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ABSTRACT

The status of our programmatic study of states containing a
strange quark is briefly reviewed. An 1l GeV/c K p experiment run
on the LASS spectrometer at SLAC is discussed and preliminary results
presented for several inelastic channels based on approxiﬁately one
half of the available data sample. Iﬂ addition, new results utiliz-
ing the full statistics of the experiment are presented for the
elastic wa+ channel from the K—w+n final state. The well estab-
lished leading K*(890), K*(1435), and K*(1780) resonances are ob-
served, and clear evidence is presented for a new JP = 4 resonance
at ~ 2070 MeV. Preliminary results from an energy independent
partial wave analysis of these data are presented which display
unambiguous evidence for resonant structure in the non~leading 0

and 1~ waves.
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I. INTRODUCTION

‘During the last several years, we have been engaged in a sys-

- tematic study of strénge quark spectroscopy and reaction dynamics for
the production of these states, using the rf separated K?vbeams at
SLAC. The physics goals of this program are, in general, to provide
a ""great leap forwa:d" in our understanding of the K* (e.g., su), and
$' (ss) ''strangeonium” mesons, and of the strangeness -2 and -3
hyperons (e.g., ssg). Since nature has provided us with no stable
meson or strange baryon targets, these areas have lagged far béhind
during the rapid progress made in the last decade toward understand-
ing the hadron spectrum.

The first experiment in this series was a 13 GeV Ki experiment
using a forward dipéie spectrometer.1 This experiment was very
successfﬁl in studying the low mass, low multiplicity states. Fér
example, the two l+ Q mesons required by the quark model were ob-
serveﬂ through a partial wave analysis of the Kum channel,2 and a
partial wave analysis of the Kr channel was élso carried out from low
mass through the K*(17805 region.3 However,_forward dipole specﬁiom—
eters have acceptance limitations which hinder their application‘to
higher masses or to higher multiplicity'states. We have therefore
continued these studies in our current experiment, which uses the
LASS spectrometer, to study K p interactions at 11 GeV/c. A

Thié experiment triggered on essentially the total charged-
inelastic cross section and attained a visible sensitivity of ~ 700
events per ub in most channélg. A substantial portion of the events
from this experiment has now been passed through the trécking pro-
‘grams and provides the data on which this talk is based. Starting
this summer, we will be extending this data sampie to over 5. events
per nb in a sequel LASS experiment which uses botH-Kf and K beams
at 11 GeV.4 |

II. EXPERIMENT

The experiment T will be discussing £0day‘was performed by a
collaboration of physicists from SLAC, Carleton University, and the

National Research Council of Canada.5 The experiment uses the LASS



spectrometer facility which is shown in figure 1. It 1s serviced by
an rf separated beam which can deliver usable kaon fluxes up to

14 'GeV/c. LASS contains two large magnets filled with tracking de-
tectors. The first magnet is a superconducting solenoid with a 23 kG
-fieldw~parallel to the beam direction. This is followed by a 27 kG~m
dipole maénet with a vertical field. -The solenoid is effective in
measuring the interaction products which have large production angles
and relatively low momenta. High energy secondaries, tending to stay
close to the beam liﬁe, ére not well measured in the solenoid, but
will pass through the dipole for méasureﬁent there. Particle identi-
fication is provided by Cerenkov counters Cl and C2, and é time of
flightv(TOF) hodoscope. The trigger for this experiment required two
or more charged partiéles to exit the target and was essentially
defined by requiring more than two hits in the full—aberture propor-
- tional chamber which immediately followed the .target. .

The total data sample for this experiment contains some 4 x lO7
good events. Analyzing this amount of data clearly requires a sub-
stantial amount of computer time and, therefore, calendar time as
well. In order to make the full statistics of the experiment avail-
able In specific channels relatively early, we split the analysis

