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ABSTRACT

Nearly 200,000 examples of the diffractive process K p = K ntp at 63 GeV
have been obtained using a two-magnet spectrometer equipped with Cerenkov counters
for secondary particle identificatiom. In addition, some 2,000 examples of the
process K'p + wK™p have been obtained. The Kmm data have been subjected to partial-

wave analysis. The dominant JP =1" system couples to K*r (in both the S-wave and

e
. 1 Q mesons,

the D-wave), pK, ki, and €K. The data confirm the existence of two J
and their masses, widths, and branching ratios are given. The wK data show that
the couplings of the Q mesons to wK are approximately equal to the couplings to

o’R. The two 1+ nonets expected in the quark model are discussed in the light of
this and other recent experiments. There is strong evidence for a broad JP =0

resonance at about 1.46 GeV. At higher masses, the structure in the JP = 2 par-

. . . P -
tial waves establishes the existence of at least one J = 2 L meson.
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INTRODUCTION
The first high-statistics study of the diffractive processes
K?p - K?W_ﬂ+p
was carried out at SLAC, using a 13 GeV incident Ki beam and a magnetic spectro-
meter with Cerenkov identification of the secondaries [1]. The data were sufficient
for partial-wave analysis up to a KTT mass of 1.6 GeV. The results were interpreted

L. 1" Q mesons, with masses of 1.27 and

in terms of diffractive production of two J
1.41 GeV, together with a diffractively produced background. These inferences were
supported by two independent analyses [2,3] of the JP =1" results in terms of

models in which two 1¥ mesons are diffractively produced, both directly and through
rescattering of a Deck background [4]. The SLAC group also observed the K*r decay

mode of the 27 ¥*(1430) and found evidence suggestive of a broad 0~ resonance at a

mass v 1.4 GeV.

In early 1977, a multiparticle spectrometer [5] was set up by this collabora-
tion in the West Area at CERN (8PS experiment WA3). This spectrometer contained
two Cerenkov counters for secondary particle idemtification and was fed with an
unseparated beam of up to 100 GeV, having differential Cerenkov counters for par-
ticle identification. The beam contained approximately 42 ¥~ at 63 GeV, and in the
course of a long run during which the main trigger was for the reaction

T p > T ma
almost 200,000 examples of the reaction
Kp~+ K-ﬂ—ﬁ+p at 63 GeV

were accumulated parasitically. These data are sufficient for partial-wave analysis
extending up to a mass of 2.1 GeV, and complement the data on diffractive production

of three-pion states also obtained with this spectrometer [5—8].

During part of the rum, a photon calorimeter at the downstream end of the spec—
trometer detected additional m%'s, and 2025 events from the reaction Kﬁp + K wp

. + - .
with (w = 7 7 7’} were acquired.
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The JP = 1" system, dominant at low mass, has been observed in six different
final states: K'r (8- and D-wave), pK, k7, €K, and wK. The existence of two 17
Q mesons is confirmed, and their masses, widths, and branching ratios are given.
The data contain strong evidence for a 0  meson with a mass ~ 1.46 GeV, and, in
addition to the K*r decay of the 2* K*(1430), the pK mode has also been detected.
This experiment has confirmed the essential features of the SLAC data, and new
results have been obtained in the range 1.6 < MK1T1T < 2.1 GeV. The J% = 27 system

* . .
couples to K*(1430)W, fK, and to P-wave K'7: the structure in these amplitudes

reveals the presence of at least one diffractively produced 2~ L meson.

The spectrometer and significant aspects of data reduction are discussed in
Section 2. Section 3 deals pfimarily with the 17 system in the Q region, including
an analysis in terms of what has become the standard model of the Q complex, while
the high-mass region is discussed in Section 4. The structure of the two 1% nonets
expected on the basis of the quark model is discussed in Section 5, in the light of

this and other recent experiments.

APPARATUS, DATA TAKING, AND DATA REDUCTION

2.1 The spectrometer

The spectrometer [5] is shown in fig. 1. The 50 cm liquid-hydrogen target was
surrounded with a box of lead/scintillator sandwich counters (F) and followed by
the first pack of magnetostrictive wire spark chambers (51). The first magnet M1
had an effective aperture of 2 m X 0.4 m and a bending power of 8.5 kG'm. It was
followed by the double scintillator hodoscope P2/3, and separated from the second
magnet M2 by the second pack of spark chambers S2. The second magnet had an
aperture 1.5 X 0.5 m and a bending power of 20 kGem. This two-magnet configuration
ensured high acceptance and good momentum resolution for both low— and high-energy
secondaries. After the second magnet came the last three packs of spafk chambers

(83-5), separated by two multicell threshold Cerenkov counters.

The components of the spectrometer have already been discussed in detail in

ref. 5, except for the photon calorimeter described in the next section.



2.2 The photon calorimeter

In order to measure reactions with neutral pioms in the final state, a photon
calorimeter [ 9] was installed for the second half of the data-taking period. The
calorimeter was placed just after the last péck of spark chambers, about 25 m from

the target (see fig. 1).

The calorimeter consisted of two identical blocks of 40 scintillator planes
with 2 cm wide elements, interleaved with layers of lead, 4 mm thick. The construc-—
tion is shown in fig. 2. The two blocks together covered an area 3 x 1.5 m® perpen-
dicular to the beam. Planes with horizontal and vertical strips were alternated,
and all 20 strips at a given horizontal or vertical position were brought to a
common light-guide to form a fork with 20 prongs. The outputs from the photomul-

tipliers looking at each fork were fed into 12-bit ADCs and read into the on-line

NORD-10G computer.

The calorimeter was approximately 28 radiation lengths deep, and each fork
sampled all depths. On the average, 957 of the total energy in an electromagnetic
shower was deposited within three adjacent forks in each plane. The calorimeter
was calibrated with electron beams at 15, 30, and 60 GeV, the shower energy and
position being compared with the values obtained from the spectrometer spark cham-
bers for individual electrons. The energy of a single shower could be obtained
independently from either the horizomtal or the vertical forks, and the resolutiomn
on the average of the two measurements of energy is well represented by

G(E)/E = 0.015 + 0.14//E (E in GeV) .

The spatial resolution in determining the shower axis was v 2.5 mm.

2.3 Data—taking

The arrival of a beam particle was signalled by a coincidence (UB) between
three small counters in the beam, in anticoincidence with two counters with holes
for the beam to pass through. Kaons were jdentified by requiring at least six
out of eight cells to fire in a CEDAR differential Cerenkov counter set for kaoms.

The trigger for both K p > Kfﬂ_ﬁ+p and K p > K_ﬁwﬁ+wop required three hits in the
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double scintillator hodoscope P2/3, more than one hit in at least one of the two
planes of proportional wire chambers P1l, and ne hits in any of the lead/scintillator
sandwich counters (G), which intercepted wide~angle secondaries. The last condition
reduced the trigger rate by a factor of 2 but reduced the real events by only 11%.
The trigger condition was thus

MASTER = UB» (CEDAR = K)«(P1 > 1)+ (P2/3 = 3)+C .

On receipt of a MASTER signal the spark chambers were fired and the contents
of all counter bit pattern units and ADCs, the proportiomal wire chamber informa-
tion, and the spark chamber information were read into the NORD-10 computer and

subsequently written on to tape,

The information from the F counters surrounding the target was used off line
in the mode ST2 of ref. 5 to reduce the small proportion of KWT events with an N*
recoiling against the fast secondaries, and the multicell Cerenkov counter infor—

mation was used off line for secondary particle identification.

Events from a total of 1.6 million triggers were written on to NORD tapes
and analysed with the track-finding program TENPRO [5]. Those events with three
charged secondaries, one vertex within the hydrogen target, charge balance, and,
for Kmm events, a missing mass squared recoiling against the three charged secon-—
daries between -3 and +5 GeVZ, were written onto a condensed data summary tape.

These events comprised approximately 207 of all triggers.

