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A STUDY OF K'p AND K'a INTERACTIONS AT 1.585 GeV/e
| Victor Hafrisén'Seegerv .
Lawrence Radiation Laboratory

" University of California’
Berkeley, California 94720

January U4, 1971
 ABSTRACT

The Lawrence Radiation Laboratory's 25-inch bubble chamber filled

- first with hydrogen and then with deuterium was exposed to incident K 's

at 860, 970, 1210, 1365, and 1585 MeV/c. This thesis covers the analysis

of the data'téken at 1585 MeV/é. Single andkdouble pion’production.reac-
tions and the charge exchangé reaction vere Studied.
Single pion and éouble'pioﬁ production cfdssvsections were obfained,
Relations derived from isbspiri conservation were used to obtain some
crosé secﬁionsnnOt accessible to direct observatiOnQv'Single pion produc-
tion is dominated by KA and KN production; K*-A inﬁerference.was ob;érved
and measured by fitting thé balitZ‘plots.- K*¥background and A-background
interference also was observed. Double pion produétion reactions were
seen'td bevdomihatéd by K*Auproduction even bélow the nominal K*A threshold;
The Cross section.for K*‘prbduction‘in the I‘= 0 éhannel in single
pion prodﬁction was obtained and its production and'decay angular distri-

butions were studied in terms of t channel analyéis. Its production was

~ seen to proceed almost entirely via pseudoscalar exchange. This is in

contrast with K" production in the I =1 channel which'prbceeds largely

through vector exchange but the behavior of the cross séctioh as a function

- of beam momentum is very similar to that of the K* in the I =1 channel.

A rough model involving n,'p, and w exchange is seen to aécount for the

o L . , , _
general features of K*© and K* ‘production. More detailed features were,
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seen, in particular correlations between decay angles, which are not
accounted for by OME models.
The differential cross secﬁion for the charge exchange reaction
was meaéured and compared with predictions of a model based on Regge
theory. ‘The_absolute value of the ratio of phe'real part of the scattering
-amplitude.in,fhe forward direction to the imaginary rart was measured

and found to be in good agreement with another Regge theory prediction.

iy)
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- T INTRODUCTION

The K25 experiment was proposed in November 1962 to study K p and

: K*d interactions over the momentum_range from 800 to.l2OO MeV/c. The ,

o reasons for interest in this region were:

1)

the known rapid rise in the K p total cross section from

approximately 12 mb at 800 MeV/c to a leveling off at

‘about 18 mb above 1200 MeV/c due apparently to the very

" rapid rise in the inelastic one pionvproduction cross -

"$section known to increase by about a factor of eight in

 this interval,l

2)

3)

the study of'production and decay angular distributions of

the established resonances K*(890) and A(1236) below, at-

and above their thresholds,
a previously reportedvenhancement in the Knx system at a

mass of about 720 MeV, the so- called K meson and

a previously reported enhancement in the Kp system atva d‘
mass of about ;MBO-MeV. Seen in the same reaction in the.
éame loﬁ statistics experiment? it was an open questiomi

whether these enhancement were real resonances, kinematic
effects or statistical:fluctuations. The Kk is now generally
thought t0 have beenma statistical fluctuationr The Kﬁ-
enhancement was seen in the K25 experiment to be e kinemdtic

reflection of KA production.

The pr0posal was approved by the Bevatron Schedullng Commlttee in

'1963 The bedm, a varlable momentum separated K- beam, was bullt in late‘

1963 and early 1964 and the experlment was run with the newly constructed

25—1nch bubble chamber at the Bevatron in mid—l96h. During the run it

was decided to push the beam somewhat beyond its design limits.to 1360 )
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and then to élmost 1600 MeV/ec. One of the reasons for this decision was
the idea that the K might be seen in double pion production below the

KA threshold since it was known that double pion production was dominated
by double‘reéonance production at higher momenta. The subject of this
report is the data at the highest momentum of this run, 1585 MeV/c.

. During the time the.K25 data was being processed, Cool et al? and
Bugg et al?'published very éccurate measuréments of K+p and K+d total
cross sections. These measurements revealéd a distinct'peak or bump at
the top of the above mentioned rise in cross section at about 1200 MeV/c
with the cross sections dropping about 1 mb in hydrogen and 1.5 mb in
deutérium before leveling off at about 1500 MeV/c.v This structure suggests
the possibility of an s-channel positive strangeness bafyon resdnénce.

The exploration of this important possibility has been reported on often
and atvlength elsewhere?{%&m data at 1585 MeV/c is beyond this region

vof structure énd represents the lowest region of unambiguously non s-
channel resonance. It thus provides a check on the t-channel analysis

at lower momenta and a tie-in point to higher momenta beésides being itself
a validvregion of interest in t-channel analysis.

This report is organized as follows: 1in Section II we describe the
experimental set-up and the beam, list the number of pictures taken in
hydrogen.and deuterium, describe the data reduction procedures and pro-
grams ahd give the final event count. This section also contéins a
description of how the serious problem of pion contamination was handled.
Section III lists the cross sectionsvfor the stable final states and
describes the précedures and corrections used in obtaining them. Included
also is an outline of the isospin relations used in analyzing the deuterium

data. This procedure is covered in greater détail in Appendix I. Section

®
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IV containé the aﬁalysis ofvthe resénant states,>Dalitz blots; Cross
sections:and:angular distributipns. The combination of reactions which
yields tﬁe;cross section and angular distributions.for K* production in
the I = 0  chaqnel is'diSCussed. The energy debendence of ‘the cross
sectioﬁ fb_r this state is compared with that of vth'e‘ K in the I =1
channél. o | ' They are seen to be remérkably similar. This

section'also contains correlation plots for the decay'angles for these

K*'s and for the individual reactions comprising the K*(I‘= 0) state.

