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ABSTRACT

Resuits are presented from a high statistics study of the reaction
K'p = K'%x*n at 11 Gev/c. This data was selected offline from an ~1000
cvent/pb K°p experiment run on the Large Aperture Solenoid Spectrometer
(LASS) at SLAC which tricgered on essentially the total inelastic cross
section. This K'r*n sample, after cuts, certained ~ 42,000 events in
the Ky ipvar‘ant mass region from 0.65 GeV to 2.30 GeV, and J1t’1¢D.2
Gev?,

In this thesis. a spherical harmonic a.sular moments analvsis of
this data is presented, as well &s an energy independent partial uave
analysis (PHA} of these angular moments. The nearly uniform acceptance
characteristics of this data allowed & detailed analysis, which vielded
information on natural spin-parity strang® meson resonances in the Kn
invariant mass range from 0.65 GeV to 2.30 Gev. In this study the uwell
established K*(895), K*(1430), and K*{1780) are ob:zrved, and ciear evi-
dence is presented for a JP=4* strange meson state at a mass of 2.08
GeV.

Furthermore the K-n* elastic scattering partial waves extracted in
this PHA show unambiguous evidence for a relatively narrow S save reso-
rance near 1.42 GeV¥ in the Kr invariant mass. This state is a confirma-
tion of the 0% x(1500) seen in previous PHA’s. A new  higher S wave
resonance is clearly seen unambiguously near 1.80 GeV. In addition

unambiguous evidence js presented for a relatively wide P wave resonance
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in the 1.70 GeV regicn. A second new P wave respnance also i5 seen in

two of four ambiguous partial wave solutions in the 2.10 62V region.
These resonance states are discussec within the framework of & sim-

ple harmonic oscillator quark wodel. in particular three of the under-

lying resonances are discussed as possible natural spin-parity strange

meson radial excitations,
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Chapter 1

INTRODUCTION

In the past few years the discovery of the Js¥ particle and the
multiple associated cc resonances in e*e” ctollisions has heralded in a
new era in our understanding of mesen spectroscopy. The success of the
guark madel in ¢lassitying the myriad of ¢t states has been guite phe-
nomenal. fFor more than ten years the the quark model has provided a
clean uay of classifying the known heoryon resonances, but this success
in explaining the “charmonium” spectrum has cunfirmzd the model for
mesons in a very clear manner. Discoveries in the experimental study of
light quark wmeson spectrescopy have not been as rapid due mainly ta the
difficulty of producing and studying these states.

Concer tually meson-meson {(Kn,nwn) elastic scattering has always been
attractive as a possible source of information for this study of light
quark meson spectrascopy. A straight forward partial wave analysis of
such a simple reaction would lead to an easily interpreted spectrum of
natural spin-parity meson states. Unfortunately nature has not provided
us with any means of maintaining real mesor targets. The study of light
quark meson spectroscopy has been confined to the study of various pro-
dugtion reactions (K'p =+ K™u*n, ¥°P =+ 7°7*n, etc.).

The lack of real meson targets <canr be circumvented in the analpgis
of these production reactions. The most fruitful approach in these ana-

tyses has been to use a simpTe exchange parameterization to isolate the
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single pion exchange contribution to the given production reactian,
pnee this single pion exchange ceatribution has been isolated, one then
extrapolates to the picn pole (t= p2). The end point of such analyses
are Kx or 7mn elastic scattering partial waves as & function of mass.
Th's idea of extrapoclating to the pion pole is not a new one !, but such
analyses by their very nature require: 1) full angular information on
the production reaction. 2) good spectrometer acceptance, and 3) high
statistics; as well as a good phenromenolegical understanding of the
exchange mechanisms involved., 1In the last ien years various experiments
have been run with high enough statistics to perform such analyses and
the theoretical tools needed have become available as well. Thege
experiments have made, and will make substantial preogress in our under-
standing of Tight quark natural spin-parity meson spectroscopy 2.

In this vaper such an energy independent partial wave analysis wWili
be presented for the specific reaction K'p » K"n*n. The end point of
this analysis was K u* elastic scattering partial waves as a function of
the Kr invariant mass. These partial waves then yielded information op
natural spin-parity (P = -nh) strange meson resonances.

Before outTi. ng the experiment and the analysis presented in this
thesis, it is convenient to review the present status of K*® spectros-
copy. In order to discuss the knouwn K* states, it is necessary to pre-~
sent a frameuwork Within uhich te classify these states. The quark
model has proven so successful in describing the ¢¢ spectrum that a sim-
ple central potential quark model based loosly on a simple harmonic
ocillator potential will be used here. In this model, a meson is repre-

sented by tWo spin 12 quarks (qq) bound in a central potential (see
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figure 1), In this model the gquantum numbers of the associated mesons
follouw from addition of the internal quantum numbers of the tuwo bound
quarks.

Shoun in figure 2 (knoun as a Grotrian plot) is the spectrum of
states predicied by this simple model. ©n the Yeft hand side of this
plot, predicted states with quark spins antiparallel are shown. For
orbitai angular momentum betueen the 9 § pair of L = 0, 1, 2, and 3; [
series of mesons is predicted with J% = 0, 1%, 2, and 3* respectively.
On the right hand side of this plot, predicted states with quark spins
antiparaliel are shoun, tiere vector addition of L and S8 in a simple
harmonic oscillator potential predicts degenerate triplet 1levels. In
this diagram for convenience these triplets are plotted as :though this
degereracy had been broken by an L.S caupling. On both sides Dpf the
plot, bhigher mass states within a given column represent radial excita-
tians of the lowest state within that column. 1t should be renembered
that in studying the K'p -+ K"y*n reaction in this analysis, only the
natural spin-parity (P = (-1)3) states were accessible as a consequence
of parity conservation. These states are located on the right hand side
of this 6rotrian plot, and do not include the middle state in each tri-
plet. This model prerents a conventient means of classifying the known
K* states (s dJ, but the details of the predicted level structures
should not be taken too zeriovsly.

Presented in the Grotrian plot of figure 3 are the knoun K*
resonances ¥ previous to this present analysis, Stales listed with a
solid bar represent states uhose parameters are rather well known.

Where & question mark is listed next to a state, this particular state
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F16. 1--A schematic diagram of a quark-antiquark meson system.
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has been seen ambicuousiy (the state’s existence is still in gquestioen).
The other states listed on this plot are reascnably solid states which
cou'd use further study, and confirmation. Hhere & state has ueen
listed twice, in different positiaons on this plot, this signifies that
the classification of this state within the duark model 1is presently
ambiguous. Looking at this diagram it is quite remarkable hou littile is
k:;oun about the strange mesons after tuenty years of effort. In fact
only one solid state is seen above 1.50 GeV. Certain successes stand
out in this experimental effort though. In this plot a well established
triplet is seen although the properties of the two underlying states in
this triplet need +urther study und confirmation. orhital excitations
are also seen in both the natural and unnatural spin-parity stotes.
There is a marked scarcity of informatiop on r-1ial excitations. The
K’{1400) 1is the o~ly solid evidence for a r-‘ial excitation 1n these
strange meson states, but the properties of <(his state are not well
knoun.

Looking in par:icular at the natural spin-parity states, three
lTeading resonances (k*f895),K*(1430),K~(1780)) are listed, along with
tuo underlying states (the x(1500),and the guestionable K’(1650)). These
three Yeading resonances have been studied in multiple previcus experi-
ments, and the properties of these states are now rather well knoun 3.
The only evidence for the tuo underlying states comes from & partial
wave analysis by Estabrooks et al. % in a previous 13 GeV K'p experiment
run by SLAC group B, SLAC experiment E-75 5. This experiment was run at
SLAC on a forward dipole spectrometer, and severe acceptance cutoffs

{inherent in any forward dipole spectrometer) restricted this analysis
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to the Kv invariant mass region from 0.65 Gev to approximately 1.70 Gev.
and the acceptance was seen to drop rapidly ghove 1.5 GeV. The analysis
presented in this thesis Wwill extend this analysis region up to a Kn
invariant mass of 2.3 GeV, and thus will allou the investigation of high
mass natural spin-parity K* resonances. With this high mass extention
one would also hope to see some of the notably missing natural spin-
parity strange meson radial excitations. This extention was possible
due to the nearly 4m acreptance, good resolution and high statistics
capabilities of the Large Aperture Solencid Spectrometer (LASS) at SLAC
on which this 2=2%a was taken.

The SLAC experiment E-132 €, of which this data and analysis are a
part, was a cnllaborative effort of SLAC experimental grous B and an
experimental group from Carleton University; Ottawa, Canada. This 11
BeV/c K p experiment was run on the Large Aperature Selencic Spectrome-
ter (LASS) facility. This experiment was triggered on practically the
entire K'p 1inelastic cross section. During the data taking phase of
this experiment nearly 40 million K*p triggers were written to high den-
sity magnetic tape.

Trhe physics goals of this experiment are much broader than the sim-
ple experimental study of the natural spin-parity kaon resonances in the
reaction K'p + K™ n*n which will be presented here. This experiment Will
make an extensive experimental study of natural and unnatural spin-
parity meson resonances With one or two strange quarks. In particular
this spectrometer’s ability to fully analyse high multipicity events
Will allow a systematic study of both na2tural and unnatural spin-parity

kaon resonances using Kn, Kww, and Xuwn final states. Since the tuo



prong Kn final state analysis did not require the complex particle iden-

titication and wmultiprong vertex finding of the other multiprong char-

nels. the decision uas made to softuare select and thus quickly process

a tuo prong data sample while the fine tuning of the multiprong analysis

routines was taking place. It is the analysis of this tuo prong data_
sample, specifically in the reacticon K°p + K"w'n, With which this thesis

will deal.

In the follouing chapters, @& description will be given af each step
in the data takirg, data selection, data processing, and analysis of
this K'p +» £ n*n data. Specifically chapter Il Wwill present a descrip-
tion of the beam and spectrometer harduare used in collecting this data
sample. The trigger fogic and data acquisition system wiil be discussed
in chapter III. Chapters IV and Vv will deai with the softu.re filter
selection, eveni reconstruction., sand kinematical selection of a final
Kp - K'n*n data sample from these 40 million events uritten to magnetic
tape in this experiment. Chapter VI will discuss: 1) momentum calibrg-
tion of the spectrometer, 2) backgrounds in the final K*p + K w*n data
sampie, and 3) experimental normalization. Chapters ¥11 and VIII will
form the bulk of %¢his thesis, and wii! deal with the analysis of this
tfinal X'p » K"n*n data sample,

This analysis is most easily discussed in two steps. Chapter vi1
presents & study of the acceptance corrected angular distributions of
this data sample. The endpoint of this step in the analysis was a set
of fitted acceptance corrected angular moments which completely des-
cribed the gngular dependence of this data. In this chapter the Monte

Carlo used to calculate the spectrometer’s acceptance will be discussed,
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as well as the fitting methods used to ohtain the final acceptance cor-
rected angular moments. To end this chapter, these anguliar m-ments are
presentes as a function of Kn invarient mass, and the leading K* reso-
nance structure visible in these moments are discussed. Fits to these
angular moments wuwhich yielded resonance parameters for these leading
states are then discussed.

Chapter VIII witl then present an energy independent partial wave
analysis (PWA) aof these angular moments. The endpoint of this PUA was a
set of K'n* elastic scaittering partial waves as a function ot Kn invari-
ant mass. The first part of this chapter will present the simple
exchange model used to isolate the single pion exchange portion of the
K'p -+ K n*n reaction. The method used to isolate the single pion
exchange portion of this reaction, extrapolate to the pion pole, and
thus obtain the K m* elastic scattering partial waves will then be dis-
cussed. These partial waves will then be shown as a function of mass,
gnd the resonance structures visible in these w2ves will be discussed.
Tao end this chapter fits to the leading K* resonances using these par-
tial waves will he presented.

In the last chapter of this thesis, a summary Will be given of the
results from this anqular moments analysis, and the PWA. These results
will be discussed and compaired wuith those from previous experiments.
The resonances seen %ill then be c¢lassified within the framework of the
simple harmonic oscillator quark model presented in this chapter.
Finally a discussion of the evidence {for radial excitations in the

hatural spin-parity strange mesons Will be given.
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Chapter I1

EXPERIMENTAL APPARTUS

A. Dvervieu

The data analysed in this theris was selected offline from an 11
Gevsc K- p experiment (SLAC E-132) run on the Large Angle Solennid Spec-
trometer (LASS) at SLAC. Preliminary data taking in this experiaent
took place during June of 1977, and the final data taking between Decem-
ber of 1977 and March of 1978, Both the preliminary and fina® data tak-

ing periods wWwere each preceeded by spproximately a mop*h of low beam

rate checkout running. This experiment triggered on essentially the
entire K*p inelastic cross section. During this experiment ~4.5x10¢ K-
particles were incident on the LASS 1liquid hydrogen target. This gave

an experimental sensitivity of ~1000 events,ub in almost all inelastic
channels, and resulted in approximately 40 million events being uritten
to magnetic tape.

Interactions in this experiment were furnished by an 1! GevVvsc K-
beam incident on a 90 ~entimeter Jong liquid hydrogen target. These
beam kaons uere produced, selected, and focused in the rf separated SLAC
beamline 20,21, Particie identification in 1this beamline was provided
by two Cerenkov counters, Cm and CK. The final momentum, position, and
angular measurements of beam particles was supplied by various scintil-

lation counters, znd a set of beam proportional chambers.



The outgoing particles from a Kp interaction in the LASS liquid
hydrogen target uere tracked, measured, and identified in the LASS spec-
trometer. Shown in figures 4-5 are schematic diagrams of this spectrom-
eter. The LASS spectirometer congisted of two large momentum measuring
magnets combined with various associated detectors.

The first of the LASS magnets was a large superconducting solenoid
filled with a nearly unitorm 23 kilogauss magnetic {::ld pointing along
the incident beam direction. putgoing particles from interactions in
the liguid hydrogen target, situated at the upstream end of this sole-
noid, craveled with near helical trajectories through this soienoid
field. Charged particles with large angles and relatively low momentum
were bent strongly in this magnetic field, and thus could be uwell mea-
sured,

Several types of detectors filled the interior of the solenoid in
order to measure the trajectories of charged interaction particles,
surrounding the liquid hydrogen target were fifteen ptanes of CD readout
cylindrical spark chambers, and § single cylinder of proporticenal Wires.
These chambers gave positional information on tracks traveling sideuays
out of the target. Interaction particles traveling dosunstream * of the
target were measured in multiple planar €8 readout spark chambers, and

several proportional wire chambers (PUC’s). Covering the exit to the

®* The cartesian c¢oordinate system used in this experiment was defined
with its 2 axis pointing along the incident beam direction. The y axis
was then defined as the vertical normal te the horizontal plane. Lastly
the x axis was defined relative to the ¥ and z axis in order to complete
an orthagonal right handed coordinate system. The term ‘upstream’ in
this coordinate system refers to the npegative z direction, while the
term ‘dounstream”’” refers to the positive 2z direction,

- 12 -
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solenoid was a thirty eight celled partitioned atmospheric Cerenkov
counter €1, and mounted on the dounstream end of this Cerenkov counter
were tuenty four segmented scintillatien time of #light counters. Four
more conventional scintillation counters called the quad counters. were
located at the center of this TOF arrey. Both the Cerenkov counter, and
the TOF counters provided particle identification of particles exiting
the solenoid.

The sevond of LASS’s two magnets was a conventional water cooled
dipole with & maximum integrated magnetic field of 30 kilogauss-meters
in the vertical direction. Charged forward interaction particles with
high momentum, which could not be well measured in the solenoid, wuere
bent strongly and thus could be well measured in this dipole field.

Knowing the entrance and exit trajectories of particles traveling
through the LASS dipole allowed a very accurate momentum measurement of
these paricles. In this analysis the region upstream of the dipole,
between the tuo magnets, was refered to as the “tuwixt’ region. In the
tuixt region a number of planar CD readout spark chambers, and planar
PUt’s served to measured the trajectories of particles entering the
dipole. The region dounstream of the dipole was known as the
‘downstream’ region. In the downstream region the exit trajectory of a
particle leaving the dipole was measured by four planar MS readout spark
shambers, and a single planar PUC. Dounstream of these chambers was a
full coverage scintillation counter array (HA-HB) which provided posi-
tional as well as timing information for “‘dounstream’ particles. The
last device in this spectrometer was a large eight celled unpartitioned
pressurized Cerenkov counter, €2, used te provide particle identifica-

tion of particles exiting the dizole.
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The LASS solenoid dipole configuration gives this spectrometer
nesrly 47 acceptance with good resolution in almast all regions of long-
itudinal and transverse momentum. The LASS beamline, target, and spec-

trometer harduware will be described in greater detail in the rest of

this chapter.

B. Beamline

Shoun in figure 6 is a schematic diagram of SLAC beamline 20-21.
This system produced, selected, collimated, focused, and measured the 11
Ge¥sc K~ beam particles used in this experiment. A detailed description
of this beamline system is given in reference 7, so that only a brief
description Wwill be given here.

The K- beam particles uwsed in this experiment wiere produced by
steering the %0 GeVsc SLAC electron beam ontc a water cooled primary
target (.22 radiation lengths Be preceeded vy .86 radiation lengths Cu).
The current of the electron beam hitting this target was kept at ~25 mA
during this experiment. Steering of the electron beam incident on the
target was checked by mznitoring the pulse heights of two secondary

emission moniters (SEM’s), and the electron current at I-46 wuas also

monitored throughout this experiment (see diagram).
The secondary beam had a production angle of one degree. A'l nega-
tively charged particles produced within = 3.85 milliradians of this

angle were then collected, and focused into an achromatic focus, FI1.

Here various movable col!limators were used ta collimate the beam. The

beam momentum wuas selected by moving these collimators to have a

- 16 -
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dispersion, db/P, of ~2.5% (FWHHM). One 178 7 lead filter uas also
placed in the beamline at F1 in order to remove unWanted electrons from
the beam.

The main SLAC electron heam was produced in 1,6 usec spilils 180
times a second. Hithin each 1.6 psec spill period, the SLAC elg¢ctron
beam hit the BeCu target for 5 psec every 350 psec. There was thus a
spatial separation of unlike same momentum particies a few meters doun-
stream from the collimation point at F1. Two rf separators were located
in this beamline dounstream of F1 to make use of this spatial to remove
unwanted particles from the beam. In this experiment the second rf
separator’s y electric field (2856 MHz) was +tuned to be at a minimum
when pions passed through the rf cavity, and at a maximum when kaons
passed through this same cavity. Unwanted pions were thus swep from
the beamline. Only the second rf separator uas reeded in this experi-
ment since at 1) BeVse e's,m’s, and p’s were awll 180 degrees out of
phase with beam kaons, Thus this one rf separator removed most unwanted
particles from this beam. The wsK contamination was measured in this
experiment to be ~1/40, and the psK contamination was “1/550. These two
ratios Were monitored carefully thoughout this experiment.

The third focus of this beam transpert system was a dispersive
focus (F3). Located at this focus was an array of six overlapping scin-
tillation couniers (P-hcdoscope). These scintiltation counters formed
eleven .64 cm wide vertical bins, uhich were used to measure the momen-
tum of the ingcident beam particles. Using this scintiltation array, the
momentum of these incident beam particles could be measured to an accu-

racy of _25 %.



The final focus of our beam transport system, F4, was located a few
centimeters in front of the LASS 1liquid hydrogen target. Final kaon
identification of our beam particles was furnished by two Lerenkov coun-
ters, Cn and ¢K. The first counter, Cn, was five meters long., and was
filled with hydrogen gas at a pressure of 25 psig. This gas and pres-
sure was shesen so that 11 Gev pions emitted light in the Cerenkov coun-
ter, but protons and pions did not. The second Cerenkov counier, €K,
uas one meter long, and uwas filled with €0, to a pressure of 55 psig.
This pressure and gas were chosen so that 11 GeV/c kaons and pions emit-
ted light in this counter, but profens did not. The output of these two
Cerenkov caunters were thus used to define gions (Cn.CK),protans
(Cr.CK), and kaons (Cw.CK)} in this experiment.

The final position and direction of kaons entering the target were
measured by a scintillation counter hodoscope (8¢), an upstrean beam
PUC, and a dounstream beam PHC. The 8% hodoscope uwas positioned 13.7
meters upstream of the LASS liquid hydregen target. This hodoscepe con-
sisted of an array of 24 172”7 uide scintillation counters; tuelve placed
in a vertical plane. and tuwelve placed 1in a horizotal plane. An
upstream beam PWC was located approximately 215 cm upstream of the tar-
get. This chamber consisted of four planes of 64 proportional) wires
with 1.016 mm spacing. The first two planes gave X and Y readout, and
the second two planes were rotated * 45 degrees with respect to the x
axis to give E and P readout. One meter downstream of this PWC was the
dounstream PULC. This chamber consisted of #five planes of sixty four
proportional wires space 1.D16 mm apart. The {first two planes once

again gave X and Y readout, and the fifth plane was rotated * 45 degrees
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with respect to the vertical to give E readout. The second tWwe planes
were displaced .5 mm with respect to X and ¥ wires respectively giving
¥’ and Y’ readout. This offset served to halve the x and y position
resolution of this downstream PWC.

A large 4”x4” square scintillation counter (SE) in the beam prao-
vided beam timing information for both our trigger and TOF systems (see
figure 6). The XY and ring scintiftation counters located dounstream of

the beam PWC package were used in this experiment to provide double

rejection in the beam. The XY counter was 1 174 in diameter, ard was
segmentec¢ into four equal pie shaped pieces. Each separate segment was
equipped with is own individual phototube. Tuo large ring shaped coun-

ters (R,BR) completely surrounded the XY counter providing beam hatlo
rejection,

Table 1 rhows typical beam parameters during the data taking in
this experiment. fontrol of magnet currents was prefarmed by the Yard-
mux computer system. This sysiem controlled and monitored magnet cur-
rents to at least 1 2 on all beamline magnets during this experiment

(some magnets were monitored to .1 %).
€. Target
The LASS 1liquid hydrogen target wused in this experiment measured

81.4 cm in length and S.7 cm in diameter. The target cell consisted of

tuo long concentric mylar cylinders (see figure 7). A thin mylar head

capped the downstream end of the outer eylinder. The downstream end of
the inner tube was also capped by & mylar wincow. Liquid hydrogen uas
- 9280 -



TABLE 1
Besitine Running Conditians

K- Boam Momentum .........._ ........, e 11.0 Gevse
Momentum Bite ... ... . . it 2.5 % Funn
Primary ©° Beam Energy .......cccvruvureaas 20.5 Gev
Primary e" Beam Current ................ . 25 ma
K/ PUI SR .t ittt i itnacnaesaransenstinns =2.5
1270 A 2.5%
3 N 2%
spot Si2e (o) at F4

Horizonmal . ... .. . ... . . . ..t 5 om

Vertical ... ... ... . . it 5 mm
Angular Dispersion at F4 ©

dX/82 ... .. i feiar e .o 7.6 mrad FUHM

[ 2 7 A Y $.0 mrad FUHM

F. Winkelmann, SLAC Report No.160 (1973)
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continuously flowed through this target during this experiment. The
cryogenic system filling the liquid hydrogen target was of the condens-
ing type. In this system liquid hydrogen at near atmospheric pressure
Was in equilibrium with gaseous hydrogen. Thus & single temperature, or
pressure measurement determined the liquid bydrogen density. Our hydro-
gen density 1in this experiment was monitored by four vaper Pressurc
oulbs located at the entrance and exit to the target. and three res:-
stors located inside the target cell. The use of these monitors wWill be
deseribed in the normalization section. The hydrogen density Wwas kept
constant to ~V X throughout this experiment. Near the end of the data
taking in this experiment, a chemical analysis uas performed on the
liquid hydrogen in the cell. Ho notable DH gr D; contamination was

found.

D. Magnets

1. Solenoid Magnet

The superconducting solenoid used in this experiment was comprised
of four large separate superconducting coil assemblies. Each coil
assembly consisted of a large stainless steel vaccuum container with
supercanducting copper coils bathed in ligquid hydrogen at the center.
Six inch gaps wuere designed between these assemhlies for inserting the
solencid planar €D chambers, as well as the proportional piug chambers.
flux return iron was Jocated on the outside of each coil assembly, and

an iron flux return plate was situated at the upstream face of the
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solenoid. A circular holfe in the center of this iron plate allowed the
insertion of the LASS 1liquid hydrogen target into the solenoid. In
sddition an iron flux return ring was located at the dounstream end of
the solenoid. These flux returns served to make the solenocid field uni-
form, as uwell as reducing the magnetic flux outside the magnet. Buring
this experiment 1600 Amps were run through the superconducting coils
providing a nearly uniform 22.4 kilogauss 2z magnetic field over the 465

centimeter long, and 185 centimeter diameter solenoid interior.

2. Mipole Magnet

The dipole magnet used in this experiment was a conventional water
cooled magnet with a maximum magnetic field of 16 kilogauss in the ver-
tical direction. During this experiment the dipole was run at a current
of 7050 Amps providing this maximum field strength. The uniform field
region in this dipole measured 2 meters in x, 2.4 meters in z, and it
gap height was 1 meter. The maximum integrated field strength of this
ragnet was 30 kilogauss-meters, and typically a warticle needed at least
1.5 Gevsc forward momentum in order to cross this magnet without being

swept into its sides.
E. Cylindrical Spark Chambers
A diagram of the cylindrical spark chambers is shown 1in figure 8.

The cylindrical! spark chambers consisted of ten separate cy!indrical

spark chamber gaps surrounding the LASS liquid hydrogen target. The
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gaps had cylindrica)l axis nearly identical to the cyliindrical axis of
the target. The chambers had an mctive area of 30 cm in length., and the
radius of these ten gaps is given ip table 2. Two distinct tvpés of
gaps alternately made up these ten gaps.

The first type of gap consisted of a tow voltage inner ¢ylinder of
left slanting wires (left screw sense), and a high voltage outer cylin-
der of right slanting wires (right screw sensge). Both left and right
slanting cylindrical uires made a stereo angle of 8 (tan® =1-10) with
the z direction. Readout of hoth the high and low voltage wires gave
measurements of -.zimuthal ($) angles, and 2z positions of intersecting
tracks. The gap spacing between the high and low voltage wires was
1 em. Mire spacing in the first four gaps of this type was 2 mm, while
the fitth gap had a wire spacing of 4mm.

The second type of spark chamber gap consisted of a high voltage
inner cylinder of slanting wires, and a low voltage outer cylinder of

straight wires. The lou voltage wires made a zero Stereo angle with the

z directiaon. Only lod voltage readout existed in these gaps, a~d thus
only # angies were measured for intersecting tracks. The gap spacing
between high and louw voltage wires was 1 cm. Hire spacing in the first

four gaps of this type was 2 mm, while the fifth gap had a wire spacing

of 4 mm.

The gas used in the cylindrical spark chambers was a mixture of 90%
neon and 10¥% helium bubhled through a -10°C ethyl alcohol bath. The
high voltage pulse, triggered by the LASS fast logic, in these chambers
Was a “4 Kvolt pulse ~300 nsec long. The cylindrical gaps were each

equipped with a pulsed clearing field of 250 Volts, and a OC clearing
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TABLE 2

Cylindrical Spark thamber Radii,
Efficiencies, and Resolutions

Typical Spacial
Radius Tracking Resolution
Gap Efficiency (Sigmas)
(em) ) {cm)
cYr 1 phi 10.688 91.0 .095
F4 .80
tYL 2 phi 12.708 96.0 .099
tYL 3 phi 15.748 92.4 057
z .74
cyL 4 phi 17.788 93.3 . 169
cYyr 5 phi 20,828 93.0 . 061
2 .71
CYL 6 phi 22.868 23.9 124
cYL 7 phi 30.988 85.6 . 133
z .71
cYL 8 phi 32.012 86.5 . 130
LYL 9 phi 56. 388 70.0 174
F4 1.50
cYL 10 phi 57.412 73.9 .25
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field of 40 Volts. During data taking in this experiment a deadtime of
20 mcec was imposed betuween triggered events in order to allouw the spec-
trometer’s spark chambers to recover to full efficiency betueen firings.
Shown in table 2 are the typical! plane efficiencies, and typical plane
resolutions (sigmas) for the cylindrical spark chambers.

The readout system for these chambers was of the capacitor diode
type. In this system each wire had an 1ndividual discriminator. Each
discriminator output was attached directly to an eight bit shift regis-
ter. Hhen the spark chamber was fired the hit wires set their assecci-
ated bits in these registers. A controller serially read and coded the
data in these shift registers. The coded data was then transiered to
the data acquisition system.

A more detailed description of the cylindrical spark chambers is

given in reference 8.

F. Capacitative Diode Spark Chambers

Located in the three 67 slots between the solencid coil assemblies
Were three full covarage capacitor-diode readout spark chambers. In
addition to these ihree spark chambers, two additional CD readovt spark
chambers were located in the tuwixt region. AIl {ive spark chambers
(cBY-5) were identical in yeometry, and shared the same readout system.

Each ¢D spark chambers consisted of tuwo spark chambers gaps. The
first gap was formed by a high voltage uwire cloth plane giving X read-
out, and a !oW voltage wire cloth plane giving ¥ readout. The second

spark chambher pap consisten of two wWire clath planes wWwith readeut wires
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inclined * 30 degrees with respect to the vertical. The high voltage
plane gave P readout while the !ow voltage plane gave E readout. The
wire cloth mesh used in the censtruction of these CD chamber gaps had a
wire spacing of 907 mm. The gap spacing in each of these spark chamber
gaps measuted .95 cm. These chambers had an active area of approxi-
mately * B0 em in the horizontal direction, &nd % 80 cm in the vertical
direction. Pue to high instantaneocus beam flux rates 1in this experi-
ment, and the poor timing resolution of spark chambers, it was necessary
to deaden the beam area in each of these five spark chambers. This uas
done by placing a 21.6 cm diameter circular styrofoam plug in the center
of each spark chamber gap.

The gas used 1in the CD spark chambers was e mixture of 90X neon,
10% helium, and .5% ethyl alcohal. The high voltage pulse, triggered by
the LASS f{fast legic, 1in these chamber gaps consisted of an  “4 Kvolt
pulse 400 npsec in duration. Each spark chamber gap was equipped with a
pulsed clearing field of 80 Volts, and a DC clearing field of 20 Volts.
The experiment was also run with a deadtime aof 20 msec betueen events to
allow the spectrometer’s spark chambers to recover to {full efiiciency
between events,

Each of these five CD readout spark chambers shared the same read-
out system. In these chambers each wire was connected to an individuat
capacitor diede circuit. When the spark chambers were fired a hit wire
then charged its associated capacitor. A controller then serially scan-
ned each capacitor diode circuit in these chambers, coded the hit wire

positiuns, and passed the information on to the data acquisition system.
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Shown in table 3 are typical plane efficiencies, and typical plane

resolutions (sigmas} for the CD spark chambers during this experiment.

6. Proportional Wire Chambers

The proportional wire chambers were the major track {inding and
fitting tool in the solenoid region of this spectrometer. Because of
high instantaneous flux rates in this experiment, out of time tracks
were gften seen in tte spark chamber systems. Since the praportional
devices had much better time resolution than the spark chamhers, PUt
hits were reguired on all solenoid tracks used in this analysis. The
PUC’s also were very efficient chambers with good positional reseclution.
In the twixt and douwnstream regions the PUC’s alsp played a major role
in providing pesitional, and timing information,

All proporticnal chambers in LASS shared the same readout system.
A typical proportional chamber plane consisted of etched mylar cathodes
at high negative voltage positioned on both sides of a wire readout
plane at ground voltage. The only exceptions to this typical chamber
were the four cathode readout chambers (TA.TB,TC, and JHxy) which will
ba described later. The propertional wires in these chambers were all
20p gold plated tungsten wires uwith * » exception of the John Hopkins”
chambers which had 50p wires. In the next feuw subsections a brief geo-

metrical description will be given of each proportional device in the

LASS spectrometer.
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TABLE 3

Capacitative Diode Spark Chamber
Efficiencies, mnd Resolutions

Tynical Typical
Tracking Resolution
Efficiency (sigma)
Plane [§9] {em)
D 1 X 91.7 115
Y 96.2 113
E 94,4 .130
P 72.5 .108
th 2 X 84.8 .100
Y 92.0 .090
E 9.2 114
P 88.7 .100
tD 3 X 89.2 .094
Y 94.1 .090
E 92.7 .094
P 79.0 .084
D 4 X 85.7 . 152
Y 90.2 .099Q
E 61.8 . 132
P 49,3 . 151
b5 X 82.5 .10
Y 95.7 .104
[3 92.4 .182
P 84.4 g7
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1. Beam Chambers

The beam chamber geometrv was discussed in the beam section of this
chapter, and Wwill nat be repeated here. Both the wupstream and douwn-
stream PHC's ran at a voltage of ~4.2 KVolts during this experiment. The
gas flowed continuously through these chambers consisted of a mixture of

76% argon, 20% iscobutane, .25% freon, and 4% methylal.