2.4 Cerenkov identification

The multicell Cerenkov counters Cl and C2 had nominal thresholds for pions of
8 GeV and 17 GeV, respectively. The response of the Cerenkov counters to secon-
daries from events with primary kaons is shown in fig. 3 as a function of secondary
particle momentum. Tdentification of each secondary was carried out off-line,
combining the information from both Cerenkov counters. Inefficiencies due prima-
rily to threshold effects, to two secondaries pointing at the same Gerenkov mirror,
or to a secondary mnot traversing the full length of a counter, were taken into
account during partial-wave analysis, as discussed in ref. 5. The rules adopted

for identification of single tracks are given in table 1.
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In 767 of the events, sufficient information was available, on combining
Cerenkov data for all three tracks, to identify the event. The rules are given in
table 2. Those categories given in the first column are uniguely Kt with the
kaon known. The second column contains impossible categories which resulted from
misidentification of secondaries with momenta close to a Cerenkov threshold. The
third column contains genuine ambiguities constituting 13% of the events accepted
as KTT. Since less than 3% of all events were KKK or K pp, these ambiguous

events were all accepted as KmT.

The remaining 247 of events were rejected and this was accounted for by re-
jecting their analogues generated by Monte Carlo methods at a later stage of the

analysis.

2.5 Extraction of K wp events

Events from the reaction
Kp>Kwp 3 w117
gave the same trigger as KWW events. The missing mass recoiling against the three

fast charged particles was large because of the presence of a fast 7%, and such

events could be completely reconstructed if the two photons from 0

decay were
detected in the photon calorimeter. The calorimeter data were analysed with the

aim of extracting, with high efficiency, those events with a single m°.

First, the contents of the photomultiplier ADCs for each fork were translated
into energies and sorted into clusters of adjacent horizontal and vertical elements
with output exceeding a chosen threshold. The cluster emergy was taken as the sum
over the central three elements of the cluster. A minimum energy of 3 GeV was

required in any cluster.

Showers due to hadron interactions in the calorimeter could be removed if the
shower coordinates matched those of a charged particle, extrapolated to the calori-
meter. Such a pair of clusters was rejected only if the energies in the horizontal
and vertical clusters matched within 5 GeV: if this criterion was not satisfied,

the pair was kept because of the possibility of a photon overlapping with a hadron

R T R LN IR 3
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shower in one projection. The residual loss from this source has been estimated

to be £ 5%, using Monte Carlo methods.

In order to obtain the position of a photon and the best estimate of its
energy, the horizontal and vertical clusters were paired. The main ecriterion was
a match between energies EH and Ev obtained from the clusters of horizontal and

vertical elements. A good match was defined using the quantity

and the cut adopted was K? < 0.04. This was determined by taking all possible
photon pairs and calculating the effective masses. The resulting mass spectrum
contained a clean T° signal, and the cut on K? was adjusted to optimize accéptance
and the signal-to-background ratio. The loss of photens due to the K? cuts was

estimated to be < 5%.

For every event all possible combinations of horizontal and vertical clusters
wetre considered, and the set containing the minimum number of unpaired clusters
was selected. When several combinations gave the same number of unpaired clusters,

the one with the smallest value of FK? was adopted.

The vy effective mass for all events with at least two reconstructed y's is
shown in fig. 4a. There is a prominent 1° signal over a smooth background, and
the T’ mass resolution is 0 v 10 MeV. Figure 4b shows the mip n? mass spectrum,
The simple requirement of longitudinal momentum balance (fig. 4c) yielded the

clean w signal shown in fig. 4d.

2.6 Final data sample

The final Knm data sample consisted of 190,567 Knm events from 1,597,849 trig-

gers. Some events of the type K + 7w 7'n  and Kg + 771" (from the reaction

Kp~> R'17p) were accepted in the trigger and used for calibration purposes.
Figure 5 shows the 37 mass spectrum for the K~ decay and the 7'~ mass spectrum
for the Kg decay, together with the distribution of missing mass squared recoiling

against the three fast secondaries for the Kim events. The single track momentum



resolution of the spectrometer was ™ 0.5%, resulting in a K0T mass resolution

g ~ 10 MeV in the Q region.

The F veto counters reduced the %" contamination to < 5%, removing only 5% of
the good events. TFigure 6 shows the K" and m7nt mass spectra. The K*(890) is
dominant, but there are clear K*(1430) and p signals, and the 7 nt mass spectrum

displays a shoulder due to the f meson.

The acceptance of the apparatus is shown in fig. 7 as a function of both Kmm
mass and four-momentum transfer squared to the recoiling proton, ¢! (e = t-t
The trigger acceptance is approximately 607 except at low KnT mass, where the in—
creased losses are due to the increasing 1ikelihood of twec secondaries going through
the same element of the P2/3 hodoscope. This figure includes both the geometrical
effects (loss ~ 1% from the aperture of the apparatus and ~v 167 from P2/3) and the
losses from interactions and decay of the charged secondaries (v 15%Z). The addi-

tional F counter and Cerenkov identification conditions reduce the final acceptance

to v 407,

The K7T mass spectrum is shown in fig. 8. The Knm spectrum has a clear double
peak on the massive Q-region enhancement, and a further peak in the L region
(v 1.8 GeV). The lower mass part of the Q regiom is produced with a steeper t
depe&ﬁence than the upper part, and the distribution in t has a break in slope at
|tl n 0.4 Gev? (fig. 9), effects which are also present in the analogous case of

31 diffractive production [5]. The variation of the t slope with K77 mass is

shown in fig. 10.

The final ¥w sample consisted of 2025 events from approximately 800,000 trig-
gers. The trigger and Cerenkov identification losses were essentially identical
to those for the Knm sample, but the ¥ ccunters were not used te remove N* contami-
nation, a cut on the missing mass recoiling against the Kw system between -2 and
3.8 GeV? being imposed. Losses of 71%'s due to one or both photons missing the
calorimeter, together with the requirement that the measured energy of any ome

photon exceed 3 GeV, amounted to a factor of 3.5, and conversion of photons before

R LU RER T IR RN AN I AT e AU RRY BE Y TUTNT LIRS R S L )
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reaching the calorimeter contributed a further loss factor of 1.3, The final accep-
tance for Kw events was thus approximately 9%. The loss of 7°'s in the photon

pairing process is not accurately known, but does not exceed 10Z.

The raw Kw mass spectrum is shown as an insert in fig. 8. The Q enrhancement
is clearly visible, rising very sharply from Kw threshold, an effect which has

also been seen in the data of ref. 10.

2.7 Partial-wave analysis

The KnT data were analysed in terms of three-particle partial waves, using a
program derived from LBL-SLAC [ll] in which the fitting variables are partial-wave
amplitudes rather than density matrix elements as in the I1lincis approach [12].
Two sets of amplitudes (labelled flip and non—-flip in table 3) were included, and
summed incoherently. Since polarization information on the initial and final pro-
tons is not available, the assumption that at least one partial-wave amplitude is
purely non—flip must be made. The dominant set is labelled non-flip because the
spin of the target proton is not expected to flip in diffractive processes and
because the data show no sign of the distribution in t’ turning over at small
values of lt'!. The presence of amplitudes labelled flip will absorb possible '

sources of incoherence other than proton spin-£flip [13].

The use of amplitudes as fitting variables has the advantage of being more
highly constrained than fitting in terms of the much greater number of density
matrix elements. This is particularly important for dealing with the Kum system,
where the number of independent partial.waves is greater than in the analogous 37
system. These extra constraints allow the measurement of the relative phase of
different waves containing the same isobar (for example, K™ waves) whereas in
the Illinois approach the imaginary part of the appropriate density matrix elements
cannot be directly determined without imposing constraints on the density matrrix.
(In the analogous ™ 7 7" gystem, the presence of a given isobar in two crossing
bands in the Dalitz plot makes possible the determination of the imaginary part

of the density matrix.)
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The procedure in fitting the Krm data is essentially the same as that employed
in fittiﬁg the diffractive 37 data discussed fully in ref. 5. Table 3 lists the
partial-wave sets employed, as a function of XmT mass. The notation is JPLMn,
followed by the isobar and odd particle. The quantities JP refer to the angular
momentum and parity of the state, L is the orbital angular momentum of the odd par-
ticle. The quantities M’ give the magnetic substates of the Kmm 5ys£em, n being
determined (at high energies) by the naturality of the exchange [14]: only waves

with i = +1, corresponding to natural spin-parity exchange, were necessary.