into two phases. First, we used multiplicity information from the
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Fig. 1. Plan view of the LASS spectrometer.
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. proportional chamber system as a software prefilter to select two-
prong data from the standard data tapes. The production of this data
.onto data summary tapes was completed in January of this year. Pre-
iiminary physics results from the Kmn channel based on the full
statistics of the experiment are now available, as I will be dis-
cussing in a few minutes. At the same time, we have been continuing
with the analysis of the multiprong channels using the central com-
puters of SLAC and the NRC. During the last few.months, we have also
begun production running with the LASS microprocessor system, the
168/E. ~ The 168/E processors are the result of development efforts
to provide the substantial computer analysis power required to handle
the data proce551ng load from LASS. They emulate the subset of the
instructions of an IBM 370 computer requlred by a standard FORTRAN-
compiled scientific program, so that we are able to run our track
finding and fitting programs interchangeably on the central computer
or on the emulator. Each 168/E provides about one-half the analysis
'power of a fully dedicated 370/168 to this experiment. We have been
running with a single processor since_early January and a two
processor system since March. We expect to have six processors in
operation by summer with an additional three being added in the fall
for proce331ng the data from our sequel experiment. At the present
time we have.processed over.SO percent of the multiprong data from
the present experiment, and expect_to finish the production process—-

ing by the late summer.
II1T. MULTIPRONG CHANNELS

Before discussing the Kmn channel in detail, I would like to
briefly describe preliminary results on some selected multiprong
channels to indicate the breadth of topics that will be available for
“ study in this experiment. These data are based on partial samples
from our present analysis and typically contain some 30:percent of
the total statistics of the current experiment. -

- First of all, even though this is a2 meson spectroscopy confer-
ence, it is hard to resist showing a hyperon state. In spite of the

rather compiete understanding of baryon spectra in general, the z*



and 0* excited states have remained poorly understood. In particular,

onty three of the 16 =*

lished in the otherwise clearly defined baryon supermultiplets. The

and zero of seven Q* states are well estab-

fundamental reason for this lack of information is that these states
can be observeé only in production experiments. Their decay topolo-
gles _
only in bubble chamber experiments. The largest of these experiments
has a sensitivity of about 100 events per ub so that it produces
about 100 Q and a few thousand £ . The sensitivity of oui present
experiment is several times tﬁis level, and the experiment which is
now beginning will increase the sensitivity of these studies by a
factor of about 50, ‘

One reconstructs I  states
as indicated in figure 2. AwpV®
vertex with a A invariant mass is
combined with a ﬁ_ to form a sec-
ondary V  vertex, giving the
clear £ signal shown in figure

3(a). 1If one then forms combina-

. - + .
tions of £ and 7 at the primary

=0 84942

vertex, the invariant mass dis-

-4 tribution, figure 3(b), shows
Fig. 2. Schematic of a Z n

system strong production of the 5*(1530),

as expected.

Let us turn now to the strangeness -1 meson systems. Let me
remind you that the goal of meson.spectroscopy is not simply to cata-
logue states in the quark model, but also to confront basic questions
about the quark-quark forces, such as understanding the spin and
radial excitation dependence of these systems. This effort requires
careful study of the classification, level splittings, and mixing of
the various states. This, in turn, requires a large amount of data
in both elastic and inelastic channels. Indeed, it will often be
"essential to observe states in several different channels in order to
understand them in detail. For example, in the case of the P =17

Kf(lGSO), which was observed in two of four solutions through the
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Fig. 3. Invariant mass spectra for inclusive
hyperon production. (a) An~ mass combinatiom.
(b) = 7% mass combination.
partial wave analysis of the Kmn channel in our 13 GeV experiment,3
it is not clear if it should be classified as a radial excitation or
as a non-leading member of the D—wa&e qq triplet. This question can
bg addressed by measuring the interference between the K*(1780) and
the K*(1650) in an inelastic final state and determining-the relative
sign of the couplings. Using a higher symmetry scheme such as SU(6),
the classification can then be attempted.
| With this as an introduction, let me display a few examples of
the present status of our data samples in the inelastic channels, In
figure 4(a), we show the‘invariant K°nTr~ mass from the reaction
Kfp + K°rtrn. Clear structures are observed in the 1435 and 1780
mass regions. |
There is substantial evidence for "cascade"” type decays in this
channel as is displayed in figures 4(b-e); Figures 4(b-c) respec-

+ﬁ° and K°n~ mass combinations to be dominated by p

tively show the w
and K*(890), One also sees a smaller amount of K*(1435) in the K°n~
distribution. If one selects on the p and K*(890) isobars indicated,
the invariant mass distributions of figures 4(d) and 4(e) are ob-
tained. In both distributions, structure in the 1435 and 1780 re-
gions is clearly seen, presumably indicative of the expected leading
K* states.