2. Cylindrigal Chamber

The cylindrical PHC consisted of 160 proportional wires arranged
cylindricaily about the LASS liquid hydrogen target. The chamber had an
active area of 98 nm in length, and the radius of the cylindrical cham-
ber measured 5.188 cm. The wires in this cylinder formed a zero stereo
angle with the 2z direction and thus provided azimuthal readout. The
wire spacing in this chamber was 2.037 mm, and the uire to cathode gap
spacing was 4.71 mm. The e¢ylindrical PWC ran at a voltage of ~ 2.9
Kvolts during this experiment,and a mixture of 714 argon, 25% iscbutane,

and .25% freon formed the proportional gas used in this chamber.

3. Plug chambers

The five prapartional plug chambers (PLUGI-5) in the LASS spectrom-
eter uwere designed to cover the 8.5” diameter styrofoam plug in each of
the five CB readout chambers described previously, In this experiment

plug chambers 1-3 were mounted on CD chambers 1-3 respectively. In the
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tuixt region PLUG4 was positioned directly in front of MS?T, and PLUGS
was mounted directly on C05. These chambers furnished in-time high
resoiution measurements of very forward interaction particles.

rach plug chamber consisted of three planes with 256 proportiocnal
Wires in each plane. The wires in these planes Were spaced 016 mm
apart, and the wire to cathode gap spacings measured 4.064 mm. The
first two planes in each chamber gave X and Y readout., while the third
plane was rotated 35 degrees with respect to the vertical in order to
give E readout. The active area of each plane of wires was limited only
by the number of wires in one direction, but was limited to % 14 cm by
an etched mylar cathode plane in the other direction (see figure %), The
propartional gas used in these plug chambers was a mixture of 76% argon,
20% isobutane,.25% freon, and 4% methylal. The typical standard operat-

ing veltage for the plug chambers was 4.2 KVoltis.

4. Full Bore Proportional Chambers

Three full bare proportional chambers (1.5,2.5,3.52 were mounted
inside the solenoid magnet, halfuay between each 6 solenoid £D chamber
gap. Each chamber consisted of three planes with 256 proportional wires
in each plane. The wuires in these planes were spaced 2.032 mm apart,
and the Wire to cathode pap spacings measured 4.064 mm. The first two
planes in each chamber gave ¥ and Y readout, while the third plane was
rotated 45 degrees with respect to the vertical to give € readout, The
active area of these propertional chambers formed a nearly perfect octa-

gon (see figure 8). The x and y dimensions af this octagon were
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t 64 cm. The proporticns) aas flowed through these chambers during this
experiment was a mixture of 66% argon, 30X isocbutane, .25% freon, and 4%

methylal, The chambers were typically run at a voltage of ~3.0 Kvalts,

5. Trigger Chambers

Three cathode readout proportional chambers (TA,TH,7C) were posi-
tioned just upstream of 1.5,2.5, and 3.5 respectively. Each of these
chambers consisted of a single plane of wires, where adjacent wires were
spaced 4.064 mm apart. The wire to cathode gap spacing in each chamher
Mas 4.064 mm. These high voltage wires were not read out. Instead of
reading out the wires, an etched cathode whose dimensions are shown in
figure 9 was read out to give radial and azimuthal coeordinates. The
coordinates from the trigger chambers were used only for track corrobo-
ration in this experiment, and were not used for track fitting.

The proportional gas flowed through these chambers was a mixture of
64% argon, 30% ischutane, and 6% methylal. The chambers were run at a

typical voltage of ~2.3 Kvelts during the data taking in this experi-

ment.
6. JHuy

The oproporticnal chamber JHxy (built at Joeln Hopkins u.) was
located in the twixt region just upstream of PLUGS and CD5. This cham-

ber had Y coordinate readout on one of the twc cathode planes, as uel)

as X readout on the normal proportional wire piane.
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The X readout wire plane in this chamber consisted of 512 propor-
tiocnal! wires spaced 4.233 mm apart. The wire to cathode g9ap spacing in
this chamber was 6.35 mm. The Y readout cathode in this chamber can-
sisted of tuo sets of sixty four 2.54 cm x 100 cm fingers etched in the
mylar cathode. The first set of these fingers were etched in horizontal
rows along the left hand side of the chamber, and the other sixty four
were etched in horizontal rous along the right hand side of the chamber.
The active area of this chamber measured * 37.5 cm in the vertical
direction, and ¢ 100 cm in the horizontal direction.

The proportional gas flowed through this chamber during the data
taking was a mixture of 830% argon and 20% isobutane. This gas mixture
uas also flowed through JHup and JHdown which are described in the next

subsection. All three chambers [(JHxy,JHup,.)Hdown) typically ran at vel-

tages near 3.7 Kvolts.

7. JHup,JHdaun

During this experiment, JHup was located in the tuixt region just
downstream of the TOF scintillation hodoscope. The JHdown chamber uas
located in the dounstream region just covering the exit of the dipole
magnet. Each chamber consisted of a single plane of 512 proportional
Wwires with 4.233 mm wire spacings. This single plane of Wires gave X
readout, and the wire to cathode gap spacing in these chambers measured
6.35mm. Both JHup and JHdown hed an amctive area in the harizontal
direction of ¢ 100 cm. The JHup chamber had an active area of ¢ 287.5 cm

in the vertical direction, uhiie the JHdown chamber had an attive grea
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of + 60.0 ¢m in the vertical direction. These chambers were used during
this experiment to - supply good timing information, as well as x posi-

tions of particles crossing the dipole magnet.

8. PUC Readout

All proportional wire chambers were serviced by the same readout
system. Each proportional wire Was equipped with an amplifier, a dis-
criminator, and the gquivalent of a 32 bit shift register. A propor-
tional pulse on a given wire was amplified, discriminated. and dumped
onto the shift register which was continuously strobed by a 40 Fhez
clock. A given shift register then carried the past history of the given
proportional Wire 1in 25 nsecond slots for the 1last 800 nanoseconds.
Uhen an event took place the strobing of the shift registers was stop-
ped. and a controller serially read, and coded the data in these shift
registers. At the cedeing stage, the controller reduced the number of
stored time slots from 32 to &8 for each hit wire. The appropriate time
slots for the given trigger were kept so that this reductien caused no
loss of information. and a great deal of event storage space was saved.
The controller then transfered the coded PKC data to the data acquisi-
tion system.

Proportional chamber planes 1.5X and 1.5Y not only served the stan-
dard role gf track coordinate measurement, but uere also incorporated
into the main trigger of this experiment. Besides being clocked into
shift registers, the discriminator pulses for all qires in the 1.5X and

1.5Y planes uere fed jnto a cluster iggic box, This cluster logic box
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first combined the signals from adjacent hit wires into a single local
logical signal. The reculting signals were then OR'd by this loaic tox
to form a multiplicity signal (J1.5x>f or §1.5v>1). Signals within 1.6
cm of the beam Were not included in this OR process. The resulting sig-
nal thus indicated wuWhether two or more pariicles. outside of the beam
region, had hit the 1.5 chamber. This logical . .'tiplicity signal was
then sent by a fast ccaxial cable to the fast logic, where it was used
1n forming this experiment’s main trigger. For a more complete descrip-
tion of this PWC cluster logic system see reference 9,

Typical plane tracking efficiencies, and plane resolutions (sigmas)
are given in table 4 Jor the LASS proportional wire chambers. More

detailed information on the LASS proportional chambers can be found in

references 10.

H. Magnetostrictive Spark Chambers

1. MSIT and MS2T

Located in the tuixt region just dounstream of JHup uere tuo large
magnetosrtrictive readout spark chambers; MSI1T and MS2T7. These twe large
chambers were both identical in geometry.

Each spack chamber had two spark chamber gaps. The first gap con-
sisted of tuo wire cloth planes spaced .95 c¢m apart giving X and Y read-
out. The second gap consisted of tuo wire rloth planes with their wires
rotated t 25 degrees Wwith respect to the vertical to give E and P read

out. The planes in this second gap were spaged .95 cm apart. The wire
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TABLE 4

Praportional Wire Chamber
Efficiencies, and Resolutiaons

Tvpical Spacial
Tracking Resolution
Plane Efficiency (Sigma)
BEAM UP X 99.5 .039
¥ 99.8 .04
3 J8.9 .053
P 99.3 .058
BEAM DMWN X 98.7 .059
Y 99.2 .052
X 9a.3 .058
¥ 99.8 .044
E 99.7 .D40
CYL PUWC 98.2 .GE3
PLUG 1 X 90.3 L0276
Y 92.2 L0278
E 94.1 L0278
PLUG 2 X 94.6 .0276
Y 93.1 .BI7e
E 3.0 L0276
PLUG 3 X 95.2 0276
Y 95.0 .0276
E @z. 1 .0276
PLUG 4 X 95.0 .04)
Y 36.8 .056
E “2.3 .051
PLUG 5 X 94.6 .036
¥ 93.6 .042
E gz.9 .042
1.5 X 95.9 . 0552
Y 95.6 .0552
E 95.5 .0552
2.5 X 85.1 .0552
Y 93.7 .0552
E £ 8 .0552
3.5 X 88.8 .0552
A 87.6 .0552
E 91.0 .0552
TA 98.1 -
LL:] 97.5 -
TC 90.9 -
JH XY X 98.2 .314
Y 84.2 .259
JH up X 98,2 . 800
JH dun X g92.2 .248
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clath used to make up these 1ire planes hLad a Wwire spacing of ~.907 mm.
The active area of these MS tuixt chambers measured * 200 em in the hor-
izontal direction, and % 100 cm in the vertical direction. Circular
styrofoam plugs 37 in diameler were placed in the center of each gap toa
deaden the beam region.

The residual solenoid end dipole fields were strang enough, in the
twixt region, to alter the magnetization of magnetostrictive uires. Te
counteract this effect, each magnetostrictive wand was wound with a Wire
coil. A current of several amps was pulsed through these coils in-time
With the beam in order to set up a biasing magnetic field along each MS
wire. This alloked normal magnetostrictive readout af these wands.

The gas used in these chambers uas a mixture of 90% neon and 104
helium. The high voltage pulse in these chambers, triggered by the LASS
fast logic, was a 7-8 Kvalt pulse of approximately 400 psec duration.
These chambers were also aquipped with a pulsed 100 Volt clearing field,
and a OC clearing field of 50 Volts. The 20 msec deadtime betueen trig-
gered events proved to be ample time for these chambers to recover to

full efficiency between firings,

2. Ms1D-M54D

Track measurement in the downsiream region was performed by one PHE
(JHdoun), and the four MS readout spark chambers (MS1D~MS4D}. The faur
dounstream MS chambers were all iocentical in geometry 11,

tach spark chamber had tuwo spark chamber gaps. The first gap gave

X and Y readout, while the second gap gave E and P readout Wwith wires
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rotated * 30 deogrees with respect to the vertical. The planes in these
gaps were spaced .95 cm apart, and the wire cloth used in constructing
these planes had a wire spacing of .907 mm. The active area of these MS
downstream chambers measured * 150 ¢m in the horizontal direction, and
+ 75 em in the vertical direction, Cireular styrofoam plugs 6” in diam-
eter were placed 1in the center of each gap to deaden the beam region.
Each chamber’s center position was displaced in the x direction in order
to have beam particles travel through the center of these circular
plugs.

The gas used in these chambers was & mixture of 30X neon and 10X
helium. The high voltage pulse in these chambers, triggered by the LASS
fast logic, was a 7-8 Kvolt pulse of approximately 400 nsec duration.
These chambers uwere equipped with a 100 Voit pulsed clearing field, and
& 50 Volt DC clearing +Field. The 20 msec deadtime bhetueen triaggered
events Was plenty of time for these chambers to retrun to full efficency
betuwzen firings.

The readeut system for all MS chambers was the same. Magnetostric-
tive pulses from the wands were discriminated, and then shaped in zero
cross distriminators. These discriminated puises wuwere then fed into
ANNA modules 12, which digitized and coded these signals. The resulting
data was then sent to the data acquisition systen.

Show in table 5 are typical plane tracking efficiencies and typical

plane resolutions (sigmas) for the MS spark chambers.
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TABLE &

M: saetostrictive Spark Chamber

Efficiencies,

and Resolutions

B e,

x
3,

A

5

o A

Typical Spacial
Tracking Resolution

Plane Efficiency {sigma)
(%) (cm)
MS1T X 90.4 101
Y 91.2 .081
E 99.8 .097
P 89.4 .087
MS2T X 90.8 . 089
Y 91.2 .091
£ 92.4 .094
P 92.7 .92
MS1D X 95.6 .082
Y 97.6 .053
E 96.5 .N76
4 97.4 058
MS2D X 95.6 .065
Y 95.4 123
£ 07.7 077
P 97.5 064
M53D X 95.7 057
Y 97.5 064
E 98.0 067
P 97.2 061
M54D X 97.1 054
Y 9s. 1 051
£ 97.2 .063
P 91.8 , 148
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1. Scintillation Counters

Located just ip front of the LASS eight celled Cerenkov caunter,
£2, were two large scintillation hodoscopes; HA and HB. The HA and KB
hodoscopes are shoun schematically in figure 10. tThe HA hodoscope con-
sisted of an upper and lower rou of 87x33” scintillation paddle coun-
ters. Each rouw contained tuenty counters, and in the very center of the
array tuo 4"x33” scintittation countern were placed in order to form a
4x4” hole in the hodoscope. The WB hodoscope consisted ol an upper and
lover rou with 38 scintillation paddlie counters in ears row. These
counters measured 47-67x337, and were arranged as is shaun in figure 10,
The center counters Were once aguin displaced upward and dounsard te
form a 4”x4” hale in the center of this array. 8oth the HA and HB hodo-
scopes center positions were offseti in the x direction so that the 11
GeV/¢ K- beam passed directly through these 4“x4” holes.

The HA and HB hodoscopes uere used both for forming secondary trig-
gers., and for time and position corroboration uf particles passing
thraugh the dipole. For iriggering purposes, al) HA and HB counter pho-
totube signals wer: discriminated, and OR’d together {o form a fast
lagic signal. for tracking purposes the signais from the HA and HB des-
criminators uere {ed into event latched buffer strebe madules. The data
uwas transferred by a CAMAC system from ihese modules dinto the data
acquisition system when an event trigger took place.

Covering the 4”x4” hole in ihe HA and HP hodoscopes was an 8.84 em
radius circular lollipop scintillatiorn counter, LP3. This counter wWas

used in anticoincidence uith our main YO trigger ip order to prevent
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delta rays from tiriggering the spectrometer. The output from the LP3

phototube was also discriminated, and fed into an event latched buffer

strobe module,

J. Particle Identification Systiems

Three particle identification systems were present in the LASS
spectrometer. These tonsisted of 1) a 38 celled atmospheric partitioned
threshold terenkov counter €1 '3, 2) % 24 scintillation counter TOF
array 'Y, and 3) an eight celled nonpartitioned pressurized differentia!l
Cerenkov counter €2 '5. None of these systems were used for particle
identification in the analysis of the K'p » K™1n*n tuwo prong physics pre-
sented in this paper. Simple multiplicity, charge conservation, and
missing mass cuts sufficed to isolate this two prong channel from aimost
all background reactions {see Chapter ¥l sectian B). The tuo Cerenkov
counters Will not be discussed here then. Since the 24 TOF scintillation
counters were used, along with the four associated zuad scintillation
counters, in the main trigger of this experiment, they will be described
in this section.

Shoun in figure 11 is a diagram of the TOF hodoscope. This scin~
titlation hedascope was maunted on the dounstream face of C1. The
external radius of this nearly circular array was 290 cm. The internal
radius of the 24 outer TOF counters measured 30.5 cm. Filling in the
30.5 ¢m hote in this YOF array were four quad scintillation counters.
The inner radius of these four counters was 7.6 ocm. Due to the rela-

tively large residual magnetic fields at the TOF counters, each
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counter’s phototube was equipped with a bucking coil, and magnetic
shielding. The bucking coil current was chosen to give the maximum
counter efficiency.

signals from all 28 counters were discriminated, and then logically
OR‘d in the fast laogic. The resulting signal uwas used in the main trig-
ger. piscriminated pulses were also sent from all 28 counters into
event Jatched buffer strobe units. For particle identification pur-
poses, the signals from the 24 TDF counter were also sent to analog to
digital converter (ADC’S)} wunits. and time to digital converter (TDC’S}
units. When an event trigger took place the CAMAC system once again
transfered the data from the buffer strobe, ADC, and TDC units to the

data acquisition system.
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chapter II1

TRIGGERING AND DATA COLLECTION
A. Fast Logic and Electronics

1. Beam Logic

The purpose of the beam logic 1in this experiment was simply to
identify, and select incoming beam particles. Shown in figure 12 js a
logic diagram of the LASS beam Jlagic. An incoming beam particle was
basically defined electronically by a coincidence betueen the SE scin-
tillation counter, and any one of the four XY scintillation counters.
This coincidence was formed by first shaping and discriminating the pho-
totube signals from the four XY counters into 32 nsec long logical
pulses. These pulses were then OR’d together to give a logical EXY21
output signal. As was meantioned in the beam section, SE defined the
beam logic timing. The discriminated pulse f{rom SE was thus made very
narrou (* 8 nsec) by clipping the phototube output signal. The logical
SE and ¥XY!1 pulses were tnen AND’d together to define the logical beam
particle signal.

Two vetc signals were AND’d with this SE'EXYZ1 signal in order to
excliyde two types of unuanted beam triggers. The EXYZZ veto effeu~-
tively discarded beam triggers with tuc particles passing through sepa-
32 nsec of each other. Tuo such in-time beam

rate Xy counters within
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particles uere not separable by the spectrometer harduare, and thus
would have Ted to confusion in event reconstruction. The JR21 veto
rejected beam particles that had a secondary beam particle pass, thraugh
one of the ring counters, within 32 nsec of this beam particle. Such
secondary beam particles had a high probability of interacting with the
target jacket, and thus had to bhe rejected. The final! logical signal
defining @ beam particle (BEAM) was defined as SE¥xv21e§xv22e3R21.

In order to define what kind of particle the particular BEAM signal
represented, discriminated 2D nsec pulses from Cnr and LK were used.
Legical AND’s hetueen the BEAM signal, and these two Cerenkov couniers
signals thus formed the definition a kaon (BEAM®CKeTTu), a pien
{BEAMsCK*Cn), and a proton (BEAMeCK*CT! in the beam logic. Since this

uas a K-p experiment the logical signal BEAMTRIG was defined by the kaon

signal, BEAMeCKsCr.
2. Trigger lLogic

The trigger logic in this experiment served to select interesting
events for the spectirometer to trigger on. VYarious logical irigger sig-
nals were used to study the spectrameter during the setup of this exper-
iment. During the main data taking anly four event triggers
(T0,T2,73,79) were employed.

The main trigger (70) in this experiment was designed to trigger on
practically the entire K'p inelastic cross section, This uWas accom—
plished by triggering on any Kp interaction with two or more charged

particles downstream of the LASS ligquid hycrogen target. Shown in
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figure 13 is a logic diagram of the T0 trigger. The first requirement
in this T0 trigger was that the beam particle should satisfy the beam
logic requirements. The multiplicity requirements, on this trigger,
were imposed by requiring one or more interaction particles to pass
through the quad-TOF scintillation hodoscope, as well as two or mare
particles passing outside a 3.2 centimeter sguare hale in the 1.5 Puc
(For a discussion on the gluster logic see Chapt 1I section 6). The 3.2
centimeter hole requirement greatly supressed undanted elastic triggers.
The LP3 counter signal was alse included in this trigger ta veto
unwanted triggers caused by delta rays kicked cut by non-interacting
beam particles. The final 10 ¢rigger Has then defined is
BEAMTRIG*(31.5%X22 OR J1.5v22)¢FTOF21+LP3.

During this experiment, the three ather event trigger typecs were
written to magnetic tape interspersed with the TO trigger events.

The elactic trigger (T2} in this experiment was defined as
BEAMTRIGZHA2 1e3HB2 . »(IHA OR JHB22)¢¥T0F21. This trigger required one,
and only one particle to have passed through the HA-HB scintillation
hodoscope. Elastic triggers were mainly taken n order to later study
track finding 1in the spectromeier with very simple highly constrained
events. The BEAM signal frem the beam logic was used as the T3 trigge-
in this experiment. This trigger provided an unbiased sample of the
beam phase space throughout the experiment. This unbiased sample uwas
used primarily in throwing the correct beam phase space in the Monte
tarlo, as Will be discussed later. The fourth trigger (T4) was defined
85 BEAMTRIG®JHA22+JKB22+3V0F21. This trigger was used to seleci three

pion decays of beam kaons. These three bady decay tau events uwere used
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later in the anslysis of this data to study the momentum resolution of

the dipole, as well! as calibrat’ the P-hodoscope measurement of the

beam momentum.

3. Bating Logic

The gating logic in this experiment controlied the triggering of
the LASS spectrometer. and initiated the read-in of events into the data
acquisition system, These decisions were based on computer readiness as
well as on trigger lagic signals. Shown in figure 14 1is a diagram of
the LASS spectrometer’s gating logic. Three major logicai gates were
formed in this experiment; the rate gate, the run gate, and the event
qate. Each of these logical signals was created by a =eparate gate gen-
erator. The logical gate from each of these gate generators was initi-
ated by a B2NU signal 1in coincidence with variaus 1logical signal
requirements specific to the given gate. This B2NU signal arrived from
the main SLAC accelerator exactly 2.5 psec before each beam spill.

The rate oate was generated by starting the rate gate generator
using just the B2NU signal. The ouiput yate from this gate generator
was then stopped after the 1.6 psec beam spill. This rate gate was used
primari'y to control the rate gated scalers which Wwill be discussed
later.

The run gute was gencrated by starting the run gate generator using
a coincidence between the main accelerator B2ZNU signal, and a "“CPU OK”
signal. This “CPU OK” signal indicated that the data acquisition system

was in the run state. and thus in a data taking mode. This signal uas
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generated by pushing a series of toggle swkiiches on the main LASS con-
trol panel. The gate generator was once again stopped after the 1.6
psec beam spill was over. This run gate was primarily used to control
the run gated scalers which will be described later.

The most important of the three gating signals was the event gate.
Five requirements needed fo be met in the gate logic before starting the
event gate generator. First a BZNU signal had to be pregent, as Well as
a ”CPU OK” signal indicating the system was in a run state. The spark
chambers pulsed clearing fields had to have turned off since the last
event, and & 20 msec spark chamber deadtime had to have passed since the
last spark chamber trigger. Lastly the POPY¥1/20 computer, Which served
a5 the first read-in, and buffering device in the data acquisition ~:5-
tem, had to be ready to accept an event. Khen all these requirements
were met, the event gate generator was then started. The event genera-
tor was then stopped after the 1.6 usec beam spill, or when a triggering
event took place, which ever came first.

The event gate in coincidence with a logic pulse frem the trigger
logic seéved to trigger the spectrometer. This coincidence first gated
off the PYC readout system, and ~ 100 nsec later the spark chamber high
voltages were applied. This 100 nsec delay was present in order to pre-
vent noise pickup from these spark chambters during PHC read-in. The
various econtrol boxes and CAMAC systems for the spectroneter thea trans-
fered the data into the PDP11,/20 computer by direct memory access (DMA}
transfer. When the POP11/20 completed the read-in eycle an “1{-0K* sig-
nal was then sent back to the gating logic clearing the way for another

event to trigger the spectrometer.
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During data taking every TO trigger in coincidence with an event
gate triggered this specirometer, and thus was written to magnetic tape.
The percentage of each type of secondary trigger, in coincidence with an
event gate, which triggered the spectrometer was controlled by trigger
rate equalizers on each of the secondary triggers. Typically the ratio
¢f evenis seen in coincidence with an event gate, and the events written
to tape fur the aotber three types of triggers was; 1740 for T2’s. 1/1000
for T3’s, and 1,5 for T4’s. The percentage of each type of trigger
uritten to tape f{for each type of event trigjer for a typical run was;
95.5% T0‘s, 2.8% 12’5, 1,2% T3°s and 6.0 T4's. These percentages do
not add up to 100X sipce a given event could satisfy more than one trig-

ger type.

4. Scalers

Three types of scalers were used in this experiment corresponding
to the three 1types of Togical gates discussed in the last section.
These scalers kept count of relevant signals (SE,BEAM,TJ,etc.) which
took place during a given logical yate.

The rate gated, and run gated scalers were used to keep track of
such absolute quantities as kaon/pulse.SEs/pulse, and IXYspulse. These
scalers were alse used in beam steering and centering. Using a combina-
tion of the run gated and event gated scalers, it was also possibfe %o
monitor the absolute deadtime during this experiment. This deadtime was
caused by a combination of spark chamber deadtime.'fnd buffer backups in

the PDP11,20 comy .cer. The rate yated scalers counted scaler quantities
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independent of the run state of the data acquisition system, and thus
praovidad a convenient way of observing scalers without altering the run
state of the system.

The event opated scalers wuwere the mest important scalers in this
experiment. These scalers quantities werz used in the analysis of this
experiment in normalizalion calculation. The shutoff of the event gate
after an event trigger had taken place uwas kept very tight in order to
stop counts in these scalers after this spectrometer trigger. Scalers
in this experiment uwere zeroed a% the end of each data run (~ one hour

of running, or one tape uworth of data),

5. CAMAC

The readout systems of the PWC, MS spark chambers, C0 spark cham-
bers, and cylindrical spark chambers were all discussed briefly in the
tast chapter. The readout of all other harduare was managed by the LASS
CAMAC system. All scintillation counter signals: scalers, and digital
volt meter readings were thus fed inta modules in several CAMAC crates.
When an event took place the CAMAC branch contreller transfered this
data to the PDP11/20 computer. Two separate CAMAL branches were used
during this experiment.

The first branch contained modules which needed to be read each
event. The modules in these crate consisted of various TDC, ADC, and
buffer strobe modules. The enly modules ii, this CAMAC branch used in
this analysis were the buffer strobe modules. All relevant discrimi-

nated scintillation counter puises were fed into these buffer strobe
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modules. The event gate latched these buffer strobe modules when an
event took place, and the data was then read inte the PDP11/20 by the
CAMAC crate cantroller.

The second CAMAC branch consisted of modules which were read inlin
the PDP11/20 every 256 events, and then written onto magnet tape. The
initiation of this read was carried out by the PDP11/20 computer itself.
The modules in these crates consisted af all the run and rate gated
scaler modutes, as well as digital voll meter (DVM) madules. The DVM
modules stored the measured vo!tage on each of the ikSS phototubes for
later reference.

As Welil a5 heing read into the PDP11/20 comnuter, scaler quantit.es
and OVM readings could he displaved independently on display wunits in
the LASS control room '€, Relevant scaler yuantities uwere thus monitored

throughout the experiment,

B, Data Acquisition System

The main pyrpose of the LASS data asquistion system was bhoth to
store events on high density magnetic tape, and to allow monitoring of
the LASS harduare systems during this experiment. The LASS data acqui-
sition system uas designed for high data rates (~50 eventsssec). When
an event trigger had taken place. data was transfered from all the hard-
ware controlliers by direct memory access transfer into the LASS PDP11/20
compuier 7, The POP11/20 then condensed and buffered this data. The
buffered data was then transfered ta high density magnetic tape using

one of tuo systems. These two data transfer and analyvsis systems are

discussed Delow.
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1. Triplex Computer System

Most of the data stored on tape during this experiment was first
tranferred from the POP-131-20 computer to the SLAC triplex computer sys-
tem. The SLAC triplex computer system consisted of two IBM370-/168 com-
puters, and one IBM370/9! computer, &ll three interconnected. In the
transfer process: buffered data was first transferred from the PDP11/20
computer to an IBM SYSTEM7 computer. The SYSTEM7 computer served to
reformat the PODP11 data in order to make it compatadle with the l8m
computers. The reformatted data was then transfered via a 2500 ft coax-
ial cable from the LASS contro! room to one of the two I1BM370/168 compu-
ters. Only the 168 computers could be used for data acquisition. Showun
in figure 15 is a schematic of the physical layout of this data acquisi-
tion system.

A real-time program called REALTIME controlled the management of

these transfered data buffers in the 1BM370-/168 computer '8 Shown in
figure 16 1is a schematic diagram of this REALTIME netuwork. Separate
tasks wiihin this netuwork were given different priorities. The highest

priority of this program was te urite each incoming data butfer to high
density (6250 BPI) magnetic tape using one of the peripheral SLAC tri-
plex tape drives. The size of the final buffer written to tape for a
typical eveni was approximately 1400 32-bit IBM words 1leng. All other
tasks within this program uere used to monitor the LASS harduare inter-
actively. The analysis task analysed = § ¥ of the incoming data events
through a sophisticated analysis program. This program was identical to

the event reconstruction program which is described in the next chapter.
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This analysis program did track finding, calculated tracking efficien~
ties, ond generally manpalysised quantities used in monitoring the LASS
harduare.

Using the I1BM2250 graphics terminal in the LASS control room exper-
imenters could intersct with this REALTIME network. Efficiencies, resi-
duals, and wire hits could be displayed for any device in the LASS spec-
trometer. Histograms and pleots of interesting quantities could also be
defined and displayed interactively. At the end of each run { epproxi-
mately 1 tape of data) several hundred lines of efficiencies, and histo-
grams were routed from the 1BM370/168 through the 1BM1BND computer, and
printed out in the line printer in the LASS control room. This output

allowed the monitoring of the LASS hardware throughaout the data taking.

2. 18M1300

As a backup to the IBMI70/168 data acquisition system an IBM1800
computer and two low density (800 BPI? tape drives wu~re located in the
LASS control room. These tape drives and the 1300 computers were all
controlled by LASS physicists. When wusing this system buf{fered events
in the PDP11/20 uere transfered using OMA to the IBM1800. The 1800 then
wrote the event out to tape, and also processed the event through a very
simple monitoring program. At the end of several runs (several tapes
worth of data) histograms, and relevant numbers were printed out on the
lipe printer. This printout was the sole monitoring information availa-
bie when data was taken using the 18D0 system. TYhe total amecunt of data

stored using the 1800 computer during the data taking in *-is experiment
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amounted to ~ 3 % of the total number of events written to magnetic

tape.
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Chapter 1V

TRACK RECONSTRUCTION AND FITTING

Track reconstruction, and fitting refers te¢ the process of recon-
structing event topologies from the ran data events written to magnetic
tape. The endpoint of this process was a totally reconstructed event
consisting of momentum three vectors for the incident beam particle, a
fitted vertex, and the momentum three vectors and charge of each outgo-
ing interaction particle. Track reconstruction and fitting was per-
formed by the LASS FORTRAN track finding and fitting routines '?. These
FORTRAN routines are very complex and will only be discussed briefly in
the next few subsections. First a discussion of the coordinate and
track parameterizations used in this FORTRAN productior code wWill be
discussed.

The first step in this LASS production program uas the unpacking of
the raw data events from mapnetic tape, and the transformation of this
rad data into physical coordinates in the LASS spectrometer. The coor-
dinate system used, in this process and the all the LASS production
routines, MWas identical to the cartesian coordinate system discussed in
the foatnote on page 12. The origin of this cartesian coordinate system
was chosen arbitrarily to be a point at the upstream face of the sole-
neid magnet at the exact central axis of the soiznoid.

Once these physical coordinates had been calculated, track finding

and fitting routines were used te recenstruct event topelogies. Track
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finding and fitting was done in the three spectrometer regions (beam.
splenoid, and dipole) separately.

The beam region was @ magnetic field free region to & very good
approximation. Thus beam particles were assumed to travel in straight
tine trajectories 4rom the 6% hodoscope until +they interacted in the

liquid hydrogen target. Beam particles were parameterized geometrically

in this region as:

x = xo + {z—2p) dx/dz
I

Y = yg + (z—2,) dy/dz

Beam track finding and fitting routines thus determined x4,yo.dx/dz, and
dy/dz at a reference z position 2p. This information, combined With the
P-hodoscopes momentum measurement, gave the three momentum and position
of the incident beam particle.