The amplitudes for the isobars were taken as Breit-Wigner amplitudes for the
K*(890), o, K*(1430), and f mesons. The € amplitude was taken as proportional to
the S-wave I = O 7T scattering amplitude ("down" solution [15]), and the k ampli-
tude was taken as an S-wave Breit-Wigner with a mass of 1.25 GeV and a width of

600 Mev .

In the low-mass region, 1.0 £ MKW“ < 1.6 GeV, the data were binned in 20 MeV
mass intervals for two regions of t', 0 < [t']| < 0,05 Gev? and 0.05 < |t'| < 0.7 GeV2
In the high-mass regiom, all data in the interval 0 < |t'| < 0.7 Gev? were fitted

in 20 MeV mass bins.

The Ku data have not been subjected to partial-wave analysis, but the one-
dimensional angular distributions have been found to be in excellent agreement with
predictions from Kp amplitudes extracted from partial-wave analysis of the KT data
(see Section 3.3). The effect of p-w interference has not been included in the
amplitude for the P-wave a*n— isobar. The effect of including p-w interference
was studied in two mass bins at the peak of the Kp intensity and found to have no

significant effect on any of the fitted amplitudes.

An overview of the data is provided in fig. 11, which shows the total inten-
sity in each 1¥ state as a function of Knm mass. The 1* system is dominant at low
mass and has a strong peak at the lower Q resomnance, with the upper Q) appeaxing as
a shoulder on the high-mass side. The 0 intensity has a broad peak at v 1.4 GeV,

while 2 peaks just below 1.8 GeV. A curious feature, which is unexplained, is

%) The I = O K7 S-wave phase shift passes slowly upward through 90° somewhere near
1.3 GeV. Beyond 1.4 GeV the amplitude decreases rapidly but is not very well
determined [15].
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the small peak in the 2  intensity at ~ 1.2 GeV: a similar effect was noted in
the diffractive production of 3w, but only in the interval 0.3 < |t € 0.7 gev?.
The K*(1430) is picked out very clearly in 2+, although the peak intensity is only
" 1000 events/20 MeV (v 7% of the total intensity). A cross-section of 1 Ub cor-
responds to 1430 + 70 events (in fig., 11 and subsequent figures, one event repre-

sents 0.7 nb).

The total cross-section at 63 GeV for the reaction K p —+ K“w_ﬁ+p between
threshold and 2.1 GeV is 250 * 12 ub. 1In the Q region the total cross—section is

a slowly falling function of laboratory momentum (see fig. 12).

THE LOW-MASS REGION: 1.0-1.6 GeV

3.1 Introduction

The mass region 1.0-1.6 GeV has been analysed in two bins of t': 0 < |t’] <
< 0.05 GeV? and 0.05 < [t'| < 0.7 GeVZ. The only flip waves necessary were 170" (oK)
and l+l+(pK), with intensity < 307 of the corresponding non-flip states. All par-
tial waves in the low-mass region were found to be highly coherent, and the re-
sults are free from ambiguity. The only difficulty encountered was an inability
to distinguish between the two 0 S amplitudes, 0 S(km) and 0 S(eK). While the
total 0 intensity was stable, individually 0 S(km) and 0 S(gK) fluctuated wildly,
with interference between the two maintaining the well~determined O intensity.
This effect is not surprising in view of the great similarity of the two amplitudes.
The O S amplitudes were therefore represented in the final wave set by only 0 S(eK).
This was the more important of the two on the average, and the decrease in likeli-

hood on removing a single 0 S wave was less when 0 S(km) was removed.

3.2 JP = 17 waves: the Q mesons

The 17 system is observed in five separate Kvm channels in M = 0: 1+S(K*ﬁ),
1+D(K*ﬂ), 1+S(pK), 1+P(Kﬂ) and 1+P(€K). The intensity in each channel, together
with the phase of the corresponding amplitude, measured relative to 1+SO+(K*H),

is shown in fig. 13 for 0 < [t’| < 0.05 GeV® and in fig. 14 for 0.05¢ |t/|<0.7 Gev?,
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In the low It'\ region, 0 £ ]t'l < 0.05 GeV?, the M = 1 amplitudes are very small
and poorly detgrmined, while for 0.05 < |t'| £ 0.7 GeV the M =1 amplitudes
1+Sl+(K*ﬁ) and 1+Sl+(pK) are important in the lower half of the Q enhancement and
are well determined (fig. 15). The total intensity in 1+Sl+(pK) is approximately
half that in 1+SO+(QK), whereas the total intensity in 1+Sl+(K*W) is only ~ 0.1 of

that in the lower half of 17507 (K'r).

Tury

The M = 0 K*m intensity shows two clear peaks, at 1.25 and 1.4 GeV, while only
the lower peak appears in M = 1. The relative height of the two M = 0 peaks changes
in going from low t to higher t, reflecting the steeper t dependence of the low-
mass region. The pK channel shows a single peak at 1.3 GeV in both M = G and M=1,
with a phase which initially rises through v 60° with respect to 1+SO+(K*ﬁ) and
then falls by a comparable amount between 1.35 and 1.45 GeV. These data at an
energy of 63 GeV exhibit the features of the 13 GeV SLAC data [l], which have been
attributed to diffractive production of twe resonances. The k7 intensity and phase
show the same features as the pK channel, while the weak £K channel is qualitatively
similar to K*m. These features of the 1Yp0* waves have been observed before [16]

but not reported in amy detail.

The 1'D(X*T) amplitude has not been extracted in any previous study. The
intensity has a single peak, and the phase relative to 1+S(K*ﬂ) moves forward
through ~ 80° before returning to the original value, as MKHN goes from 1.2 to

1.6 GeV.

All these features of the data are well represented in terms of a model im
which two 1" resonances are produced diffractively, both directly and through
rescattering of Deck backgrounds. The model is similar to the ome mentioned in
ref. 2, and has been used in the interpretation of diffractive 37 data in both
one~-resonance one-channel [5,7] and two—-resonance four—channei versions [5,8].
For the analysis of the Kmnrw data, a version with two resonances and six channels
was used, with the five observed Knm channels fitted and the sixth channel, Kuw,
unfitted but allotted couplings equal to /173 of the pK couplings, as expected

from the quark model with ideal w-¢ mixing.

T A I S TIRRTE T RURTRIE

TR TR P MO LSRR Y TR N TR



- 12 -

The production amplitudes are given by

P- -2, (3.1
where the K-matrix has terms
f .f . £ .f .
_ _ai aj bi"bj
Kij No- M + - M . (3.2)
The production vector P is given by
P-(1+aK)D+R, (3.3)

where D is a vector containing the Deck amplitudes in each channel and R contains
the direct production terms

- fpafai fpbfbi

R, + .
1 Ma - M Mb - M

(3.4)

The constant 0 was taken as 0.4 as in ref. 5; the fits were not sensitive to the

value of o.

The diagonal matrix P contains the phase-space terms, taken as two-particle
phase space evaluated at the complex mass of the isobar. The Deck amplitudes were
calculated for m or K exchange, using the model described in ref. 5, except for the
1+D(K*ﬁ) channel where no Deck amplitude was included. The P-wave and D-wave cen~
trifugal barrier factors were included in the Q-decay couplings fai and fbi where
appropriate, and the Deck amplitudes used were obtained by averaging the square of
the amplitude over the Kmm Dalitz plot. The over-all phase was defined by taking
fpa real, and fpb and the individual Deck amplitudes were allotted phases relative
to fpa'

The amplitudes (3.1) were fitted to the intensity of the five M = 0 Kmm
channels, together with the phases measured relative to 1+SO+(K*W), in the lower
|t’| bin, and to both M = 0 and M = 1 channels in the higher |t’] bin. Although
the model yields the relative 1" phases, only the variation of the 1* phases was
fitted, the over-all phase of each channel being allowed to float by including an

offset phase among the fitting parameters. This allows for any mismatch between

reality and the assumptions made in either the partial-wave analysis or in the
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fitting amplitudes: such an offset phase was found necessary when comparing the
2+D(K*ﬁ) and 2+D(pK) amplitudes in the K*(1430) (see Section 3.4). These offset
phases were negligible between 1"s(x*m) and 1tD(&*m), ~ 30° between K*r and K,

but v 90° between the 1+P waves and K*r. Their inclusion does not affect any of

the conclusions of this paper.