The analySis of double pion production is discussed. Section V contains

the analysis of the charge exchange data.
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. II. DESCRIPTION OF THE EXPERIMENT
- A. The Beam

The_K25 beam was a variable momenfum separated‘Ki beaml3and was
designgd for this experiment and a K experiment in the same momentum
range. It made use of the newly available external proton beam facility
at the Bevatron. By targeting in the EPB outside the magnetic field
and the physical structure @f the Bevatron it wés possiﬁle to take both
positive and negative kaons from the target at 0° and to place the initial
beam elemeﬁts relatively close to the targef thus subténding a largef
solid angle aﬁd providing a shorter path length from target to bubble
cha@ber than would otherwise have beeh possible. - These considerations,
vere critical in obtaining a sufficient K flux but they were useful alsb
in improving the qﬁality of the K& 5eam. An additionalbbenefit from being
entirely‘outside the Bevatron's magnetic field is of course that the béam
optics were identical for K+'s and K 's and all that was necessary to'go
from one operation to the other was to reverse the polarity of the beam
magnets. The K experiment was done by the Powell-Birge group at LRL
which had collaborated in the design and construction of the beam with
the Trilling-Goldhaber group.

Figure 1 shows the layout of the beam. Separation was accomplished
in two stages, two electrostatic separétors each followed by a quadrupole
doublet to focus the image vertically at the mass slits. There was also
a horizoptal focus at the first slit which was cocked at 200 from the
beam direction to accommodate chromatic aberration in the first stage.
There was no horizontal focus at the second mass slit. Bending magnet
M3 was shimmed to include a sextupole moment to cancel chromatic aberra—'
tion in the vertical plane from both stages and the second mass slit was

then set perpendicular to the beam direction.



UnfortUnateiy the jaws of the slits were notlmassive'enongh at the

edges to ‘absorb or sufflciently degrade gra21ng plons and at the relatively

' high momentum of 1585 MeV/c the spatial separatlon afforded by the spec-

trometers‘was,not great enough to bury all the pions in the slits. Thus
there was considerable pion contamination at this momentum. A lead

collimator placed at the entrance to the bubble chamber eliminated most

of the background coming in above, below or fo either side of the beam

‘A position and made ‘the pictures. scannable: The K's ocoupied a rather

well defined band within the w1ndow defined by the collimator while the
pion contamlnatlon wa.s much more diffuse. This made it possible to reduce

pion oontamlnatlon in the flnal data sample to an acceptable level by

- imposing beam entrance criteria based on reliable identification of events.'

‘Details of this procedure are presented in Part D of this Section.

'B. The Data

In the K25 experlment approx1mately 600, 000 plctures were taken,
h28,QOO in hydrogen, 172,000 in deuterium. Of these there were approxi-
matelymBl;OOO:scannablebpictures in hydrogen‘and 32,000 in deuterium of :
K s at 1585'MeV/e._ In Table I we list the numbers of events in each
topology analyzed at this momentum. Two—prong'eVents with no'vee.were
not analyzed because of the high pion contamination. The two-prong
cross section for n+p at this momentum is 35.6 mb of which 16.7 mb is
elastic scattering}J; The two-prong cross section for K p at this momentum
is 15. 4 mb of which about 8 mb is elastic scatterlng.' Pion and kaon_’
elastic scatters at this momentum are difficult to resolve either by
klnematlc fitting or by 1onlzat10n. ' |

All the film at 1585 MeV/c was scanned twice for three- or four—‘

prong events and.for vee events. Each scan was found to have an efflciency
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greater than 90% for all topologies.  Thus the overall scanning efficiency
can be taken as 100%. Alllmeasuring was. done on Eranckensteins. All
fitted events were output séanned for ionizgtion: All non-fitting events

were outputvscanned for additional information as to'why fhey failed.

C. Data Reduction -- Hydrogen

Hydrogen events were proceésed through. the PACKAGE kinematic fitting’
program. In this part of thevdata pion cbntaminatioﬁ wa.s found not to
present a serious problem in three- or four—prongvevents or in V° evénts.
Three-prong events had to bé taus. No four-prong events kinematically
£it both n'p = x'pr x~ and Kp = Koprx . No four-prong events
found in a roll of pion film taken at this momentum for contamination
studies kinematically fit K'p — K'pr'a . About 12% of the Pinal data
sample for this four-cOnstrainﬁ reaction are kinematically ambiguous
with one-cthtraint pion fits but in view of the pion filﬁ resuit~just
quoted were all assumed to come frdmrkaons. Pion-produced KO events
would.have;to come from the associated pr§duction reactions ﬂ+P - E;k%p
or n+p —e‘KoAn+n+. Ihé'cross sections for thesé reactioné are very low,
30 pb and 5 ub respectively at 1.76 Be'V/c,l5 and would be even lower at
1585 MeV/c due to severe phase space limitations. A number of A's were
seen in the experiment but these'came almost entirely from the reaction
7D = K Ax' which has a larger cross section at 1.76 BeV/c, 190 ub,
and less severe phaSe»spacé limitations at 1585 MeV/c thaﬁ the KoAn+n+
final statef The fitting program distinguished A's from Ko's guite well
and at the low momenta involved ionization judgments were reliable. 4

After measuring and fitting and inspection of ionization, all events
were either accepted, rejected as one of a number of distinct reject types

or remeasured. For an event to be accepted it waé required that it be
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well measured as indicated by_the.spread of measured‘points from the = * -

fitted curve,"After several'remeasurements:this criterion was relaxed

'and some events, less than 5% of the flnal data, vere accepted only on

the basis of X2 and 1onizatlon fits. The X2 cutoff was made at the l%

confidence level.' Less than 5% of the total_data‘remaih unresolved.
| The . reject types are deflned as follows |
False Event - dupllcate events, phony events due to crossing
background ‘tracks in'the chamber, background Vo's and real
two -prong - events w1th Dalitz- palrs.
Immeasurable - obscured by passing tracks, chamber distortion due~
to turbulence (the chamber was double pulsed), or film damage.
Non-Beam Track -‘events produced by either grossly non-beam tracks
as seen on the scan table or by tracks failing to meet PACKAGE
beam eriteria. These criteria Vere that the measured_beam
track momentum be within three stahdard errors of the central
.:beam momentumdand that the dip.and azimuthal angles be within
1.25° of the average of a sample of taus;v
No Fit - apparently well measured but fitting no hypothesis with
incident K+, n+, or proton. rvaotheses assuming an incident
:Kf used beam»averaging, that is.the measured beam track»values