Magnetic fields in both the twixt region and the downstream regicon
uere Wweak enough so that to a very good approximation energetic dipole
crassing particles traveled 1in straight 1line trajectories in these
regions. Thus tracks were fit geometrically to straight lines in the
tuwixt, and the dounstream regions. btpaie fracking information in this
experiment was used %o accurately measure the absolute momentum of
dipole crossing tracks. Position and angle measurements of these tracks
came from the sotenoid fitted tracks linked to these dipole crossing

tracks.
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The solenoid field, Bz, was highly uniform throughout the tracking
region of the solencid. Te a very good asoproximation charged particles
traveled in pertect helices through the solenoid. Solenoid tracks were

thus parameterized geometrically in the wuniform field region of the

solenoid as:

= %y + R cos( ¢y + (z—-2,) d¢/dz )

“
f

Iv.2

Yo + R sin{ ¢y + (2-z,) do/dz )

<
i

Bolencid track finding and fitting routines thus determined xo, vo. R,
désdz, and ¥ for each: track at a given reference 2z position zo . The

relationship of these guantities to the solenoid track’s momentum was

quite easily derived to be:

P,=1qB, Pr=qB,R
(__d¢) Iv.3
dz Where q = 0.02008 CeV/(Kgensn—M)

The charge of the track could alse he determined by the turning direc-
tion of it’s helical trajectory. Thus the three momentum, charge, and

position of each fitted solenoid track could be determined from these

fit parameters.

A, Unpacking

In reconstructing & particular event, the production job first

unpacked each hardware device’s rauw data which nad been stored on
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magnetic tape, The raw data was then translated into physical coordi-
nate positions in the spectrometer.

The raw data for the cylindrical! spark chambers consisted of the
Wire numbers of each wWire hit in the separate spark chamber planes.
Since the cylindrical spark chambers uere very noisy it was first neces-
sary to discard hit wire numbers, which were on a bhnt tire list. in
each plane adjacent wires uwere then clustered tegether. In the cylin-
ders two clusters surrounding a dead wire Were also considered as a sin-
gle cluster. The centroid of the clusters were then used to ecalculate
the cylindrical coor’inate using known wire spacings, and the chamber
alignment constants.

The raw data for the CO chambers concisted ance again of the wire
numbers of each h:t wire in the separate ssark chamber planes. In each
plane adjacent wires were clustered together. Tuo adiacent clusters
uith a single nonrhit wire in between uWere also added tojether to
form one big cluster. Using the centroid of these clusters CD coucrdi-
nates were then calculated using the knoun wire spacings, and the align-
ment constants for chamber offsets. Small nonlinear carrections to the
coordinate nositions were also made at this point to account for nonti-
nearities in the wire cloth plane wire spacings.

The raw data for the PUC chambers consisted of the wire numbers of
each wire hit in separate proportional wire plares, as uwel! as the eight
bit time slots discussed in the PWC readaut section. At this stage in
the processing the eight 25 nsec time slots for all PHC Wires hit,
except in the heam chambers, had a 109 nsec time mask appiied. Hire

hits with no bit set within this 100 nsec time mask were rejected, The
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beam chambers had a slightly 1larger time mask of 200 nsec applied.
Adjacent mires passing these timing criteria were once again clustered
together. Using the centroid of these clusters, PHC coordinates were
then calculated from the known wire spacings, and alignment constants

for the chamber offsets.

The raw datas for the MS chambers consisted of a time measurement
for each Wire hit in the separate MS spark chamber planes. This time
measurement consisted of the time delay in the arrival of the wire hit
signa! with respect to the arrival of a fixed fiducial alang an MS cham-
ber wand. Using the rate of travel of an MS pulse along an M$ wire in
the wand, as well as alignment ronstants for chamber offsets and fidu-

cial positions, the MS cocrdinates were then calculated.

B. Match Points

Mateh points consisted of combinations of two or more associjated X,
Y, E, ar P coordinates in & single chamber crossing tao form a three
dwmensional point in space. Thesz match points were used 1in the beam
track finding algorithm., as well as both cylindrical and plane solenoig
track f nding algorithms.

Match points 1in the cylindrical spark chambers consisted af all
possible combinations of left and right slanting wires in the five 62
readcut spark chamber gaps. These combinations lead te 6z points at
fixed radii. The orly requirement on these tuo ray match points uas
that the calculated 2z crossing of these tuo wires had 1o be within the

active area of the cylindrical chambers.
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The solenoid PWC plane mateihh points were tound by tirst findina all
XY matzh point combinations in & given chamber. The projections of the
xy coordinates into the E plane thenm had to be associated within errors,
with E coordinates in order to form three way mateh points. after stor-
ing away these three way match points the production program then siored
away all jeft over two way match points (XY,EY,EX). It was necessary to
use two way match peints in the solenoid track finding algorithms in
order to account far PHC chamber inefficiencies. The beam chamber match
puinte were calculated in the same manner as sbove but in this case two,
three, and four Way match points were also possible.

The ¢0 match points wuwere found exactly as the PUC matchpoints.
Because of the large number o¢ extra hits in these chambers oniy three

and four way match points were stored away.

C. Beam Track Finding

The first track finding p.iogram called in the LASS production code
was the beam track finding program. These routines wuwere called first
since the beam track finding code was extremely fast, and if no good
beam track was found by this cude the production af the specific event
coutd be aborted.

Initial trial candidates for beam tracks were formed by calculating
all possible combinztions of one match point from the upstream beam PHC,
and one match point from the downstream beam PWC. Once one of these
trial candidates had been calculated coordinate associations with this

line Were made in the upstream beam PUC, and the dounstream beam PUC.

-69-



Using these associated wire coordinates, a linesr least squares fit was
performed yielding a new straight line fit to the trial beam track can-
didate. The old coordinate associations uwere then checked once again,
and if any points needcd to be discarded, the least squares fit process
was repeated. This process was repeated until either a track had been
found with seven, or more associated coordinates; or else the track had
less than seven coordinates in which case a new trial track line uas
tried.

Oncge a beam track bhad been faund by this proceedure three more
requirements were made befrnre ijts parameters uere stored away. The
tirst requirement was that the beam track had to have at Teast one in-
time 8¢ or XY scintillation counter firing along the projected beam
track. The second requirement was that the P-hodoscope could have one
and only one momentum bin hit. This P-hodoscope bin was then used to
calculate the momentum of the beam particle. The last requirement on
the beam track was that it did not share a large number of coordinates
uwith any previously found beam track.

When all these criteria had been met the fitted beam track parame-
ters, beam momenta. and error matrix (from the least squares fit) were
stored away for future use. HMore than one beam particle could be storad
away for a given event. In this analysis though, the best corroborated

beam track was always used as the beam particle.
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p. Dipole Track Finding

The production code’s dipole track finding algorithm 2¢ began by
tinding and fitting straight line tracks in the downsiream region. This
uas done by first galculating various %trtal track gandidates. in torm-
ing trial track candidates, sets of three coordinate one dimensional
rines were first formed in the X, Y, E, and P coordinate projections
C...> nations of these projected lines were then added together, in a
similezr manner to match point making, to create the final three dimen-
sional trial track candidate Tines.

Once one of these trial track candidates had bven calculated, coor-
dinate associations with this line were found in the four dounstr-am HS
chambers, and the JHCoun PWC. [If enough coordinates were found a linear
least squares fit was then perform2d using these coardinates. The
straight line fit resulting was then used as a trial track candidate,
and the process was repeated until two sucesstive interations yielded the
same cnordinates. or else the trial track was rejected.

Several requirements were placed on the resulting fitted track
betore it was accepted as a solid dodnstream track. First na more than
four coordinates could be missing in the final least squares fit. The
track also had to have at least two in-time hits out of three possible
hits in the good time resolution devices in the dounstream
(HA. HB, JHdoun). Criteria to guard against duplicate tracks were alsp
applied. The proceecure outlined above Was then repeated unti) all of

the trial track candidates had been exhausted.
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Once all downsiream tracks had been found one of thesr tracks uWas
chasen, and extrapoled across the dipole into a particular x coordinate
in the twixt region. A modified impulse aporoximaticn was used ta deter-
mine the resulting line through this X coordinate in the twixt region.
This twixt line then became a trial track candidate in the tuwixt region.
Just as in the downstream tirack firding, coordinate associations and
least squares fits then were performed interativery until either the
trial track was rejected, or the trial track was accepted. 1If the trial
track was rejected tithe downstream +track was once again extrapolated
across the dipole to & neu x coordinate, and the process was repeated
until either a goad twixt join track was found, or all the possible x
cogordinates in the tuixt had been tried.

If a track was accepted various requirements were placed on this
track before it was considered a good tuwixt joined track. The track
could be missing no more than eight possible coordinates in the twixt
region. Two ip-time points were alse required out of the three good
time resolution devices in the twixt (TOF,JHup,JHxy), Cuts to guard
against duplicate tracks were also applied.

once a good tuixt track had heen found in this extrapolaiion pro-
cess, the actual momentum of the particle which formad this tuixt down-
stream joined pair was computed. Ap interative fourth-order Runga Kutte
stepping proceedure, using a dipole magnet field map, was wused to do
this final dipole crossing computation. The twixt and downstream tracks
ware required to link to a high degree of accuracy in this process. The

momenfum of this joined track pair was thus calculated.
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The (strapolation proceedure outlined above was continued untit ali
joined twixt and dounstream track pairs had been found. 1t uas then
necessary to extrapolate each of these joined tracks back into the sole-
noid. A fourth-order Runga Kutte stepping pruceedure, uith a tuwixt mag-
netic field map, wWwas used to extrapolate each traeck pair through the
salenoid fringe field, and ints the sclenoid travking region. Using the
previously defined helix convention, trial helices were calculated in
the solenoid for these extrapolated tracks. Coordinate associations uwere
then made with each trial helix, and a chi-square fit te this helix uas
performed. New associations to this fitted helix were then made, and
the process was repeated until either the joined track had a solid sale-
noid track joined to it. or no solencid track was frund. Various crite-
ria on the number and type of coordinates on each solenoid track were
also required in order to assure a giod so’enoid track.

In this da‘*a analysis, only joined douwnstream fuixt track caombina-
tions Tinked to a solid salenoid track were used. For these tracks par-
ticie momenta, solenoid coordinates, and various other uvseful quaniities

were stored away.

E. Solencid Track Finding

The solenoid track finding in this productien job was separated
into two algor .hms; the cylindrical track finding, and the plane track
finding. Beth algorithms found trial helices using the same hasi¢ prin-
ciple. 1t is easily shoun that a helix projects inte & circle on a

plane perpendicular to its axis, and for any helix d#.°d2 is a coanstant.
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In calculating trial helices both algorithms first chose three match
points in separate solenoid chambers. These three match points then
exactly determined the projected circle of a helix. once ihis circle
had been zalculated, the change in ¢ with respect to z was calculated
between the first and second match point, and then betueen the second
and third match points. I1f the resulting change in ¢ with respect to =z
uas found to be constant within talerences, a helix was calculated and
the helix wWas used as a trial track candidate. 1f *he change in ¢ with
respect to 2z was not found ta be constant, then the trial helix uas
rejected and a new combination of three match points was tried.

In caleutating these trial track candidates. the cylindrical track
finding routines tried all possible combinatians of three chambers from
the permutations of the five #2 cylindrical spark chambers, and the CD1
spark chambe:. In each combination of three chambers, all combinations
of three match points one {rom each c¢hamber Were tested as trial candi-
dates. As wWell as requiring df¢sdz to be constant, the cylindrical
algorithm required that each trial track candidate have an associated
hit in the cylindrical PUC. This assured that the found track would be
in-time 1ith the event being reconstructed.

In calculating trial track candidates, the plane track fi.ding
routines de*ined six different sets of three solenoid chambers. 1In each
set all combinations ¢f three match points., one from each given chamber,
were tes'ed as trial track candidates. As well as requiring désdz to be
a constant, the planar wsigorithm made two more requirements on the trial
track candidates. The first reguirement was thut the radius of the

trial track candidates helix had to be greater than 2.5 cm. This
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requirement saved time by rejecting tracks which would have been so
poorly measured as to be useless. The second requirement was that the
trial track candidate’s helix did not rotate more than 180 degrees bet-
ween two consecutive solenpid planar chambers.

Once a trial track candidate’s helix had been found both algorithms
then found associated coordinates in the c¢ylindrical PWC, the cylindri-
cal spark chambars, the €D spark chambers, and the solenoid PMC’s. It
enough coordinates were found, a helix fit program then used these coor-
dinate to perform a fit. The helix parameters resulting were then used
as a trial track randidate and, the coordinate associations and fitting
process Was repeated. This process continued until either the track was
rejected by various criteriaz, or tuo sucessive interations yielded basi-
cally the same coordinates. Buplicate track cuts were 2lso made before
this track was defined as a solencid track.

The helix fitting program, used in this interative proceedure, fit
the associated c¢oordinates to a projected circlc, and then fit the coor-
dinates separately to obtain dé¢sdz. This was done mainly fer the reason
of speed. Fitting to a projected circle and dé/dz separately allous a
linearization of the helix fitting program. 0n the Jast interation
though a full nonlinear chi-square fit to these associated coordinates
Was performed.

The process outlined above was repeated until first all the cylin-~
drical tracks had been found, and later all the solenoid plane tracks
had been found. Tracks spiraling out of the cylinders, and down through
the plane chambers could be found using either algorithm, For the

resulting ditted solenoid tracks the helix parameters, solenoid
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coordinates, «nd various other useful quantities were stored away for
later use.

1t should be noted that match point poisoning was used in the sole-
noid track finding algorithms. When a sarticular frack was found, match
points associated Wwith this track were efiectively removed from the
match point banks. This removal stopped these match points from being
used in calculating & trial helix, but did not stop the coordinates mak-
ing up this match point from being used as coordirates on tracks fcund
later in the given event. This match point poisoning uas essential in
speeding up the track finding programs. The match point poisoning alse
determined the call sequente of the dipotle, cylindrical, and plane trace

finding programs. This call sequence was chosen for maximum processing

speed

F. Vertex Finding

At the end of the track finding and primary fitting of a given
event, there existed a single beam track and several solencid helices
found either in the dipole fitting routines or the solenoid fitting
routines. It was then necessary to associate this beam track, and the
severa! solenoid helices with a vertex structure defined by the given
event’s topology. In the K'p =+ K"n*n topology of this anslysis, only a
single primary vertex with tuo outgoing particles Wwas needed. Thus only
this simple vertex topology will %e discussed here. In this experiment,
vertex association was performed at the end of the production job by a

complex multi-topology vertex finding program.



Primary vertices were found by find*ng & point in space which min-
imized the sum of the squares of the distances from this point to each
track (including the beam). A vertex was then defined, if this sum
divided by the number of oautgoing interactieon tracks was less than 4
em?, The vertex finding program first attempted to form a vertex with
all the tracks present in a given event. I1f the abave criteria was not
met, all vertex combinations with one track rejected were then tried.
This proceedure was repeated until a vertex was defined. I1f more than
one set of vertex associations was possible with a given number of out-
going tracks., the best vertex according to the distance sum was chosen.
Cfuts were then made to assure thi:z vertex was inside the liquid hydrogen
target. In the final Kp » K 7%, event sample, events with a beam track
forming s primary vertex with tuo outgoing tracks were chosen. The tuo

outgoing tracks were also chosen to be charge conserving.

6. Geometrically Constrained Track Fitting

once the final event topology was chosen, it uas possible to refit
an entire event constraining the beam particle and the tuo outgoing
solenoid tracks to meet st a common vertex point. This final fitting
was performed by a3 FORTUAN Fitting routine called MYFIT. MVFIT was
designed to ¢u geometrical as well as kinematically constrained filting
to many complicated event topalogies. In this anatysis MVFIT was usad
to gecmetricaily constrain the K'p + K*1*n two prong events. The inhput
values to MVFIT were the beam fit parameters, the beam fit error matrix,

and the solenoid coerdinates wmhirh were stored for each track. MYFIY
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then performed a chi-squared minimization of these coordinates with res-
pect to tuo helices constrained to the same vertex point. thamber sig-
mas were salso determined (see section 1), and fed into this program.
These sigmas wete corrected by MVFIT for multiple scattering., and wore
then used to properly normalize the chi-square sum. The contribution of
the beam to this chi-sciare sum uwas calculated using the closest
approach of the beam particie to this constrained point. The beam con-
tribution to the chi-square was fhen properiy normal ized by using the
error matrix of the beam track.

As wel) as outputting the fitted track parameters, MVFIT also out-
put an error matrix for iese track parameters, end a Ffitted vertex
position. Elements of the track parameter errcr matrix were used later
in this analysis in calculating the expected momentum resolution for
individual tracks. As Wiil be explained in the resolution cut saction
of chapter V, cuis were made on these expected resolutions in order {9
get rid of very poorly measured tracks.

The constrained fit resulis gave the best estimate of each solenoid
trock ‘s parameters. At this point the three momenta of each interacting
particle was calculated by MVF1T. First the incoming beam particle three
momentum was corrected for energy loss in the Tiquid hydrogen target.
Next the total momentum was calculated for all solenoid tracks that were
not tinked to a dipole track. The three momentum of these tracks were
then calculated. Finally for the set of dipole tracks linked to a sgle-
noid track, the total track momentum was taken from the previous divole
crossing calculation. Using angles from the new sclenoid constrained

fit, the three momenta of these dipole tracks were then calculated. The
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vertex banks were then filled with the new constrained fit vertex
values. As before the charge of the tuo outgoing particles was deter-
mined by the rotation sense of the given particie’s helix.

Assuming the event fit was a K'p = K™r*n event, the positively
charged track was defined as the pion and the npegatively c¢harged track
was defined as a kaon. Using these identifications, energy toss correc-
tions were made to the interaction particle”s three momentum to account

for energy loss in the liquid hydrogen target and target jacket.

H. Alignment

In the unpacking subsection of this chapter. it was stated that
coordinates were calculated using knoun alignment constants for chamber
vffsets. This was a gross over simplification of the alignment process,
but singe spectrometer ailignment is not related directly to the track
finding and fiiting processes, jts discussion was left until atter these
subjects had been presented. Actually chamber alignment was performed
before the data was processed through the LASS trac’: finding and fitting
productiaon cade.

The starting point for the alignwent of all deviges in the LASS
spectrometer was an optical survey done wusing a transit before this
experiment was run. Using these optical constants it was possible to
start a selt consistent computer tracking and fitting alignment of the
spectrometer. The 2 constants {or the spectrometer’s devices were taken
in this alignment process to be at their optical survey pesitions. Thus
this proceedure only modified the x and y chamber shifts given by this

survey.
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In the first step of the alignment process beam particies (T3)
triggers, taken with both the solenoid and the dipole magnets off, were
analysed. Beam particles found and fitted in the beam tracking routines
were first extrapolated tinearly through the six so0lenoid PUC planes. If
18 associated coordinates (X, Y, and € hits for 6 chambers) were found
in the solenoid, a least cqguares fit was then performed to these 1%
coordinates. The resulting line was extrapolated back into the beam
chambers where residuals were calculated in the nine beam PUC wire
plares, as well as the 8¢ hodoscope. A plot of the missing XY counter
hits uwas =also made in order +to align this hodoscope. Residuals umere
also calculated in the 18 solenoid PUWC planes. and exirapolating the
least squares fit Jline into the twixt region residuals were calculated
in the four twixt PWC chambers. Using the calculated residuals for hun-
dreds of such events all the PWC chambers in the beam, solenoid, angd
tuixt region had their offset constants shifted. This straight through
alignment proceedure was then repeated once again. This proceedure uas
repeated until an  internally consistept set of alignment constants was
obtained for the beam, solenoid, and twixt PUC chambers, as well as the
84 and XY scintilation hadoscapes.

In the second step of this proceedure the field off beam particle
triggers were once again used. Fitted beam particles uwere first extra-
polated into the solenoid and tuwixt PWC plug chambers where coordinate
associations wer- found. If all thece planes had coordinates, a least

squares fit nas %*hen performed on these coordinates yielding straight

line track parameters. This fitted straight line was then extrapolated
into he downstream regicn. In the dounstream region residuals uwere
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then calculated for the four downstream MS spark chambers. as well as
the JHdown PWRC. Residuals were also calculated in the beam, Salenard,
and twixt PWC chambers. Using these residuals for several hurdred su:h
events., the alignment constants were once again shifted. This second
proceedure Was repeated until a consistent set of alignment constants
was found for these chambers.

The CD spark chambers,and the MS1T and MS2T spark chambers could
not be aligned by this proceedure since they bhad styrofoam plugs in the
beam region. The MS chambers 1n the Jounstream also had plugs in the
beam region, but with the dipole otf the beam did not travel through
these plugs. These €D, MSiT, and MS2T spark chambers were aligned by
using field off high angle tracks. The alignment of these chamhers was
made consistent with the rest of the spectrometer by calculating residu-
ais, and calculating new alignment coanstant shifts. Using these high
angle tracks, the 2z positions pof @l! chambers in the system Were also
checked by looking for correlations betuween track angles and solenoid
residuals over several hundred events.

As the iast steo in the planar chamber and hodoscope alignment, the
gsoltencid and dipale magnetic field on data was uvsed. Particles were
tra. .ed and fitted throughout the spectrometer., and residuals were then
calgulated for several hundred events. Dnly very small shifts in the
planar chamber constants were necessary due to turning on the magnetic
fields (E X B efiect).

The proceedure outlined above aligned every d vice in the spectrom-
eter, uw.th the exceptron of the cylindrical chambers. The cylindrical

chambers were aligned separately from the plane chambers and hodaoscopes.
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The cylindrical chamber’s external alignment constants consisted of a
reference point in space and a set of Euler angles for the PUC cylinder,
and a reference point in space and a set of Euler angles for the cylin-
drical spark chamber package. The internal constants consisted of a ¢
rotation angle ambout the ¢ylindrical axis for each separate cylindrical
wire plane.

Internal constants for the cylinders were determined by first using
high angle field off data to calculate and shift constants until a con-
sistent set had been found. This proceedure of calculating, shifting,
and then recalculating was then repeated using solenoid on data. There
were shift differences seen as large as 1.5 mm caused by turning on the
solenoid magnetic field. These shifts Were a consequence of the well
xnown E X B effect seen in all spark chambers place in high magnetic
fields.

The eylindrical external alignment constants were determined by
using field on high engle tracks. Tracks with a large number of assaci-
ated solenpid plane coordinates were fitted using only these plane coor-
dinates. Tracks were then extrapolated back inte the cylindrical cham-
bers. A chi- square sum of the difference between these extrapolated
lines and the chamber wire hits for several hundred events was then
tarmed. This chi-square sum was then minimized with respect to the
external cylindrical constants. The results of this minimization were

used to fix these cylindrical external alignment constants.
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I. caleculation of Plane Sigmas

1n each of the chi-square fititing routines meaniioned in this chap-
ter, a set of sigmas uere needed for the fitted chamber planes in order
to normalized these chi-square sums. These sigmas for most chambers in
the system Were set to first order by merely plotting tracking residuals
for these chamber planes for a set of uwell corroborated tracks, and then
calculating sigmas from these residuals. The chamber sigmas calculated
in this manner Were fquite nsod enough for normal track finding and fit-
{ing purposes, The §it error matrices from both the final beam chi-
equare fit, and the MVFIT two prong vertex constrained fits though uere
used %o simulate track resolutians for making resolution cuts (see chap-
ter ¥ section EJ}. The resulting fit errar matrices in both cases Were
very sensitive to the exact value af these chamber sigmas. Thus the
sigmas for the beam chambers, and the solenoid chambers had to be calcu-
lated more carefully.

In calculating the sigmas for the beam PWC pTanes, a set of several
bundred beam tracks with coordinates in &ll nine beam PHC planes Were
used. Residuals for these tracks were then plotted for each plane sepa-
rately by leaving out this given pltane in a iinear chi-square fit, and
then calculating the distances from the coordinate to the resulting #it
tine. The plane sigmas obtained from these residuals were guaranteed to
give a properly calibrated beam track error matrix, when they were used
to normalize the beam track chi-square.

The calculation of the sigmas for the solenoid chamber planes uas

done using the standard Kwn data sample. Residuals wWere first plotted
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for these Kun events in the solenoid by alternately leaving out each
given solenoid plane in the full MVFIT vertex constrained two preng fit
to these events. The differences betuween the fitted tracks, and the
track coordinates in the 1left out sclenoid plane were then plotted.
These residuals were used to calculate sigmas. The calculated sigmas
HWere also checked for sensitivity to cutoff parameters in this caleula-
tion, and were found to be insensitive.

gnce these solenoid sigmas had been calculated they were used as
input to the Monte Carlo job, which calculated fitted tracks in exactly
the same manner as the data job (see Monte Carlo sectien). In perform-
ing this part of the study the Monte Carlo was thrown with the best
estimate of the Kmwn physics distribution available. Sigmas were then
calculated in the Monte Carlo job and compaired with the data sigmas.
Corrections were then made to the Morte Carlo input sigmas, and new
Monte Carlo output sigmas were calculated. This process was repeated
until the Monte Carlo output sigmas matched the data sigmas. The finzal
Monte Carlo input sigmas thus gave the best estimate of the solenoid
chamber sigmas.

The chamber resolutions presented in chapter II for the selenoid
devices were the sigmas calculated in this manner. As a final check of
these sigmas, the Krn data sample was passed tsrough MVFIT using these
solenoid plane sigmas as the input sigmas. A histogram of events as a
function of confidence lTevel from this fit sas then seen to be quite
flat as would be expected. This set of solenoid sigmas then guaranteed a

praperly calibrated MVFIT track parameter error matrix.

- 84 -



Chapter ¥

DATA PROCESSING AND SELECTION

[n the last chapter, a brief description of the intermal workings
o7 the LASS track finding and {itting routines uas presented. in this
chapter, an overview Will be given of how these rouvtines were used to
pracess, and select a final K'p » K n*n event sample from the ~40 mil-
lion events written to magnetic tape during this experiment. Kinemati-
cal variables used to describe the K-'p - K w'n reaction will be dis-
cussed. Finally raw data plots Will then be presented and discussed ior

this final data sample.

A. Data Processing

Shoun in  figure 17 is 1 schematic diagram nf the data processing
chain used in this analysis. In this processing, rauw data was first
read from tape, and then passed through the LASS production job. This
procugtion job called the unpacking, the track finding, the primary fit-
ting, and the vertex finding routines described in the last chapter.
Once raw data for a given event had been processed through this produc-
tion job, fitted track parameters existed for the beam particles and all
outgoing charged interaction particles, as well as an associated vertex.
These resulting parameters were then written to magnetic tape to form a

primary data summary tape (DST).
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F16. 17--A schematic diagram of the data processing chain.
tir! percentage of events removed by the major processing cuts

are shown on the far right.

The number of

each stage in the processing are also shown.
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In the processing of this data, only rau events tugged as TO0 trig-
gers wWere used. The 40 million raw data events on magnetic tape were
subdivided into blocks of eventis called runs. Each run consisted of
approximately one tape’s worth of data, and represented about ane hours
data taking on the LASS spectrometer. There were nearly 1000 good runs
taken during this experiment. Each of these separate runs was analysed
by the productiaon job, and uritten to primary DST separately.

The only major data cut imposSed by this production job on the rauw
data was a tuo prong softuware filter. As was meantioned previously, the
40 million events written +to magnetic tape during this experiment
included almost the entire K°p inelastic cross section. The procrssing
time invalved in fully analysing these evants was quite targe, and the
majority of these events uere not two prong events. Thus to speed the
analysis of a tuwo prong data sampie from these 40 million rauw events, a
software filter, wusing raw multiplicities in the solenoyd PHC’s:, Was
devised.

Shown in figure 18 is a 1pgical diagram of thic software filter.
In this diagram J1.5%X refers to the pumber of clustered wire coordi-
nates in the 1.5 PHC X readout wire plane. Similarly JPWUC CYLINOER
refers to the number of ciustered wire coordinates 1in the proportional
cylinder for this given event. This softpare filter selected ~ V5 X of
the raw 70 events, and these raw selected events were then processed
through the rest of the production code.

A separate study was later made compairing this softuare filtered
processed data sampie with several unfiltered fully processed runs. The

efficiency of this softuare filter for selecting tup prong events was
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found to be spproximately 80 %. The filtered and unfiltered K'p =+ K"n'*n
data samples were also carefully compaired in order to check for possi-
bie biases imposed by this two prong filtering process. No notable dif-
ference hetueen the two data samples uwas seen,

The production job in this analysis w®as protected against two gen-
eral types of program failures, which made events impossible to analyse.
These tailures were fir~t noted by the production job, and then the
associated events uwere discarded.

The +first general type of failures uwere the unpacking failures
(KFAILS). If the production job was unable to urpack a given event for
apy reason, processing of the given event was then terminated. Unpack-
ing failures were generally due to some hardware failure in & given dev-
ice’s read-in system during the experimental data taking. For instance,
an MS chamber was missipg a fiducial spark, or a given device’s data was
garbled. Protection was also made here for possible overflow of software
storage banks used to store the rauw data during processing.

The second general type of failures were the processing failures
(IFAILS). If the praoductian job was unable to analyse an event far any
reason pracessing of the given event was terminated. These failures
were generally due to an attempt to overilow some storage bank in the
production code. A typical error of this type was the program finding
more tracks than it was able to store away (15 tracks was the set maxi-
mum) .

After the beam ¢track finding and fitting routines were called
approximately 8 % aof the events passing the softuare filter requirements

were found te have no reconstructable beam track. The events with no
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reconstructable beam tracks were also discarded at this point in the
data processing. Shown in figure 17 are the percentages of events pro-
cessed by the production job which were rejected at each point in the
production job.

At the end of the production job’s processing of a given run,
scaler information, and production failure information was written to
the primary DST. This information was necessary for calculating the
reaction cross section for this experiment. Along with the scaler
informatian and the failure information, a production job monitor record
was also written to both the DST and to hardcopy paper output. This
production monitor record consisted of 804 important numbers such as
chamber efficiencies, average number of tracks’/event, and cha~ber resi-
duals for the given run. These 804 numbers were primarily used to man:-
tor the output of the production job. These production moenitor records
were also used in conjunction with the logbooks written during the data
taking to discard bad runs. Bad runs were runs which had some hardware
problem during this hours worth of data collection which adversely
effected track finding. Such runs were discarded outright. These bad
runs amounted to only @ small fraction of the runs processed through the
production code in this experiment.

After all the =~1000 rauw data tapes had been processed through the
production job, approximately 50 high density magnetic tapes of primary
pST data were left. These pramary DST tapes carried all the information
necessary for event normalization; as well as event topoiogies, primary
fit quantities, geometrical quantities, and solenoid coordinates Jor

each processed event. At this stage in the data processing, no attempt



had heen made to select out the HK"p =+ K n*n event topology except for
the rough two prong cut imposed by the software trigger.

The next step in the data processing chain was event topology
selection and geometrical fitting, Both of these chares were done by
the fit job (see diagram 17). The fit job first read events from the
primary 0ST. Rough kinematical cuts Mere then made to extract the K°p »
K-n*n two prong data sample. The first requirement made on these tracks
was that they had to have a primary vertex consisting of a beam track
and exactly tug charged outygoing tracks. Charge conservation was also
required on these tuwo outgoing charged tracks.

After these rough kinematical cuts had been made, MVFIT uwas called
to perform geometrically constrained fitting on these tuoc prong charge
conserving events (see chapter )V section & for a description of MVFIT).
For a small percentage of events passed to MVFIT, tine chi-square minimi-
2atien process in MYFIT did net converge, These events were discarded.
Atter MVFIT processing a confidence level cut was also imposed on the
constrained event ¢i1ts. Events with HVFIT confidence levels of less
than .00! were also discarded.

Using the resuiting fit parameter from MVFIT, a vertex cut was then
imposed. The fitted vertex was required to be inside the liquid hydrn-
gen target. The z coordinate was regquired to be in the range 13.8 cn to
107.5 em, and the xy position of this vertex was required to be inside a
radius of 2.3 em. Using the MVFIT three momernta of the interaction par-
ticles, a cut was also made on the missing mass opposite the tuwo charged
particles, aSsuming that the negative particle was a kson and the posi-
tive particle yas » pion. This missing mass squared was required to be

in the range from -0.5 Gov? to 2.5 GevZ,
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After the processing of a given event through the fit job. all
events passing the fit job cuts were written out to a mini-DST tape.
The record wuritten to this mini-D5T for each event was very small con-
sisting of less than 60 2Z-bit IBM words. This 60 word record contained
the kinematical variables, beam track three momentum, the two outgoing
particle’s three maomentum, and various geometrical quantities needed to
define the final event sample. After a1l the primary 0ST data was ana-
lysed through the fit job and events had been rejected. <~450,00 events
had been written to this mini-DST.