The results of fitting are shown in figs. 13-15, and the model represents the
data very well. The fits shown in fig. 13 are to 215 data points with 26 parametets,
and have a X? of 529. The fits shown in figs. 14 and 15 are to 315 data points
with 35 parameters and have a x* of 1251. The only s&stematic discrepancy is found
in l+Sl+(K*ﬂ) where the model peaks 20 MeV above the data. When only 1+S(K*ﬁ) was
fitted, using a two-resonance model with only one channel, both the M = 0 and the
M = 1 data were very well represented, but the lower resonance had a mass 35 MeV
below the value found when other channels are ineluded. This difficulty has been
found previously: the model used in ref. g produced a peak 30 MeV above the peak

in those data.

It will be observed that the fit does not reproduce the full height of the
sharp peak in 1*so (x*m) for0.05< |t'] € 0.7 Gev2. This is not intrinsic to the .
model. On artificially reducing the errors on the two-peak data points, the fitted
curve did reproduce the peak, without any significant shift of fhe parameters and
without the fit going bad in any particular region. The x? increased from 1251 to
1321. The failure of the fit shown to reproduce the peak is simply due to the

negligible leverage exerted by any two or three data points.

The K*T M = 0 intensity is dominated by the upper resonance Q, in conjunction

with Deck background, although the lower resonance does decay into K*r. The pX

. . s . #
and ¥t M = 0 intensities are dominated by the lower resonance Qb ). The masses

and widths of these resonances are well determined {(see table 4):

M. = 1.41 * 0.025 GeV , TI_ =195 % 25 MeV ,
Qa Qa
M =1.27 £+ 0.0l Gev, T. = 90 8MeV,
Q, Q,

%) The labels a,b refer to the composition of the resonances, see eq. (3.5). The
lower mass resonance is frequently labelled Q; and the upper Q,.

et e SR Tr TR TE vt N SRR T TR TRR LU U R UL L] L L
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where the errors are dominated by the estimated systematic uncertainties., These
masses and widths have been obtained by calculating intensities in the K*7 channel
for production of only one resonance with no background, using the fitted para-
meters for that resomance. The resonance masses do not have the same value as the
K-matrix poles because of the complex phase space used in (3.1), but because the
two resonances couple predominantly to different channels, an elaborate search

for second sheet poles of the T matrix is not necessary.

The pK mass spectrum from production of Qb alene is distorted because of the
proximity of the woolly pK thresheold, and the resonance shape is markedly asym-
metric, The full width of this asymmetric shape, measured at half peak height, is

% 120 MeV rather than 90 MeV,

. The masses are in good agreement with valuesg previously extracted. The total
width of the lower resonance Qb is half that obtained from analysis of the SLAC
data [2], and the widths of both resonances are in good agreement with values ob-

tained from non-diffractive Q production [17,18].

Diffractive production of two 1 resonances, close in mass, suggests that the
two physical resonances Qa and Qb are mixtures of the two SU(3) octet states QA
(C = +1 octet) and QB (C = -1 octet). The couplings to the vector-pgeudoscalar

channels may be explained in the same terms, for if

Q) = 1Q,) cos 8 + |Q,) sin ©
a A B (3.5)
lQb) = ‘[QA) sin O + [QB) cos 0 ,
then it is expected that [2,19]
o1 T
fal = 5 Y, cos 8 + V/éo Y_ sin O
= - L i /.3
fbl = > Y, sin 0 + 70 Y_ cos ©
(3.6)
_ 1 _ /9 :
fa2 = 5, cos 6 5g Y_ sin 0
=1 . 9
sz———z—y+31n6- z—oy*cose,
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where channel 1 is ¥*m and chamnel 2 pK, with 7Y and Y_ the reduced SU(3) couplings
for Q, (F-type) and QB (D-type), respectively. The couplings to S-wave K'r and 0):4
were therefore represented in Lerms of the three variables Y_, Y_» and 6, rather
than four independent couplings. The production mechanism was not SU(3) constrained,
and conetraints were not imposed on the couplings to D-wave x*n, km, and eK. The

final values of the parameters are summarized in table 4.

The most elegant solution would be to have § = 45° and Y, = /T§7§7Yﬂ, when
the lower resonance would decouple completely from ¥*1 and the upper from pK. This
scheme is not realized, the mixing angle being § = 56° * 3° as determined from the
couplings to the K*n and pK channels. Further evidence for a mixing angle in excess
af 45° comes from the direct production terms. If diffractive production proceeded
via exchange of a C = +1 object, only the QA would be produced, and the production
terms would be related by

be = ~tan © fPa .

The two M = 0 production amplitudes are indeed approxzimately 180° out of phase,
and the ratio (see table 4) correspomnds to a mixing angle "™ 65°. However, this
pattern breaks down completely in M = 1, where the direct production amplitude
for Qb is about eight times that for Qa' Dominance of Qb in M = 1 is a feature
which is not understood but has survived unchanged from 13 GeV [l,ZU] to 63 GeV

[21,22] (see fig. 12) and must be attributed to the diffractive process.

The Q mixing angle obtained from these data is somewhat larger than the value
n 50° obtained from the SLAC data at 13 GeV [2,16]. {However, when only K*n and

oK channels are fitted, as in ref. 2, a value of 51° is obtained.)

The ratio of the direct production terms for Qa and Qb does not change on
passing from the lower—t to the higher-t region. The change in t slope with KaT
mass may therefore be attributed to the slope-mass correlation obtaining in the

Deck amplitudes (see table 4).

The data obtained in this experiment clearly require the existence of two
diffractively produced 1F Q mesens. The principal features of the SLAC experiment

[l] at 13 GeV have been confirmed, with a much larger sample of data. The major
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differences obtained here are a much narrower width for the Qb’ a branching ratio

Qb -+ KW/Qb + pK a factor of 2 greater than was found in the SLAC experiment‘[16],

and a slightly greater Q mixing angle. The hitherto unobserved 1+D0+(K*W) channel
has provided a nice confirmation of what has become the standard model of the Q

region.

Detailed discussion of the Q parameters and an analysis of the status of the

two 1+ nonets expected on the basis of the quark model, are deferred to Section 5.

3.3 The wK final state

There are only 2025 wK events, and half of these lie in the Q region. The
data have not been subjected to partial-wave analysis. Instead, the assumption
has been made that the wK amplitude is proportional to the pK amplitude, the pK
amplitude being extracted from the Knm data used to predict the properties of the
WK system. If it is assumed that a meson consisting only of strange quarks does
not couple to two non-strange mesons, and that the w—¢ mixing is ideal so that
the w contains no strange quarks, then the amplitude for @ -+ wK™ is equal to the
amplitude for Q =+ p°k” . The wK and o'k intemsities will then differ only

because of different phase-space factors.

The acceptance was calculated for each Kw mass bin by assuming that the wK
amplitudes are proportional to the pK amplitudes. These amplitudes were used to
generate Monte Carlo Kw events, which were then accepted or rejected according to
the criteria applied to the real events. In addition to the criteria applied to
the charged particles, the effects of the calorimeter on the additional 1° were
included (see Section 2.6). The over-all acceptance is v 9% and is slowly varying

with wK mass.

The wK mass spectrum is compared in fig. 16 with the mass spectrum predicted
from the total p%K mass spectrum. In addition to the correction for acceptance,
the wK spectrum has been corrected for decay modes other than w - ﬂ+ﬂ'ﬁ°, and a
further factor of 1.9 is included because the Kw data were drawn from only the
second half of the data-taking period. The very rapid rise from wK threshold

shows that the wK channel couples to the lower Q, and the good agreement between
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the shapes in the Q region shows that wK does not have a substantial coupling to
the upper Q. The data are in agreement with the assumption that the wK amplitude
is proportional to the pK amplitude in the Q region. It is worth noting that the
over-all ™t mass spectrum, after deleting events in K* and K*(1430) bands, shows
clear evidence for p-w interference and is well fitted with the assumption that
the p° and w amplitudes are equal, when interference is taken into account by
multiplying the p° amplitude by a factor 1 + {Gf[Mw -M - i(T/2)w]}, with

§ = 2.5 MeV.

The one-dimensional angular distributions of the wK system, using the normal
to the w decay plane as an analyser, have also been compared with the corresponding
pK angular distributions. The agreement is in all cases very good. In fig. 16
the angle ¥ between the incident ¥~ direction and the normal to the plane con—
taining the K and the normal to the mtr7m? planme is seen to be distributed as

sin? y, showing that for this sample the dominant wave is indeed 1+SO+(mK).