‘for each event were averaged in with appropriately weighted

- errors with those from the tau sample before'attempting a fit;}i'j

Pion or proton hypotheses used the 1nd1v1dually measured beam
track values each with its own errors. Thus ‘the No Fit category
ihcludes off momentum K+'s with poorly measured beam tracks and
events with more than one missing neutral.

Zero Constraint - well measured but with & secondary:scatter or
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decay so near the primary'vertex that the'momentumlof the
secoﬁdary cannot be measured. Such events with one missing
neutral will be under-constrained. | |
Outside Fiducial Volume or Outside Decay Fiducial Volume - fidugial
- volumes were imposed so as not to require identification of
events near the edges of the.chav,mber° fhe escape correction
" required for reactions producing a KO is discussed in Part B
of Section IIT. |
The distribution of rejected events by topology and by reject type for
thé hydrogen data is given in Table II. The distributioﬁ of accepted

events byvreaction\is given in Table IIT.

D. Data Reduétion -- Deuterium

Deuterium data were processed originally through PACKAGE but later
were reprocessed through SIOUX when that system became available. SIOUX
has the feéture of incorporating unseen spectator protons into the fit
by assuming'zero momeﬁtum for them with large errors, £ 30 MeV/c for
Apx and Apy and * 40 MeV/c for Apz. This feature picks up three con-
straints which would otherwise be lost in half the events off the neutron
and in particular‘makes such events with one missing neutral fittable.
Pion céntamination presented no difficulties in v° events as before but
did present a serious problem in three- and‘four-prong events. Resolu-
tion of K-n ambiguities was first attempted only by fitting gnd visual
estimation of ionization. No beam track acceptance criteria were imposed
at this stage. K hypotheses used beam averaging, w and p hypotheses did
not. Visual-K-n resolution was not attempted when the ionization of the
track in question was less than 1.3 times minimum. Resolution could be

made in most cases where the ionization of the track was greater than
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1.5 times'minimum.' Reject'categories were the same as for the hydrogen

data except for the "non-beam track" category and for the "no fit" cate-

'gory,for'VQfevents where missing mass fitS‘were,accepted, The distribh-

tioh of'rejected events by topology and by reject'type for the deuterium
data is also given'in Table II. For an eveht to be accepted'it had to
be well measured, have a X? less than five tlmes the number of constra1nts
for the hypothesis in questlon and flt the ionlzation called for by the :
hypothesis.

Mlss1ng mass hypotheses were accepted for K events when there was
no other flt at the interactlon vertex and the calculated mlssing mass“

was greater than the lowest sum of pos51ble m1s51ng peutrals. The distri-

‘bution of accepted events by reaction, 1nclud1ng unresolved ambiguities,

is given in Table IV. It is apparent that resolution by fitting and by

ionization is not sufficient for three- and four-prong events.

Figure 2 compares the spatial distribution of beam tracks at the

' ‘ o 156 . . _ _
entrance to thé chamber for four different classes of .events. Class 1)

consists of taus and X° events, definitely K+ produced. Class 2) consists
of events which unambiguously'fit the four—constraint reaction _K#d-% Kfﬂ-pp,
thought to be almost entirely Kf_produced. Cless-3) consists of events
which fit both K'd » K'xpp and x7d - x'n"pp kinematically and by
ionization. Class W) consists of events which unahblguously,fit

* +— . ) X '. ' .
nd = wx pp.. It is clear that incoming n's dre more broadly distri-

. buted than the K beam, that ambiguous events for this reaction are

+ . '
mostly K produced, and that entrance criteria can be established which

will reduce the percentage'of pion contamination in the final data sample._'
Figure 3 shows correlation plotsvof'dip anglevvs azimuthal angle for the ”

same classes of events. -Clearly the samé observations apply.
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Beam éhtfahé§ cfiteria were éétablishéd from these plbts:éonsisting
of sharp cﬁtoffs in x, 7z, N, and ¢. This effecﬁivé'beam "window" was
thén used to select the final_datavsamﬁle for.this reaction. Table V
shows the numbers of evehts in each class before and after this cut;
The in window/out window ratio is seen to_bé nearly the same for'classes

D | : ' . +
1) and 2) confirming that class 2 events are almost all K produced.

The final data sample is taken to be the unambiguous events in the window

plus the ambiguous fits in the window. Unambiguous K Ffits outside the
window are excluded to avoid possiblé’biaseé. Figure‘h compares the
méaSured'beam momentum for the same four classes of events in and out
of the>window. The pion beaﬁ'moﬁentum is seen fo be degraded with respect
to the kéon"momeptum but attempts to take advantage of this fact by
including avamentum cutoff in the definition_of the bean winddw‘did not
succeed due to largé errors in the beam track momentum measurement for
many events. It is not meaningful tdvméké a sharp cutoff when meaéuré—
ment efrors are large and incorporating theSeﬁéfrérS into the window
criteria resulted in‘too great an oferlap of K'sfand n's.

