independent
1C and 3C data samples at 1.98 and 2.41 GeV/c
and by using two different parametrizations (S*
Breit-Wigner and K matrix) we have tried to get
a feel for statistical and systematic uncertainties
in the determination of the pole parameters.

Our best value of the S* pole is (969+ 5) —i(15
+4) MeV/c'. This was determined by considering
rows 1, 2, 4, and 5 from Tables V and VI. The
K-matrix simultaneous fits to m'w n and K'K n
were excluded because of the sensitivity of those
fits to the absolute mass scale as pointed out in
Sec. IV. The real and imaginary parts of the pole
position are just the weighted average of the values
given in the tables. The error in the real part is
the standard deviation in the individual values
added in quadrature with a 3-MeV/c' mass-scale
uncertainty. The error in the imaginary part is
just the standard deviation in the individual values.

The pole parameters as determined in this ex-
periment differ quite significantly from the present
world average of (993.2+4.4) -i(20+3.7)." We
find it highly unlikely that this discrepancy can be

attributed to systematic effects in this experiment.
In particular, the S* mass is determined primarily
by the place at which the sharp break occurs in the
m'w mass spectrum and is therefore largely in-
dependent of slowly varying instrumental biases
such as the acceptance as a function of m'w mass.
We find it more likely that the difference is due to
the very different nature of this experiment. With
a high-statistics, high-resolution sample of di-
meson events near t, , we have been able to study
the s-wave system with a very straightforward
analysis.
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