These results disprove a claim that the lower Q resonance is weakly coupled
to wkK [18(b)]. The coupling is as expected from the pK coupling and the quark
model. A similar conclusion was reached in ref. 10.

3.4 JP = 2% waves: K*(1430)

The 27 intensity has been shown in fig. 11, and constitutes at peak less than
107 of the total intensity. Nometheless it proved possible to obtain both the
2+D1+(K*ﬁ) and 2+D1+(DK) intensities, and phases measured relative to l+SO+(K*ﬂ);
the results are shown in fig. 17. The intensities obtained from the partial-wave
analysis only become unstable for 2+D1+(K*ﬂ) below ~ 1.3 GeV, where the 2+D1+(K*ﬂ)

intensity is < 2% of the total intensity.

The phase of 2+Dl+(K*ﬂ) increases relative to l+SO+(K*ﬂ) through v 90° between
1.2 and 1.7 GeV, rather tham through ~v 180°. A slow variation of phase is also
exhibited by 2+D1+(pK). The fitted l+SO+(K*W) phase increases through v 110° in
this region (see fig. 14). Thus the slow variation of the 2% phases confirms this

+ * . . .
forward movement of the 1 SO+(K m) reference phase. In diffractive production of
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3m, the slow forward movement of 2+D1+(pﬂ) relative to 1+SO+(pﬂ) established the

substantial variation of phase in the latter [5,7].

There is a phase difference v 30° between the 2+D1+(K*ﬂ) and 2+D1+(pK) ampli—
tudes. Such a difference should not be present if the 27 amplitudes are wholly
resonant; s¢, in fitting to the data, an offset phase between the two was included.
Fits were made with a model containing one resonance, coupled to four channels:
K*ﬂ, PK, wK (not fitted), and KT (unobserved in this experiment). No background
was included in the model. Since the K* and p are in the same octet, the SU(3)
relation between the couplings to the first two channels was imposed and the wmodel
fitted to the 2+D1+(K*ﬂ) and 2+D1+(pK) data. The phase of the reference wave,
1+SO+(K*N), obtained from fitting to 1" alone (fig. 14), was subtracted from the
model 2% phases, and the variation of the resulting relative phase with KT mass
was fitted to the observed relative phases simultaneously with fits to the inten—
sities. The data are consistent with the SU(3) comstraint, which predicts a
branching ratio pK/K*m equal to 0.43, to be compared with the directly measured
result 0.39 £10.03, and the fit for the K*(1430) yields the following parameters:

MK*(I&BO) = 1.43 Gev

Tk(1430) = 110 MeV .

These values are in excellent agreement with the results of partial-wave analysis
of a very large sample of Km data [23].

3.5 JP = 0 waves: the first radial recurrence of the kaon

Three 0 waves were included in the partial-wave analysis: 0O P(K*m), 0 P{(gK),
and O_S(sK). The latter represented both OHS(EK) and any contribution from 0 S(xT).
The total 0 intemsity (fig. 11) suggests the presence of a resonance at a mass
" 1.4 GeV. The intensity in each wave, together with the phase measured relative
to l+SO+(K*W); is shown in fig. 18 for 0 < !t'| < 0.7 GeV®. The data cannot be
interpreted in terms of Deck amplitudes alone, nor in terms of resonance produc-
tion alone, but suggest both processes as in A, and Q production. The curves in

fig. 18 are the results of fitting with a model containing a single resonance
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coupling to all three chanmnels, produced directly and through rescattering of Deck
amplitudes, represented in this case by the simple Stodolsky form [24]. The fits
represent well the qualitative behaviour of the 0" amplitudes, and these data
constitute stxong evidence for the existence of a diffractively produced 0 meson
with a mass "~ 1.46 GeV and width v 260 MeV. The fitted partial widths are

FK*ﬂ = 109 MeV , TpK = 34 MeV , TEK = 117 MeV .

This resonance must be the first radial recurrence of the kaon; evidence for
its existence was first presented in ref. 25. There is also evidence for a broad
I =10 resonance diffractively produced in 3T [5] with a mass somewhere in the
range 1.2-1.6 GeV, and for an I = O resonance in T [26], with mass v 1.275 GeV
and width v 70 MeV. A O nonet, the first radial recurrence of the (7,K,n,n")
nonet, is thus almost complete and is approximately degenerate in mass with the

P-wave (g MESOns.

THE HIGH-MASS REGION: 1.5-2.1 GeV

4.1 Introduction

The high-mass region was analysed in 20 MeV bins, 0 £ ]t'l < 0.7 Gevi. A
minimal wave set, in which the waves used below 1.6 GeV were augmented primarily
by 2_P0+(pK), 2_SOf(K**ﬂ), and Z—SO+(fK), was employed (table 3). It proved much
more difficult to obtain satisfactory fits in this high-mass region than in the Q
region, the symptoms being both substantial incoherence and some instability of
the fitted amplitudes from bin to bin. It was found that when 2 §0' (£K) was in-
cluded in both non-flip and flip waves, the fitted intensities in these two inco-
herent amplitudes were roughly equal. The quality of the fits did not greatly
deteriorate when the fK wave was included in non-flip alone, and the total fK
intensity did not change significantly. The wave set finally used included
1+PO+(€K) in both non-flip and flip: the latter wave contributed a massive peak
at a mass v 1.7 GeV, ~ 30% of the total Kim intensity. This amplitude must be

compensating for some unidentified effect. There is no reason to believe that

R L TR T
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+ .+ . N . . . . .

1 PO (eK) is produced predominantly in flip, and, on removing it from flip, the
. . . , . . +

Intensity was redistributed among various minor 1° waves rather than transferred

to the non-flip €K amplitude.

The reasons for the difficulty in fitting include the lower statistics in the
high-mass region, the greater number of amplitudes necessary, and the lack of over-
lap of resonance bands in the Dalitz plot (fig. 19). The last of these effects,
in particular, is responsible for a number of relative phases being poorly deter-

mined in the high-mass data.

The qualitative properties of the principal waves are, however, free from
L]
ambiguity and independent of the choice of minor waves. The errors on intensity
and relative phases shown in figs. 20 and 21 are statistical errors only and so do

not reflect uncertainties due to the difficulties described above.

4.2 27 waves: the L meson

The L enmhancement at a mass Vv 1.8 GeV has long been known to be dominated by
P - - . . . .
J =2 . Two JP = 2 strange mesons are expected in this region from the first
D-wave qq configurations, and the existence of the 2~ A, meson has been confirmed

in diffractive 37 production [5,8].

The 2 KT system is found, in this experiment, to couple to 2 S(K**m), 2 S(fK),
and 2*P(K*ﬂ). [A signal in Z*P(pK) is barely significant.] The intensities and
phases of the three 2 waves are shown in fig. 20. The reference wave for 2 S{K**r)
is 1+SO+(pK), because the K** and P bands cross in the Dalitz plot. The 2 S(fK) and
2-P(K*ﬂ) phases are measured relative to 2_S(K**ﬂ), but are poorly determined
because neither the f nor the K* band crosses the K** band. There is a broad peak
in both 2 S(K**m) and 2 P(K*r) and a narrower peak in 2 S(fK), rising sharply from
the fK threshold. The phase of 2 S(K**1) increases relative to 1+S(pK) through
v 150° across the L region. These features establish the existence of at least

one resonance in the L regionm.

The variation of the 2 S(fK) phase with respect to 2_S(K**v), although poorly

. . .. .. + .
determined, is reminiscent of the variation of the 1 S{pK) phase relative to
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+ . . P . . .
178(K*") in the Q region: 1t 1s possible that the L enhancement contains two dif-

fractively produced 2" mesons.

Fits have been made to these data with amplitudes containing Deck backgrounds
and either one resonance (solid curves in fig. 20) or two resonances (broken curves
in fig. 20). The fits with two resomances are slightly better, but it may only be
concluded that the data demand at least one L meson and are consistent with two.

The resonance parameters obtained from the two fits are summarized in table 5.

+ .
4.3 1 waves: another radial recurrence?