The useful feature of the momentum distributions is that they are
not significantly differeﬁt in_br out of the window. This enables one
~ to estimate the pion contaminatioﬁ in the final data in the fbllowing
simple manngr. Let the number of events in classes 2) ana 4) in and
out of the window be represented by K,y Koo 75 and e For every event

. . s o3 + + - : '
unambiguously identified as K d & K xn pp there will be some number of

K producéd ambiguous events, say-aK. Similarly one defines a - Then -

class 3) events in and out of the window, Ay and Ab,'are

1

Ay 7oKy +amy

A =a K +an .
0 Kxo b1l o) ,

.q
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Solvingvfor the a's gives the pion contamination in this reaction
a

.,
___E._L= 0. .
 + Ai 0.04£0.007

i
The pion_cbntamination in this reaction without using the beam window is

a (n, + x )
i o :
(Ki + Ko) + (Ai + Ao)

.02 ‘.— '

| The overall pion contamination in the beam can be calculated using the
- , .
a's and the cross sections for the reactions nfd - x x pp at this

17

: 17 .+ + -
momentum and K d = K n pp from this experiment. We have

L + +- . .
number of n.d 2 5 n pp events _ pion flux X cross section

, + + - o
number of K d = K n pp events kaon flux X cross section

or
_IEI_ - q)nfc:nf
o Ne o %%
from which )
% %k Nn
Pk ) Gn NK

a (ﬁi + no)(l + aﬂ).

E; (Ki * Ko)(l * ai}

~ 0.6 .

Thévin window/out wihdow ratioffor unambiguoué fits to one-constraint
reactioﬁs was not compatible with those for the L4C reactions just discussed.
Apparently the large number of =x produced lC'reacﬁiéns swamped the corre-
sponding K produced events sé that errors in ionizationvjudgment coupléd
with thevrelatively loose 1C fits were enough.to,make even the so-called
unémbigﬁéus identifications unreliable. In the case of the reaction

. 4 , S ,
Kd-= nnx ppKo all fits were rescanned for Vo's. These V° events were
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then the'fihal data sémple used in calculating the.éross sectibn. In
the caseIOf the reaction K+d - K+n_ppn°, events fitting only that
reactibn'érronly n+d - n+ﬁ_ppno were,épéortioned gccofding to the
in/out rati§ of the LC feactions. If we'céll o the fraction of "unambig-
uous" 1C K eﬁents which are really K produced and p the fraction of
"unambigﬁoﬁs" 1C n identificatidns'which.are really K produced, we have
oKy *+ Py
oK+ Pr, | X

and

(1 - o)k, + (L

Bln,
(T - oK+ (T = R

S)no Tt

where Rk:gﬁd R are the in/quﬁvratios for K's and n‘é from the L4C reactions.
Knowing the K's and n's and R's, one then solves for o and B. We here
once‘agaiﬁ make use of the fact that the K beam momentum distribution

'ié nearly ﬁhe same in or out of the window and similarly for the n's.

The relatively small number of ambiguous events wefe also apporﬁioned

according to these ratios using the relations

and

Knowing Ai and A.o and RK and Rn one then solves for AKi and AKO. The

final data sample is then
no. of K'd » K'xppr® events = a(K, + K.) + Blx, + x) + +
. © ppr  events = a(K, o B L N AKi AKO .

The éame procedure was followed in the case of the reaction
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K+d - K+ﬁ¥ﬁ’pn after separaﬁing proton”énd_neutr0n5reactiOns_according
tq which final state nucleon had the greater moméntum. An ihternal check
on the entire procedure.was to compafe the K&d - K+n+n-p(n) cross
Section'withfthat of ‘Kfp - K&n+n-p from the hydrdgen data. The agree-

ment ﬁas very good, 0.38%0.05 mb in hydrogen, O.35i0.07 mb injdeuteriUm.'
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vIII. CROSS SECTIONS FOR STABLE FINAL STATES

“A. The Formula and the Results

Crbss:sections for stable final states wére_caléulated from the final

corrected eveht‘éouht and the number of tau decays using the standard

formula
N, . .
g = interaction X B X A
décay net pNA
 where o
o, | | |
B = K branching ratio into the T decay mode
= 0.056%0.000k,
i =vPbeam/mK+ ’
c = 2.998 x- 10°° cm/sec,
. + - 8
T =K lifetime = 1.235 X 10 8 sec,l
A = atomic weight = 1.008 for hydrogen, .2.015 for deuterium,
p = density in the bubble chamber
= 0.0608 gm/cm3 for hydrogen,
: 1
= 0.1352 gm/cm3 for deuterium, 9
and NA'=_Avogadrd's Number = 6.0225 X 1023 mole-l.
Corrections to N, . and N are described in Part B of
interaction decay p

this Section. The final results for the hydrogen daﬁa are included in
Table,iIi. The final results for the deuterium data‘are_listed in Table
VI where the reactions are arranged according to the number of pions
produced and the charge states of these pions. The reason for this
_arrangement has to do with the analysis of the deuterium data_aﬁd is -
explained in detail in Part C of this Section. The erroré given in

Table VI are statistical. .
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B. Corrections,tovthe Data

.The actual numnens of acceptedbevents in theihydrogen datavwere »y
corrected by dlstrlbuting unresolved events within each topology according ’
to the number of accepted events in each reaction and, in the case of K
events, by applylng an escape correction factor Both corrections are
small, about 2.5% each. Zero length Ké events in. hydrogen were fltted
as additional hypotheses and vere - accepted only if one of the n+n pairs
had the K-_mass-'_ 25 MeV. Zero length_K events in deuterlum were not
fitted'aS’such due.to a pfoblem‘in STOUX and are assumed to be misidentif
fied as pion events. The decayvfiducial volune for'Kp eventS-in deuterium

was defined to include a ninimum distance cutoff. The“resultant loss of

v events was then made up by the escape correction factor. - This factor

also contained the branching ratio for the unseen decay modes of the'Kq.