This single mini-DST tape was wused as the input tape to all the
data analysis rontines used in this Knn analysis. Before processing
these events through each analysis job, a final set o event cuts uere
made in a routine called PASSMC, This subroutine made all tha final
kinematical and geometrical cuts which were necessary to define the
finat K'p -+ K°n*n data sample. 2efore fully describing these PASSMC
data cuts, it is first necessary ta discuss the kinematical varizbles

used to describe *his K'p + K"n*n fina! <*ate.

B. ¥Kinematical variahles

At the end of the fit job there existed geometrically conntrained
charge conserving tuwe prong events, It was then necessary to isolate
the K*p + K"n*n events in this data sample from all other competing two
prong reactions. This was dene by identifying the twe outgeipg charged
particles in a given event Wwith & particular reaction hypothesis (K'» »+

K'p, Kp+ Ku'%X0, etc.). For this particular hypothesis the MVFIT
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thre: momenta of the beam and the two outgoing charged particles could
be used to calculate standard kinematical variables. for instance if
the reaction K'p » K 1*X° was assumed, the negatively charged particle
in a given event was identified rs a kaon, and the positively charged
particle as a pion. The missirg mass squared uvpposite the K w* system

Wwas then calculated using standard four vector products as:

MM® = M3 = (Ppon + Pugqa — Py — P )P

cuts uwere then made on these kinematical wvariables to isolate the K'p »
K n'n final state (see the next sectionl.

Once the K"n*n final state data sample was selected it was neces-
sary to define kinematics) variables to fully describe this data in the
fecllowing analysis. Six variables were needed to fully determine this
two preng reacticn.  In the following analysis, the six variables chasen

to specify this reaction were:

s - the cenler of mass energy sguared of the
X~ beam particle plus the p target parti-
cle

$1ab - the laboratory ¢ angle of the missing neu-
tron uith respect to the laboratory carte-
sian coordinates

M(Kn) - the invariant mass of the outgoing K-p*
system

t’=t-tmin - where t is the 4-momentum transfer squared
betueen the K- beam particlie and the out-
going K°n* system, and tmwn is the minimum
kinematically allowed value for |tl

cos8;, #; - where cos@j and #;5 are the Jackson angles

defined in the center of mass of the K p*
system 2! (see figure 19)
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F1G. 18--A diagram shouing the definition of the t-channel helicity or
Jackson angles, @5 and #j., in the outgoing K "w* center of mass.
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Since this experiment Was run at a nearly fixed incident beam momentum,
s to a good approximation was a constant. Without a pelarized target,
the physics was also independent of #1,.b. Thus there were four inter-
esting variabte left. These four variables will be used to describe this
K*p » K*n*n data in the following analysis.

These kinematica) variables were all calculated in the standard
manner, With the exception of t. using the MVFIT geometrical constrained
and energy loss correcied three momenta. For instance using these three
momenta and the K m* particle associations, momentum four vectors could
be calculated for the outgeing K- and n* particies, and the invariant

K n* mass computed using the stanaard four vector product:

ME.= ( Py + Py ) V.2

Cnee the final K*p » K-1*n data sample was chesen it would have
been possible to add one kinematical constraint te this final data sam-
ple, since the missing mass opposite the outgeing K- and w* was knowun.
Imposing this kinematical constraint, 1in MVFIT fitting, did nai change
any of the four interesting variables, for given events, noticeably with
th:e exception of t. Thus kinematically constrained fitting was noi per-
formed on the final data sample. A nonstandard calculation of t was
used though, which imposed this constraint explicitly. The result of
this t calculation versus a full blow kinematically constrained fit
agreed to a feuw tenths of a percent. The resolution on t calculated in
this manner was far better than the resoliution in t calculated by the

conventional four momenta product calculation.
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C. Selection of the Final Kmn Event Sample

As was meantioned previously, the single mini~DST tape formed the
input data to al! physies analysis programs used in the following daia
analysis. A routine, PASSMC, was called in each analysis program to
reject bad events before anv data analysis was performed. The PASSMC
data cuts could be classified into three basic types; kinematic cuts,
trigger cuts, and geometrical cuts.

The main purpose of PASSHC was ir define a final K p -+ K-p*n data
samgle. A secondary purpose ot this routine was to define clean kine-
matical, geometrical, and trigger ruts on the data sampl. to make possi-
bie the Monte CarTo acceptance correction calculations which will be
discussed later. By imposing PASSMC cuts on bhoth the Monte Carlo events
as well as on the mini-0ST data events, iddentical fipal cuts were
assured on both event samples.

The primary kinematical cuts imposed in PASSMC were g missing mass
eut, and an elastic cut. The missing mass cut required the missing mass
squared opposite the two outgoing charged tracks, assuming a K'p » K-1u*n
reaction hypothesis, to lie in the range 0.2 GeV¥? to 1.1 Gev? for each
event. This cut served to select the nevtron recoil K- w*n final state
from other possible charge conserving tuwo prong reactions, The elastic
cut served +to remove the major source of background in the resuiting
sample. Elastic events in this program were defined by the requirements
that; 1) the outlgoing K- particle had to have a momentum greater than
& GeVsc, 2) the nissing mass squared opposite the outgoing K- particle

had to be in the range -2.0 GevZ to 5.0 GevZ, and 3) the missing mass

- 96 -




eguared opposite the tun charged cutgoing tracks, assuming an elastic
hypothesis, had te be in the range -0.2 Ge¥? to 0.2 Gev?. Events satis-
fying these conditions were rejected. This cut alse removed most of the
diffractively produced K-p + K-n’p events. Background K°p - Koxo o
7*n-X° events were alsc cut from this data sample in PASSMC by removing
events with 3 two prong invariant mass, assuming this X® decay hypothe-
s1s,» in the range .482 GeV ta ,513 GeV.

Trigger cuts were imposed in PASSMC to put more stringent require-
ments on the definition of an event trigger. First the trigger hole in
the PWC 1.5 trigger requirement was increased from 3.2 ¢m to 3.6 cm. A
cluster cut was also imposed on these associated points in PUC 1.5 x ant
PUC 1.5 y nlanes such that if the K and n* coordinctes were closer than
.3 om in a given plane, they were 4treated as a single hit in forming
this trigger requirement. Events were then required to have associated
coordinates on the K- and n* tracks which satisfied the main 10 {rigger.

The last set of cuts imposed on the mini-PS5T data sample by PASSMC
was a set of geometrical cuts. These cuts usere performed separately on
each ot the two oulgoing tracks. The first cuis made on these tracks
were cuts on their expected momentum resolution calculated usinc the
MYFIT error matrix. These resolution cuts will be described in greater
detail at the end of this chapter.

Hext geometrical cuis dere made on those tracks found in the dipole
track finding routines. The dounstream line of each of these tracks was
extrapolated to the dounstream face of the dipole magnet, the MS4D spark
chamber, and the HA-HB scintilation hodoscope. Aperature cuts were then

made at each of theue three devices. Events with a dipole track outside
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of any of these aperatures were rejected. Events were aiso rejected if
a dipole track extrapolated into the LP3 veto scintilation counter.

The last set of geometrical cuts was made on events found using the
cylindrical and plane track finding routines. tuts were first imposed
which rejected solenoid tracks with helical radii smaller than a given
minimum. A cut was also made impesing & minimum forward 8 angle on any
salenaoid found track. Lastly a cut was made imposing a minimum longitu-
dinal momentum on these solenoid tracks. This last cut effectively dis-
carded events with helices containing multiple turns between consecutive
solenoid plane chambers.

Shown in table 6 is a 1ist of the PASSMC cuts imposed on this data,
with the percentage of mini-DST events rejected by each of these cuts.
As well as the PASSMC cuts, the final data was also restricted to a 1t7]
region less than .2 GevZ, This restriction served to isolate the pion
exchange portion of this reaction as Will be described later. Mini-DST
events not rejected by this set of standard cuts then formed the stan-
dard K'p = K"1n*n data sample used in the rest of this analysis. With
all these culs imposed, this standard K'p - ¥"w'n data sample consisted

of 42,355 events in the Kr invariant mass range from 0.7 GeV to 2.3 Gev.

D. Raw Kmn Data Distributiaons

1. ¢onclude this chapter a few raw data plots will be shouwn. The
data sampfe used in producing these plots consisted of the standard Kun
event sample discussed in the last section. In figure 20 is shown an

invariant Kr mass histogram of this standard event sample. The most

_98-



TABLE B

PASSMC Cuts

Yypical Percentage
cut Type of Data Lost

Kinematic Cuts -

1) Elastic Cut ....covivieviiananse. 25,1 2%
2) MMZ Cut .ot et 41.8 %
3) KO Cut e e .8 %
Trigger Cuts and Yarget Cuts -

1) PUC 1.5 active area cut ......... .6 7%
2) More Stringent T0 trigger ....... 1.7 %
3) Target Cuts ... .. vviviiiernnnn.s 1.0 %
Geometrical Cuts (Dipole Tracks) -~

1) Dipale Aperature Cut ............ 2%
2) M5dD ARctive Area Cut ............ 3%
3) LA-HB Active Area Cut ........... ¢.1 %
4) LP3 Yeto Reguirement ............ .1 %
Geometrical Cuts (Solenoid Tracks) -

1) Je[<.03 radians .. .oviaeniinan.. 1%
2) Helical Radii ¢ 3.0 cm .......... .12
3) P €(.035 P & 030 Ge¥) ........ 3%
42 P ¢ 35D LeVre ..iiiiiiiiin. .1 %
8) op € .BOD GeVre vvuiinn i 2.0 7%
6 op/P C 10D ... .1 %
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F15. 20--A histogram of the K"m* invariant mass for the standard K°p -
K #*n data sample.




striking features in this histogram are the tuwo sharp peaks corres;ond-
ing to the K®*(895) and the K*(1430) resonances. There is also some hint
of structure in the mass region around 1.8 GeV, but besides this hint,
there is little evidence for any other resonances besides the two well
known leading K* resonances.

A great dea!) more structure is revealed when another dimension is
added to this Kn invariant mass plot. Shoun in figure 21 is a projested
three dimensional plot of the Km invariant mass versus cos®;. The
heighth of this surface gives the number of events per bin arbitrarily
scaled. The data sample used to produce this raw data plot consisted of
the standard data sample with looser missing mass and t cuts imposed
10.0 GevVY ¢ MM* ¢ 2.0 Gev?:, 1t71C1.0 GeVv2), The K*{895) is once again
clearly visible as a ragged wall in the low mass region of this plot.
and at slightly higher mass sharp peaks in the forward and backuard
cos8;j regians are indicative of the K*(1430) resonance.

Besides the tuo well known leading resonances interesting high mass
structure can also be seen in this plot, one of the most prominent
structures in this high mass region is the steep foruard peaking ridge
in the very foruard cosf; region extending from the K*(1430) resonances
up to very high Ky mass. This ridge becomes steeper as one increases in
mass, and is indicative of K u* diffraciive scattering. The fall aff of
this ridge at high mass is due to the limited acceptance ot this experi-
ment’s trigger (sge chapter VII sectien B.¥). The foruard ridge in this
plot has a broad peak at a Kr invariant mass near 1.70 GeV. This peak
caombined with & broad bump at an invariant Kn mass of 1.20 Gev and a

cosf; of around -.5 could be considered to be indicative of the X*(1780)
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resonance. At higher masses there also seems t- be a great dea) of
structure in both the forward cos®; region from 0.0 to 0.7, and also in
the very backward cos®; region. In say cuse it is clear that there is &
great deal more structure in this data than a simple Kn invariant mass
histogram wculd indicate.

A slightly differenl way of viewing this data is shown in *igure
22. These eight Kr invariant mass histegrams consist of data frem dif-
ferent consecutive cosP; bands each with a width of .25. The data sam-
pte used to make this plot consisted of the standard Kw data sample with
the normal missing mass and t’ cuts applied (0.2 Gevl { MMZ ¢ 1.1
Gev?, |t 1<0.2 Gev2). The change of apparert mass and width of the reso-
nance struvtures is dramatic in the different cosé; slices. In particu-
lar the X*(1430) peaks at ~1.430 Guev n the forward and backward cos8:
direction, but peaks substantially lower near cosfj equal to zero. This
ettect will be shuwr later to be due to S wave and © wave interference.
Interfereuce effects are so strong near the K*(!'780) resonance region
that there the mass and width af this iavariant Kn mass bump varies
rapidly with even small changes in cosf;.

It is clear thet in order to understand the angular structure of
this data a more sophisticzted an2lysis must be performed, The follouw-
ing chagters wWill present 2 mpre cophisticat:d analysis of this Kumn

data.
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E. Track Resolution Cuts

In the {ollowing analysis @ good understanding of the spectrometer
resolution was required for several purposes; 1)} to understand and cor-
rect for resolution dependent cuts on the Knn data sample. 2) to correct
final resonance widths for resolution smearing in mass, and 3) to remove
and correct for Kan events with poorly measured tracks. For the first
two pur-oses the spectrometer resolution was calculated using the Monte
Carlo as will be described in chapter V11 section B. Fer the last pur-
pose resolution cuts were performed on both the Knn data sample, and the
Monte Carlo event sample, as will be described in this section.

In the final event sample, there were certain types of tracks found
in the solenoid track finding and {itting routines which had extremely
poor momentum resolution. An example ot such a track would be a high
momentum forward K- particle with very Tittle transverse momentum, which
decayed before reaching the dipole. Such tracks traveled in nearly
straight line trajectories, and the absolute momentum of thrse tracks
were thus very poorly measured. For sych tracks the momentum measurement
was often so poor that the associated event added no useable information
to this analysis. The Mante Carlo simulation of such events would also
have depended on the extremely fine details of the chamber resalutions.
Thus in this analysis events containing these poorly measured tracks
were cut both from the Monte Carlo event sample., and the data event sam-
ple.

To remove these tracks, the MVFIY cutput corcrelated error matrix

described earlier Was used. ‘his error matrix contained the correlated
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errors ({XgXp?:{KgV¥o):{xgR),etc) of the track parameters
(Xo.Vo:R.df/dz,¥g) for each of the two tracks fitted in this vertex con-
strained fit. Propagation of error formulas were then used to derive
the momentum error on each solenoid track 1in terms of the associated
track parameter’s correlated errors. The resolution error on a given

track in terms of its track parameter‘s correltated errors was given by:

2 n2 Z sdr2 _ d
<dPdP> = q* B % R? (497 <dRdR> - 2 R <dRd($Y)>
{1+ R (37 &)

2

- 1 <aighd(> V.3
)

Gp = Vv <dPdP> Where q = D07 UOB GeV/(Kgnusa—N}
Mente Carlo and data events were then rejected in the subroutine PASSMC

(see chapter V section C) if the given event had a solenoid track with a

6p greater than 500 MeV, or a op/P greater than 10 Z.
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Chapter VI

MOMENTUM CALIBRATION, BACKGROUNDS, AND NORMALIZATION

A. Momentum Calibration

In order to assure proper experimental mass values for the Km reso-
nances fit in this analysis, it was necessary to check the calibration
of the three momentum measuring systems in the LASS spectrometer; 1) the
beam, 2} the sclenoyd, and 3) the dipole. For the solenoid and the
dipole magnets this calibration factor uas defined by respective mag-
netic field constants. In the beam hodoscope this momentum constant wWas
defined by bin constants for the eleven P-hodoscope momentum bins.

The first step in this proces: af momentum calibration was to check
the dipole and solenoid magnetic +ie:d constants, which had been mea-
sured previously using magnetic probes. These constants were checke! by
performing fits to inclusive K% =+ n*r~ events. In this study the wtn-
invariant mass saquared of these K% decay events uwere fit to a Gaussian
term plus a simples polynomial background. Tuo separate fits uwere per-
formed. The f.. si used events where both decay products had been mea-
sured in the solenaid. This fit then tested the solenaid magnetic field
constant. The second fit made use of events uwhere both decay products
had been measured in the dipole. This +fit then tested the dipale mag-

netic field constant. The tuwo fits yieldad the following values for the
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fitted K° mass:

2-solenoid tracks 496.7%2.0 Mev

2-dipole tracks 4987.121.0 MeV

where the errors are conservative estimates of the systematic errors
present in the fits. The fits were shown to be insensitive to the exact
form of the polynomial background used. These tits are seen to agree
quite well with the accepted value of 4972.72.1 MeV for the K9 mass 2.

Once Wwe were fairly confident about the dipole and solenoid mea-
sured magnetic field constants, the P-hodoscope was then calibrated with
respect ta the dipole magnetic field. Tau decays of beam Kkaons (T4
triggered events), with all three decay products measured in the dipole,
were used in this process. For each tau decay event, the three momentum
ot the three decay products uwere added, and the resulting momentum uas
corrected for energy loss in the spectrometer. The dependence of these
corrected momenta versus the eleven P-hodoscope momentum bins was then
fit yielding the bin constants for each P-hodoscope bin,

A final check on the momentum calibration of the beam, the sole-
noid, and the dipole was provided by a +fit to the K'p » K 1*X° missing
mass squared spectrum shown in figure 23. In performing this fit, the
missing mass shape used to {it this missing mass squared spectrum was
generated usiryg Monte Carlo events. The exact preceedure used to per-

form this fit will be discussed in detail in chapter ¥II section B.7.

~ 108 -



FIG.

2000 -

EVENTS/(0.02 GeV2)

lo- 8o

] T ] ]
® Monte Corlo fit

1500

1000

500

3942418

23--A missing mass squared plot with a ™Monte Carlo fit superim-

posed. The symbel ® represents the fitted Monte Carlo missing
mass squared plus a linear background term. The data is repre-
sented by the error bars. The error bars represent the statis-
tieal errors on the Monte Carlo spectrum and the statistical
errors on the data added in guadrature.
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The results of this fit gave a value far the neutron mass of:

945,.423.0 Mev

where the error on this quantity is statistical in nature anly, This
fit value is thought to be quite consistent with the accepted value of

940 Mev for the neutron mass within systematic fitting errors.

B. Backgrounds

As was mentioned in the last chapter, various kinematica! cuts were
used to isolate the K'mn* final sample from other possible charge con-
serving two prong reactions. bue to resolution smearing and misidenti-
fications, a small number of background events invariably passed these
kinematical cuts. Shoun in figure 24 is a plat of the missing mass
squared opposite the K 1n* using the standard K" p*n data sample with a
very loose missing mass cut imposed. in this plot it is seen that the
missing mass structure is quite different above and below the mass of
the neutron. It is thus easiest to discuss possible background reactions
which contribute in the low missing mass region, and the high missing
mass region separately.

various reactions could pussibly contribute to background events in
the low missing mass region (K'p + K'p, K'p =+ 'n"n, K'p » Eﬁn'p, K'p =
K n%). The largest cource of possible background events in this lou
missing mass region uas the elastic events. As uas mentioned in the

last chapter the elastic events, as well as the charge exchange K® decay
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events, were removed explicitly by the PASSMC cuts, A Monte Carlo study
was used :o show that the elastic cut also effectively removed al!l K'p +
K 1% background events. The only other possible source of background
in this lou missing mass region came {from the reaction K'p = Rﬁn‘p.
Simplte kinematical arguments suffice Lo shown that almost none of these
events would feed into the small t’ region in whirli this data was
selected. Thus in this low missing mass region there were ex*-emely few
background 2ventis.

In the high missing mass regien, a large number of reactions could
possibtly contribute to background events (K'p » K w*4%, K'p » A%K"K*.K @
- A%1 1%, K-p - K1 m*n, Kp » K-7%n%n,etc.). The standard missing mass
cut (0.2 GeVZ ¢ MMZ ¢ 1.1 Gev2) imposed on this data removed most of
these background events. These background events uwere alsec supressed by
the fact that all events containing nonneutral decays of excited barvons
were rejected in the event topology selection. Tight vertex require-
ments alseo served to supress K? and lamda decays as backgrounds in the
final Knn data sample. We have used two separate methods 1in order to
estimate the amount of background present from these high missing mass
background events in our final Kon data sample.

The first method is demonstrated in figure 24. Using the fact that
there was very little background in the low missing mass regien, and
that resolution smearing wWas very nearly symmefric in the .aissing mass
squared, the Tow missing mass spectrum was folded over the upper missing
mass spectrum at the neutron mass squared. Making the standard missing
mass cut (0.2 GevZ ¢ MM2 ¢ 1.1 Ge¥2), and subtracting the folded spect-

rum froem the actual data spectrum, the results were consistent with no

background within statistical errors.

- 112 -

et



In the second method the leading edge of this missing mass squared
spectrum was fit to a Monte Carlo missing mass squared spectrum plus a
constant backgraund ({or a description of the fit see chapter Vil gec-
tion B.7). The results of this fit predicted a contamination of eight
percent background events in the final K n'n data sample. This estimate
is very conservative since most of the background implied by the fit was
in the constant background. This linear background was more Jlikely due
to a slight misunderstancing of the resolution in the Monte Carlo simu-

lation of K u*n events, than due to actual background eventis.

C. Normalization

In crder to calculate cross sections f{rom the observed number of
events in this experiment, it was necessary to correct the measured num-
ber of incident kaons aund the cbserved iwumber of Knn events +for heam
losses and event losses. Losses which depended on the specific geomelry
of a given event were correcied for ip this analysis using the LASS
Monte carls as wWill be discussed in the following chapter, Shown in
table 7 is a list of these losses taken intc accrwunt by the Monte Carlo.
The ¥Knn data fits shoun in the following chapters were explicitely cor-
rected for these acceptance losses. Besides these Monte Carlo corrected
losses, tuo other 1types of peometry independent Josses had be to cor-
rzcted for in order to calculate cross sections for this data; 1) run
dependent losses, and 2) run independent losses. Shoun in table 7 is a
list of these correction factors, and an estimate of the systematic

errors inherent in each correction. Jv calculate the run dependent

- 113 -




I il
: Sl

TABLE 7

Narmalization Corrections

Correction Type

Correction
Value

Systematic Error

Estimate

MONTE CARLO

1) Geometry

2) Trigger

3) Tracking Efficiency
4) Secondary Absorption
5) Secondary Decay

6) Resolution Cuts

7) Kinematical Cuts

Run Gependent Factors

t} Target Density

2) Beam Deadti:mz/Doubles
3) Trigger Deadtime

4} Program Failures

- KFAIL Errors .08 %

- IFAIL Errors .06 %

- Beam Reconstruction
Failures .02 %

Run Independent Factors

1) K- Decay in Beam

2) K- Absorption in Beam

3} Vertex cut

4} MT Target Subtraction

%) Software Filter
Inefficiency

.07082 gmsem?
1.025
1.010

.84

1.028
1.044
1.016
1.00

I

[ L L

I+ % 14+

.0028 gm/cem?

013

065

.003
.005

alo

.01

t.06

TOTAL EXPOSURE 1004 events/ud

Systematic Error Estimate

™, -

e e

Ea3

-

¥
f
x,

i

p
£
".
e
H
!

¢

+12.5 % (added in quadrature)

*24.5 % (added )inearly)
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factors, this experimental normalization was calculated and added on a
run to run basis. The target densijty for each run, as was discussed
ear)ier, was measured on a run to rum basis using a platinum resistor
located at the front of the liquid hydroegen target. The other run
dependent facters were calculated using the output monitor and scaler
information from the production jobh. The correction values shoun in
figure 7 have been averaged in this manner over approximately 1000 runs.

The systematic error estimate for this normalization has been cal-
culated in two ways. 1In the first method the systematic error estimates
of each of the correction factors have been added in quadrature. This
addirtion assumes that the systematic errors were uncorrelated, which is
not a well justified assumption. The second method of calculating the
tota! systemetic error was to add the individual systematic err~rg.
This method assumes the opposite extreme that all the systeratic errors
were totally correlated. The actual systematic error 1s probably some-
where in betueen - these tuo extremes. In the rest of this thesis the
systematic error gquoted will be the error calculated by adding these
erroers in quadrature,

Taking into account =all the correction facfors listed 1in table 7,

one acceptance corrected event in the following chapters corresponds to:

0.00100+0.00012 microbarnss/{acceptance corrected event)

Figure 25 shows the total cross sectien calculated in this experiment **

for the reaction K-p =» K°7u*n versus other experimental measurements of

this total cross section at different incident beam momenta 22, The
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FI6. 25--A sample of total exclusive ecross section measurements for the
reaction K'p + K" n*n versus K~ beam momentum, The ¢ross sec-
tjon measured in this euperiment is represented by the symboi O
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total K*p -~ K'n*n cross section calculated in this experiment is seen to

agree guite well with these pther experimental cross sections.

*® Zince we have performed acceptance cprrections ta our data on'y in
the repion 1%71¢9.2 GevZ and D0.80 GeV ¢ M(Kn) < 2.3 GeV, when calculat-
ing the total cross section it was necessary to correct for the number
of events outside of this range. In t* ue have assumed an e-8% distri-
bution and thus corrected our data using ¢/ integrals. In mass we have
performed this correction using the average value uf the percentage of
events seen in the given mass range from g 10 GeV and 16 GeV experiment;
M. Grassler gt al., Nucl. Phys. B125, 189 (1977)
and also a 14.3 GeV experiment;
M. Spiro gt al., Nucl. Phys. B125, 162 (1977).
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Chapter V11

ANGULAR MOMENTS ANALYSIS

The central aim in this thesis was to extract the K* resonance
structure from our standard K'p + K n*n rau data sample,. As was shoun
using the raw Kv¥ 1invariant mass plots, this extraction entailed the
understanding of the angular dependence of the Knn data, as well as the
invariant mass structure of this data. The selected Kxn data sample
presented in these Km invariant mass plots was also biased by the vari-
pus acceptance losses present in the LASS specirometer. It was thus
also necessary to correct this observed raw Km data for acceptance
losses before the K* resonance structure could be fully understood.

The observed distribution function of the rau Knn data sample, P.
was related to the Kmn physics distribution, [, by an acceptance func-

tion A:

P(Mg,. t. cos 6, ¢,) = AlMy,. t'. cos 8, ¢,) (Mg, t'. cos 8, ¢)  ¥IT.1

The kinematical dependence of each of these three functions is fully

described by the four kinematical variables; M(K®m), t’, cosfj., and #;.
In this chapter. a parameterization is first presented for the phy-

1.8 distribution I. The tuo methods used to fit this parameterization

to the rauw data are then presented. A discussion is then given on the
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yeneral structure o7 the Monte Carlo parogram used to calculate the

acceptance funciion A. The method wused to calculate this acceptance

function is then discussed. Lastly, acceptance corrected fits to this

K'p - K'n*n data wil) be presented.

A. Angular Moments Fitting Methods

in this analysis, the Knn physics distribution functien, [, was

parameterized by expanding this function in spherical harmonies. Thus:

MO x) = Y (4m) 2L 00 ¥y (@)
I'm

X = Mg, U

= cosf, ¢,

where the timix) terms are here detined as the

v11.2

acceptance corrcsted

angular maoments. This parameterization summed to all orders in 1 and m

is quite general, but several restrictions were made an the abeove sum in

this analysis.

First parity conservation is known to rule out the presence of the

imaginary parts of any spherical harmonies in the above sum 27, Apply-~

ing this restriction to the spherical harmonic sum yielded:

@ o

(O x) =), (4m)7 2ty p(x) (2 -~ Sgg) Re(Yio(0)) vi1.3

| mzC
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where Suo 79 @ Kronecker delta, and the sum over m is restricted to only
positive values of m.

The assumption was also made in this analysis that all values of 1
were less than some lgax in the above sum, Likewise all values of m
were limited to less than some mgax- Only terms with m equal to zero
would have been present if the K'p ~ K 7*n reaction had been mediated
salely by pien exchange. This was approximately true at small t~
(1t71¢0.2 Gevl), and in the later fit process it wuwas shown experimen-
tally that very few m terms uwere reoeded to describe this Knn data. The
restriction op 1 came from the observatien that at low Kr invariant mass
no high spin objects resonate in the outgoing Km system. The physics
under these circumstances should be representable by a finite number of
1 terms. This was indeed found to be the case in later experimental
data fitting to the angular moments, tin(x).

Fits to this spherical harmonic sum using the stardard Knn data
sample were performed in small M(Kn) and t* bins. Integrating 1(f1,x),
t1m(x), and P(f,x) over a given smal! bin, the following functions

could be defined Within this bin:

Yoy = ‘fﬁ (0. %) dx

P(Q) = f?\"t‘ P(Q. x) dx VIl.4

tim = fun bym(x) dx
At
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where the integral over dx refers to the integral over this smail M{Kn)
and t” bin. With these definitions, and the ! -~ng m restrictions from
the previous paragraph, the spherical harmonic sum became:

lmay Miray

MR =D, (4m) 7 (2~ 8,0) Re(Y, of0) vIT.S
1 m20

Within this given M(Kn) and t/ bin an acceptance funrtion was then

defined by the equatian:

P(D) - A(R) 1(0) vii.6
fhe fitting of the physics distribution, 1, then reduced to fitting the
constant tija"s:, using egquations VII.5 and V1{.6, to the standard Kmn
data sample within these small M(Kn) ar¢ t” bins.

Theoretically given an extremely large sample of Knan esvents, the
data could have been <¢Ticed into an extremely fine M(Kn)} and t* grid,
and the t)p’s would then have been fit in these small bins. pue to the
finite statistics of this experiment though, fits ta the rau Kn data
were performed in tvo different ways depending on the physics that
needed %o be extracted. To extract the mass dependence of these angular
inoments, t1m. a single t’ bin was chosen (It7(¢0.2 GevZ), and the Kn
invariant mass was binned in muitiple smali mass bins (typically 40 Mev
wide). To extract the t’ dependence o0f ithese moments, the cpposi‘te
approach was taken. The raw Knn data was first binned into large mass
bins (typically 120 Me¥ wide}, and these mass bins Were - sliced into

small t’ bins (typically .D2 GeV? wide) in the other dimension. The
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t1w’s in both cases wuere then fit as constants within these given mass

and t/ bins, and the desired dependence of these angular

meoments was
then plotted.

In this analysis, tuwo separate methods uwere used to fit the accep-
tance corrected angular moments, within these small M(Km) eand t¢ bins,
to the raw Kmn data; 1) the maximum Jikelihood method,

and 2) the
moments method.

Both methods were shoun to give the

same corrected
angular moments for this data within errors. These methods will be des-

cribed in the next tuo subsections.

1. Moments fFitting Method

The first method used to fit the arceptance correcteu

angular
moments, tiam

to the rauw Kmn data in a given small mass and 1’ bin uas
the moments method. 1In order to discuss this fitting method it is first

necessary to maz.ipulate a few equations. By substituting equation VII.S

into equation YII1.6, muliiplying by (2-6xp)Rel(Y),m (1)), and integrating

the result over 4n in the Jackson angles, equation VII.6 becomes:

1

3 amy B (2~ 5y (2

1 m20

8 oe0) f Re(¥, (0)) Re(Y; - (Q)) A(Q) O

vIr.7
Ly = fP{n) (2~6,0 Re(Y, (M)} d0
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Defining the matrices:

Aprm = f (4‘")-1/2 (2 - '5mo) (2- 6m’0) Re(‘{lm(n)) RF(Yrm-(n))

VIL.8
A(R) dD
vII.9
M = f P(0) (2 — 8} Re(Y) (M)} dOY
Equatien VII.7 then reduces to the simple form:
III-I m—l
VIiE. 3D

S A e = M
1 mz0

This simple equation forms the basis of the moments fitting method.

In practice the integral Ajmirm+ were calculated using Monte carlo
events, as Will be discussed in section C of this chapter. The M:ipmls ms
integrals dere calculated by using the raw data sample passed through

final Km1 data cuts:

vii.n

=
n
M=

—
[
—

(R—650) Re( ¥ ()

"me

where the sum was over the N Kon data events in the given small M{Km)

and t7 bin,
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With the Alplrurr @and M), 4, matrices determined, equation VEII.10
censisted of N equations in M unknouwns. A solution for +the tia’s was
possible as long as the number of eguations was greater than or equal to
the number of unkouns,

Once the ti1w“s had been calculated using equation VII.10 it was
necessary to calculate the statistical error on these angular moments.
The correlated statistical error, Dimlsm:» on the matrix Miw was given

ay the expressioh:

N
Diar = ) (B=6gmo) Rel Vi) (267 o) Re( ¥y M) V11,12

i=1

The error matrix Dimlrms could then be transformed to give the error

matrix E for the tin’s. In matrix notation:

E—'—A"D(A'] )1 vi1. 13

Since the matrices A and D Were easily calcultated, the t)m error matrix
was thus determined.