The various 1" amplitudes were sensitive to the choice of waves included in
the partial-wave analysis. Three principal variants were tried: 2 (fK) in non-
flip only, with 1+(EK) included in flip and non-flip; 2" (£K) and 1+(EK) in both
flip and non—flip; no flip waves at all. The total 1" intensity was stable under
these changes. The 1*s(g*r) was very small in all cases, and 1"D(&*1) exhibited a
peak at n 1.8 GeV, independent of the choice of waves. In the final set chosen,
1+(€K) is flip-dominated, giving a peak at © 1.8 GeV containing v 307 of the total
intensity in this region. When 1+(€K) was removed from the flip waves, the inten-
sity was redistributed over the other waves, particularly 1 (oK) in £flip when this

was present.

The 1TD(R*T) intensity is shown in fig. 2la. The lower peak at n 1.3 GeV fits
very well into the framework of the standard Q model (Section 3.2}, and the upper
peak, at about 1.8 GeV, contains a comparable number of events. This upper peak
has an analogue in diffractive production of 3m., The total 17 (eK) intensity is
shown in fig. 21b, for the wave set finally chosen. The enhancement at 1.8 GeVv
dominates the two-peak structure in the Q region, but comes mostly from the flip

waves.

. + . . . . .
These peaks in 1 waves, reflected in the total 1t intensity {(which is stable
. . + .
under choice of wave set)}, suggest the existence of a further 17 resonance in the
. , . . . . . . +
L region: a radial excitation of the Q's. Taken 1n conjunction with the 1 D peak

at v 1.7 GeV in 37 and the good evidence for radial recurrences of the pseudoscalar
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mesons degenerate with the lowest-lying 1* multiplets, these data suggest a picture
of radial recurrences displaced downwards by one unit from the position expected
for a simple harmonic oscillator potential between q and q. The data on the second
1" peaks, in both 37 and K7m, are not however good enough to establish the exis-

. + s . .
tence of corresponding 1 mesons and may only be taken as indicative.

SU(3) STRUCTURE OF THE 1" MULTIPLETS

5.1 Introduction

The qq system with L = 1 gives rise to a triplet 2% nonet, a triplet 1" nonet
and a singlet 1" nonet, and a triplet 0% nonet. The first 27 nonet {(4,, K** f£1:4)
has been established for a long time. Until 1975 the singlet 1" nonet was repre-
sented only by the B(1235), and the only possible representative of the triplet
1" nonet was the D(1275). The SLAC experiment [1] provided good evidence for the
existence of two mearly degenerate strange 1% mesons —- mixtures of the C = +1
(triplet) and C = -1 (singlet) S5U(3) octets -- a result confirmed by the present
data. Recently, proof of the existence of the T = | triplet 1" Ay meson has been
obtained in diffractive production of 3 [5,7] and in charge exchange [27], and
evidence for an isosinglet member of the singlet 1* nonet has been obtained in
charge exchange [27]. The C = +1 property of the E(1425) has been confirmed
[28,29] and JP =1" is now favoured [28]. The two 1 nenets predicted by the
quark model are therefore nearly complete and there are sufficient data for exa—
mining how well these mesons fit into the quark model scheme. The agreement
between the data and expectations based on the quark model is rather good: only

the relatively large amplitude for Q, - k7 fails to fit into the scheme.
& b

3.2 Disentangling the ( mesons

If the two Q mesons predicted by the gquark model did not mix, then only the
triplet Q would be strongly produced in diffractive processes, and both Q's would
have a reduced branching ratio K*m/pK equal to unity, after removing phase-space
effects. However, the upper Q couples overwhelmingly to K*m, the lower to pK and

KT, and both are diffractively produced. The mixing between the two SU(3) octet
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states was taken into account in fitting (as described in Section 3.2), which
yielded, in addition to the masses of the physical (mixed) states Qa and Qb’ the
mixing angle 6 determined from the K*T and pK decay modes, and the reduced coupling
constants Y, and y_ which can be used to predict partial widths for other members

of the mnonets.

If the SU(3) breaking which mixes the states does not change the decay

couplings, then

M + M =M + M

Q Q Q Q

A B a b (5.1)
M. -M. = (M., =M ) cos 206,

Q QB Q, Qb
where MQA and MQB are the masses of Q, (triplet) and Qg (singlet), respectively.

If the mixing angle § = 56° + 3%, determined from the decay amplitudes, is

used in egs. (5.1), then the masses of the SU(3) states are

My = 1312 0.015 GeV ,
A
M. =1.37 £ 0.02 CeV .

The Qg emerging is perhaps a little heaviex than the Q,, although the A, is pro-

bably heavier than the B meson.

5.3 The singlet (C = -1} nonet

The I=1 B(1235) decays into wm in both the S-wave and the D-wave. The SU(3)
relations alone are insufficient for making a prediction of the width of B, because
w is a mixture of the 17 octet amd 1~ singlet. If it is assumed that the ¢7 is

decoupled from B, then the S-wave partial width for B =+ wm is given by

]

S _56 .2
I'B-Hmr =5v.°

W
where Ot is wT phase space, yielding a value of 118 + 28 MeV. The D wave coupling
can be extracted from the mixing angle © and the Qa and Qb couplings to D-wave K*m,

yielding a D/$ ratio for the B of 0.4 + 0.1, and a partial width F%-*mﬂ = 19+ 8§ MeV.

The total width of the B, calculated from the Q data, is 137 * 30 MeV, and all
these results are in excellent agreement with the measured properties of the B

meson [15].
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Evidence for an isoscalar member H of the singlet nonet has only recently
been obtained [27]. The masses of B and Qg may be used to obtain the mass of the

SU(3) octet H using the Gell-Mann - Okubo formula, giving

MHB ~ 1.4 GeV .

The value of Y_ (from either the Q data or the B width) then gives the octet member
a width

rHS-*pﬂ > 120 MeV .

If the SU(3) octet and SU(3) singlet members are ideally mixed, then it is to be
supposed that Mﬁ o B» when

PHF*DW = 3TB-+wﬂ )

An H meson with a mass v 1,23 GeV and a width into oM "~ 350 MeV is entirely consis-
tent with the charge-exchange data of ref. 27. The corollary is the existence of
an H' meson composed only of strange quarks, with a mass

M.H; = 1,48 GeV ,

The H' would decay into K*K + K*K with a width

r = 165 MeV ,

HI’
The discovery of this particle would complete the L = 1 singlet {C = -1) nonet.

5.4 The triplet (¢ = +1) nonet

There are now candidates for all members of the L = 1 triplet qq nonet:
A, (v 1280), QA(1320), D(1275), E(1420). The existence of the A, meson is now well
established [5,7,27] although there remains some doubt about the precise value of
the mass of this broad object. Analysis of diffractive production of 3T in terms
of resonance production, Deck background, and rescattering, yields a value for the

mass MA = 1.28 + 0.03 GeV [5,7]. The charge-exchange data of ref. 27 have a broad
1

peak at 1.15 GeV. The two sets of data can be reconciled by either including a
multi-Regge background in the charge-exchange data, or adding an attractive back-
ground term in pPm scattering., The A, pole is then found to be at a mass

1.23-1.28 GeV, depending on the detailed assumptions,
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The width for A, =+ o7 S-wave is given by

S 2542

where ppTr is pm phase space, which, using the value of Y, obtained from the  data,
yields

s
Ta, »pr = 270 % 45 eV

at a mass of 1.28 GeV. The partial width into D-wave pPT can be extracted from the
D

Q couplings to D-wave K*W, yielding T < 10 MeV. These results are in good
& A, +pm

agreement with the measured properties of the A, .
The mass of the octet isoscalar member may be calculated, with the Gell-Mann -

Okubo formula, from the mass of the A1 and QA:

+ M (5.3)

(it is immaterial whether the linear or quadratic version of this expression is

used). If M, is taken between 1.23 and 1.28 GeV, then MS* is between 1.35 and
. ,

1.33 GeV for MQA = 1.32 GeV. 1If QA and QB are degenerate, then MS* lies between

1.38 and 1.36 GeV. Thus

Mgy

I

1.35 £ 0.03 GeV ,
and since MS* + M1+ = MD + ME if D and E are members of this nomet,

M 1,35 £in0,03 GeV .

1+

These results place some constraint on the D-E mixing. If
= + i + )

|D) cos £|1%) + sin E[8Y) (5.4)
|E} = - sin £|1%) + cos E|8%) ,

then

Miv = Mgr g 4n0.05

MD - ME - -0.14

(5.5)

cos 2§ =

so that

£ = 45° £n10°

The lower limit corresponds to ideal mixing, which is also suggested by the

approximate degeneracy of A; and D.