The number of unreSolved_events in deuterium is snall; less than15% of

the total, and was'not distributed amongvthe accepted events.'.As mentioned
before, scannlng ‘loss was negllglble because the film was completely

scanned twice. Pion contamination was discussed at length in the previous

' Section and was seen to involve not merely a correction factor but a

) S . . : . . : ) : + '+ -
revised procedure in certain reactions. In the case of K d - K x pp.
where the data sample was restricted to the beam window the tauvsample

used in calculating the cross section was of course similarly.reStficted.

' One further small effect of the pion contamination is‘shown in Fig. 5-

: T+ + + - ' :
where the nd 2 5 n x pn fits are plotted as a function of the target

nucleon momentum. The events of interest are in the peak in the next-
to-lowest momentum bin. The proton was an unseen spectator in Ik of

these events. The masses of the three pion systems for,these'events

are listed‘in Table Vb. Apparently 12 of these events are- m1s1dent1f1ed'

taus and were added to the tau sample.
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C. Deuterium o's: KNN, KNNy, KNNus

>Thé.dédterium reactiqns are listed in Table VI;in the same order
as that'préSéﬁtéd.by C. G. Wohl and A. A..Hiratévinrfheir analysis of
the deuteiiuﬁ data at the four lowerlmomenta of the.K25 experiment.;
Directly méasured cross sections are those with the reactions not enclosed
by braékets; Comments to the right of the cfoss sectidns'indicate the
‘procedures involved in obtaining them. The ingéniqus method of analysis
developed'éﬁd used:by Wohl and Hiraté was followed very closely here.
The,methdd.enableé one to obtain the KNNn and KNNnn cross sections even
though notvall the individual cross sections weré measured. The procedure
utilizes isospin relations among the‘cross-secfibns for KNNn:reéctions
20

and for KNNnn reactions. These relations are

o, = 20 .(l)
and 5..‘ 20 =ho + o : (2)

where &d'is the sum of cross sections for all K+d»—> KNNx réactions
vhere the n is charged and Uo‘is the sum of all YK+d - KNNx® cross
sectiong. Similarly Occ is the sum of all .K+d —>'KNNﬂn cross sections
for’reactioﬁs in which both pions are charged, dco,is the sum of cross
sections‘fqr all . K+d — KNNnn  reactions with -one charged and one neutral

. . . g + o0 .
pion and coo is the sum of cross sections for all K d = KNNr n~ reactions.

From (1) _
| o(KNNx) = o + 0 (3a)
= 30, E , (3b) i
=30, . (3¢) v

Not all of either Gc or co was measured in this experiment but it is
still possible to obtain o(KNNx). At the lower momenta this was done

o+ o+
by using the measured cross section for K+p = K nn  for the unmeasured
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L+ + o+ L _ ; ’
reaction K d = K nnx . This procedure could not be used at 1585 MeV/c
~ because the two-prong events were not analyzed due to excessive pion _
. . 7 + ++21
contamination. Instead, an interpolated value was used for -K p = K nx .
This is satisfactory because this cross section is small; less than one
tenth of the total KNNrx cross section. Similarly, not all of either OCO

or ad_. was measured but it is still possible to obtain o(KNNrx) from the

ispin relations. From (2),

cr(m\mﬂn)’ =0  +O  +O (4a)
. 3(s_ - 0, (bb)

= %(Gco * 2000) o (ke)

= Bl ¥ 29,) - )

Thesé'equations become inequalities if just the measured cross seétibns
are put in{' Siﬁce allvof Gcc is measured, (hb).givés an ubper limit to
U(KNNnn); The other fhree equations'give lower limits from which thé
most resﬁrictive was selected, (4d) in thislexpériment. The value for
o(KWNnnt) was then taken as midﬁay between the upper and lower limits and .
the error was obtéined by folding in half the différence between‘upper
~and 10Wef limits with the statistical errors on‘them. |
The.cross section for K+d - KNN was obtained next by subtracting
fhe KNNn aﬁd KNNnn cross sections from the tqtai K+d cross section. The
cross section for K+d'—9 K+bn was obtained in turp by subtracting the
measured K#d - Kopp cross section from the de i KNN' cross éection.
The K#pn crosé seétibn includes the K%d - K+d cross‘section; The
K+d - Kon+d‘ fits were separated from the aﬁbiguous K+d - Konfpn fits
by ionizétion; range of the "p", and the maés.of the pn system. The reac;
. tion K+d = Kon+dno is a one-constraint fit; the corregponding K+d -

: + : ‘ : ‘ .
Kon pnrrO reaction is a missing mass fit. Figure 6 is a plot of the cross
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séctions‘for,the stable final states measured in deuterium as described
above as a function of beam momentum. Figure 7 is a plot of the total

+ . . .
K d cross section and O-pion, l-pion, and 2-pion production cross sections

+ , o :
for K 4 interactions as a function of beam momentum.

D. Effective K n Créss Sections - e
.Neﬁtran cross sectibhs were pbtainéd from ‘deuterium reacﬁions with
two profoné in the final state by applying an empirical Glaubér, or
shielding, correction to tﬁe K+d cross'sections. This correction factor
was simplyithe ratio of the éroés section for thé reaction K+p“—> K°n+p
from the hydrogen data to the cross section.for,the reaction K+p(n) -
K°n+p(n): from the déuteriuh‘data. This latter Was”obtained from the
reactioh_.K+d - K°n+Pn by considériﬁg the fiﬁél_sﬁate‘nucleon momenta .
Figure 8 is a correlation plot of the broton‘momentum vs thevneutrdn
momentum for this reaction. Most of the events are seep-to be cleafly
Kon+p(n)'orvK°n+ﬁ(p)a Spectator cutoffs at 150 MeV/cjwere used td deter-
mine the data samples used for Daiitz plots ahd angular distributions.
Evehts-iﬁ the intermediate region between the spectator cutoffs (both
nucleon_moﬁenta greater than 150 MeV/c) were apportibned for'caléulation
of tﬁe cross sections according to the ratio of events in the "pure"
regions.' This is the same procedure asvthét used at the lower momenta.
Figure 9 shows the cross sections for K+d - KPnfpn' separated into
K'a - Kon+p(n), K91+n(p) and K°r'd as described and cbmpéres the
K+d —9,Kpn+p(n) reaction cross section with that for K+p g K°n+p
as'a function of beam momentum. The empirical Glauber correction at | ¥