In practice the splutions to the determined set of equations VII. 10
in this analysis were calculated using a modified version of a FORTRAN
program developed by G.HW.Brandenburg 2%, The rau Kmn data sample from
the mini-dST, in a given small M(Kw) and t” bin, wuwas first passed
through the f.nal data cuts in the routine PASSMC in this program.

Passing events uwere then wused to calculate the Mjg matrix. The
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acceptance matrix Aimirnr Which had been caleulated using Monte Carlo
events, Was then read into the program. Using matrix inversion techni-
ques the determined set of equations V11.10 was then splved. In per-~
forming this calculation, an exactly determined set of equations was

aluways used since no exira information could be gained by overdetermin-

ing this system of egquations 25, Equations Y¥I1i.12 and VI1.13 were then
used to calculate the error on these resulting angular moments. The
moments fitting method thus calculated the t).’'s. and the t), error

matrix for earch given mass and 1’ bin.

The moments fitting method was mainly used in this analysis as a
secondary check on the angular moment fits produced using the maximum
Tikelihood fitting proceedure (see chapter YII section F). The final
angular moments fits performed in this analysis used the maximum Iikeli-

haod fitting method.
2. Maximum Likelihood Fitting Method

The second method used in this analysis to fit the acceptunce cor-
rected angular moments, t1, to the raw Kmn data within a given small
M{Kn> and t* bin, was provided by the maximum tikelihood method. Once
again it is necessary to manipulate a feu equations before discussing
this proceedure. Defining the expected number of Kmn events in a given

small M{(Kn) and t’ bin by:

F=J A@) 1) a0 VII. 14
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The likelihood distribution functien for the M Kmn data events in this

bin is given by the expression:

N " _
L= [ H ﬂg-‘z] g! e F V11.15
i=1

where the term within the brackets is merely the normalized probablity
of the given event distribution, and the term outside of the brackets is
the Poissonian prebability for the overal) normalization of 1(f).

Nouw the acceptance function A(fl) rcan be expanded in spherical har-

monics as:
AM) = 3 VT oy, Rel Y (@) + VA7 8z Im( Yi()) V.16
1 m20

performing some algebra and making use of the orthagonality properties

of spherical harmonics, the foellowing loglikelihood function results:

Tras Maay

N Lrmay Mamay
w = log(L) =Z‘ 1.;,;(}_,_‘ L. (=) Re(Y,.,,(m))) - 2 bm B VIIL 17
i=1 | m20 1 mza

Where the sum is over the N Kmn data events within the given M(Kw) and
t’ bin. This function forms the basis of the maximum likelihood fitting
method. The most probable value of the tin terms was found by maximiz-

ing this 1loglikelihood function, The ai1m’s Were calculated by Monte
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Carlo techniques, as Wwill be described in section C of this chapter.
Note that the imagina-y acceptance moments, Sims did not have to be
known, and the real acceptance moments, alm. needed to be knoun to order
lmax BNO Mpax: in order to calculate this loglikelijhood function.

Now finally the errcr matrix E for the tim"s was given in matrix

notation by:

E=D"'c (D) VIf. 18
where:
D = —29 VII.19
Ot Oty
and:

N
S (2=8gg) Re( {0} ) (2=8mo) Re( Yim(0,) )
Cmtme = —
(=1 ax 2
! 2 Lpge (8=8 ) Rel Ypgo () ) % VIL.20
1"m"“20

The maximization of the loglikelihood funetion in practice was per-
formed by one of tuo programs. The first program was a modified versign
of a maximum likelihood fitting program developed by G.W.Brandenburg 2§,
This program wWas built around a FORTRAN minimizing program called
OPTIME 27, The other minimizing program used to perform these loglike-

Vihood minimizations was written specifically for this analysis using
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the FORTRAN minimizing package MINUIT 2%, Bath programs read the raw
Knn data sample from the mini-bST. for a given small M{Xw) and t7 bin,
Final data cuts were then mposed by calling the routine PASSMC des-
cribed earlier. The acceptance moments, ajm., Which had been calculated
using Monte Carlo events, were then read into this program. Using these
acceptance moments and the passing data events, the laglikelihood func-
tion was c¢ailculated. This resulting Jloglikelihood function wWas then
minimized as a function of the tin’s. The MINUIT minimization package
had the advantage that it could handle non-parabolic errors, bLut it ran
much slower then the OPTIME package. Both preograms gave identical
tia’s. and the estimated errors were zlso shoun to be parabalic using
the MINUIT maximum likelihood fitting program. Thus the 0PTIME package
#as used to perform all the final angular moments fits in this analyeis.
The tjm"s and the t|n error matrix for a given M(Kn) and t’ bin uere

thus calculated.

B. Monte Carlo

1. Dvervieu

In order t» calculate the acceptance integrals alngl:m- and ajpg,
used in the acceptance corrected angular moments fits, a Monte Carlo
program uwas used to mimic the LASS spectrometer acceptance. The general
idea behind the LASS Monte Carlo was ta generate K'p » K*n*n events,
and then track these events through the LASS spectrometer simulating all

sources of event losses in this Xrn analysis. This program calculated
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losses in the LASS spectrometer, and the track finding, track fitting,
and event selection routines due to:

1) geometrical losses

2) trigger inefficiences

3) secondary absorption

4) secondary decay

5) track recenstruction efficiency

B6) resolutian cuts

7 kinematical cuis

8) PASSMC cuts
A set of Monte Carlo events was then uritten to magnetic tape with each
event tagged as passing or failing the event 1laoss cuts in this Monte
Carlo.

The LASS Monte Carlo consisted of muitiple complex FORTRAN subrout-
ines. These subroutines performed basically four functions in this
Monte Carlo; 1) event generation, 2) geometrical tracking, 3) event
reconstruction simulation, and 4) track resolution simulation. Each of
these basic sections of the LASS Monte Carlo will be discussed briefly
in the next few subsections. fFor a more complete discription of these
Monte Carlo routines see reference 29. At the end of this Mante Carle
section checks on the Monte Carlo’s ability to simulate the experimental
acceptance in this analysis will be presented. Finaslly the results from
Monte Ccarlo event processing will be used to generally discuss the
experimental acceptance and the spectrometer resolution fer this analy-

sis.
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2. Event Generation

The LASS Monte Carlo event generating routines were written in
order to produce a K'p + K™ u*n event sample with a distribution as close
to the actua!l ehysics distritution as passible. The first step in event
generation {for a particular Monte Carlo event was the creation of a beam
particle, and an interaction vertex. Kinematical parameters of a beam
kaon in these Monte Carto routines were set by reading the fitted posi-
tion and three momentum, of a processed special (T2} heam trigger, from
magnetic tape. A randomized proper mix of these processed data beam
tracks had been stored on magnetic tape. so that an unbiased Monte Carlo
beam phase space matching the beam phase space of our selected Kuwn data
sampie was assured. Once a Monte Carlo beam particle had been calcu-
lated, this heam particle was then extrapolated into the LASS liquid
hydropgen farget. where an interaction vertex was calculated using a ran-
dom generating function. This random generating function was defined to
throw a random z value within the target such that for multiple throus
an absorption corrected 2 distribution was seen within the target.

tnce the beam particle and vertex had been created far this given
Monte Carlo event, it was necessary ito define the Kwn final state parti-
cles produced at this vertex. In producing this final state, the lahn-
ratory angle of the recoil neutron sbout the incident beam direction was
calculated randomly, This jeft the four kinematical variables; ™M{Kr).
t’, cosBj, =and ¥#; to be calculated for this event. HMonte Carlo events
in this analysis were always genherated in the small M(Kw} and t4 bins in

which a given angular moments fit was to be run in. The invariant mass
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of the K-n* Monte Carlo event was then generated randomly within the
given M(Kn) and t7 bin. The t’ distribution for this event was produced
within this M(Kn) and t” bin, using a random generating function. Vvari-
ous nonflat distributions in t’ were throun during this analysis. These
#ill be described in mere detail in chapter VI] section D. Finally the
Jackson angles of the outgoing K° and w* particles uere generated using
another random geperating function, wWwhich was defined to throw an angu-
lar distribution described by the 1latest acceptance corrected angular
moments fit in the given M(Kn) and t- hin. 1t should be noted that t/,
M{Kn) and the Jackson angles were all generated independently of each
other, wuhich was a very good approximation to the physics within eacn
given M(Kn) and t* bin.

once the four kinematical variable had been generated for this
event, the four momenta of the outgoing K- and n* particles were calcu-
lated from these variables. 5ince the recoil neutron was undetectable
in the LASS spectrometer, this particle was ignored in the rest of the
Monte Carlo processing. The generated four momenta of the X- and 7*
particles Were then energy lossed to correct for energy lesses in the
liquid hydrogen target and target jackets. Thus at the end of the Monte

tarlo event generation routines, a Monte Carlo event bad been defined.

3. Geometrical Tracking

The next job af the LASS Monte Carla was to define geometrical tra-

jectories of the XK= and w* Monte Carlo interaction particles 1in the

spectraometer. Particle tracking in the solencid magnet coansisted of
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calculating track helices using each particles four momentum. These
helices were then exirapolated to the dounstream end of the solenoid
Where a fourth-order Runga Kutte stepping proceedure, with 8 magnetic
field map, was used to track the particles acrass the solengid fringz
field and into the tuixt region. Tracking in the tuixt region was done

- .uming straight line trajectories, and once again a fourth-order Runga
Kutte stepping proceedure, Wwith a dipole magnetic field map, was finally
usad to track Monte Carlo particles across the dipole and inte the douwn-
stream region. 1In the dounsteam region tracks were ance again extrapo-
tated as straight lines.

Both tracks in each event were checked for collisions with the phy-
sical boundaries of the spectrometer (solenoid walls, dipole walls,
chamber apertures, etc.) during this tracking proceedure. The geometri-
cal tracking of the given particle was stopped if its track intersected
any one of these solid physical boundaries (total absaorption was
assumed). Twe random mechanisms could alsec stop the geometrical track-
ing of a particle in this Monte Carlo; 1) particle absorption, and
2) particle decay.

Particle absorption was taken into account in this HMonte Cario by
first dividing the spectrometer into four sections; 1) the cylindrical
chambers, 2) the solenoid plane chambers, 3) the C1 Cherenkov counter,
and 4) the dipole chambers. An sbsorption probability uas calculated
for each of these sections according to the amount of material a parti-
cle would pass through in traversing these sections. As a particle uas
tracked past each of these positions, a random number was thrown; and

this random number, combined with the absaorption probability, defined
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whether the geometrical tracking of this particle was stopped at this
position or not.

Absorption of interaction particles in the liquid bydrogen target,
or target jackets was treated siightly differently. The probability of
each particle being absarbed in the target, and target jackets was first
calculated separately. The product of these absorption probabilities
ior each charged interaction track then ogave a target absorption proba-
bility for the entire event, ui. This w; was then stored feor each
event.

To account for particle decays, a decay length (1mportant onlty {for
K~ interaction particles) was generated for the K- and n* outgoing par-
ticle tracks. This decay length was calculated using a random number.
and the known lifetime of each particle. 1f the decay position of a
given particle was reached, the geometrical tracking of this particle
Was once again stopped. This was a slightly naive way to treat decays
since secondary charged particles do emerge from particle decays, but
this proceedure gave a first order correction for the data track recon-
struction code’s ability to treat charged particle decays.

Tuo other small effects were ignored in the geometrical tracking of
the K- and m* particles through the spectrometer in this Monte Carlo;
1) energy losses outside of the target, and 2) multiple scattering both
inside of the target, and outside of the target. The addition af either
of these effects would have greatly complicated the Monte Carlo track
finding routines, and both effects were shoun to be quite small,

As a Monte Carlo particle wac tracked past each device in the spec-

trometer, information was stored away giving whether the given particle
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had passed through each chamber’s active area or n:t. Solenpid coordi-
nates in intersecled solenpid devices yere siso stored away for later

use, Thus a bank of "possible” chambery hits was formed for each track.

4. Event Reconstruction

The purpose of the Monte Carlo event reconstruction routines was te
simulate event reconstruction and geometrical losses in the LASS data
track finding routines. The #irst step in this process was to mimic the
device inefficiencies for each chamber and counter in the LASS spectrom-
eter. Using the experimental chamber efficiencies and throwing random
numbers, a set of “actual” chamber hits was calculated from the “pgssi-
bie” chamber hit banks for each track. The ch.wher efficiencies used 1in
this calculation were tracking efficiencies fer each device taken from
the production monitor output, averaged over all data runs (see chapter
¥ section A). The “actual’” hit banks along Hith geometrical information
for each track gave enough information to reliably simylate the track
tinding cuts in the three data track finding algorithms ({see chapter
111). In this simulation process, a Mante Carlo track was flagged as
being findable in either the dipole track finding algerithm. the »lane
track finding algorithm, or the cyiindrical track finding algorithm; eor
else the track was flagged as being unreconstructable. 1f either track
in a given <vent was flagged as unrecorstructable, an event failure flag
was set, and this event was written out to magnetic tape.

Atl geometrical, absorption, and decay losses of events in the

spectrometer were correctly accounted for by these event reconstruction
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program cuts. For instance, a particle in the Monte Carle which was
calculated to decay half way doun the salenoid magnet would not have
erough snlenoid intersectians in its “actual” chamber hit hanks +to be
flagged as reconstructable in any of these thrae track finding routines.
Consequently this event weuld have failed to pass the Monte Cartfo.

Once an event had passed ‘hese event rec:nstruction cuts, trigger
cuts Were then imposed on these Monte Carlo events. Thrse trigger cuts
consisted of the main (10) trigger requirement discussed previausly.
The Monte Carlo impased these trigger requirements by using the “actual”
chamber hit banks. Ffor an event failing this trigger, the event fail.re

flag Wwas once again set and this event was urttten out to magnetic tape.

5. Track Resofution

After a Monte Carlo event had passed through the Monte tarlo event
reconstruction routines, . had been classifired as having triggered the
spectrometer, and both outgoing tracks had beern classified as #indable
n one of the three data track finding algorithms. The next job of this
Monte Carlo program was the simulation of the spectrometer”s track reso-
lutions far the Monte Carlo beam part cle, and the two outgecing interac-
tion particles,

A major reason to require accurate Maonte Carle track resonlutions
Wwas to simulate the resolution dependent cuts impased on the Kun data
sampie by the routine PASSHC. The most obvious of these resolution
dependent cuts in PASSMC was the missing mass cut 0.2 GeVZ ¢ MMZ ¢ 1.1

GeVZ) used to isclate the K'p - K m'n reaction from «*ther possible tug
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prong events. fn this spectrometer the missing mass resolution was a
strong function of the four kinemat:.zal variables; cos®;, #;, M(Kw), and
tr. This missing mass cut then acted !ike 2n acceptance cut, sipgce it
cut away different amounts of real Kwn dats in different kinematical
regions. Thus the Monte Carlo had to accurately simulate this missing
mass resolution as a function of the four kinematical variables in order
to correct for this acceptance loss.

The basic idea behind the Monte Carlo track resolution simulation
was to properly ofiset the Mpnte Carlo “physics” tracks generated by the
Monte Carlo event gererating routines, and thereby create a set of “mea-
sured” tracks. This track resolut.on simulation was perfarmed separately
on the beam particle and the two ocutgoing interaction particles.

First, a resolution smeared (“measured”)} beam track was calculated
from the Monte carle (“physics”) beam track for a given event. UWhen the
throwing routines generated this “physics” beam particle the fitted
position. angie, and beam track errar matrix uwere read from a magnetic
tape of processed special (T2} beam triggers, as was meantioned previ-
ously. Usiny etements from this beam track error matrix and a random
number generator, angular and positional offsets were calculated fto
property shift the “measured” beam {rack parameters from the “physics”
beam track parameters. The absolute momertum of this “measured” beam
track was calculated by shifting the *"physics” beam track’s momentum
using a random Gaussian generator. The width of the Gavssian was chosen
to take into account measurement errors in the P-hodoscope as well as
small random drifts in the beam!ine magnets during this experiment.

This proceedure then yielded a properly smeared (”measured”) beam track.
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once the resolution smesred beam track had been calculated in the

Monnte Carle, the next jab of the Monte farle routines was to calculate

properly smeared {“measured™) outgoing K- and n* track parameters. In

ihe data all track parameters wuwere measured in the solenoid with the

exception of the absalute momentum on tracks found in the dipole track

finding algorithm. 14 ig convenient te discuss the Monte tarlo simula-

tion of dipole momentum reselution, bhefore discussing the simutation of

resolution for solencid measured track parametlers,

A study of tau decay triggers and Kp elastics taken during this

experiment showed that the dipole measured momentum distribution, Jor

iixed momentum dipale tracks, uas copsistent with & Gaussian distribu-

tian. The width of this Gaussian for tracks with a momentum, P, was fit

in this study to a simple polynemial form yielding:

$p=6.53%16°" PZ + 1.15%10°7 P

where P is the momentum of the dipole
track in GeVsc

For the Monte Carle tracks flagged as <found in the dipole track finding

algorithm, the absalute momentum of the “messured” track das calevtated

by adding = vandom Gaussian offset of the abave form fo the absolute

momentum of the associated ”physics” track.

Resalution on track parameters measured in the soiencid couid not

be simulated as simply as either the dipole mamnentum resolution, or the

beam track parameter resciutions. Resolutions on solehoid measured

track parameters depended strongly on the number and type of solenoid
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coordinates on & given track, as well as the given particles t.ajectory
through the solenoid. Simulation of the resolution on track parameters
in the solenoid was further complicated by the fact that a geometrically
constrained fit had been performed on our data to improve this resolu-
tion {(see chapter IV section G). A more complex method, mimicking the
data analysis® geometrically constrained fit, was thus vsed 1in this
Monte tarlo simulation.

As Was meantion previously solenoid coordinates as well as “actual”
chamber hit banks for both outgoing interaction particles wuere stored
away during Monte Carlo geometrical tracking. Using experimentally der-
jved chamber errors (see chapter IV section I } and a random Gaussian
generator, 2 new set of resolution smeared solenoid track coordinates
for each track was formed. Just as in the data event fitting, these
resolution smeared solenoid track coordinates, as well as the “fitted”
beam parameters and beam error matrix, formed the input to the subrout-
ine MVFIT. The routine MVFIT then performed geometrically constrained
fitting to the Monte CcCarlo events in a manne. identical to the procee-
dure cutlined 1in chapter IV section G. The only exception to this
statement is the fact that the chamber errors uwere not corrected frr
multiple scattering, since the Monte Carlo preogram did not simulate mul-
tiple scattering. The MVFIT error handling in both the Monte Carlo and
the data were also the same. A certain pumber of Monte Carlo events
alse failed to converge in MVFIT, and this small percentage of events
were immediately flagged as bad and written to magnetic tape. A cut was
also made on the MVFIT fit confidence level in order to ‘simulate the

confidence level cut made on the data. The output of MVFIT then yieided
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“maasured” three momentum for the Monte Carlo K™ and n* particles along
with @ resolution smeared veriex and an tWF1T error matrix.

In the data processing, the output MVFIT error matrix was used to
define resolution cuts on the data tracks to remave poorly measured
trachs from the Knn data sample. These cuts were simulated in the Monte
Carfo in exactly the same manner. The Monte Carlo output MVFIT error
matrix was used to calculate a momentum resolution error on each fonte
carlo track. Identical cuts were made c¢n this momentum resclutien error
as were made on the data sample (see chapter V sectien E).

Thus the Monte carlo track resolution routines yie:Jed “measured”
quantities for a given event’s beam particle, vertex, and two ocutgoing
intgeraction particles. A set of cuts on these quantities for quantities
derived frem these quantities) thus simulated an identical set of cuts

performed on the data.

6. Monte Carlo Output

At the end of the Monte Carlo procescing of a given event, a record
consisting of less than 60 32-bit 1BM werds was written out to magnetic
tape. This 60 word record consisted of “measured” kinematical varia-
bles., “measured” beam itrack ithree momentum, the “measured” three momenta
of the two outgoing particles, and various geometrical quantities needed
to define the final Monte Carlo event. This Mopte Carlo outrut record
was chosen to be almest identical in  form to the data mini~-DST record
meantioned in chapter V section A. The only difference betueen these

two output records were tuo words added to the Monte Carlo record: the
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first word flagging whether & Monte Carlo event was rejected in the
Monte Carlo or not, and the second being the target absorption weight,
(TN The data and Monte Carlo output records were chosen to be nearly
identical so that the set of final cuts imposed by the routine PASSMC on
the data events could also be imposed on the Monte Carlo events. As uas
meantioned before the PASSMC cuts uwere imposed on the data events read
from the mini-DST before these events were analysed. In a similar fash-
jon the same PASSMC cuts uere imposed on the Monte Carlo events before

these events were used in any acceptance calculation.

7. Monte Cario Checks

various checks were made, in this analysis, 1o assure that the
Monte Carlo accurately simulated the event losses, and the spectrometer
resolution. Some of these checks are discussed separately in section F
of this chapter. Tuo more checks of the Monte Carlo simuiation will be
discussed here.

Once the final angular moments and t7 fits to the standard Kon data
sample had been performed, a set of Monte Carlo events were generated
Wwith these fit distributions. The number of events throuwn in each bin
was taken to be proportional to the acceptance corrected number of data
events in these bins. The resulting Monte Carlo event sample was then
passed through the final event selection cuts (PASSMC cuts), and the
passing events were histogrammed. These histograms were then compaired
with histograms of the standard Kmn data sample. No significant devia—

tion of the Monte Carlo distributions from the data distributions was
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seen. In particular the ratio’s of cylinder found, plane found, and
dipole found tracks was seen to agree to a few percent betueen the two
samples.

As a check on the Monte Carlo simulation ot the track resolutioen,
the X"p = K 7*X? missing mass squared spectrum of the fina! Kgn data
sample was fit. In performing this fit, the Monte Carlc event sample
discussed in the iast paragraph was used to generate a Monte Carlo reso-
lution smeared missing mase sdquared spectrum. This Monte Carlo spectrum
plus a linear background was then fit to the data missing mass squared
spectrum. In performing this fit the free parameters in the Honte Carlo
resolution spectrum consisted of a normalization parametes, an offset
parameter, and a linear scale parameter. The fit was perfcrmed in the
missing mass squared region from 0.2 GeVZ to 0.90 GevZ,

Shown in figure 23 is this missing mass squared fit. The error

bars shoun on the data points represent statistical errors 1in both the

data and the Monte Carlo event samples added in quadrature. The chi-
square ot this fit was 33 for 36 degrees of freedom. The linear scale
factor had a final fit value of 1.10. Thus the Monte Carlo resolution

was 10 % better than that of the real data. The flat background in this
fit had a heighth about 4 % as high as that of the neutron peak. This
background probably indicated a slight misunderstanding of the poorly
measured solenoid tracks in the Monte Carlo. This descrepancy was smatl
encugh to cause no observahle problem 1in the caleulation of the spec-

trometer acceptance.
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8. Spectrometer Resolution

As Was shewn in the last subsection, the LASS Monte Carle desecribes
the data missing mass squared spectrum quite well. The LASS Monte Carla
then could be used to :nvestigate the spectrometer resolution in our
four kinematical variables; M(Kn)., t7, cos8;, and #j. Uniortunately
since the spectrometer resolutinn 1is a very complicated non-Gaussian
function of these four kinematical variables, no obvious means exists to
display this resojution systematically. using Monte carlo events then,
a rough estimate of oaur resolution in the four kinematical variables

over many different kinematical regions yielded:

Variable Resolution

MIKT) . iiiennn, 4 MeV¥ - 15 Mev

t! e .002 GeV? - 006 GeVZ
cosf;  L.........o. .003 - .015

L 2 T .03 radians - .05 radians

When correcting resonance widths in this paper for resolution smearing
in mass, Monte Carlo events were generated 1in the region of this reso-
nance with a distribution as close to the actual physics disteibution as
passible. Histograms of the difference betueen M(KW) “physics” and
M(Kn) “measured” from these Monte Carlo events were then used to esti-

mate the M(Kn) resalution in the region of this resonance.
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9. Spectrometer Acceptance

To end this section it seems appropriate to show a graph of the
Monie Carlo generated acceptance function, A(Q). Shown in figure 26 is
a contour plot ot this acceptance plotted as a function of cosB; and
M(Ku). This plot was generated using the final set of Monte Carlo
events discussed in sectian 0 of this chapter. tMonte Carioc events used
in generating this functian were first passed through the final Kun data
sampie cuts (PASSMC), and Were also restricted to the 1t*] region less
than .2 GevZ,

Trigger cuts and resalutian cuts (mainly the missing mass cut)
played the most important role in limiting the acceptance in this analy=
sis. One of the most prominant features in figure 26 is the drop in
acceptance in the foruard and backward cos#; region at low Km invariant
mass. This effect was due to the fact that at lew mass in the forward
(backward) cos8j region the K (nv*) was so far forward in the labora-
tory frame that it quite often passed through the hole in the 1.5 PHC
cluster logie. Since the 1.5 PUC cluster logic signal was necessary to
trigger the spectrometer, such events were not seen. This effect les-
sened at higher mass due to larger Ku center of mass energies, and thus
greater Km laboratory angles.

At a mass of ~ 1.8 GeV and above, in the forward cosfj region, fig-
ure 26 once again shows a marked drop in the acceptance. ir this case
the laboratory angle of the n* was large enough se¢ that this particle
missed the active area of the 1.5 PUC cumpletely, and thus did not trig-

ger the spectrometer. This effect also came into play in the backward
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¢0osB; region at slightly higher mass. At the very highest mass, events
were alse lost in the central cosfj regien. Here the X~ and 7w* parti-
cles were produced with such Jarge laboratory angles that both particles
missed the TOF hodoscope, also required in this T0 trigger.

The only other obvious structure in this plot is the two valley
structure in the central cosf; region at intermediate masses. This
effect was caused the removal of events from this central region by
resolution cuts.

In summary, the scectrometer acceptance is seen to be nonzero 1n
nearly all regions of M(K®) and cosB;., and is large and uniform in al
but the extreme foruward and backward cos8; regions. The acceptance is
also seen to be smoothly varying, and thus uas easily corrected for in

the fitting of this {inal data sample.
€. Calculation of the Acceptance Moments

In order to perform the acceptance corrected angular moments fits
to the Knn data, the moments and maximum likelihopod fitting methods each
reqiired the calculation of various acceptance function integrals. In

the moments fitting method these integrals were of the farm:

Almym = f (A1) V2 (2 = b0) {2 — B4n) RelY, (7)) Re(Y, (M) VII.21
A(Q) an

within a small M(Ky> and t* bin

- 145 ~



e [ e

T
2
=
¥

iy,

In the maximum likelihood fitting method these acceptance integrals were

of the form:

ag = (4m)772 [ A(D) (2-6,,) Re( ¥, () } dn vi1.22

within a small M(Kn) and t7 ban

Where the infeyral form for the a;n’s has been calculated by merely
using the orthagonality of the spherical harmonics. The ajm’s are here
defined as angular acceptance moments.

The first step 1n calculating the acceptance integrals for a given
M(Kn) and t’ bin was to generate a 'arge nurber of Monte Carlo events
within this bin, In this analysis the number of Monte Tarlo events
thrown 1n a given mass and t’ bin was chosen to be at least ten times
the number of acceptante corrected data events within this same bin. In
a lafer study 1t was checked for several bins that the t1, f1t values
did not change appreciably when more Monte Carlo events were thrown.
Thus the statistical errors in the data dominaied over the statistical
errors from the calculation of these acceptance moments.

Witr.n this given HM(Kw) and t” bin, the Monte Carlo events were
generated flat in mass, nonflat 1n t7, and according to a sgherical har-
monic sum of the fitted angqular moments 1in the Jackson angles. The
event generating function, Imc(N), integrated over M(Kw) and t’ within

the given bin, could then be represented by the properly normalized sum
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of these anguliar moments:

loey My
Ime() = Ny ) (4m)'2 (b, )(2-6)  Re( Yiu(0}) vI1.23
} m20 E E; g

where Nypn represents the number of Monte Carlo events thrown, and the
tim’s were the angular moments which were used to throw this Monte Carlo
within the given M(Kn) and t’ bin.

Equation VII.6 gives the relationship between the acceptance func-
tion A, the observed distribution P, and the physics distribution [ for
our data within a given M(Kmn) and t‘ bin. Using the Monte Cario analogs
to these data expressions, the Monte Carlo acceptance function was

defined by the expression:

) vIii.24

Ame(®) = p2e(0)

where Imc(fl) was given by equation VII.23, and Pmc(fl) was the Monte
Carlo cbserved resclution smeared angular distribution of the passing
events thrown in the given M(Kn) and t’ bin. Once again the final data
selection cuts in PASSMC have been imposed on these Monte Carlo events,
By defining the Monte Carlo acceptance in the above form, resolution
smearing in mass and t’ has been ignored. Since the fina! acceptance is
a2 slowly varying function of mass and t’ this appraximation wuas well
justified. Since the distribution, Pmc(fl), was resalution smeared in

angle, and Imc(f) wWas not, the acceptance function defined by equation
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V11.24 served to carrect the Knn data for resolution smearing in the
Jackson angles, as weil as for acceptance losses.

With the definition of equation viI.24, equations VYII.21-V11.24 can
be combined to give Monte Carlo approximaticns t» the two acceptance
integral expressions in equations VI1.21 and v11.22. In this mnalysis
then, ihe acceptance integral for the moments fitting method was calcu-
lated as

N
2" dn w, (2-654) Re( Yi() ) (2-844) Rel Y,,{0)) VII.25
Az = lmc(nl)

The acceptance integral for the maximum likelihoed fitting methed was

cafculated as

S%*“ Van w, 2=0mo) Re( Yim(1) )
3 LA

- - ¥11.26
Ine(0),)

where the sums are over the N,a.55 passing Monte Carle everts, and the Wj
are the target oabsorption probabilities for these events (see Monte
Carlo section). The function Imc{R) is given by equation VII.23, and 0N;
is the resolution smeared Jackson angles for the i th Monte Carlo event.

If Imc{fi} was ever 2ero where passing Monte Carlo events uwere pre-
sent, then the acceptance integral calculations above would have become
indeterminant. In order to keep this from happening fifteen percent of
the Monte Carlo events were always throun flat in the Jaukson angles.
It was shoun later experimentally that the final angular moments fits

were not changed within errors by throuing five percent flat versus fif-

teen percent flat.
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. Angular Moments Fits

In this chapter the moments and »aximum likelihood fitting methods,
used to fit the acceptance corrected angular moments io the standard Kmn
data sample, Were presented. To end this chapter these final angular
moments will be presented «s a funrtinn of mass, but first a brief dis-
cussipn of the data cuts and the interative proceedure used to obtarn
these final fits will be discussed.

The standard Knn data cample graphed at the end of chapter Vv {formed
the 1nput data sample to the tinal anqular moments fits. For these

final f1ts, the data once again was restricted to the 1t’t \egion less

than .2 GCevZ2. This restriction served io emphosize the pion exchange
portion of this reaction. In mass, the data sample was dividecd 1nts 490
MeV bins below 1.800 GeV, and 80 MeV mass bins above this mass. The
angular moments fits uwere performed, and the Monte Carlo events uere

alsc generated in these same bins.

These final angular momenis fits were performed in the mass region
from 0.80 GeV %o 2.30 Gev. At masses below .8)0 Gev the spectrometer
acceptance was so0 low that 1there were not enscugh events to support a
fit. Above 2.3 GeV in mass it uas impossible 1o obta‘n convergence of
the moments fils in this analysis due to near singularities in the 41t
correlation matrices. In performing these final fits, the maximum like-
lihcod proceedure was used.

The caleulation of the acceptance moments, a1m discussed in the
Tast chapter clearly depended on houw the Monte Carlo events were thrown.

The best approximation to the acceptance moments was obtained when the
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Monte Carle was throun with a distribution as close to the acceptance
corrected data distribution as possible, This fact necessitated per-
forming the f{inal maximum |ikelihood fits to the acceptance corrected
angular moments interatively.

In the first interation, within a given M(Kn) and t” bin, HMonte
Carlo events uwere gererated flat in mass, and flat in the Jackson angu-
Tar variables. The t7 distribution of these Monte Carlo events was
throun with a simple exponential fit to experimenrtal data from a previ-
ous Knn data analysis performed by this group, SLAC experiment E-75 ***,
This exponential fit described the data gquite well. Acceptance moments
were then calculated, and maximum likelihood fits to the standard Kmn
data sample uwere performed yielding a set of angular moments, tin, for
each separate mass bin.