11w EA ] s AR
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The partial width of the E into K*E + K™K is given by

FE-+K*K = ZYi cos? EDK*K
= 80 * 15 MeV for ideal mixing

= 60 * 10 MeV for £ = 45°

= 40 £ 7 MeV for £ = 55°
The measured width of the E is 40 # 15 MeV, with a branching ratio into
K*R + K*K consistent with unity [28]. There is no convincing evidence for the
decay E -+ 6m: in particular, there is no sign of an E signal above the D iﬂ the
process [26]
T p = nuTm ,
although both D and E are produced in the process [28]
T p + KKmn .
Thus the data on E decay into K*K + K*K are entirely consistent with the E
being a member of the triplet 1" nonet. This identification, however, suggests a
mixing angle greater than 45°, the SU(3) singlet being heavier than the octet

state,

3.5 A problem with the triplet (C = +1) nonet

The (physical) Qb state has a branching ratio inte km ~ 30%, whereas the
upper Qa has a negligible coupling te this chanmel. The couplings of QA and QB to
KM are therefore comparable and substantial, using the mixing formalism. The
couplings of QA to KT may be determined using the Q mixing angle obtained from the
K*1 and oK decay modes, and be used to predict the widths for the decays D -+ 4m
and E > 01 under the assumption that Kk and 8§ are members of the same SU(3) octet.
The 8T phase space and kinematical barrier factors have approximately the same
value for D and E decay. In this approximation, the sum of the partial widths

into &7 for D and E is independent of the mixing angle .

The value depends not only on SU(3) Clebsch-Gordan coefficients, but also on
the quark composition of k and §, If it is supposed that x and & are members of a

qq octet, then the Qb + KT coupling yields a prediction
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T san + Upagy = 460 % 160 MeV

whereas if k and & are members of a four—quark octet, the prediction is

r r = 230 & 80 MeV .

D>81 T CE- 8w

The four-quark model is probably ruled out because the decay Qp > KT is forbidden
if QB and T are two—quark states and K is a four-quark state. Thus a conservative
estimate of the sum of the D and E partial widths into am is

r

+ T > 150 MeV ,

D+ 4w E+&n

which is completely incomsistent with the measured total widths.

The kit amplitude is important below 1.4 GeV, corresponding to KW masses
< 1.3 GeV. In this region the crude representation of the ot Kk amplitude employed
should be sufficiently accurate. The conclusion that the D/E width into &m should
be large is not strongly dependent on the kinematic factors used, and there seems
no way of escaping this conclusion within simple SU(3) quark-model relatioms.
Either the identification of the pair of states D(1275) and E{(l420) with the qa
L = 1 triplet isoscalar states is wrong, or else the SU(3) quark model relatioms
do not work for the decays Q + km, D, E » ém. (For example, K and § might be

different mixtures of two-quark and four—quark states.)

5.6 Production characteristics of Q4 and Q

The SLAC experiment [1] revealed some curious characteristics of diffractive
production of Qa and Qb: the steeper t slope in the production of M=0 K in the
Qb region; the dominance of Qb in M - 1; and a significant component éf c=-1
exchange 1in Qa production. This experiment has confirmed the first two features,
but provides no information on the third. The t-slope correlation with Kmm mass
is explained in this analysis in texms of a correlation affecting the Deck back-
ground only, but in the model employed in this paper the direct production ampli-
tudes for Qb have a substantial M = 1 component, whereas Qa is produced with rela-

tively small M = 1 amplitudes.

A further curious feature is encountered in Q production by strangeness and

charge exchange. In strangeness exchange only the Qb is significantly produced [18],

TP R I P TP e R T LR L EL UL TR
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whereas in charge exchange the Qa dominates -~ in natural spin-parity exchange [17].
Since Qb approximately decouples from K*w, and Qa from oK, these production cha-

racteristics seem the wrong way round.

CONCLUSIONS

The existence of two JP

=1 diffractively produced Q mesons has been con-
firmed. These objects are mixtures of QA and QB, the unmixed states which are
members of the A, and B octets. The couplings of QA and QB to vector-pseudoscalar

are in excellent agreement with those found from the decay of A, and B, respec-

tively.

The B, QB’ and recently observed H [27] fit nicely into a nonet structure,
the one missing member being an H' with‘a mass v 1,48 GeV and width into K*K + K*K
that is ~ 165 MeV. The A, QA’ D, and E make up a possible nonet although the
isosinglet D and E may not be ideally mixed. The P-wave decay QA -+ KT however

suggests a very large D/E width into 87, quite inconsistent with experiment.

The existence of a broad 0 (K') resonance with a mass v 1.46 GeV may now be
taken as established: there is a nearly complete nonet of 0 states approximately

. . +
degenerate with the first 1° states.

The L region contains at least one 2 meson, and there are indications of at
+ . . - . . .
least one more 1 state approximately degenerate with the 2 object. A similar

feature has been observed in diffractively produced 3m [5].

The reactions
Kp > KEmA , Kp - nmmh ,
seem particularly worthy of study in a high-statistics experiment in order to

search for the H’ and further elucidate the nature and properties of the E meson.
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Table 1
Cerenkov identification: single-track assignments

The assignments of single tracks are_given according
to the condition of the appropriate Cerenkov cells.
Those cases where a secondary could have "Any" assign-
ment are marked A.

Assiguments in parentheses correspond to less than

1Z of all tracks.

- Secondary momentumm (GeV)
Cerenkov state
0-8 | B-17.4 | 17.4-28 | 28-53 | 53-63
ci c2
OFF OFF A K/p K/ P (K/p)
OFF ON () {m) (m) (m) (m
ON OFF | (M| mal| K ¥/p
ON ON (m) (m) T m {(m)
Cl only
OFF A | K/p Kip (p) (A)
ON (m ™ {m) '_rT/K (A)
C2 only
oFyF | (4) A K/p K/p K/p
ON (m) (m) T ™ (m)

a) In this class, those tracks with momentum between
27 and 28 GCeV, close to mominal Cl threshold for
kaons, were assigned as kaons.

TR LoL AL L U T GO TN

[ T T eyt WU T LT IR T T BT
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Table 2
Cerenkov identification: Complete events assigned to Knw
. . . . . - — 4+
The final assignment of secondaries is glven, event by event, to K 7 T

for combinations of the single-track assignments listed in Table 1.
Also given is the number of events of each category, in percent (see text).

Final assignﬁent

K T at ;4 K- T nt yA K T ot 7
K A m 6.0 ] R/m 7 0.0 K A A 6.3
K/p A m 16.4 P T 1.2 K'p A A 6.5
K/ip K/m 7 0.1 p i 1.6

K m m 4.1 P i K/m 0.0

K/p m Ll 20.7 r A i 1.3

A ™ A 4.0 Kip K/p 0.8

K/t A 0.8 K m K/p 0.3

A w K/m 0.0 K Kip 7 0.0

K/im 7 Kfm 0.0

A m 9.6

K/m 0.4

K m 9.1

K T K/T 0.0

R/ip m A 10.6

K/p T K/T 0.1

K K/r o 0.0
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Table 4
Properties of the Q mesons
Table 4a
. . _ : M= 0 direct Coeff. of M= ¢
K-matrix poles Vector-pseudoscalar couplings production terms | K*r Deck ampli tude
fp Phase
Ma N% Y4 Y- o a fpb of fpb
(*) =)
Low-t s 174 0.02 + 64 + 2 +
data 1.40%0,02 | 1.17+0.02{0.76+G.1 |0.54+0.1 4811 |[-26|29z+47 1.78
Hégltl;t 1.46+0.02 | 1.1520.03 | 0.86+ 0.1 {0.63+G.08(54+4 |16 =37 124+31 1.58
Average
0.82+0.07 | 0.58+£0.07|57=+3
Table 4b
Branching ratios Qa
MQa I,a K'n ()] K*r (D) pK wK KT K
GeV) [ (MeW)
léoav:; 1.41 £ 0.025 | 165+ 35 [ 0.87 2 0.05 | 0.03 £ 0.005 0.0520.04 [0,00L£0.01 [~0|0.02+0.02
High-t |y 440,025 225225 [0.9520.03 | 0,042 s 2 :
data .41+ 0. + .93+ 0, 040,01 [(0.0120.01| ~ 0.00 ~0 | 0.01£0.01
Branching ratios Qb
"o, W | x*n(s) K*n (D) oK wK - eK
(GeV) (MeV)
Low-t

data 1.27 £0.007 [9028 [0.13£0.03 ]0.G7£0.006 | 0.390.04 | 0.10 + 0.01 0.29+0.02 [0.02+0.005

Hégl;;t 1.274+0.012 [90£8 |0.03£0.01 |0.08+0.01 |0.46+0.04 | 0.12+0.01 0.27£0.03 (0.04+0.01

Table 4a lists the values of some important fitting parameters. The ratio
fp, to fpy, is the same for both low-t and high-t data, and the coefficients of the
M=0 K*u t-averaged Deck amplitudes are close. These features show that the t-slope-
mass correlation may be attributed to the Deck background.