1585 MeV/c is 1.14#0.12. Table VII is a list of the neutron cross

sections.
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" E. Cross Section for the I =0 KN Chanhel'

- The isospln relations (l) and (2) apply also’ to the reactlons con-
sidered as occurring off free protons or neutrons. The symbols still '
refer to_the sums of cross sections for the indlcated pion. charge states

'teken ovef both proton'andvneufron reections.e The:One-pion reactions
are“' |
L K'p o Konﬁp
B K#n+nuv
;9 K#nop
K%n - K'n
o K
-9~Kpn°p

y + O
- K nn

The isospin O and 1 channel cross sections'expfeSSed in terms of the sums

of the above reaction cross sections are

o , o ol(m’f) =dp | | vl | ‘(oa)
and - ""'-_ o - (KNn) - 20 - Up._‘ o _ (5b)-

Comblnlng (5b) and (1) one gets dlrectly
oo(KNﬁ) [U(K n - K T p) + G(K n - K°x n) - G(K p - K'n p)] ( )

| The last.reaction in'(6) has a two prong-no V _topology, not analyzed

t this momentum and so again 1nterpolatlon was used?i All contrlbutions
from the‘ I= lo state have been subtracted out in (6). This includes

the 4, K* from the I =1 state, K*A interference, and I = l background.
What is left is K* from the I =0 state and nonresonant I = O back-
ground; iBy considering the K* cross section in ﬁhe»reactiohs‘in‘(6)1we‘

can get the cross aeotion for K¥ in the I = O chamnel. Thus
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O + + + +
o (") =3[o(K'n - k*°p) + o(K'n - K*'n) - o(Kp = K'p)]l . (1)
- o N .
L9 K+ﬂ . Lﬁ Kpn : L9 Kﬁno
Again, a substitution was necessary for the last_reaction. We used the

+ + »
reaction K p - X* p which was analyzed at this momentum and included

o +
K'n

the approPriate Clebsch-Gordan factor of 1/2. The I = O channel total
cross section, KN-—> KN cross section and KN — KNn cross section are
shown in Fig. 10 as a function of beam momentum. The cross section for

the K prodﬁced in the I = 0 channel is shown in Fig. 38 as a fuhdtion
of beam'mpmentum. The procedures for obtaining the indiﬁiduél resonance

cross sections are described in the next Section.

LN
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IV. RESONANCE PRODUCTION

A. Cross Sections and Mass Distributions

The single pion'productidnvreactions observed in this experiment are
K+p —9:K°n+p! |
K'a —;VK°n+p(n)
Ka - x° T n(p)
k'a - x'x p( )
K'a - Konqp(p) .

Figures 11 and 12 contain the balitz pldts for these reactions.

The data plotted for the K'd » K°x'p(n) and K'a - 'Kon+nv(p‘) reactions

come from the well separated pure regions of,Fig.-G where the spectator

' nucleon has a mcmentum less than 150 MeV/c.: The very well known fact

that 81ngle pion productlon is domlnated by quas1 two -body productlon
is qulte clear in all these Dalitz plots. Reactlons off the neutron
are seen to bejmalnly K N; reactlons off the proton also show strong

KA production. K¥-A interference shows up particularly clearly in the

+ o + '
Kda- Koﬁ p(n) plot:

The Dalitz plots were fitted with an empirical interference model:

in which the K" and A 1nten51t1es were each a product of a p-wave Brelt-

ngnen?h25factor giving the dlstrlbutlon of one dlpartlcle mass along
a line_of fixed mass for the other diparticle pair,'and a P-wave produc-
tion angular momentum barrier; The interference term contains a relative
phase factor'and a numerical‘factor allowing for less-than-maximal inter-
ference'between the K*N and KA amplitudes. .In thisbnodel then the Dalitz
plot de};s'i'ty is given by o
o%
2.2

dme Sy

=a + bLx + eI, -+ 2d(bcIK*I ) 1/2 c:os(cpA Pk * cp ) (8)
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where & = nonresonant, non-interfering background (phase space),

2
Tyx =_BWK*(1 + A% cos AKK) ;5-—:—;275 ’ .
' K*
. . qg
2 A
I, =BW,(1+ A, cos KNﬁ) 55 s
q_A+m/2
0
Po
B = 1 "2 %
w2 2,2 27
(m~ - mo) + (Fmo) »

and Pv=r\0<2+m2/2+m2>pob’
P W Dy »

where m and T are the nominal resonénce mass and width, taken as 1236
MeV and 116 MeV for the A and 89l_MeV and 50 MeV for the K*, m is the
appropriate diparticle mass, P, and p are the two-body c.m. decay momenta
cprresponding to mb and m, and qK* and =N are the K* and A momenta in
the overall c.m. The angle xKﬁ is defined as shown in Fig. 13 as the
pion decay angle in the Kx c.m. with respect to the nucleon direction.
The angle an'is similarly defined as the pion decay angle in the Nrn c.m.
with respect to the kaon direction. Along a line of constant mﬁ s m§

: 1 7
varies linéarly with cos KKn’ where cos KKn = £ 1 corresponds to the
edges of the Dalitz plot. Because both K* and A decay in p waves their

decay distributions in A are of the form

W(éos x)v« 1+ A cos® N .
The values of A for the two resonances are leff as free parameters to‘
be varied in the fit.
TheAP wave production angular momentum barrier is important oniy
near the resonance thresholds; its effect is small at this momentum;
It affecﬁs the mass distributions, that is thé'shape and position of

the resonances, by suppressing high mass production but to an extent
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" that is signlflcant only when “the resonance bands occupy much of the

Dalitz plots as they do at the lower momenta of thls experlment. The

flttlng program vas written by R. W. Bland as part of his exhaustive
study of-A;and K production in K p reactions at the lover momenta.