In the second interation, the Monte Carlo events wWwere once agaln
throun flat in mass, and with the expenential dependence in t’ described
in the last paragraph. 1In angle the Monte Carlo was thrown according to
the spherizal harmonic sum of the tym’s ¥from the previous angular
moments fits in each bin. Once again acceptance moments wWere calcu-
lated, and a maximum likelihood {fit performed yielding a neu set of
angular moments.

In the third and final interation, the Monte Carlo events uwere
thrown flat in mass. The HMonte Carleo t* distribution was thrown accord-

j=g to partial wave fits to the t’ dependence of the standard Kgn data

*** These simple exponential fits were performed on the 1t”| data from
G.M. Brandenburg t al., XVIII International Conference on High Energy
Physics (1976), A1-118
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sample. This 1’ dependence is described at the end of section B in
chapter VIII. Lastly the Monte Carlo was thrown in angle with the tim
fits from the previous interation. Acceptance moments were once again
calculated, and maximum 1likelinood fits were performed yielding final
values for the angular moments, as well as acceptance moments in each
separate mass bin. The angular mcments were then compaired to those of
the second interation and found to be identical within errors. It was
therefore assumed that this interative proceedure had converged.

Shown in figure 27 is a comparison of the firal angular moments
fit (u) to the data (error bars) as a function of cos6; in four typical
mass bins. The error bars on the data are statistical in nature only.
These fit points were calculated, acceptance corrected, and added in a
16%16 cosB; - ¢ grid. Within errors the maximum 1likelihood fits are
seen to describe the data quite well in these four different mass
regions. These plots along with similar plots in #; Were used to check

the quality of all angular moment fits performed in this analysis.

1. Final Angular Moments Presentation

The set of final angular acceptance momernts, ap,. used to derive
the final set of angular moments in this analysis are shown in figures
28-30. The mass binning .sed to generate these acceptance moments cor-
responds to 40 MeV bins below 1.8 GeV, and 80 MeV averliapping bins above
1.8 GeV. The bin to bin fluctuations in these acceptance moments was
raused by the sta.istical uncertainties in the calculation of these

acceptance moments. The general structure of these moments is seen to
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he quite smooth, and no sharp structures are present which would cause
problems in this analysis. The agg acceptance moments represents the
spectrometer’s integrated acceptance as a functlion of mass. This inte-
grated acceptance ranges from 25% to 39%. The falloff nf this inte-
grated acceptance at low and high mass was described earlier (see chap-
ter VII section B.9).

Shoun in tigures 31-33 and listed in table 8 are the final angular
moments fit in this analysis. Once again the mass binning corresponds
to 40 MeV bins below 1.8 Gev, and 80 MeV overtapping bins above this
mass. The error bars shoun in the plot and listed in the table repre-
sent statistical errors only. The t]s”s have been multiplied by a fac-
tor of 1/8M(XKm)At’, in order to correct for bin gize in the t;, normali-
zation.

These fits were obtained using the smallest number of 1 and m
moments required to fit the data in each mass region. Uhen higher order
m terms were added the resutting added terms uwere seen to be consistent
with 2ero within errors. 1f higher order 1 terms were added in these
fits, the resulting added terms uere also seen to be negligible. [n the
final moments {fits these additional 1 and m terms were not included,
since the addition of these higher order terms increased the error bars
on the moments substantialiy. This ircrease was due to strong correla-
tions between mowments caused by the nonuniform acceptance in this exper-
iment.

The first featu.e to notice in these angular moments is the rapid
decrease in the size aof the angular incments as m increases from m=0 to

m=1, and fiazlly to m=2. Above 1.800 GeV in fact the m=2 moments were
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FI1G6. 31--The final m=0 acceptance corrected angular moments as & fuhc-
tion of mass. These moments were calculated in 40 MeV mass
bins below 1.8 GeY, and 80 MeV¥ mass bins above this rass. The
data used in performing these fits Wwas also selected from the
small t* region, |[t”| < 0.2 GevZ, The moments presented have
been divided by the mass bin uidth and the t7 bin width.
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faund to be negligihle. The dominance of the m=0 moments is a reflec-
tion of the dominance of single pion exchange in this reaction in the
small [t’l region from with this fitted data was selected. Had the
reaction been mediated solely by pien exchange, only m=0 moments would
have been present. Since sirgle pion exchange is the dominant process
in this reactior, the resonance structures can be discussed by consider-
ing the mass dependence of the m=0 moments only.

The first feature to notice in these m=0 moments is the sharp spike
at .890 Gev in the tgg and tzo moments. This spike is 1ndicative of the
JP=1- K*(895) resonance. The typ moment in the region of the K*(895) is
seen tn be quite flat, and shous no structure. This brings up a quite
general statement thet can be made about resonances in ancular moments
piots. In the even (m=0) angular momenis, a resonance of spin j appears
as bumps in the even angular moments up to the moment tzj;5, and in no
higher moments (see chapter VII] section A). Therefore since a bump 1is
seen in the tgog and tzo moments, and not in the typ moment, the K*(895)
can be assigned a spin of one from this data. Parity conservaticn
allows enly natural spin parity resonance states to be seen in this
reaction so the K*(895) is assigned a negative parity, The strong
interference pattern in the t10 moment in this .890 GeV region is also
indicative of this resconance.

The J¥=2* K*(1430) is seen in these moments as a bump at 1.430 GeV
in the tpp, t2e- and tyo angular moments. Fits were also run with the
=5 and 1=6 terms added, and these momerts were seen to be extremely
small. The tqo moment is also seen to vary rapidly in this region.
Thus this well knoun 2* resonance is seen in these angular moements, and

it’s spin is verified.
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At higher mass definite peaks in the typ and tg¢e angular moments at
a mass around V.78 GeV are indicative of the 07=3- X™(1780). Fits were
also run in this region including the 1=7 and 1=8 angular moments.
These added moments were seer to be negligible.

Lastly at even higher mass the-e are clear peaks in the tg o and tao
angular moments in the mass region around 2.07 GeV. A rapid variation
in the tyg moment in the region arecund 1.95 GeVv is also seen. This
structure is most easily interpreted in terms of a 4* K® resonance in
the region of 2.07 Gev. The rapid variation in the t;p woment being
caused by an interference between the F and G wave tails of the K*C1780}
and the k*(2080), Shoun 1in figure 34 are the tygq and the typp moments
fram separate angular moments f.*s which included these moments. These
moments are seen to be consistent with zero within the statistical
errors. As well as confirming the K*(2080) is a spin 4* object, this
result also implies there are no spin five rescnances, wuithin the sta-
tistics of this experiment, up to a mass of 7.3 GeV.

Thus in these angular moments, four leading K* resonances gre
easily visible, and the spin af these resonances is clearly determiped.
The three lowest mass leading K* states (the 1- K*(895), the 2*
K*(1430), and the 3~ K*{1780)) have been clearly seen in previous K p -
K"w*n experiments, and the properties of these resonances are now rather
well uaderstood 3, Evidence for the spin 4% K*(2080), before this ana-
lysis, was very sparse 79,

There is obviously far mare structure ip these angular moments than
just these four leading K* resonances would indicate. Ctearly a more

sophisticated analysis was needed in order o fully understand these
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moments. A partial wave analysis then was performed on these angular
moments. This partial wave analysis is the subject of the next chapter.
To conclude this chapter, gquantitative fits which yielding resonance

parameters for these four leading K* rescnances will be discussed.

F. Fits to the Leading K* Resonances using the Angular Moments

In this section simple fits to the acceptange corrected angular
moments will be presented yielding resonapnce parameters for the four
leading K* resonances: 1) JF=1- K*(895), 21 2* K*(1430), 3) 3- K*(178Q},
ant 4) 4* K*(2980). It is easily seen, in the angular mements presented
in the Tast section, that the leading K* resonances contribute to the
highest 1-order angular moment not consistent with 2ero within their
respective mass regions. In terms of the simple exchange mode] of the
next chapter this implies that the leading X™ resonances make up the
highest spin nonzero partial wave necessary to describe this data in
their given mass regiuns, Using this fact it is erasily proven using
this exthange model that in the mass region of a leading spin j K* reso-
nance, the tyje angular moment is proportional (ignoring the production
parameters’ slow variations as functions of mass) to the square of the

K w* elastic scattering partial waves times M(Kplirq.

tho= Mg [a [ vi1.27
q
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Thus assuming the j wave turn-on is dominated by resonance production,
the t2j0 angular moment can be fit to a simple Breit-Wigner resonance
form yielding the resonance parameters of this spin j teading K* teso-
nance.

Chi-square fits using a simple Breit-Wigner rescnance form with 3
Blatt-Weisskopf barrier factor ' have been performed on the leading
edge of the resonance peaks in these t2;¢ angular moements. Table 9
gives the form of the Breit-Wigner uvsed in these fits. Shoun in figure
35 and in table 10 are the four chi-square fits tp these tpjq angular
moments. Where the {actor R is not shown in tahle 10 this factor uas
Tixed to a value of 1 fm. The resonance uidths presented in table 10
have been corrected for binning effects. as well as smearine caused by
the finite mass resolution of the LASS spectrometer. The systematic
errors in this table represent conservative estinates of the systematic
effects present in the measurement of these rescnance parameters. MWhere
the systematic errors are not shoun, statistical errors are believed to
dominate over systematic effects, These fits Wwill be compaired to world
averages in chapter vIII section D.

In fitting the spin 4* K* resonance to the leading edge of the tgg
angular moment, not all the information available in the angular moments
has be o used. Another approach was to perferm a simple energy depen-
dent amplitude apnalysis using the angular moments; tegasr t;0. and tgg
presented in the last section. This approach suffers from lack of know-
ledge of possible underlying states as weil as the detailed behavior of

the tail of the K*({(1780), but the added statistics make this fit well

uorth while.
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TABLE 9

Breit-Wigner Resonance Parameterization
With a Blatt-Ueisskopf Barrier Factork

By, €My T
VRL+1 (Mg — M) — i Mg T

r =( q )ZLﬂ. r D,{(qgR)
R Dy(aR)
where
Do(x) = 1

Dy(x)= 9 + 3x* + x*

Dg(x) = 225 + 4842 + 6x* + x®

Dy(x) = 11025 + 1575x% + 135x* + 10x® + x®

B J.M. Blatt and V.F. Weisskopf, “Theoretical Muclear Physies’ (Wiley.
N.Y., 1952), p361, pd0a-413
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[events/(Mev Gev?)
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FI6. 35--Leading resonance fits to the t;jo moments; a) the K*( .) fit,
b) the K*(1430) fit, ¢) the X*(1780) fit, and d) the .*(2080)

fit.
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TADLE B

Resonance Parameters from Bre:

Fits to the Angular Moments

(a) Spin % Fit to the t;q Moment

Wigner

Parameter Fit Statistical| Systematic
Value {rror Error

Mass 887.0 + 3.3 * 2.0 Mev

Width 58.8 7.1 MeV

R 0.0 + 4.0 gev-1

¥Z/DOF% 2.971

(b) Spin 2 Fit to the ty,o Moment

Parameter Fit Statistical| Systematic

Value Error Error
Mass 1426 + 3 * 4 Mey
Hidth 118 + 13 Mey
x2/DOF 0.32/2

(c) Spin 3 Fit to the tgo Moment

Parameter Fit St.tistical| Systematic
Value Evror Error
Mass 1756 + 17 * 20 Mev
- 12
Width 185 + 53 Mev
- 38
x2/00F 3.4/5

(d) Spin 4 tit to the tgo Moment

Parameter Fit Statistical| Systematic
Value Error frror
Mass 2140 + 140 * 30 Medy
- B0
Width 250 + 300 MeV
- 130
x2/DOF | 2.5/3

B ¢hi-square

per Oegree of Freedom
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The simple exchange model of the next chapter (see <chapter VIII
section A) uan be used to derive a relatiaonship between thz angular
moments tgo, tyo0, and tgo; and the K-7* elaslic scattering partial
uaves, a . Assuming 1) only helicity zero ampiitudes coantribute (one
particle exchange model), 2} the production parameter b is a slowly var-
ying function of mass, and 3) the G wave is the highest spin nonzero

partial wave in the given mass region; the following relationships were

derived:
th = opjFP+ 20(GF + 305 RelDG")
3373 11V13 11V13
135, = T0V35 Re( F L")
14243
vi1.28

thy = 450 | ZF

14717
D o My, &y Foo Mg, 2 G < Mg, g

Vg vq ‘a

“he theoretical angular moments were then |, irameterized, and f1t to the
experimental angular moments presentec in this chapter.

In performing ihese fits the N.F, and 6 wav~ backgrourds were par-

amete; ized as simple polynomials in M(Km) The F anu G wave resnrnances
wee parameterized by the simple ariet-Wigrer forms of table 9. The
exact parameterizations used in these fits is given in takle 11. As

input 1o (his fi1t the mass and width of the 3° K*(1730) Were fixed

accarding to the tgy angular mome. t fit listed in table 10.
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TABLE 11
Parameterization for the D,

f, and G Waves for the
Energy Dependent Fit to the tga.t7p, and tyo Angular Moments

i
D=Mg, € 4 (A, + B; My,)

vq
] ,
F=Mg | © %2 (A7 + By Mg+ Co M) + N, BW(M,(,.M,.I",)}
Vg
Mua Ng BW(M, McTg) My, S 1 9B CeV
G =y Va
f M.

<
o]

in | Ba (Mg, — 1.98 GeV) + Ny BW(My,Mc.To) | Mee > 198 Gev

where  BW{M,, M.I") = MI

7
(M2 - ME) - 1 MT
and [ g given by TABLE 9

{ree parsmeters ¢1,A,_Hl.f)2.A3.B:.C2.N -BB‘NS'MG'FG
Nk 1 parametcrs’ MF'I‘F
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The results of a fully correlated chi-square fit to this simple
model are shown in +{igure 36 and table 12, The systematic error pre-
sented in table 12 represent conservative estimates of possible syste-
matic effects. The significance of the spin 4* state in this model is
4.6 standard deviations. Results from a fit to this model using angular
moments run with a slightly looser missing mass cut give nearly identi-
cal results with slightly smaller statistical errors. Results from

these looser missing mass ungular moments fits are presented in refer-

ence 32.

F. Checks on the Angular Moments Fits

One of the best checks of 1he Monte Carlo simulation of the LASS
spectrometer acceptance was provided by rerunning the angular moments
fits, shown 1n this chapter, ~varying the final Kwn data Sample cuts
(PASSML cuts) which were imposed on both the data events and the Monte
Carlo evenis. Accurate Monte Carlo simulation implied that no differ-
ence should be seen betueen varied c¢ut and standard cut fitted moments.
Convcrsely if the data and Monte Carleo event samples differed radically,
variations 1n the fitted moments would be evident between the varied cut
and the standard cut fitted moments. A great number of such checks uere
run varying the target cuts, the elastic cuts, the missing mass cut, the
resolution cuts, the trigger cuts, and the geometrical! aperture cuts in
PASSMC. It would be impossible due tg space limitations to show all of

the comp.irisons here. Instead a representative sampie will be shoun.
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FIG. 36-~The energy dependent fit che the tgq. ti0, and tgg angular

moments (see text for a description of this fit).
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Resonance Parameters from the Erergy Dependent

Fit to the tgo. and tgg Angular Moments

TABLE 12

tros

Par:

Fit
Value

Statistica)l

Mass

Width

x2/DOFB

2075

240

15.7713

+

8 ¢hi-square per Degrees of Freedom

- 174 -

T (10 T, 8 g e

i,

.

e~ i



Shoun in tigures 37 b} ~ 39 b) are comparisons of fits run varying
the missing mass cut to the standard angular moments fits in three typi-
cal mass bins. 1n this missing wmass comparison, the standard missing
mass cut fits €9.2 tev® { MM ¢ 1.1 GeV¥?) are compaired to tighter miss-
ing mass cut fits (0.4 Gev? ¢ MMZ ¢ 1.0 Ge¥?). The tight and standard
missing mass cut fits are seen to agree quite well! in the three differ-
ent mass regions within errors. As wWell as shoWing that the Monte Carlio
simulates the missing mass resolution quite well, this resuit implies
the final angular moments are not sensitive Yo possible background
events, As was shoun in the background discussion of chapter ¥1, a
tighter missing wmass cut would crastically reduce the signal to back-
ground ratio in the fina) Xmn dsla sample. These angular moments fits
are thus shoun fo be insensitive i{o these background events.

Shoun in figures 37 a) - 39 g) are comparisons of fits run with
tighier aperture cuts, tc the standard antilar moment. fits in the same
three mass hins. In these tight aperture cut fiis, all PASSMC aperture
cuts were decreased radically. The tight and standard aperture cut fits
are seen to agree quite well within errors in all three different mass
regions.

As well as checking the woments for stabiiity fo changes in the
final data cuts, the final angular moments fits were also checked for
sensitivity to the bin to bin fluctuations in the aceeptance moments.
This was done by two methods. In the fi.st methad the acceptance
moments were smoothed using simpie polynomial fits to the acceptance
moments as g function of mass. Angular moments fits were then run using

these smoothed acceptance moments and compaired to the standard angular
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a)l

b)

c)

F16. 37--Angular Moments Camparisons in the mass hin 1.40 Ge¥ ¢ m(Km)

1.44 GeV

a) tight aperature cut vs standard aperatu-e cut
h) tight missing mass cut vs standard missing mass cut
c) maximum likelihood fit vs moments method fit
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a)

b)

c)

FIG. 38--Angular Moments Comparisons in the mass bin 1.76 GevV ¢ M(Kn)
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moments fits. In the second method acceptance moments were ofiset
40 Mev to an adjacent mass bin. Fit were then run using these offset

acceptance moments and comparisons were made with the standard angular

moments fits, Both methods showed the final angular moments fits to be,-'

quite insensitive to rapid bin to bin variations of the nc:eptanﬁe
moments .- 7

Shoun in figures 37 ¢} - 3% ¢) is a comparison of angular moments
fits run using the moments fitting method, to fits runfﬁégng the maximum
Tikelihood fitting method in these three tvpicalyméés bins. The maximum
{ikelihgod and moments methods are seen to_ggf;e very well within errors
in the 1.42 GeV¥ and 1.78 GeV mass bi,ns’:() At the highest mass though,
there are variations on the arder of a standard deviation or more in
some of the moments. This varijation is due to the fact that the maximum
likelihood and the moments method are quite different estimators af the
angular moments. Since the maximum likelihosd method is the best esti-
mator of the true angular moments 23, the maximum 1ikelihood fitting
method was used to perform the final angular moments fits in this analy-

sis
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thapter VII1I

ENERGY INDEPENDENT PARTIAL WAVE ANALYSIS

The acceptance corrected angular moments presented in the i{ast
chapter quite clearly displayed the {four leading K* rescnances. Under
careful inspection, these angular moments show far more structure than
simply the lTeading resonances would indicate. In order to understand
the intricate structure hidden in the angular moments, it uwas necessary
to perform an energy independent partial wave analysis on these moments.

This was done follawing the method and model of Estabracks et al. V.

A. Discussion of the Exchange Modei

As was mentioned earlier, the reaction X'p » X 5*n is dominated by
pion exchange in the small t* region from which the standard Kmn data
sample was selected (|t7]|¢0.2 GeVZ). The purpose of this energy inde-
pendent partial wave analysis was tao extract the physical K'n* elastic
scattering partial wuave amplitudes from these Knn angular moments. Con-
ceptually, this proceedure entailed first isolating the pian exchange
contributicn to this K'p =+ K"n'n reaction {rom other possible exchange
mechanisms. Once this pion exchange portion had been isolated, an
extrapolation te the pion pole (t=p2) then yielded the real K-u* elastic
scattering ampiitudes. The third silep in this conseptual procesdure was

to perform a straight Jorward partia’ wave analysis on these K-p*
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elastic scattering amplitudes resulting in K°n* elastic scattering par-
tial waves as a function ef mass.

In gractice these X n* elastic scattering partial wWaves uere
extracted by fitting a simple exchange mode? parameterization to the Kan
angular moments. In this snalysis the K"p - K"n*n production reaction
was parameterized by the small t’ limit of the simple Regge exchange
madel of reference 34, The small t4 timit of this exchange model wWas
also used in a previous Kv partial wWave analysis performed by this
group ', and similar exchange models have been used for years in various
n7 partial wave analysis 3%,

In thir simple exchange model at a given Kn invariant mass the t*
dependence of the helicity amplitudes ****, ., , with angular momentum

L, and t-channel helicity A Wwere parsmeterized hy:

Ly(Mggt') = &My, t) =N

VIII.Y

u® -t
Ly-(Mgt') = (2)7Y2 gu(My, ') VLILHL) ¥ (M) vir.2
L{Mgnt) = (2)772 g (M, t)  VILILHD) (Y (Mg, VIII.3

=2 Y J(Myy) | ¥ 3

**** for simplicity the nucleon helicity labels have been supressed.
See P. Estrabrooks et al., Rucl. Phys, B79, 301 (1974) for a discussion
of this simplitication.
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Las{My,.t) = 0 Az 2 vill.4

where in the high energy limit these helicity amplitudes corresponded to
natural ¢(+), and unnatursa! (-) parity exchange. In this model absorb-
tive corrections mere taken into account by & nenevasive cut term (the
Yc term), and higher order exchange mechanisms were taken into account
by a strongly exchange degenerate p-A; Regge exchange term (the 17,
term)i

The relationship of g, to the X"r* elastic scattering partial wave

ampl}itudes, a , was given by:

Mg t) = 7) My, (M) € "M [t-st] VIIL.S
vq

Since the a, sre K*7* elastic scattering partiai wave amplitudes. these
amptitudes can he decomposed into an isaspin 172 part and an isospin 372

part summed with the appropriate Clebseh-Gordon coefficients:

a (My,) = a%(My) + 8%(My,)/2 VIIL.6

where & factor of JZ has been sbsarbed into the definition of the nor-
malization constant, 5. Only the sum of the two isotopic spin contribu-
tions, a_,» was measurable in this analysis (see section E).

The K°v* elastic scattering partial wave, a_, can be written in

terms of @& magnitude and phase. Below K°w* scattering inelastic
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thresheld, elastic unitarity could be impeosed on both the 1=1/2 and the

1=372 partin! wave amplitude yielding:

VBT sin(s1/2 1 81/ My,

g,(My,) = V' 2L+1 sin(6;(M,,)) €
VIII.?

e 1 6,
+ VBLFL sin(6Y%(M,,)) €

2

In imposing elastic unitarity in this araiysis wWe have calcuiated G}
using the parameterization from the previous Kw partial wave analysis by
Estabrooks et al., *****_  pbove K1 scattering inelastic thresheld, a
more general parameterization of these ampiitudes in terms of a magni-

tude and phase was used:

1 fofily.)
aMg,) =l e My (e VIil.3

At this point it is convenient +to derive the relationship of the

helicity amp!itudes, L,., presented in this chapter to the Kmn angular

ARRET To correct for the isospin 3,2 portion of these K-n* partial maves
de have used the resuits from P. Estabrook et al., Nucl. Phys. B133. 499
(1978) that below 1.6 GeV in mass the isospin 3/2 P and © partial waves
are consistent with zero (df=6?=0). and that the isospin 372 S uave
phase shift, &', is described by an effective range form:

101
cottsy= - { -4+ q? }
q9 &

With
-1.03 * 0.10 Gev~?
-0.94 & 0,50 Gev-!

-
f1u
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Siner,

moments discussed in the last chapter. In deriving this relationship it
is necessary to define & change of basis in the definition of the helic~-
ity amplitudes. The normal helicity amplitude, H: , are defined in
terms of the natural (+) and unnatural (-) parity exchange heljcity

amplitudes by the expressions:

Hy= 1 [ Ly + L]

vE
Az20
Y = 1M [ L - Ly ] VITI.9
vz
HE = L, A=0

Using these helicity amplitudes the wunnormatized density matrix for the

K-p + K n*n reaction was defined by the expression:

pk}(ulﬂ'v) = H:(Mﬁnlt') H:"‘(“Krr't") vIiII. B

The physics digtribution was related to these density matrix elements by

the expression:

1AX) =) PEHX) Yu@Yi(a)
e VIII. T

0 = cos(8,).9, X = Mgt

Viging the above expressions, the relationship of the density matrix ele-

ments to the angular moments, tia, defined in the 1last chapter, was
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calculated ¢ to be:

1L L
WM t) = D) (-1)™ [(2141)(ELr 1)U+ ]2
LL m A X
AL
vIIl.12
1LL
0 0 of Rl Pkt
uhere the symbols in brackets are the Wigner three-J symbols. for a
list of the coefficients for the above expression see reference 37, It

should be noted in passing that the properties of the three-J symbols
combined with this equation give the result that a resonance of spin J
contributes to the even (m=0) angular moments to order 2J as was stated
in the last chapter.

In periorming the energy independent partial wave analysis,the
t;:(ﬂ.,.t') as given by equations VI11.1-VI11.12 were fit to the accep-
tance corrected angular moments, f)1a- fJue to the finite statistics of
this experiment this partial wave analysis was performed 1in two steps.
In the first step of this partial uave analvsis (PUA), the t’ dependence
of this exchange model was fit to the t/ dependence of the experimental
angular moments in large mass bins. These fits yielded the prnduction
parameters 7a, Yc, and b which uere slowly varying fuctions of mass. In
the second step of this partial wave analysis., these production parame-
ter fits were used to integrate this e.cchange model over multiple small
mass bins and a single large t“ bin. This integrated exchange model was

then fit to the angutar moments in each of these bins. This second step
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yielded the K™w* elastic scattering waves, a ., as a function of mass, A

description is given of each of these steps in the next two sections of

this chapter.
B. Multiple t’ Bin Partial Wave Analysis

In this section the method used to fit the t’ dependence of this
exchange model to the t’ dependence of the Xnn experimental angular
moments will be discussed. In order to fit this t’ dependence, the sin-
gle t’ bin multiple mass bin angular moments of the previous chapter
could not be used. Neu acceptance corrected angular moments were thus
fit to the standard Knn date sample in large mass bins and multiple
small t’ bins for this purpose.

The method used in generating these angular moments. as well as the
final data cuts imposed, were identical to the maximum likelihood pro-
ceedure discussed in the previous chapter. Yarious checks of the sta-
bility of these moments to data cut changes were also performed, and
these angular moments proved to be insensitive to these cut changes.

Shoun in table 13 are the number of events fitted, in each t’
interval of a typical large mass bin, 1in order to produce these angular
moments as a function of t’. It is seen thst even near the K*(395)
resonance, where our cross section is the largest, we still had limited
statistics with which to perform these fits. Above 1.2 GeV, 120 Mev
mass bins had to be used in order to fit these moments. In figure 40
the Monte Cario generated acceptance moments used to perform these fits

are plotted as a function of t/ in this same large mass bin, and in
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TABLE 13

The Number of Events Fitted in €ach t7 @in for the
Multiplie t/ Bin PUA in the Mass Bin .920 GeV ¢ M(Xn)} < .960 Gev

|t’| Bin Number of Events

(Cevi) in [t7] Bin
0.00-0.02 ...iiinnncunnanas 367
0.02-0.04 ....... ... . 0000 3N
0.04-0.06 ......... .00 255
0.06-0.08 .........icuur-.- 185
0.08-0.12 ... ... .. ... 309
0.12-0.20 ....... ... 404

t
i
¥

.

-t
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bin 0.90 GeV ¢ M(Ky) ¢ 0.94 Gev.
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41--The acceptance corrected angular moments as a “unction of t’ in
the mass bin 0.90 Gev ¢ MIKw) < B.94 GeV. The moments have
been divided by the mass bin width and the t’ bin width. The
curves draun through these moments represent the simple
exchange model fit to these moments described in the text.
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figure 41 the finz]l anguiar moments in this same mass bin are plotted.
The error bars drakn through these angular moments represent statistical
errors only., An explaination will be given later af the smooth curves
drawn through the anguiar moments in Tigure 41.

In each large mass bin the exchange model parameters were fit to

the t* depandence of these angular moments by minimizing the chi-square:

N oy Mg . 2
{ LR (M b)) AMy, L~ by )
2 _ Im\ M x> Kn 1 th:
= 3 3 =5 VIII. {3
i=1 1 m20 Y1

where the sum over i is a sum over the N t7 bins in this given large
mass bin; and 8M_, and At’ are the width of this ith bin in mass and t*
respectively. Lastly the tjmni’s are the experimental Knn angular
moments in the ith t7 bin, and the oy, are the diagonal error matrix
elements of the t)1,i from the maximum likelihood angular moments fits.
The t;:(ﬂnn.i’l Were given by equations VIII.1-VvIII.2. This parameteri-
zation was found to be nearly constant in mass and t7 within each given
bin, so that in the fitting process the t?;(ﬂlx.t’) were calculated
evaluating M(K®) and t* at the center of each mass and t’ bin.

In performing this chi-squared minimization ¥n each bin, the param-
eters which were minimized were the production parameters ¥,, ¥, and b;
and also the partial wave magnitudes and phases (la_l, %, or SZ‘ when
elastic unilarity was imposed). The mass dependences of the magnitudes
and phases determined by this proceedure were not very interesting since
they were averaged over large mass bins, ( Since the magnitudes and

phases obtainec n these minimizations were not studied in detail, the
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descrete ambiguities (see section £.2) could be ignored. Any one of
these ambiguous solutions would yield the same fit values for the pro-
duction parameters.)

There was one more quantity which had to be determined in order to
minimize the chi-square in equation V111,13, and that was the overall
nermal ization censtant 7. Since n was an energy independent parameter
it had to be treated separately from the other parame*ers. This normal-
ization constant was set in this analysis by requiring slasticity of the
K*(895) resonance. Since in this region elastic unitarity was imposed
on both the S wave and the P have the partial wave fits in this region
were highly censtrained. Thus in determining % tuwa methods were used.
The first methad is illustrated in table 14, In thase five mass pins,
adjacent to the X*(895) resonance, multiple minimizations of equation
VII11.13 uwere performed varving the value of n for each set of fits. The
value of 7 uwas fixed at the minimum of the sum of the .chi-squares of
these five bins. In the second method, chi-square fits to the K*(895)
were run fitting a Briet-Wigner spin one resonance with a Blatt-Weis-
skopf barrier factor (see table 9) to the unitary P wave phase, 8?.
resulting from the PHA fits in each of these same five bins. ? uas
aiver a different value for each separate fit. The value for M was
chasen in this second method where the chi-square of these Briet-Wigner
fits was a minimum. These proceedures produced values for %» of 9.25 and
9.5 respectively. These were later found to be quite consistent with
the normalization constani determined in the single t# bin PHA described
in the next section of this chapter. In the final PUA fits, which det-

ermined the production parameters, the normaiization constant was set to
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TABLE 1

Chi-square per 31 Degress of Freedom for the Multiple t~

Bin Partial Wave Fits as a Function of %ass 3+n and 7

Mass Chi-suare
(GeV) .86 .80 .94 .98 1.06 1.18 Sum or
L] 6 Bins
3.0 59.471 193.84 57.40 52.23 54.65 76.70 494_23
8.5 59,45 123.11 47.96 45.91 44.89 63,11 384.23
9.0 59,47 74.08 39.26 42.51 47.91 66,73 329.96
9.5 59,48 46.06 31.81 42.25 £3.97 387.11 330.68
10.0 59.48 35.16 26.06 45.16 91.69 123.20 380.75

‘minimum Chi-Square Sum 7=9.2)
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9,25 using the results from the more accurate determinatien of 7 from
the single t* bin multiple mass bin PMA resulis.

The minimization of equation VIII.13 in these large mass bins was
performed using @ preogram developed by P. Estabrooks 3f. This program
made use of the FORTRAN minimization package MINUET 28, In performing
these multiple t7 bin partial wave fits several! assumptions were made:

1) The fits were run on the minimum number of angular
moments needed to describe the data.

2) For Km invariant masses less than 1.3 Gev, elastic
unitarity was imposed on the P and D uWaves (Nota-
tiop~ S, P, D, F, and 6 correspand toe L =0, 1, 2,
3, and 4 K°v* elastic scattering partial waves res-
pectively).

3) When elastic unitarity was imposed, the 13 GeV/c

SLAC experiment’s I=3s/2 parameterization was wvsed
t{see footnote p.183).

after the ¥inal fits had been performed, impoesing the above assumptions,
a fed checks on the stability of these production parameter fits to cut
changes were made. As a first check of the stability of these fits to
cut changes, the t’/ fitting region was varied from the standard value of
It’1 less than .2 Ge¥? to I1t’] less than .3 GeV2. No change, within
errors, Was seen in the production parameters due to this cut change.
Several different assumnptions uwere also made as to which waves had elas-
tic unitarity imposed on them below @& Kr invariant mass of 1.3 Gev, and
the production parameter fits also proved to be insensitive to these
assumptions.