Table 4b lists the masses, widths and branching ratios of the Q mesons. Decay
into charge states other tham K™m™n* has been taken into account in calculating the
branching ratios. Purely statistical errors are much smaller than systematic un-
certainties; these are taken from the range of values for which acceptable fits
are obtained and from the spread of values found when fitting different selections
of data and with minor variants of the model.
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Table 5

I, resonance parameters

Mass | Widtn | Approximate
branching ratios
(GeV) | (MeV) | K**m | £K [ K*n
One resonance 1.82 |~ 200 0.6 0.16 | 0.24
1.78| ~ 210 0.03 ] 0.74 | 0.23
Two resonances
1.84tn 2304 0.7710.1810.05
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Figure captions

Fig.

Fig.

.-

Plan view of the spectrometer, showing the photon calorimeter (c) at
the downstream end.
The figure shows the over—all construction of the photon calorimeter,
together with a detail. Each fork had 20 prongs of scintillator.
Response R of the threshold Cerenkov counters as a function of se-
condary momentum, for kaon primaries. R is the ratio of the number
of tracks giving Cerenkov light to the total number; the nominal 7
and K thresholds are indicated.
Results using calorimeter data to identify Kw events:
a) Yy mass spectrum from all events containing at least two Ys;
b) 7mtrTn? pass spectrum, the 7° being selected using the cuts
shown in (a);
c) visible longitudinal momentum spectrum of the K—m—7wtn?® system,
showing cuts applied to remove extra unseen particles;
d}y 7trr® mass spectrum after applying the cuts shown (c), showing
cuts applied to select w -+ nhn 7°,
a) 11 mass spectrum from K° decay;
b) 7T nTT* mass spectrum from the T decay mode of K ;
¢} missing mass squared recoiling against the K m 1" system.
The K m° and T mass spectra (raw data). The K 7' system is domi~-
nated by K*(890), but K*(1430) is clearly visible. The p is seen in
T, with a low-mass shoulder which is the reflection of the K*(890).
The f meson contributes a shoulder above 1.2 GeV.
Acceptance of the apparatus for Ko as a function of both Knm mass
and four-momentum transfer squared to the proton, t’. The trigger
acceptance includes both geometrical factors and the effects of se-
condary interactions and decay. The acceptance after all cuts in-
cludes the effects of demanding event identification and the effect

of the F counter condition imposed off line.



Fig. 8
Fig. 9
Fig. 10
Fig. 11
Fig. 12
Fig. 13
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The KT T mass spectrum, 0 £ It'] < 0.7 GeV* (raw data). The two—
peak structure of the massive @ enhancement is clear, and the L
enhancement contributes above 1.6 GeV. The raw Kw mass spectrum is
sho;n as an insert, with a very rapid rise from threshold in the Q
region.
The distribution in four-momentum transfer squared to the proton,
t! (= t-tmin) for two regioms of KmT mass:
a) 1.2 ¢ MKTTTr < 1.35 GeV
bB) 1.35 < MKﬂw < 1.45 GeV (raw data). The slope is steeper for the
lower mass region, and in both cases flattens beyond |t'| =
= 0.4 GeV2. The initial slopes are approximately 12 and 10 Gev™2,
respectively.
The correlation between KTT mass and the slope parameter B in the
expression do/dt = NeBt, fitted to the Komom intensity in the range
0< |t'| < 0.4 Gev?.
The total intensities in 17, 07, 2% and 27, 0 ¢ It']| < 0.7 Gev?,
are shown on the same scale for the full mass region analysed.
Variation of K mnt cross—section in the Q region as a function of
laboratory momentum of the incoming beam, Plap’ The total cross-—
section data, 1.2 £ Mkﬁﬁ < 1.6 GeV, have been extracted from ref. 1
for 13 GeV and taken from refs. 21 (14.3 GeV) and 22 {25 and 40 GeV).
The partial cross—sections at 13 GeV have been extracted from ref. 1.
All cross-sections fall slowly with Py,,° DOTe that the ratio of
1+Sl+(pK) to 1+SO+(pK) does not significantly change between 13 and

63 GeV. The values plotted for 63 GeV are 155 % 8 ub, 77 % 7 ub,

15+ 2 ub and 7 = 1 ub,

‘Results of partial-wave analysis in the Q region, 1.0 = MKﬁﬂ <

+

< 1.6 Gev, for 1 0" waves, 0 < ft’| < 0.05 Gev?, The phases are
measured with respect to 1¥50* (x*1) and the curves show the fits
obtained with two Q resomances and coherent background. The calcu~

lated 1+30+(K*W) phase variation is also shown.

T
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Results of partial-wave analysis in the Q region for 1*o* waves,

0.05 < |t']| < 0.7 Gev? (see caption to fig. 13).

Results of partial-wave analysis in the Q region for 1Mt waves,

0.05 < [t'] £ 0.7 Gev®. The phases are measured relative to 1750% (x*m)

and the curves show the fits obtained when fitting together with the

data of fig. 14.

a) The wK mass spectrum at production is compared with the spectrum
predicted on the assumption that the WK amplitudes are equal to
the p’K amplitudes. The wK data have been corrected for accep-
tance, for w decays other than m*n™7°, and finally multiplied by
a faétor 1.9 to account for the shorter period of data taking
with the photon calorimeter installed.

b) Distribution of the angle ¥ (see text) for Mw < 1.4 GeV,

K
ft'f < 0.05 GeV?., TFor the equivalent selection, the pK amplitude
is predominantly 1'0"s wave and for 1+SO+(wK) the angle ¥y should
be distributed according to sin? X (solid curve). Raw data: the
acceptance is a slowly varying function of ¥ for this selection.

Intensities and phases measured relative to 1+SO+(K*W) of the waves

2017 (x*1) and 2*D1* (oK), for 1.0 < Mo S 1.6 GeV, 0.05 < [¢/] <

< 0.7 GeV?. The curves are the results of a fit assuming a singie

resonance and no background: the fitted phases have been corrected

for the variation of the reference phase, 1+SO+(K*ﬂ).

Intensities and phases of 0 waves for 1.0 < MKWﬂ < 1.8 Gev,

02 ]t'! £ 0.7 GeV®. The phases are measured relative to 1+SO+(K*W).

The curves show the result of fitting with a single resonance and a

simple background in all three channels. The fitted phases have been

corrected for the variation of the reference phase.

Dalitz plot boundary for Mkwv = 1.8 GeV, showing the full width at

half-height bands for the resonances K*(890), K*(1430), o and f.



...39_.

Fig. 20 : Intensities and phases of 2 waves for 1.5 < MKTrTT < 2.1 GeV,

0 < |t'! < 0.7 Gev?. The phase of 2750% (KR**1) versus 17S0" (pK) is
plotted: the phases of the other 2" waves are measured relative to
2_SO+(K**F). The solid curves were obtained when fitting with one
resonance and background, the broken curves when fitting with two
resonances and background. If the 1+SO+(QK) phase is slowly varying,
then the 1+SO+(K**ﬂ) phase increases through v 100° between KuT
masses of 1.7 and 1.9 GeV, and through more than 200° over the full
range.

Fig. 21 : The intensity in 1+DO+(K*W) and 1+P0+(€K) for 1.0 < MKTTTT < 2.1 GeV,
0< |t} <o0.7 GeV?. The lower peak in 17po* (k*1) is well explained
within the two-resonance model for the Q region, the upper peak is
stable against changes in the wave set. The upper peak in 1+P0+(€K)
dominates the structure in the Q regiom, but is contributed mostly

by the flip wave. The total 1* intensity is stable (fig. 11).
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