Next, let us turn to the reaction K p + K-ﬂ+ﬂ-p. Historically,
this reaction has been the moét important source of information about

the unnatural spin-parity K* mesons, as Cashmore reviewed for us in
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Fig. 4. Invariant mass spectra for the reaction K'p - Kontrn.
Events selected for It[ < 0.5 GeVz, M@rtn) > 1.34 GeV, and

M(K°n) >°1.50 GeV. (a) K°ntn~ mass combination. (b) nFn~ mass
combination. (c) K°n~ mass combination. (d) K°p mass combination
where. .65 < Mgy < .89 GeV. (e) K*(890)7 mass combination where
.81 < M.~ < .98 GeV.

the previous talk.2’7 In order to extract the detailed information

requived, it is necessary to apply a sophisticated partial wave anal-
ysis program to the data. We use the SLAC-LBL approach which directly
fits the scattering amplitudes to the data. The present data sample

corresponds to about 45 percent of the total data sample and typically
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"contains 3500 events per 20 MeV bin in the Q region. At the present

time; we have analyzed only the region below 1.6 GeV. In general,

our results are consistent
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Fig. . 5. Preiiminary results on the
1tots wave in the Q region taken

1.6 channels, indicating the pres-
ence of the two Q mesons pre-

s 2,7 ;
viocusly observed,”’  one with

a mass of ~ 1300 MeV coupling

from the partial wave analysis of mainly to Kp, and the other at

K~ ntn~ scattering in the reaction

Kp » K ntrp

hy

n 1400 MeV coupling mainly to

X*n.

IV. THE Kv ELASTIC CHANNEL

We now turn to an analysis of the natural spin-parity K* mesons

taken from the full experimental statistics on the reaction

- -+
Kp-+KTn., The raw data sample for this reaction contains 142,000

events in the invariant Kr mass

In figure 6, we see sharp peaks

region (M(Km)) between .7 and 2.5 GeV.
in the invariant mass corresponding
to the K*(890) and K*(1435)

with perhaps a small hint of
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some structure in the region
around 1800 MeV. There is also
some asymmetry on the lower
side of the K*(1435) bump hint-
ing, perhaps, at other underly-

ing effects, but in general,
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Fig. 6. Invariant Km mass
distributicn from the reaction

Je4val

little clear evidence for
states other than the two well

known leading k* states.

A great deal of interest-

K'p » K n'n with |t'] < 1.0 Gev2. ing structure is hidden in this



plot, however, as becomes evident when we increase its dimensionality.
Figure 7 is a computer generated appérent 3-d image where the two
variables in the lower plane
are M(Kn) and the cosine of
the t-channel kaon decay angle
in the Kr center of mass

(cos 83). The height of the
surface above the plane is the
number of events per bin arbi-
trarily scaled. The K*(890)
stands out clearly as a ridge

at low mass while two dramatic

spikes, at both forward and

Fig. 7. Apparent 3-d plot of the . backward cos 6;, signal the
invariant Km mass (My. ) versus the + %

t~channel decay anglgﬂof the K in 27 K7(1435).
the Kn center of mass (cos 83). The to higher M(Kw), the structure
axes in the plane are: .7 < M r <
2.5 GeV along the lower left-hand
side; and -1.0 < cos 63°< 1.0 along a clear bump in forward cos 8;
the lower right-hand side. The
number of events, arbitrarily N
scaled, is plotted above the plane. on top of a ridge extending to

As we continue
grows more complex. There is
in the region around 1740 MeV

high mass. This ridge becomes
progressively steeper as M(Kw) increases and is indicative of Kuw dif-
fractive scattering. It falls off as the mass increases due to a
fixed angle cut generated by our two prong trigger. At smaller
cos €3, there is a complex plateau structure which peaks at a cos 05
of & -.5 at about 1800 MeV. As |Y3O|2 has a peak at this same
cos SJ, one might wish to interpret this behavior as being due to
the 37 K*(1780).