The smooth curves draun through the ¥mn angdlar moments in figure
41 are the exchange model fit to the i’ dependence of these angular

moments in this typical mass bin. The t’/ dependence of this acceptance
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corrected data was clearily quite well fit by this simple exchange mode).
This was quite generally the case in all mass birs. In this analysis
the fit quality of the chi-square minimization of equation V111,13 in
esch mass wWas monitored both by looking at a distributions similar to
figure 41, and by monitoring the chi-square value for these fits.

Figure 42 and table 15 shous the final fits to the production par-
ameters, Ya» Y+ and b, as a function of Kn invariant mass. These fits
were run in 40 MeV mass bins below 1.2 GeV¥, and above 1.2 GeV 120 MeV
mass hins were used. The error bars drawn thrcough the fit values repre-
sent statistical errors only. Simple polynomial fits to the mass depen-
dence of these parameter are also drawn through each production parame-
ter plot. These simple polynomial fits were utod in the second step of
this partial wave analysis. The results of step two were quite insensi-
tive to the exact form of these polynomial fits as will be mentioned
later. The results of these fits were also found ta agree quite we))
with the results from simitar fits discussed in reference 4.

[t should also be noted that these fits were used to check the sen-
sitivity of th~ acceptance moment calculations to the exact t° d.siribu-
tion thrown in the tonte Carlo (see chapter VII! section D). The multi-
ple-t” bin partial wuwave fits rupresented the best estimate of the
physics disiribution’s t’ dependence. In the last interation the Monte
Carlo Was thus throun with a t4 distribution from the PUA fits shown in
this section. The latest angular moment fits, tIm’s, were used to throw
the Monte Carlo in the Jac¢ckson angles, and the Km mass was throun flat
Within each small mass bin. CalecuTating new acceptance moments, and

redoing all the angular moment maximum likelihood fits, the resul‘s were
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TABLE 15

Production Parameter Fit Values

Mass b Ye Ya
(GeV) (Gev-2) (GevV-2)
0.22 3.25 0. 34 -1.66 £0.13 4.24 1. 21
0.86 2.76 0.2¢ -1.36 *0.06 5.54 0,47
0.%0 2.09 0.2 -1.17 £0.05 6.11 20.32
0.94 2.53 *0.26 -1.04 *0.08 5.40 20.56
0.98 2.5% #0.33 -1.02 20,12 6.17 20.79
1.06 2.06 *p.20 -1.17 #0.10 0.00 *3.91
1.18 2.°6 0,15 -1.02 *0.08 0.00 *2.02
1.30 1.30 *0.12 | -0.81 20.05 0.00 *0.7¢
1.42 2.43 20.10 -0.42 %0.02 2.14 0. 21
1.54 1.18 20.15 -0.49 %0.03 0.00 #*0.37
1.66 2.10 20.15 -0.46 £0.02 0.00 *0.26
1.78 1.74 20,15 -0.32 20.02 0.00 *0.88
1.90 1.90 20.16 -0.34 %0.02 0.00 :D.30
2.08 1.77 *0.06 -0.27 0.0 0.00 %D.21
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seer to agree with the resultz from more primitive Monte Carlo throwing.

C. Integrated t’ Partial Wave Apalysis

1. Fitting Methed

The multiple t’ bin large mass bin partial wave fits discussed in
the last section yieided simple polynomial fits describing the slouwly
varyiny mass dependence of the three production parameters; ¥a, ¥c» and
b. These simple polynomial fits completely determined the t’ dependence
of our simple exchange model. The second step in this partial wave ana-
lysis was to use this t’ dependence to integrate the exchange parameter-
ization over a single large t* bin (1t”1¢0.2 gev?), and then to perform
partial wave fits, {fitting this intearated parameterization to experi-
menta? angular moments, tig: 1in each bin for multiple small mass bins
(typically 40 MeV wide). These partial wave fits then yielded the K- %'
elastic scattering partial waves as a function of mass, which was the
desired endpoint of this partial wave analysis, This section will des-
cribe the extraction of these K n* elastic scattering partial waves.

The angular moments, wuhich formed the input to this multiple mass
bin PWA, were fit in an identical fashion to the angular maments pre-
seanted in the last chapter with one additional cut imposed. In investi-
gating resonance structures in the Kn system 1in the reaction K'p =
K r*n, the removal of data from regions where the w* and n form narrom
resohance structures is appropriate, It is not clear how one should

deal with wside N* resonance states though. In the simple exchange
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parameterization of this chapter no attempt has been made %o describe
these N* reflections. At low K %* mass we have thus cut out these pos-
sibte N* reflections by removing all Monte Carlo and data events with a
nv invariant mass below 1.8 Gev before performing the angular moments
fits. This cut was made in the Kg invariant mass region from .80 Gev to
1.6 GeV. For K invariant masses above 1.6 GeY the spectrometer accep-
tance allouwed no events with an nw® invariant mass less than 1.4 GeV to
be seen. Imposing & stricter no cut than this at high mass would also
have sericusly ltimited our statisties. At high mass there was also lit-
tle evidence for narrow N* reflections in this data. Thus no nn
invariant mass cut was made in fitting the angular moments above 1.6
GeV.

The switch over region between making this nm cut, and rot making
this nn cut has been studied extensively. Figure 43 shous K™n* elastic
scattering partial! waves extracted, in this region, from angular moments
fit with and without the nw cut imposed. It is seen that in this region
the nn cut makes no difference to the final partial wave magnitudes and
phases extracted.

With this new set of angutar moments in multiple small mass bins
and a single large t bin, our exchange parameterization could then be
fit to these angular moments. The first step in this fitting proceedure
uas to integrate the theoretical angular moments, t;:(ﬂut.t'l. aver eath
given MIKT) and t” bin. fn performing these integrals the productior
parameter polynomial fits described in the 1last section Wwere used.

Since the were nearly independent of ™MKw within these small bins, this
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integral was given by the expression:

L = f::::tz(u‘,.l') at' ANy, ML
where &M, is the width of the given wmass bhin, M, is the mass at the
center of this bin, and t::(ﬂwn.t'l iz given by equations V¥II1I.1-
viir.12.

In the next step in this integrated ¢t/ bin PHA, these integrated
angular moments sere then fit to these experimental sngular momerts
within the given multiple mass bins. These fits were performed in each

given bin by minimizing the chi-sguare:

N th th
X® = Z (tm — g ) l( by — b ) VIII.15
El;l ¢
1 m20
l';"io

where the t),’s sre the experimental angular moments, and the t:: are
the integrated thecoreticai angular momenis given given by equation
VIIl. 4. The matrix E is the covariance mat:1x from the maximum like-
lihood fits which produced the t).’s. It uas necessary to use the fully
correlated error matrix in these fits since the t|a fits were highiy
correlated for masses above 1.5 Gev.

In performing this chi-square minimization in each bin, the parame-
ters which were minimized were the partial wave wagnitudes and phases
(IILI. 's‘ or Sﬁ'uhen elastic unitarity was imposed), The only other
parameter which needed teo be specified in order te perform these fits

Has the energy independent normalization parameter 7. This
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normalization constant uas determined in this step of the PLA in exactly
the same manner as it was determined in the multiple t/ bin PHA (see the
previous sectian). The resulting normalization constant, w. from thia
proceedure was & moie accurate determination of the norralization than
the ca'culated in  the multiple t/ bin PWA since smaller mass bins and
more mass bins were used in this determination.
The chi-square milvimization of equation VvIII.15 uwith respect to the
K*n* elastic scattering partial waves was performed wusing & program
developed by P. Estabrooks P, This program made use of the FORTRAN
minimization package MINUIT. The subroutinme MINOS in this MINUIT 2B
package was used to investigate nonparabolic errors. In performing
these final minimizations in each mass bin the fit quality was monitored
by observing the final chi-square vzlue for each fit. As a check on the
sensitivity of these fits to the exact polynomial form used for the pro-
duction parameter fits, variocus other polynomial fits to the production
parameters were tried. The resulting fits were guite insensitive to the
exact to the exa.t pelynomial mass parameterizatinn used.
In perfarming the final integrated t’ partial uwave {fits several
assumptions were made:
1) The fits were run using the minimum number of angu-
lar moments needed to describe the data.
2) tlastic wunitarity was imposed on the S wave for
masses less than 1.24 Gev, and con the P uwave for
mass less than 1.12 Gev.
33 When elastic unitarity uas imposed, the 12 GevVsc

SLAC experiment’s 153/2 parameterization was used
{see footnote p.183)
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Before shoiing the fina) K 7 elasin scattering partia) waves fit using

this proccedure, it is first necessary to discuss ambiguities in this

PHA.
Z. Ambiguitiss and Solution Classificativn

The minimization of the chi-squared sum in equation VII1.15 does
not have a unique solutien, Two disferent types of ambiguities arise
mathematically in this minimization process: 1) continpuous ambiguities,
and 2) descrete amhignities.

The continuous ambiguicies arose from the fact that it is impossi-

ble to see any change ir. @ physice distribution when each of the helic-

ity amplitudes, L,:,ir multipliad by a corstant complex phase factor
et Since only the square nf these amplitudes is observable “his fact
is easily proven, There was thus one overall phase which could not he

determined in these partial wave fits. In this analysis for fitting and

graphing purposes, this phase das fixed bty setting the phase of ane of
the partial waves (see the next section).
The descrete ambiguities can best be explained by examining the

dominant eisn exchange portion of the helicity amplitudes. If only pion

exchange were present in this reaction, only helicity zero amplitudes
would be nonzero in outr exchange model. In this case equation VII!. 1

can be written:

(0X) =), P Yu(0)via(a)
L

AA

VIIl.16

0 = cosld,).é, X = Mgt
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Some algebraic manipulations aof this expression With equations
VIil.1-¥II1.12 leads to the onw particie exchange wmodel for this reac-
tion:

R 2 b{My) (-4
HOX) = 7P Mg -t €

q (p-t)°

vITr.1?

| -
| 32 (2L+1) a(Myy) Pyfcoa(sy); |*
L=0

Hote that various factors of J 41 have been ebsorbed into the definition

of #. HNow the expression in brackets:

Lupar
Z (2L+1) ag Py(z) z = cos(8,) YIII1.18
L=D

is just & complex polynomial of order Lpgax in z. This polynomial can

thus be factored ipto it’s Lmay rocts, z;:

1‘-’ I‘n‘:
E(2L+1) ay Py(z) = C H(z -z) VIIL.19
L=0 i=1

where the 25’8 are the Barreiet =zero’s 3%. In this one particle

exchange model, only the <quare of this expression is observakle, and
thus if a given root, 2, is replaced by it’s complex conjugate 2;*, the
observed distribution remains the same. Taking all permutations of com-

plex conjugated roots this proceedure yields 2L ambiguous solutions.

The addition of the helicity vne amplitudes into these equations does
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not change this ambiguity argument since these terms make only small
contributions to this reaction 1in comparision to the dominant pion
exchange torms. Thus the minimization of the chi-square in equation
VII1.15 yielded 2" discrete ambiguous splutions.

ln practice within a given M(K®) and t’ bin, these ambiguous sclu-
tions were found by first minimizing equation VIII.15, and obtaining one
of these solutions. Once this solution had been found the program cal-
culated the Barrelet zeros for this particular solution. The program
then formed all 2““'possible polynamial combinations of these Barrelet
2eros. Using these polynomials the program then calcuiated the partial
wave magnitudes and phases from these polynomials by solving equation
YIII.19. The calculated partial wave magnitudes and phases for each
ambiguous solution were then used as starting values in the chi-square
minimization of equation VIII.15. The results of these chi-square min-

imizations yielded the 2" ambiguous solutions desired. It uas neces-
sary to reminimize equation VIII.15 since when helicity one amplitudes
are added the relationship described in eguation VII!.19 were only
approximately correct.

In order to investigate the resonance structures present in the
tfinal K-n* partial waves, the mass dependence of these waves needed to
be studied. Hith f'u ambiuous solutions in wach mass bin, a prohibitive
number of combinations existed for plotting these solutiens as a func-
tion of mass. Thus these ambiguous solutions had to be classified and
associated as a function of mass.

The Barrelet zeros provided a convenient method of classifying the

ZL'“solutions within each mass bin. Solutions in this analysis Were
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vlassified by the sign of the imaginary part of each PRarrelet zero for
the partiat wave fit within each mass bin. Figure 44 shows the Barrelet
zeros calculated in this partial wave snalysis as a function of mass
{The Barrelet zero’s plotted have been chosen Qo that Im(z;) is continu-
ous as & function of mass). The Barrelet 2ero’s plotted are seen to be
smoothly varying fuctions of mass. A smoothness argument was thus used
to associate solutions in adjacent mass bins. By applying smoothness
associations in this analysis the assumption has been made that bin to
bin variations were not present in these Barrelet zeros. Thus if there
were rapid bin te bin variations in the final K"w* elastic scattering
partial waves, these variations would not have been seen in this analy-
sis.

In making these mass associations we have imposed the canditian
that new partial wave amplitudes had to rise from 2ero in a counter
clockuwise direction on a resunance loop in an Argand diagram. This con~
dition is basically the Wigher condition *°. In terms of Barrelet zeros
this implied that when, increasing in mass, a new partial wave uWas
added, the associated Barrelet zero had to turn on with a negative imag-
inary part. Thus:

Im(24)¢0 below the first P wave resonance

Im(z2)<D below the first D wave resonance

Iml{z3)<0 below the {irst F wave resonance

Im(zy)¢0 below the {irst 6 wave resonance
The above candition along with the impasition of elastic unitarity below
1.30 Gev established a unique solutian below this mass. Furthermare
increasing in mass and making bin te bin associations, an ambiguous

solution could be added only when one of ihe Im(z;) appoached very close
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to zero within errors. The problem of classifying ambiguous solutions
thus reduced to determining when the imaginary part of a given Barrelet
zero wWas within a few standard deviations of zero.

In figure 44, error bars are drawn through the Barrelet zeros.
These error bars are statistical in nature only. These errors uwere gen-
erated by virst finding @ given partial wave solution. The fully corre-
lated error matrix from this partial wave solution was then used in con-
junction with a Gaussian random number generator to offset this partial
wave solution’s magnitudes and phaSes. Using these smeared magnitudes
and phases, a set of Barrelet zeros was then calculated. By repeating
this process »>ne thousand times for each partial wave fit, the errors on
the associated Barrelet zerot were calculated. It should te noted that
smearing the fitted magnitudes and phases in a correlated Gaussian man-
ner Was not well justified in certain mass bhins. In these bins larger
Gaussian errors uWere thrown to check for possible crossings of these
Barrelet zeros. We have defined a Barrelet zero cross when the imagi-
nary part of a given Barrelet 2erp is within three standard deviations
of zero.

As uas mentioned before, imposing elastic unitarity on the partial
wave fits established a unique solution below 1.3 GeV. The first possi-
ble Barrelet zero cross can be seen in figure 44 to be in the Im(23) in
the region around ' &6 Gev. The next possible change of sign of the
imaginary part of a Barrelet zero can be seen to be in the Im(z4) around
2.02 GeV. iierefore defining these two Barrelet zero crossing points, a
single unigue solution was found in this analysis below 1.86 Gev. From

1.86 GeV to 2.02 GCev two ambiguous solutions were found in this
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mnalysis, and above 2.02 GeV four ambiguous solutions existed. 1t
should be noted that ip the region of 1.9 Gev, 1Im(z,) stays very close
to zero. Since in this region from 1.9 GeV to 2.1 GeV, tmi{zy) 1is very
nearly zero, the ambiguous solutions that would have been added by flip-
ping the sign of Im{zy) would have been very pearly identical. Thus no
information Would have Been added tc this analysis by allowing more than
one Im(z,) crossings in this region.

Shoun in table 16 are the Barrelet zero elassifications of the four
ambiguous soluticins seen in this analysis. The next section of this
chapter wil) give a qualitative description o7 these four partial wave
solutions, found by minimiziny equation VILI.15 in multiple mass bins

and then classifying the resulting solutions as a function of mass.

3. Final K°7v* Elastic Scattering Partial Waves

Shown in figures 45-49 and tables 7-18 are the final K-w* erastic
scattering partial wave magnitudes and phases fit in this analysis. As
was discussed in the last section four ambiguous solutions (solutions
A-D) dere obtained. All four solutions are identical below 1,86 GeV.
Fram 1.86 Ge¥ to 2.06 GeV only two distinct solutions can he seen, and
gbove 2.06 GeV all four solutions are distinct. Shown in table 19 are
the number of angular moments used to fit these partial waves in each
mass region. These fits were run, With a 0.0 to 0.2 GevZ IL’'] cut, in
40 MeV mass bins below 1.72 6eV, and 80 Mev mass bins above this mass.
1t should be noted that table 18 presents pverlapping solutions run in

&0 MeV bins every 4u Mev above 1.72 gGev. The error bars in these
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TABLE 16

The Barrelet 2ero Solution Classifications

Lo

Mass

(GeV} [1.31 ~ 1,86 1.86 - 2.02 2.02 - 2.3¢0
solution 24] 22| 23] 24] 22| 23] 2o] 24] 22| zal 24

A + - - + - + - - - -+ -

B + - =} 0+ - - -1 - - - -

¢ + - - + - + - + - + -

D + - - + - - - + - - -
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The smooth curve drawn on the phase plots repre-

senis the D wave phase predicted by the K*(1430) Briet-Wigner
rescnance fit in table 20. The overall phase in this region
was fixed to the phase represented by the symbol o.
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TABLE 17

Partial Wave Phases for the
S and P daves in the Elastic Region

(all phases are in degrees)

MIKn) 1=1rs2 1=3s2 1=1s2 13,2
(GeVv) S-Wave $-Wave P-Wave P-UWave
.81 31.1 ¢ 2.8 -12.8 12.6 £ 1.4 0.0
0.83 17.7 2 1.8 ~13.86 18.2 ¢ 1.6 0.0
0.85 40.8 * 4.4 -14.3 25.7 £ 1.8 5.0
0.8? 39.9 2 2.5 -15.1 45.6 = 1.1 e.0
0.89 37.1 2 2.0 -15.8 79.5 = 3.4 0.0
0.91 42.3 + 2.3 -16.4 116.3 £ 2.1 0.0
0.93 51.3 + 2.8 -17.1 142.3 * 1.4 0.8
0.95 §1.6 =+ 3.1 -17.7 181.9 = 1.5 0.0
0.87 52.4 + 3.1 -18.3 158.2 = 1.7 0.0
0.99 49.0 £ 3.0 -18%.9 '60.8 ¢ 1.7 g.o0
1.02 49.2 £+ 1.9 -18.8 164.6 * 1.3 .0
1.06 50.1 &£ 1.7 -20.9 165.2 + 1.3 0.0
1.0 53.4 £ 1.7 -21.9 168.0 * 1.6 0.0
.14 59.0 * 3.5 -22.8

1.18 60.1 £ 1.2 -23.7

1.22 64.5 * 2.0 ~24.5
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TABLE 18

K*w Elastic Scattering Partial Wave
Magnitude and Phases in the Inelastic Region
(all phases are in degrees)

MKEL #.e % Magnitude 3 Phama P Magnituoe

1 0 ess:pOr T4 DEN:O.1T S xR 0.0 2.
L1 0 8F AN EAIEI ) .10 ¢ 0. 09 13 £33 017 4.
r» o 0.9 3008 "2 0.t r 009 41 z? S 14:z4.
12 ¢ *¥1 21003 Mg $ 0.0} W2 59 Q3310
i ¥ 0.99 20,00 32+ 7 8.4} r 0.0} 112 210 0.27 2 0.
34 ¢ i3 rrul dbz 2 RDYr 804 1)) e D45 2 N
[ ] a t.05zp.0) el BV :o0.0) 182 227 0.87 1 4
1.42 L] 1.6 « 5,03 112 ¢ B0 ¢ 0,02 17 24 0.93 1 0.
A8 -4 €87 2 0.8 T4 11 DB £ 0.31 Y 240 0 45 2 U
156 -14  0.70 ¢ 0.0 V63 £ 2 0 1M 2 003 136 £20 0.3 ¢ N
154 =19 S8 10 93 13244 H k808 IS 1 .44z .
LSE -3 4Ad e WY AR 2 S 6.3z A.td Y9 Qe
1 a2 4 B.PTrEEs eYté S} :26) E3TE O.TVIa
t.8 ¥ 9155 0.0¢ 172 ¢ b.a2 £ 052 4711 903
L] ] 1 9.09 1 9.02 49 247 a5z 08y L33z 2.313*0
174 L] £2.0) 55:5 BB4eO? 126:2 DM O
N [ ] .11 2073 Jor3 T.EL 0.8 14521 0.)6t 0

* #tret) 18 the oversall pheds rotation which huk bren sddsd tc the
phases in thin table to oblain the p° Uy shoun 1h figures #5-49.
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0.38 2 0.04 '45 £ 8 0.3) 2 0.0%
.31 3 0.0 139 £17 D0.36 £ 0.03
9.27 2 0.00 14 135 0.15 £ .05
0.39 2 0,10 &4 #26  0.12 » 0.0%
0.45 2 0,07 0 17 0.I6 t 0.03
0.39 2 0.07 G 270 D.37 1 0,04
0.37 £ 0.08 110 220 10,04
E.30 2 0.06 110 21 0,381 0.04
.37 1 0.05 126417 0,38 ¢ 0. 44
.35 2 0.02 147 290 0.39 2 8.4
§.31 2 0.03 15) 223 d.40 ¢ g.05
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0.34 % 0.04 119 211 .21 ¢ 0.04
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F Magnitude T Phess ¥ Pagni tuds
[ 13 8.0 }16
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0.33 £ 0,0 169 ¢ 9 0.2) 2 0.05
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TABLE 19

Number of Partial Waves Used and Angular Moments
Fitted in the Integrated t° Bin PWA

mass region

partial waves

maximum angular
moment fit to

[(GeV) included in fit
Tmax mmax
0.80 - 1.12 S,P 2 2
1.12 - 1.56 S,P,D 4 2
1.56 - 1.88 S,P,D,F 6 1
1.88 - 2.28 S,P,D,F.6 8 1
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partial wave plots, as well as the error bars listed in tables 17-18,
are statistical in nature only. The errors on parameters were found to
be guite parabolic in most fits. in certain mass bins thouah, positive
and negative error estimates on a given parameter wuwere substantially
different. In these cases, the average of these positive and negative
error estimates are shown.

in performing these {iis, elastic unitarity was imposed on the S
wave below 1.24 GeV, and on the P wWave below 1.14 geV. In order to
impase elastic unitarity on these waves, it was necessary to specify the
isospin 372 portion of the K-u' elastic scattering waves, a, . Shoun in
table 17 are the 1isospin 3/2 phase shifts taken from the Ko PUA of
Estabrooks et al.(see footnote p.183) in order to perform these fits.
Also shown in this table are the isospin 1/2 § wave and the isospin 1,2
P wave phase shifts fit in this analysis in this elastic region. Be fow
1.24 Gev the imposition of elastic unitarity on the S wave fixed the
overall phase 1in this region absolutely so that the phase ambiguities
discussed in the last section did not exist.

Above 1.24 GeV elastic unitarity was no 1longer imposed on the §
wave, and thus the phase ambiguity discussed in the Jast section did
exist. Since only the relative phases of the partial waves could be
observed, it was necessary to fix one of the partial wave phases. In
performing these fits in the mass region from 1.24 GeV to 1.60 GeV the D
uave was held constant. In the mass region from 1.60 Gev to 1,88 GeY
the F wave was held constant, and lastly in the mass region above 1.88
GeV the 6 wave was held constant. “or presentation purposes these con-

stant phases were set close to the phase predicted by the leading
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resongnce in a given mass reqion. Thus in the region wkhere the 0 uave
phase was held constant, this D wave phase was fixed to a simple Briet-
Wigner fit to the K*{1430). In thke region where the F wave phase uas
held constant, this F wave phase was fixed to a simple B-zit-Wigner fit
ta the K*(1780), and finally in the region where the 6 wave phase was
held fixed, the G wave phase was fixed to a simple Breit-Wigner fit to
the K*(2080). The resonance parameters used to calculate these Br.et-
Wigner phases are shown in table 20. Table 18 gives these K-r* elastic
scattering partial waves With the fixed phases set to these Breit-Wigner
forms in each region.

The lines draun in the plots of the D, F, and G wave phases in fig-
ures 45-49 also represent these fixed Breit-Wigner phases. In these
plots though. the overall phase was chosen by requiring approximate
Briet~Wigner behavior, but small shifts of these fixed phascs away from
the Briet-Wigner values were allowed to assure continuity of the phases.
These rotations were small, and are shown in the left hand column of
table 18. In figures 45-49 the overal!l phase was fixed to points near
or on the Briet-Higner curves. These phase fixing points on tnese plots
are represented by the symbol o. It should be emphasised again that
only the relative phases hetueen different partial waves in a particular
fit could be observed in this PUWA. However, it is believed that any
reasonable choice of overall phase will Jead to the same physics

interpretations that are made in the next few subsections.
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TABLE 29

Resonance Parameters from Breit-Wigner i
Fits to the Partial Wave Amplitudes

(a) Spin 1 Fit to the P Wave Phase

Parameter Fit Statistical|Systematic
vValue Error Error

Mass 894.6 0.8 2 2.0 Mev

Width 49.8 * 1.2 MeV

R 7.8 * 3.2 Gev-2

%2spDFR 3.9s7

(b) Spin 2 Fit to the D Wave Magnitude

Parameter Fit Statistical [Sysiematic
Value Error Error

Mass 1428 + 3 + 4 Mev

Width 98 * 38 MeV

Elasticity 0.43 .0

xZ/DOF 3.8/4

(c) Spin 3 Fit to the F Wave Magnitude

Parameter Fit Statistical |Systematic
Value Error Error

Mass 1753 + 25 + 20 Mev
- 18

Width 300 +17D MeV
- BD

Elasticity 0.16 .01

%2/700F 0.0671

(d) Spin 4 Fit to the 6 Kkave Magnitude

Parameter Fit S tistical|Systematic
Yalue Error Error
Mass 2070 + 100 + 30 Mev ;
- 40 :
Width 240 + 500 Mev H
- 100 :
Elasticity 0.07 0.01 . :
x%/00F 0.86-2 :

B chi-square per Degrees of Freedom
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a) § Wave Solutions

Shown in figure 45 are the four sets of K'm* elastic scattering §
Wave magnitudes and phases from each of the four ambiguous solutions
extrzcted in this analysis. A1) four solutions are seen to be identical
below the first Barrelet zero cross represented in these plots by the
dotted 1ine. At low mass, the § wave magnitude and and phase is seen to
rise slowly in the 0.8 Gev tp 1.3 EeV mass region, At @ mass near 1.4
GeV there 15 then a sharp peak in the § wave magnitude and a rapid S
uave phase variation. This behavior is indicative of a J"=0* resonance
at a mass of approximately 1.4 GeVv. tooking at higher masses the §
wave magnitude is seen to he extremely small in the 1.7 GeY mass region.
The S wave phase also has a discontinucus jump here. This phase discon-
tinuity is easily explained. In terms of a resonance loop in an Argand
diagram this merely means the § uwave has gone once around this loop and
is passing through or ne:ir zero.

At even higher mass in figure 45, the tour 5 wave splutions are
seen to he quite similar in overal behavior even though the four solu-
tions are seen not to agree in fine details. All four S wave solutions
have a magnitude peak combined with a rapid phase variation in the mass
region around 1.9 GeV. This bebhavior is indicative of a second 0* reso-
nance in this 1.9 Ge¥ mass region.

A sTightly different way of presenting this data is shsun in the
Argand diagrams of figures 50-53. This plot represents the partial wave
amplitudes plotted in the complex plane. Here the partial wave soly-

tions of figures 45-49 uith the same identical phase fixing conventions
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FIt. 51--Argand diagrams for the K'a® elastic scattering partisl waves

of solution B, The phase has heen fixed as in figures 45-49,
The points plotted represent fits run in 40 ™MeVY bins below 1.8

ge¥ and fits run in aveclapping 80 MeV bins abave this mass.
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GeV and ¥its run in overlapping 80 MeV bins above this mass.

- 226 -



1,30
F G
130 SOLUTION D
.70 2,}9_
2.0 \ \.90 /
[ =Y
LEX J PEAL)

FIG. 53--Argand diagrams for the K™ n* elastic scattering partial waves
of solution D. The phase has been fixed as in figures 45-49,
The points plotted represent fits run in 40 Mev bins below 1.8
Gev and fits run in overlapping 80 MeY bins above this mass.
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have been plotied. Above 1.76 GeV though, solutions fit in 80 MeY bins
overlapped every 40 MeV are shown. The circles drayn in these plots
represent the unitary circles. These unitary circles have a diameter of
Jff:T , In all four sotutions the S wave is seen to move outside of
this unitary circle. This is due to the fact that the partial waves
plotted e2-e sums aof an isespin 1/2 part and an isospin 372 part. Only
the separate isospin partial waves are required to stay within the uni-
tary circle, Figure 54 demenstrates this point by using the isospin 3,2
parameterization of the 13 Gev SLAC experiment E-75 to isolate the isos-
pin 12 part of the 5 wave 1in this analysis (see footnote p.183), The
correction has been made up to a mass of 1.5 GeV. Above this mass there
is little information available on the isospin 372 waves. Higher isos-
pin decomposition of the K" n* elastic scattering partial waves will have
to wait until the K*p data currently being analysised by this group is
fully processed (see chapter VIII section E). 1In figure 54, the isospin
172 § wave is seen to remain within the unitary circle with only small
deviations of the S wave out of this circle consistent with the statis-
tical errors inherent in these partial wave fits. Taking this fact into
account we return to the Argand diagrams of figures 50-53.

Figures 50-53 ¢learly show the circular motion of the S wave ampli-
tudes in the Argand diagrams. It is a well knouwn fact that backgrounds
tend to rotate the peak of a resonance away from the 90 degree point on
a resonance loop in an Argand plot “!. In these Argand plots, it is
seen that the most rapid variation of the $ wave in the resonance loop
of the first JP=0* resonance is in the region of 1.42 Gevy, This posi-

tion of rapid phase variatien should be associated with the 0* resonance
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FIG. 54--An Argand diagram of the isospin 1/2 K"n* elastic scattering §
uave. To isolate this isospin 1/2 pzrtion, an isospin 3,2 par-
ameterization from a previous PWA performed by this group was
used (see footnote p.183),
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mass, and not the 90 degree point. Although this point of rapid phase
variation depends on the choice of overall pkase it is thought that any
reasonable choice nsf overall phase will lead to approximately the sme
resonance mass.

A second loop in the S wave Argand diagrams of {igures 50-53 is
clearly seen in all four solutions. This second laop is associated with
the second 0% resonance in the 1.9 GeV region. In this —ass region it
is clear the estimation of resonance parameters of tris second 0* reso-
nance depends on the assumptions made about backgrounds in both the
isospin 172 and the isospin 3/2 waves, and alsc the choice of overall
phase. This cavtian extends to the estimation of resrnance parameters

for all higher underlying resonances seen in this analysis.

b) P KRave Solutions

Shoun in figure 46 and in figures 50-53 are the {four ambiguous sets
of K'n* elastic scattering P wave magnitudes and phases extracted in
this analysis, In figure 46, the 1- K*(895) is seen as a sharp magni-
tude peak combined with a rapid 180 degree phase shift in the 0.895 GeV
mass region. This leading resonanue displays « classic Breit-Wigner
resonance behavior. Increasing in mass, in the region from 1.2 GeV to
1.5 Ge¥, the P wave magnitude is seen in figure 46 to be extremely
small. The errors on the P wave phase are also seen to be extremely
large in this region. This is an example of tk: fact that uhen a nar-
tial wave magnitude becomes very small, the associated partial uwave

phase becomes nearly indetermipant.
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The next prominant structure in figure 46 is a troad peak combined
with a rapid phase variation in the 1.7 GeV mass region. In figures
£0-53. this is seen as a circular loop in all four P wave Argand dia-
qrams. This behavior is evidence for a J =1 resonance staie (or
states) in this mass regior.

At the highest mass interesting structure is seen in solutions A
and € of this partial wave analysis. Both spolutions show a broa’ peak
combined with a phase variation in the 2.1 jseV¥ mass region. In the
Argand diagrams this structure is seen as a second circular loop in the
P wave Aryand diagrams of solutions A and C. The bebavior is suggestive
of possible high mass 1 resorance states, a!though only twp of the four

ambiguous Sglutiens display this behavior.