The P wave factor was appropriate there because the A is produced largely

via P waﬁes down to threshold and because K*-A interference indicates a

strong P wave component'in K*'prOduction; By 1585 MbV/c,however, higher
&aves'tﬁan P have.becomevstroaglybpresent invAfproducﬁion and pseudo-
scaiar exchahge as well as vector exchange has shown up strongly'in.the.
decay angular distributions of the K*;'indicating_a strong S wave component
in X* proddction. The P wafe factor is therefore,no longer really appro--
priate. Moreover,’K* production in reactions off the neutron indicates
mostly pseudoscalar exchange and is highly peripheral by 1585 MeV/c,
1nvolv1ng many partlal waves. So the P wave factor is not really appro-
priate for K n reactions. However because the effect is unimportant at |
this momentum‘dUevto'ﬁﬁe:much‘greater size of the Dalitz plbﬁs.and'because 3

including the factor is probably as correct as omitting it in lieu of the

- unknown -correct and probabiy much more elaborate'barrier factor, the fit-

ting proéram was applied "as is." Results of the fits are listed in
Table VIII. The A cross secﬁions in the fits to the deuterium data were
constrainedlto agree with the hydrogen data scaled with the empirical

shielding'correction and Clebsch-Gordan coefficients.. The use of these

‘results to obtain the cross section for the K¥ produced in the I =0

channel was described in Part E of the previous Section.

One more point to be mentioned is that this fitting model assumes

‘that the background does not 1nterfere with the resonances. This is not

really true either. Dalltz plots below the K* threshold ‘show.an abymmetry
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ih £he Kn mass distribution in the A band indicating inferference Betﬁeen
the A and backgrou_ndf% Variation with Nt mass of the coefficients in the
" Legendre polyhomial exﬁansion of-ﬁhé Arproduction;angular distribution
| also“indicates intérferenée between the'A;and backéround. ‘Finally,
correlatibﬁ flots in the decay angles of the K¥ éhoﬁ Strong correlation
effects which may be due to K’ -background interference. However, the
complexities involved in trying to_incorpo;ate all these secondary features
into thé fit are prcsbabiy not justified 1}1 a statistiés—iimited exp_eriment.
Uncertainﬂy in ﬁhe model was refleéted by doubling the sﬁatisﬁical'efrors
to obtain those quoted in Table VIII. |

Double pion produétion reactions in deuterium were swamped by the
‘beéﬁ pion'contamination as described éarlier. The reactions observed in

1

the hydrogen data are

+ ..'+ + ; . . R ’ ’ N
Kp—> Knnp o (9)
B +
Kp = Kox n°p - (10)
and IR Kp - Konfn+n . A (11)

of the‘.sA‘e , only the first was observed with sufficient statistics to

warrant some anélysis; ﬁigure lh»is a triangle plot for this reaction

in which 'Mpﬁ+ ié plotted vs Mt -+ The cluster of points near the

high méss kinématical limit is indicative of double resonance produétidh,
A++ and K*Q; whiéh_apparently dominates this reaction even below the

nomindl K*A threshold which occurs at 1750 MeV/c for the central values
bf'the‘féébnancevmasses. Thus at 1585 MeV/c double resonance production
occurs on the low mass tails of the-resonances. This_is furthér illustréted
in Fig. 15 where the events are projected onto the axes of ﬁhe triangle -

plot. The K* and A peaks are seen to be shifted well below their nominal

values..
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The triangle plot was fitted with a brogram which assumed the inco-
herent superposition of the 4 main processes' a) double resonance produc-
o+ - + + -
tion, b) & K x , c¢) K*%px", and d) pn+K % . The dlstrlbutlon function
- 1s then :

P(M}m-,MpﬂJr) = (a(BW(2)BH(KY)) + BN (A) + YBU(K®) + SchmpAéK*

where BW is- the p-wave Brelt Wigner de3cr1bed above, Yo 1s the A or K*
'momentum in the overall c.m. and Pp and Pyx are the A.and K* decay
homenta in their respective c.m.'s. The factor q mPAPK* is nonresonant-
phaSe sbace. The parameters a, B, and ¥ were varied in the fit with &
determlned by the overall normallzation. ‘The triangle plot was divided
into 13 bins and_the best X2 was 13.4 for 9 degreee'of freedom. The
- conclusion was that K*A_production comprises 65il5% of the reaction‘with
a cross. section of 0.25+0.07 mbe The remainder of the reaction is divided
between AK+ﬁ' and background in a ratio not well determined by:the fit.
The'solid.curves.in.Fig. 15.correspond‘to the fit; the dashedvcurvesv |
correspond to the X*A component. |

The other “two double pion reactions are also apparently dominated
by double resonance productlon. This is suggested by the fact'that the
cross sectlons for the three reactions are consistent with the ratios

dictated by isospin conservation in K*A decay, 18: 13 2.

" B. A Production and .Decay

Because the A (I = 3/2) can be produced only in the I =1 channel
‘ ahdlnot in the I = Ov channel,vit ie eeen more etrongly in K+p'reac£ions
than in K+n reactions and more clearly in'hydrogen.than in deuterium;
v_In hydrogen, it is produced at threshold through the three 51ngle plon '

' productlon reactions
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+ ’ '+ . ) . ' ) .
Kp - Kx'p - (1)
K'p 5 K+n°p L -u '.{ | (13)
and Kp» Kx'n . N 6 1)

Clebsch Gordan coefficients for the isospin states 1nvolved show that j
the A 1s produced in these three reactlons in the ratlos 9:2:1. Thus
the flrst reactlon is the approprlate one for study, fortunately, 51nce' .
at 1585 MeV/c it was the only one avallable ‘

: ‘ The features of A productlon and decay near threshold in thls reac-
tlon were - studled in detail by R. W. Bland and reported 1n his- thes1s6.
and‘ln a later report, UCRL-'-l9357..E3 The flnal data at 1585 Mev/c were
analyzed in collaboratlon with Bland in the same way as the data at the
flower momenta and 1ncluded in the later report.‘-The main conclus1ons
are outlined here and the flgures repeated.- Because the flgures contaln
the data from the lower momenta, the results at 1585 MeV/c are seen . in
4the1r proper context. .