Continuing to still higher M(Kn), the structure grows even more
complex. At a mass of about 2100 MeV, there are small peaks at ‘
cos eJ ~ 0 and cos 0 % ~1 which one might speculate as being due to
a high even-spin object such as the 4t g* expected in this mass re-
gion. In any event, the obvious interference. structure observed in
this plot is both a promise and a caution.... The promise that there

is a great deal of interesting physics in the data coupled with the
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caution that a sophisticated analysis is likely to be necessary to
understand the obvious inherent complications. In particular, ome
must be very cautious about the interpretation of bumps in invariant
mass distributions. This is particularly obvious in figure 8, which
shows one-dimensional M(Kn) plots cut in ten different slices of

cos 6;. The change in apparent width and position of the various
structures as one changes cos 8; is very dramatic. For example, the
apparent structure in the region around 1800 MeV moves substantially
in both mass and width as one moves across the cos BJ region. Note
too, that the "shift" effect_can be substantial even in the region of
a large leading state. One can clearly see a shift of the structure
around 1400 for example. The forward and backward peaks are centered
at v 1435 but the structure becomes quite asymmetric and substantially
lower in mass for cos BJ near 0. As I will show later, this effect
is due to a non-leading 0% wave which peaks just below the 2¥. 1In

any event, a fit to the projected distributions in M(Kn) will clearly

‘give a mass value for the 2t object which is substantially too low.

It was this effect as observed through the earlier partial wave
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Fig. 8. 1Invariant Kr mass spectra cut on 10 different cos 8; slices
|.2| in width. (a) through (j) are ordered from the forward to the
backward direction so that, for example, (a) contains the slice
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which shifted the 2% mass from its historical 1420 MeV to the pres-
ently accepted value of 1434 MeV.9
Having hopefully convinced you that there is a great deal of

_ interesting structure in the cos 8. versus M(Kw) plot which does not

appear clearly as bumps in the inviriant mass distribution, let us
proceed to look at this structure as observed in the spherical har-
monic moments of the decay angular distribution. We select the data
for this analysfé to emphasize the T exchange contribution by cutting
on lt'l < ,2. We also make tight cuts to reﬁove the small competing
background reactions and are left with 51,000 events in the small
It'lvregion. Figure 9 shows the t—channel M = O moments for this
data. 1In general, at each mass value they are plotted only up to the
smallest value of Lmax required to fit the data. The well known
K*(890) and K*(1435) bumps are apparent, and their spins can be
simply confirmed as 1 and 2+ respectively from the behavior of the
<:Y20:> and <:Y40:> in these mass regions; Note also the interfer-
ence patterns in the odd L moments as we move through the resonances.
As we go to higher mass we see a clear bump in the <:Y60:> at 1780
MeV indicating the JgP = 37 K*(l780) state. Continuing still higher
in mass, we see a bump structure in the <:Y60:> and <:Y86:> coupled
with a classic interference pattern in the <:Y7o>>. Since higher
moments are consistent with zero in this region, we interpret this
structure as the next leading JP = 4+ K* required by the quark model.

The ‘probable existence of a large number of underlying states in
this region makes a determination of the parameters of this new state
rather difficult. At the present time, we have performed a naive fit
assuming a relativistic Breit-Wigner in the F and G waves and a
simple polynomial background in the D, F, and G waves. After fixing
the leading 3" resonance at values based on our preliminary partial
wave analysis results as noted below, we performed a fully correlated
fit to the <:Y60:>, <:Y70:>, and <:Y80:> moments in the region from
1500 to 2300 MeV. We obtain

1790 (fixed) MeV,

X
FF & 190 (fixed) MeV,

11



M; & 2070 MeV,

Te & 220 Mev,
where the errors are dominated by systematics inherent in the assump-
tions of the model. The significance of the P = 4+ state in this
model is greater than 4.5 o, and as such, constitutes definitive

evidence for a new leading state, the K*(207O).8
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Fig. 9. The unnormalized t-channel moments of the K angular
distribution for ]t'] < .2 GeV2, The bins are overlapped by a factor
of two to guide the eye.
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As we have just illustrated, a great deal can be learned about
the leading states by studying the mass dependence of the angular
-moments of the data. In addition, however, the quark model leads us
to ;;pect lower lying states in this same region which will be hidden
in the interferences seen in the moments. In order to understand
these effects, we are in the process of performing an energy inde-
pendent partial -wave analysis. As of today, preliminary results are
available to a Kv mass of 1.84 GeV., This analysis is based on a
t-extrapolation to the pion pole of the w-exchange contributions to
the t-channel helicity—zero Kn production amplitudes. It is de-
scribed in detail in reference 3 so it will not be discussed here.
Let me, howéver, delineate a few of the important assumptions of this
analysis: (I) we fit to the smallest number of partial waves re-
quired by the data; (II) we constrain the S~ and P;waves to be
elastic below 1.3 GeV; (III) we assume the I = 3/2 wave as given by
the 13 GeV SLAC experiment;3 and (IV) we set the overall phase in the
inelastic region by assuming the phase of the leading state is given
by a relétivistic Breit-Wigner. '

In genéral, the results obtained are quite consistent with our
earlier 13 GeV analysis. However, the errors are smaller (and the
features therefore clearer) in the high mass region due to the sub-
stantially better acceptance. As I will show below, one particularly
importént consequence of this is that there is only a single unam-
biguous solution below ~ 1700 MeV which, therefore, determihes the
existence of the observed structures uniquely.