¢c) 0 Have Solutions

Shown in figure 47 and in figures 50-53 are the four ambiguous sets
of K'r* elastic scattering D wave maguitudes and phases extracted in
this analysis. The most obvious structure in figure 47 is the JF=z
K*(1430) seen as a magnitude peak in the ).43 [eV mass repion. AS Has
mentioned previously, 1in this mass region the overall phase was set by
fixirg the D wave phase. In the Argand diagrams the K®*(1430) is seen as
the first circular loop in the D !-ava Argand plots.

At high rmass in fioure 47, a!l four ambiguous D wave solutions show
little clear evidence of rescnance structure. However in the Argand
diagrams of all four solutions, an intriguing cusp i5s seen in the 1.7

Ge¥ mass region. Thus interesting resonance structure mey still lie

hidden in this high mass region.
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d) F Have Solutiaons

Shown in f<gure 48 and in figures 50-53 are the four ambiguous F
wave K'n* elastic scattering partial wave solutions extracted in this
analysis. The most striking feature in tigure 48 is the JP=3- k{17800

resonance seen as a rising amplitude with a fairiy broad magnijtude peak

in the 1.75 GeV mass region. In this mass region the overal) phases has
been fixed by fixing the F uave phase. In the Argand plots, this
K*(1780) 1is seen as a circular lo3p in the F wave Argand diagrams. In

all four ambiguous solutions, the F wave amplitude is seen to remain

large in the high mass region. but no other resonance structure in this

high mass region is obvious.

e) G Wave Solutions

Lastly shown in figure 49 and in {igures 50-53 are the four ambigu-
ous 6 wave K'n‘ elastic scattering partial wave salutions extracted in
this analysis. In figure 49, all four solutions show a rather broad
magnitude bump in the 2.1 GeV mass regien. In this mass region the ove-
rall phase has heen {ixed by fixing this 6 wave phase. In the Argand
plots, a circular loop is seen in all four ambiguous G wave Argand diz-

grams. Tnis behavior in the 2.1 GeV mass region is indicative of the
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JF=d4* K*(2080) discussed in the &ngular moments section.

D. Leading K* Resonance Fits using the Partial Waves

In this section simple fits to the X-n* elastic scattering partial
waves Will be presented yielding resonance parameters for the four lead-
ing K* resonances: 1) J°=1- K*(895), 2) 2* K*(1430), 3) 3- K*(1780), and
4) 4% K*(2080). In performing these fits a simple Breit-Wigner reso-
nance form with a Biatt-Weisskopf barrier factor was used 9!, Table 9
give the form of this Breit-Wigner.

In performing this fit to the K*(895), the 5? of table 17 was fit
to this simple Breit-Wigner form, It was assumed in performing this fit
that no P wave isospin 1,2 background was present in the mass region
around thi= resonance. Figure 55 and table 20 shouw the results of this
chi-square fit.

In performing the fits to the other three leading K* resonances the
carresponding K™ w* partial wave magnitudes aof table 18 were #it to sim-
ple Briet-Wigner forms (see table 9). In performing these fits it uas
also assumed that the turn on of a given partial wave was dominated by
resonance production of the leading K* resonance asseciated with that
partial wave, and that the iscspin 372 portion of the assgciated partial
wave Was negligible in the region of these leading K™ resonances. Shoun
in figure 55 and in table 20 are the results of these four chi-square
fits (Note the G wave solutions are so similar that all four solutions
gave the same resenance parameters). The resonance Widths given in

table 20 for these Briet-Wigner fits to the K-°n* elastic scattering
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partial waves have been corrected for binning effects as well as far the
finite mass resclution of this spectrometer. Where a value of R is not
shown in this table, R was fixed to a value of 1 fm in performing these
fits. The systematic errors listed in this table represent conservative
estimates of the systematic effects present in the measurement o these
resonance parameters. Where systematic errors are not shoun, statisti-
cal errors are believed to dominate over systematic effects.

Jable 2) compares: 1) resonance parameters from the Breit-Wigner
fits to the angular moments presented in the last chapter, 2) resonance
parameters from the Breit-Wigner ¥its ip the partial wave. presented in
this section, and 3) resonance parameters from the Particle Data Group’s
table values 9, Both the angular moments fits, and the partial wave
fits are seen to agree well within errors with these table values for
the three leading K* resenapces with the »inor exception o©f the Breit-
Wigner fit to the 124 angular moments. The #tact that this it yielded
such a small resonance mass is probably due to the fact that the assump-
tion that the production parameters; ¥,, 7Yc, and b did not vary rapidly
in the region of the K*(895) was not vzl] justified (saze chapter VII
section E)). No comparisons are given with the spin 4* leading K* reso-
nance seen in this analysis since no published parampters exist for this

resonance.

E. Future Isotopic Spin Decomposition of the Partial Waves

In this chapter a partial uave analysis of K'p 4 K n*n data yield-

ing the K n* elastic scattering partial wave amplitudes has been
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and the Particle Data Groups Table Yalues;
(s) Spin 1 , (b) Spin 2 , (&) Spin 3
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Priave Phave
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tza Moment
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FDC Table ¥alue¥

Parsmetsr Fit Stat. Syst. Fit stat. Svst. Table Error
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presented. Assuming invariance under SU{3) transformations “? these
measured K-qu* elastic scattering partial waves can be related to other

Kn scattering partial waves through isotopic spin decomposition:

.2
B (K n" 2 K nt) =% (af%++a¥?) vie:.zo

a (K 7 = K n*) =a? vire. 21

a (K nt = KOn®) =F (-alf%+ a¥?) vin1.22

where the af and the aflpartiai waves are independent of the Kn scatter-
ing reaction. In this experiment besides taking K'p trigge¢rs, approxi-
mately five percent of our triggers were taken with an incident K* beam.
This data consisted of ~50 consecutive tapes of data. The anaiysis of
this K*p data is ongoing and Within a few months a partial wave &nalysis
similar to the PHA presented in this c¢hapter, uill be performed on the
reaction K*p » K*n*n, The measured partial waves from this analysis,
a (K*n* + K*n*}, will determine the isospin 3/2 partial waves, and thus
v

Wwill allow the isolation of the resonant, az. scattering partial wave

part from the K 7* elastic scattering partial waves presented 1in this

chapter.
F. Resolution of the Barrelet 2ero Ambiguities
As das discussed in the ambiguity sectian of this chapter, the faur

ambiguous partial wWwave solutions predict identical differential cross

sections for the reaction K'p =+ K n*n. The simplest means of discarding
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solutions in previous analysis has been to discard solutions which badly
viotate elastic unitarity. Without the isospin decomposition discussed
in the last section though it is impossible te¢ discard any soiution on
these grounds 1in this present analysis. Since all four solutions do
stay fairly well inside the unitary circle in the Arqand diagrams, it is
doubted whether this method will prove useful in discarding solutions
even uhen this decompogsition is made. and no other means exists Jor rul-
ing out any of the seluiions from a physics point of view. One experi-
mental method of resolving these ambiguities, which might preve more
useful, is afforded by equation VIII.22Z above. Using the a? and the ati
partial wave amplitudes extracted in the joint X'p =+ K n'n and K'p -
K*n*n PUA described in the previous section, and the exchange modei pre-
sented in this chapter; equation VII1.22 can bhe used to predict angular
moments for the reaction K-p + KopPnm. Since this isospin spin sum is
quite different from equation VIII.20, the {four ambiguous splutions
predict different sets of angular moments. By compai¢ing these angular
moments Mith experimentat K-g -+ Knon angular moments the ambiguity in
theory could be resolved. ([t is extremely hard to perform an experiment
to measure K'p > Ein°n angular distributions though, since one would
have to measure either the outgoing n ar the outgoing 1% (either of
which is extremely hard). Even if this experiment is performed, the
four ambiguous solutions presented in this PHA are so similar that very
large statistics would be needed 7n order t¢ resolve these ambiuyities.
One other means exists for resolving these Barrelet ambiguities.
Given @ much larger statistics K'p + K a*n PUA, it is possible that

uhere a given Barrelet zero was very close to zero within errors in this
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analysis, the same Barrelet zero may be well separated from zero in a
higher statistics PUA. Since in this case no Barrelet zere cross would
be present, the particular ambiguity seen in ihis analysis wWould be
resoived. If the Barrelet zero is stili found to be consistent with

zero, this ambiguity would remain,
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chapter 1IX

SUMMARY AND CONCLUSIONS

A. Summary of the Results

A great number of interesting results have been presented in the
angular moments analysis, and the energy independent partial wave anaiy-
sis discussed in the last two chapters. This section Will describe the
nen physics extant in these results.

Both the angular maments analysis and the partial wave analysis
discussed in this paper showed clear evidence for the three well knoun
Jeading natural spin-parity strange meson states: 1) the J%=1- K*(§95),
2) the 2 K*{1430), and 3) the 3~ K*(178D). As wme)] as confirming the
spins and parities of these resonances, fits wuwere discussed which
pielded resonance parameters for these three leading states (see table
21}, These states have been rather extensively studied in the past {see
reference 3) and most properties pf these states are now rather well
understood. Twe salient points stand out in our study of these reso-
nances ‘hough.

Past amplitude analysis * "2 have found the mass of the K*(1420) to
be clnser 1o 1.430 GeV than the value of 1.420 GeVv traditionally found
when fitting the invariant mass spectrum. This is attributed to the
fact that invariant mass fits do not correctly accaunt for the strong S

wave backaround which peaks and then drops rapidly in the 1.400 8eV mass
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region {see figure 45). This analysis confirms the § wave peak and
rapid drop in this 1.400 GeV region, and the fitted resonance mass was
quite consistent with the mass values obtained in the previous partial
wave analysis.

Although it is a well established resonance, there has been a great
deal of variation in resonance parameters published for the 3~ K*(17&0;.
In particular the values quoted for the wuwidih of this resonance have
ranged from 90 MeV to over 300 Mev. This analysis sheds some light on
why these resonance parameters for this state have been so difficuit to
measure. 1In figure 48 the K n* F wave magnitude iS seen to rise sharply
in the mass region from 1.6 GeV to 1.75 Gev., Above this mass the F wave
magnitude in all four solutieons remains very large. It is clear some
background or higher mass resonance must be present in this region above
1.80 GeV, In any case this background must be treated very carefully if
one is to obtain proper resonance parameters in a fit to this resonance.
In this apalysis we fit the leading edge of this resonance, and thus
circumvented this background problem. Although the statistical error on
this fit was rather large, ue obtained a mass and width quite consistent
with the energy independent partial wave analysis of P_Estabrooks et
al.", and the energy dependent partial Jave analysis of Bowler et
al, %3,

Both the angular moments enalysis, and the energy independent par-
tial Wave analysis discussed in this paper presented clear evidence ‘or
a new J"=4* natural spin-parity mespn resonance in the mass regior
around 2.08 GeV, Evidence for this state in the angular moments can be

seen as bumps in  the t¢g and tge angular moments, as well as a strong
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interference in the t;p moment in this 2.08 GeV mass region {see figure
31). Evidence for the spin classification of this state is shoun in
figure 34 shere the tgo and ty90 angular moments, for a separate §it,
were found to be consistent with zerc within errors. Since only natural
spin parity states can be seen in this reaction, the positive parity
sssighment follows. In the K'n* elastic scattering partial waves this
respnance can be seen as & small resonance loop in the § wave Argand
plot in all four ambiguous solutions (see figures 50-53)

Acceptance limited statistics, as well as the small elasticity of
this ned 4 strange meson resonance made the determination of resonance
parameters difficult. Table 21 presents the mass and width of this
state from the three separate fits discussed in this paper. This reso-
nance was seen With a statistical significance of greater than four
standard deviations in this analysis. Additional evidence for tha
charge one 4* K* state has recently been presented by another experimen-—
tal group (see reference 44).

In chapter VIII, an energy independent partial uave analysis of the
acceptance corrected angular moments was presented. This partia! wave
analysis extracted the K-w* elastic scattering partial wave amplitudes
as a fuction of mass. One of the most interesting results of this PUA
is that one unambiguous solution was found beleow 1.80 GeV in mass. This
is in marked contrast to the PWA of Estabraoks et al. " uhich displayed
a four fold ambiguity from 1.5 GeV up to 1.85 GeV where the Estaprooks
analysis stopped. Reexamining the region of the Barrelet zero crosses
of Estabrooks et al. near 1.5 eV, no possibie ¢rosses in our data were

seen. This result can be ottributed to the uniform acceptance of this
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experiment compaired with the foruard and backuard cos@; limited data of
Estabrooks et al.. The unigue K %* etlastic scattering partial uave
solytion extracted in this snalysis has the same Barrelet zero structure
as solution B in Estabrooks et al.. A comparison of solution B from
Estabrooks et al. wuwith cur unambiguous solution up to 1.3 GeV agrees
quite well in a)l details. Above 1.8 Gev the Estabrooks et al. snalysis
was severely acceptance limited. The superior acceptance properties o
the LASS spectrometer m)iewed this PHA to extend up fa 2.3 Gev.

In this PHA, a twe fold ambiguity was seen in the mass region from
1.8 GeV to 2.0 GeV, and a four Tolod ambiguity was seern above 2.0 GeV,
These ambiguities wWere indicated by the Barvelet zeros, Im(23) and
Im{z4), approaching zere within errors in the 1.80 GeV and 2.0 GeV mass
regions respectively. Both Im(z¢) and im(23) &an bhe seen in figure 44
to be very neacrly 2ero in this high mase segion. Flipping the signs of
Im{z4) and [m(z23) thus did Yittle to change these partial wave solu-
tions. Thus the four solutions extracted in this partial wave analysis
uere very similar in structure. Ttis proves to he an important point
since resclving these ambiguities is a very difficult experimental prob-
lem (see chapter V¥JIl section F).

The main purpoese of ewxtracting the K 'n* elastic scattering partial
uaves in this PUA was to investigate the nonleading resonance structure
hidden in our angular moments. The most prominant of {hese underiying
structures was the S wave resonance in  the 1.40 GeV region. In figure
45 the § wave magnitude and phaie are seen to slouly rise in the mass
region from G.80 Ge¥ +to 3.30 Gev. Then at a mass near 1.40 Sev the 3

wave amplitude peaks, and then drops precipitousiy. In this V.40 Gev
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mass region the S Wave phase also goes through a rapid phase change.
This behavior of the § wave is nearly identical to the § wave behavior
in the analysis of Estabrooks et al. ¥, This structure is interpreted
by Estabrooks et al. as a fairly narrow S wave resonance at ~1.430 GeV
on top of a relatively large 5§ wave background, No attempl is made to
interprete this background. He also associate this rapid phase change
with an 8§ wave resonarce in the 1.430 GeV regian. As was meantioned
previously, determination of the resonance parameters of this state
depend strongiy on the assumptrons made about: 1) the nonresonant isos-
pin 3/2 S wave vontribution, 2) the background shown dramatically by the
sioe rise in the S wave magnitude and phase below 1.3 Gev. and 3) the
choice of the uvndetermined overall phase in this PWA. 1t is believed
that any reaspnable choice of over2ll phase will lead to nearly the same
resonance parameters. Taking these cautions inte account, we have used
the 3/2 parameterization from the SLAC 13 GeV K7 PHA * to isolate the
isospin 1/2 S uwave (see footnote p.183). The S wave resonhance mass Was
ther. estimated using the Argand plot of figure 54 to be at the position
of maximum phase variation along th.s resonance loop. The width of this
resonance Wwas measured fron the phase variation as a funccion of mass in
this same region, and the elasticity of this resonance was evaluated by
ascribing circular motion tu the Argand plot of figure 54. Shown in
table 22 arep these estimated resonance parameters for this state. Thus
e have dramatically canfirmed the U~ resonance at 1.43 Gev.

As uell as this previously seen JF=O‘ state at 1.43 Gev, the
extracted K n* partial wuaves in this analysis resulted in evidence for

several new underlying resonance states. In the S wave Argand plots of
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figures 50-52, quite clear evidence is seen in all four ambiguous solu-
tions for a new 3 wave resonance in the 1.90 Gev region. This is the
first indication of this resonance in any experiment. In the P wWave
Argand diagrams of figures S0-E:, a rather broad resonan! P wWave effect
is seen in the 1.7 GeV mass region. This effect was previously reported
in two of the four ambiguous solution:: in Estabranks et al. *. In fact
solution B of Estabrooks et al. gquite :learly displays this P wave reso-
nanse. Here we have presenicd unambiguous evidence for this state. In
solution A and C in these P wave Argand piots, a second P wave loap ‘s
seen, and this loop peaks in the 2.1 GeVY mass region. Although this
behaviour 1is exhibited in only two of our four ambiguous sclutians, this
structure could be associated with a new 1~ state at ~2.' GeV. The
behavior of the P wave states Tn these Argand plots can easily be inter-
preted as a single resonance but could 1in fact also be interpreted as
two resanances spaned very close together in mass. In table 22 Wwe have
treated these structures in terms of a single resonance.

Interesting structure>is also seen in the high mass region in the
D, F, and 6 wave Argand diagrams of {igures 50-53. In particular the D
Wave sa1dtions display an interesting cusp at the end of the K*(1430)
resonance loop in each ambiguous solution. We have attempted no
interpretation of this 0 wave structure though.

Determination of resonance parameiers for high mass states depend
strongly on the choice of overall phase in this PuUAa; as well as the non-
resonant isospin 372 cantributions, and the isospin 12 background con-
iributions. Taking these cautions into mind, we have made rough esti-

mates of the resonance parameters of these new underlying states. In
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TABLE 22

Estimated Parameters for the Underlying Resonances

{Masses and Widths are in MeV)

Wave parameter |SOLUTION A(SOLUTION B|SOLUTION C!SOLUTION D
n* Mass 1420
Width 240 seen vnambiguousiy
Elasticity 0.88
0+ Hass 1880 1900 1880 1300
Width 200 248 220 2440
Elastigity B.45 n.35 0.45 D.35
1- Mass 1700 1720 1700 1720
Width 200 200 200 200
Elasticity 0.35 0.3% 0.35 0.35
1- Mass 2100 2100
Width 240 - 240 -
Elasticity 0.2 0.2

ol

f

L, meee

wa 11
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making these estimates, the real and imaginary projections of our Arganc
diagrams have been used (see figures 56-6D). In these plots a particu-
lar resonance i5 seen, in the real projection of these waves as a func-
tion of mass, as a peak followed by a valley. The mass of each particu-
Tar resonance uas estimated by choosing the mass halfway between the
assaciated peak and valley. The width of the resonance was measured as
the distance, along the mass scale, from the peak to the vallev. Lastly
the elasticity of these resonances uas calculated as the distance. along
the real part of the partial wave axis, from this peak to the valley.
Shouwn in table 22 are the resonance parameters for the underlying waves
estimated in this manner. It is difficult o associate 2z systematic
error Hwith these estimates for the resonance parameters of the unde ly-
ing states. These estimates depend on: 1) our choice of overall phase,
2) the assumption that the 1=1/2 backgrounds did not rotate the reso-
nance masses far from the 980 degree pasition on these Argand diagram
loops, and 3) the assumption that the 1=3/2 and 1=172 backyrounds were
slouly varying functions of mass. In order ta give better estimates for
these resonance parameters it Will be necessary to determine the isonpin
372 part of these K '®* elastic scattering partial waves (see chapter
VIII section E). Once the isospin 1/2 part of the partial waves have
been isclated, the gverall phase problem and the iscspin 1/2 backgrounsd
problem must still be solved. Both these problems mignt be addressed by
an energy dependent fit to the isospin 1,2 partial uaves. In such
energy independent fits the resonance parameters extracted would depend
oniy +n the parameteriza‘ion of the background, and not on the overall

phase.
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Thus this analysis Fas seen unambiguous evidence for sSeven reso-
nances. and another possible resonance in tuo of four ambiguous solu-
tions, 0f these eight resonances four had not been seen before, or had
been seen ambiguously in previous experiments. The next section of this
chapter will deal with the classification of these states with the

framework of a simple harmonic oscillator quark model.

B. A Simple Quark Model Interpretation of the Observed States

With the success of the preceeding analysig in uncovering Severa)
new strange meson states, it is instructive to return to the simple
guark model presented in chapter 1, and to attempt to classify these
states within this quark model. Lopking once again at the Grotrian plot
in figure 3, {t shaould he remembered that only naturs! spin-parity
(P=(-1)7) states were accessible in this analysis.

Previous analysis have classified the leading K*(895), K*(1430),
and K*(1780) as the highest spin members of the §=t L=0, S=! L=t, and
5=1 L=2 triplets respectively. The new J°=4° resonance seen in this
analysis is naturally identified Within this scheme as the 4* member of
the 5=1 L=3 triplet. MHith this classification this meson then takes its
place as an SUL3) partner of the I=0 h meson. It is interesting to plot
these four leading K™ states in a slightly different manner. Shouwn 1in
figure 61 (knoun as a Chew-frautchi plot) are these leading states plot-
ted as a function of spin (J} and mass sguared. Remarkably ail faur
mesons Jie, to a very good approximation, on 2 straight line. This

behavior has been ebserved tor years in the leading natural spin-parity
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meson states but it 1is noteworthy that this new 4* strange meson state
continues along this trajectory. It is not known quantitatively what
this behavior implies 1in terms of the quark-antiquark potential. The
orbital excitations seen in this data are discussed in greater detail in
reizrence 29.

The next states to classify within this simpte quark model scheme
are the iwo scalar mesons seen at 1.43 GeV and 1.90 GeV .p mass respec-
tively. Interpreting these states as s d resonances, the louest mass
state can be uniquely classified within this model as the 0* memeber of
the S=1 L=1 triplet. The second 0* resonance is then naturally classi-
fied as the first radially excited recurrence of the 1.43 Ge¥ scalar
meson, This 1.90 scaltar meson state 1is the first unambiguous evidence
for a natural spin-parity strange meson radial excitation. This radial
excitation will be discussed in more detail in the next section.

The 0* resonance at 1.43 Gev plus the 2% K*(1430) {form the tuwo
natural spin-parity states in the louwest iying L=1 S=1 triplet. Evi-
dence for the unnatural spin-parity member o4 this triplet, the Q,(1340)
can be found in references 45 and 46. Thus there is a uwell established
triplet level in this strange meson spectrum.

The twe high mass vector meson states seen in this analysis are
much more difficult to classify unambiguously within this quark model
than the scalar mesons. The 1° state seen near 1.70 GeV in this anmaly-
sis can be classified quite naturally as either a radial excitation of
the S=1 t=D0 K*(895) or else as the 1° member of the $=1 L=2 K*(1780)
triplet. There is also the possibility that this 1- state, seen in this
analysis, 1is actually tuo 1 states spaced so closely together in mass

that they cannot be resolved.
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The speculative second vector meson state seen at 2.1 GeV (assuming
that one of the twe ambiguous salutions this state is seen in is the
correct solution) is even harder to classify within this simple quark
model . The classification of this speculative state (or possibly two
states) depends on the quark model classification of the 1.70 Gev vector
meson state. There are at least four positions on the Grotrian plot
where this state might be classitied.

Clearly our classification of these high mass vector mesons remains
very unclear. There are two questions wWhich must be solved before a
classification of even the 1° state at 1.70 Gev can been made: 1} Is
this resonance one or two states?, and 2) Should this 1° state (or
states) be classified as a radial excitation, or a triplet member within
the quark model?

The first of these two questions can in principle be answered
experimentally with a higher statistics partial wave analysis of this
1.78 GeV mass region., Mass dependent fits of this data might then allow
resolution of tuwo states. A study of all inelastic Kr scattering chan-
ne 5 tn this mass region might also shed some light on this problem, but
such a study is beyond the scope of the present analysic.

Once the number of vector meson present in this 1,70 GeV region had
been determined, an attempt could be made to classify each state as
either a radial excitation, or a triplet member within the quark model.
1f a predictive potential model existed for strange quark mesons, it
might be possible to classify this state by its observed mass. Since no
successful predictive model now exists this proceedurs is an impossibii-

ity. Ancther method for experimentaliy determining the classification
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of this state would be to measure the relative signs of the amplitudes

tor the reactions:

KT = K*(1780) - K*(895)n

Km = K*7(1700) = K"(895)nm
where the K**(1700) represents the 1- state at 1.70 Gev. Using an 35U(6)
classification scheme, an attempt could be made to classify this 1-
resonance at 1.70 Gev "7, Such a measurement would require an extremely
high statistics Knnm partial wave analysis.

Shown in figure B2 135 a plot of the presently known strange mesen
states. The question mark once again means that this state has been
seen ambiguously aor there is some question as to it’s existence. States
listed with a solid bar represent states whose parameters are rather
uall known. The other states listed on this plet are resonably clear
states which could use further study and canfirmatian. Classification
amhiguities uithin this simple q g mode! are shoun by listing the state
multiple times on this plot. The states new to this analysis have been
under)ined. tomparing this plot with the Grotrian plot in figure 3,
which represents states known previous to this analysis, it is seen that
this analysis has made a great impact on our understanding of natural
spin-parity strange meson spectrosuopy.

With the success of the quark madel’s classification of these
states, a discussion of the mass, widths, and elasticities of these
observed rescnances Wwithin a quark mode! framework Would seem to be in
arder. Recently central potential beund quark-antigquark models for the

nearly nonrelativistic ¢ € and b b systems have been quite successful
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in predicting the propecties of these states. Unfortunately light quark
mesons are very relativistic systems, and as such prove to be much more
difficult to deal with theoretically. No successiul model nou exists to
quantitatively predict the properties of the Iight quark mesons. Even
so0 light quark spectroscopy still has an important role to play in our
understanding of meson spectroscopy. Experime.tally certain meson states
(notably high spin states) are more accessible to study in light quark
meson experimenis than in heavy guark meson experiments. Measurement of
{lavor Jdependences of meson parameters might also provide insight into
the natire of the g g forces. In the absence of a good theory, precise
experimental results could establish new regular:t*.es to aid in the
developement of such a theory. Moreover it is clear any comprehensive
quark model theory must be able to predint the mass differences betuween
mesons compasea »f different quark flavors. In anlicipation of such a
comprehensive theory, some of the interesting mass splittings seen in
these natural spin-parity strange meson states will be discussed.

The simple quark model of chapter I suggesis varicus mas - diffzr-
ences which might be of interest: 1) L.S splitiings, 2) orbitu) excita-
tions, and 3) radial excitations. The next section cf this chapter will
discuss the radially excited states seen in this analysis. The triplet
and orbital excitations were discussed 1in scme detai! in reference 29

with respect to the data presented in this paper.
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€. Radiatl Excitations in the Natural Spin-Parity Strange Mesons

Undoubtably the most compelling experimental evidence for radjally
excited meson states comes fram *“charmepium” spectroscopy. Shoun in
figure 63 is a Grotrian plat of the presentiy knoun ¢ £ resonances and
their spectroscopic assignments taken from reference 48. An impressive
tower of J'=1° ¢ T radial excitations is evident in this pleot.

The evigence for radia) excitations in light quark meson spectiros-
copy s not as spectacular. For vears the 121 4F=1- 5701600) was the
enly golid evidence for radial excitations 1in the tight quark mesons,
and s~me questions stiil exist asbout its precise properties. In the
tast few vyears, evidence hkas been presented for a 0 strange meson
radial excifation near 1.40 CGeV in Ku® partial uave analysis. The {first
evidence for this siate wWas an analysis performed by Brandenburg et
al. ** and recantly this state has been cunfirmed by C.Daum e} al.“€.
Photoproduction and e*e” experiments have also seen a great number ot
possible c¢andidates for radial edcitatians of vecter meson states
Cp C1250),p77¢ 170807, 2*(165D)) but all of these states need confirmation,
and & great deal of confusion stil) exists as to these resuits 5%, Thus
in genera! very few wel) establishad radial excitations have been seen
in the Yight quark mesons.

dne pf the most exciting new stater discovered in this analysis is
the J"=0* strange mes<on resonance a2t 1.90 GeV. This state combined with
the establiished 0* «x{1500) presents clear eyidence far a natural spin
parity strange meson excitation. As uas discussed eariier these tuo
s.ates have an wunambiguous classifiecation within a simpie quark-

antrquark meson model.
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obtaining oood resonance parameters for these tuwo 0% states is a
very difficult task. As was meantioned, this lower mass 0* state at
1.43 GeV was .een in g previous PWHA performed by Estabrooks et al. *.
P.Estabrooks %' has recently published & review of the light guark sca-
lar mesoneg. In this review Estabrooks presents multiple mass dependent
fits, including various background terms, to the 1=1/2 K-u* elastic
scattering S wave amplitudes from this previous analysis. This data was
shown to be consistent uwith a single 0* resonance in the mass range from
.650 Ge¥ up 1o 1.80 GeV with a mass of 1.50 GeV and & width betugen
120 MeV and 400 HMeV depending on uhich ambiguous solution was fit.
Since in th!s analysis uwe find solution B of Estabroo:s et al. to be the
correct solution, we ascertain frem these fits that the mass of this 0%
state is 1.49%.02 GeV, and the width is 40C Mevi100MeV (where systematic
effects have bean included in these errors) 5t.

Since solution B of Estabrooks et al. is so nearly identical to our
unigue colutien in this mass region, such a fit to our data would surely
lead to nearly the same resorance parameters for the 0% state seen in
this analysis. Thus @ proper treatment of background effects uwould
appear tv lean to a resonance value nr~arly 70 MeV above our preliminary
estimates for the mass of this 0% object.

This result clearly juvstifies our cautior in estimating resonance
parameters tor the vnderlying states seen in this analysis. Mass depen-
dent fits with a proper +treatment of backgrounds are essential for a
detatled understandine of recenance parameters. Dur estimates of the
resonance parameiers fer this D* resonance near 1.90 GeV could depend

strongly on our assumptions of overall phase and hackgrounds.
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Thus our measurement of tne mass splitting tetween the lowe: and
and upper D* mesons seen in this analysis is very uncertain. Deter=ina-
tion of the 1=3/2 S wave {from a PUR of K"p » K m*'n (see chapter VIII
section E), and performing mass dependent fits on this data will go a
long way toward a better understanding of these resonmance parameters.

The other possibilities for natural spin parity strange meson exci-
tations seen in this data are the 1- state at 1.70 GeV, and a possible
1- state at 2.10 Gev. The classification ambiguities of these states
has already Fzen discussed. A great deal more work needs to be done
before these two states can even hegin to be unambiguously classified
within a simple guark model.

Shoun in figure 64 is a summary of the mass spiittings of known and
possible strange meson radial excitations. The masses and errors for
the K and K*(895) come from the Particle Data Group tables 3. The mass
and error on the 8% k(1500) come from reference 51. No error estimate
has been associated with the K“(1400) since none is given in either Kmn
partial wave analysis “¢ %7 uhich see this state. For the other three
states the mass and error estimates come from this experiment.

In viewing this table it is wel) worth while putting caution aside
and testing a we!ll knoun numeric. It is known that the differences in
the squares ot the masses of related pseudoscalar and vector meson
states is equal to 0.58 GevZ to & high degree of accuracy. Al though
this formula does not work for the isospin zero mesons, it works 1wite

uell for the p and w, K* and ¥, and 0* and D mesons:

M{p)Z-M(R)2 = MOK*I2-M(K}? = MCO*)2-MCD)Z = 0.5820.01 Gev?
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Although the messes of the K/(1400) and the 1° state at 1700 Mev are not
very well determined, one is immediately drawn to look at this differ~
ence for these tuo states assuming that +the 1- state @ single radial
excitation. It is seen in figure 64 that this difference is not grossly

inconsistent with .58 Gev?,

D. Conc usian

In conclusion this experiment has done much to further our under~
standing of natural spin-parity strange meson spectrascopy. In this
analysis the Well established K*(895), K*(1430), and KX*(1780) wuere
observed, and clear evidence was presented faor a new J"=4* strange meson
state at a mass of 2.08 Gev, The K"n* elastic scattering pari.al waves
extracted in this PWA shouwed unambiguous evidence for a relatively nar-~
rou S wave resonance near 1.50 GeV¥. This stite is a confirmation of the
0* x(1500) seen in previous partial wave analyses. A new higher mass S
wave resonance Was clearly seen unambiguously near 7.90 GeV. This state
was guite naturally classified within a simpie quark model as a radial
excitation of the «x(1500). In addition unambiguous evidence was pre-
sented for a relatively wide P wave resonance in the .70 GeY mass
region, and ambiguous evidence was presented for a possible new second P

uave state in the 2.10 GeV region.
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