The S- and P-waves for this solution are shown in figure 10. 1In
addition to the leading 1~ K*(890) resonances, there is interesting
additional structure indicative of non-leading resonance-like effects.
The S—-wave exhibits a smooth slow rise in both phase and magnitude
until 1.3 GeV. The magnitude then rises rapidly followed by a pre-
cipitous drop in the region just above 1.4 GeV. This is coupled with
a rapid change in the phase motion indicating resonance behavior. As
the mass continues to increase the magnitude becomes very small and
the phase becomes indeterminate. Both the magnitude and phase then

begin to move again but, unfortunately, right at the end point of the

13
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Fig. 10. The S~ and P-wave K

scattering amplitudes from the
reaction K'p + K™nmtn. See text for
a full explanation.

with the non-leading S- énd P-wave features described above.

present analysis. 1In the
P-wave we see the expected
elastic K*(890) rescnance,
with little happening above
that until about 1500 MeV.
The magnitude is very small
here, but rises to a broad
peak centered around 1.7 GeV.
This rise 1is accompanied by
a fairly rapid phase varia-
tion again indicative of
resonance~like behavior.

The Kw partial waves as
shown in figure 10 are per-
haps easier to interpret
when plotted as Argand dia-
grams. Figure 11 shows the
clear circular motion ex~
pected for the leading 1,
2+

also see motion associated

, and 3 waves. We can

In par-

ticﬁlar, the S-wave wanders up slowly from low mass, passing through

90° at about 1300 MeV, but with very little evidence of resonance

behavior there.

However, at about 1450 MeV, we see an essentially

elastic S-wave loop which is relatively narrow (perhaps 250 MeV)

looking very much like a resonance.

The P-wave amplitude traces out

the elastic K*(890) resonance and then curls around relatively

quickly in the region around .1650, again indicating resonance-like

behavior.

-

One of the most exciting features of the present analysis is the

indication that it is unambiguous below v 1700 MeV.

The ambiguities

are most readily apparent as an indeterminacy in the signs of the

imaginary pérts of the complex zeros of the scattering amplitudes

which were emphasized by Barrelet.lo

14
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Fig. 11. Argand plots for the I = 1/2 Kr partial waves. The I = 1/2
S-wave was obtained by subtracting the 1 = 3/2 S-wave amplitude
determined in the 13 GeV K% experiment from the full S-wave amplitude.
The I = 3/2 components of the other waves are neglected. See text
for a full explanation.

only one solution below 1 GeV, no ambiguities arise until one of the
zeros becomes small., Figure 12 shows the real and imaginary parts of
the three zeros plotted with error estimates. None of the imaginary
parts of the zeros appear close enough to the axis to change signs in
the region below 1700 MeV. Hence, we conclude that there is a unique

solution in this preliminary analysis.
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V. CONCLUSION

The Km moments clearly show the "old" leading K* resonances; the
890 (17), 1435 (2V), and 1780 (37). 1In addition, a new 4  resonance
is observed at about 2070 MeV, which is naturally interpreted as a
SU(3) partner of the h meson. Preliminary results from a Km partial
wave analysis in the mass region below 1840 MeV clearly confirm the
1, 2+, and 3  resonances. The most interésting new result is that
this analysis has no ambiguities below 1700 MeV so that the evidence
for resonance. behavior of the nonleading 0+ wave at about 1450 MeV
and the 17 wave at about 1650 is also unambiguous. '

These results and those reviewed earlier today7 demonstrate the
usefulness of having very high statistics data in different channels,
We have a great many final states in this experiment most of which
are just beginning to be analyzed. We will be extending the data
sample by about a factor of seven during the next year, and are look-
ing forward to a productive investigation of the properties of states

containing the strange quark during the next few years.
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