In- selectlng the data sample for. the study of . angular dlstrlbutlons :
there 1s_the problem of the K*-A overlap reglon. :As seen 1n.the;Dalltz
plot,'FléQ;ll, this occurs ;t 1585 Mev/e in theicenter-of the ‘A band and
- in theflower portion of.the'K* band. The mass conjugation teChniQue of

" Eberhard and Pripsteigﬂwas used to simulate_K*-production;in the overlap
region.f‘The<mass conjugated distributions were subtracted Out-of the
ldlstrlbutlons in the overlap region in order to purlfy the A sample.
(In the study of the K*, the upper half of the Dalitz plot cos xKﬂ < 0)
was used.) _ihls approximation neglects K*-A 1nterference and bachground,‘v
both shown in the Dalitz_plot fits'to be relatively small components:of
‘the reaction cross section. .The A band was taken: to be 1160-1280 MeV.

Flgure l6 shows the cross sectlon for A‘productlon in reactlon (12)
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as a_fUnCtion of beanm momentum. The cross sections.have all been Multi-
plied by_a'féctor of 4/3 to include A production in.reactionS‘(l3)vand
(14) ‘as well. The solid curve (b) is the prediction of the Stodolski-
Sakurai p exchange model for Akprbductioéfzsing the value for thé'product
of the coupling éénsﬁants suggested by Ja.c.ksOn%9 Thevsolid curve (a)
differs from (b) only in that the suggested value for the ﬁroduct of the
squaresiof the coupling_coﬁsfants has been”multiplied‘by a factor of five
SO»aé to échieve a fit»neaf threshold. The fitfis Seeﬁ to be quite gobd

up to about 1.1 BeV/c where other channels, notably K*N, open up and the

‘unitarity limit requires the cross section to fall below the prediction

of the model. The good fit near threshold is due to the predominance of

P-wave production of the 4, called for by the theory and seen in the

‘prdduction.cross sections, in the shape of the Nnvmassvdistributions

(the P-vave angular momentum barrier discussed earlier) and in the produc-
tion and deéay angular distributions.i

Figure 17 shows thevproduction angular'distribution in the overall
C.m. fdr A production in reaction (12) as a function of incident beam

momentum. The distribution is mostly sin2 o néarvthreshold, indicating

P-wave, and becomes more forward peaked as the beam momentum increases,

indicating the strong presence of other, probably higher'waves. The

curves in Fig. 17 are the predictions of the Stodolski-Sakurai model.

v The.experimental data were fitted with Legendre poiynomials up to the

fourth order in the expression

i

W(cos 6) § 1+ Eél AP (cos 6) -

The results are shown in Fig. 18. Pure sin2 6 wbuld have A2 =- 1.
The data at 1585 continue the trend away from that value. That fact

plus the increasing magnitudes of Al;_A3, and 4 all reflect the increasing
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presencé of other partial waves in A production with increasing beam
momentum. ‘The coefficient Ah represents higher ﬁaVes than P and the odd
Legendre goéfficients.represent interference between waves of opposite
parity. | |

| The second kind of Arbéckground interference meﬁtionedvin Part A
shows up iﬁ‘the plot of the first two Legendre coefficients; Al and'AQ;
vs Nx mass, Fig. 19. The varistion of these coefficients apparently
results from the changing relative pﬁase between béokground and A according
to the Breit-Wigner‘dependence of the A.r As seen here in the production
- angular distribﬁtion, the decay angles have bsen integrated out so the
“part of the background responsible for this interference must have the
.Nn systém.in a p3/2 state as other Ej states are orthogonal to the p3/2 A.v

Thé decay angular distributions of the A were studied using thé
‘coordihate systems shown in Fig. 20. The angles are measured with respeot
tovthe outgoing nocleon in the A.c.m. The Stodolski-Sakurai model makes
simple prédictions'for the distributions in Y'apd 9, naméiy |
| .W(cos r) < 1+ 3 cos® ¥

and | () = isotropic ;
The experimental distributions are‘showo io Figs. 21 and 22, folded in
accordance with the parity-imrosed symmetry of the decay. The solid
curves are the normalized predictions of the ﬁodel. The fits in cos ¥
| are seén to be véry good; the fits ihlS may not be so.good, especially
hearithreshold,»but the error bsrs are large and it is not clear what
significance to give to the deviations from isotropy. Anothér.way of
presenting.the'sams information is to look at thevdénsity matrix elements.
When these are defined in terms of the angles a-and @IOf Fig.;QO; the

model makes the following predictions:
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7533 - 0.375 , Re py_ = 0.218 , Re 03 =0 -
Figure 23fshows the{cdmp@riéon'betwéén theSéfprédictions and the results
of a'ﬁaximumvlikelihobd-fit\ofitﬁe data.“Again; agreemet is quite good
at 1585, not so good near thréshold. Thesevobserﬁations give more support
to the model and its assumption of magnetic dipoie (ML) coupling to the
p-A vertexvthan simply the P-wave production feature éf the A. The
exchanged particle must have I = 1 and normal spin-parity. Stodolski-
Sakurai suggested p exchange. Bland et al. wgfe led to suggest that
heavier»parficles fhén the p, notabiy the A2, pfobably are exchanged

and that thisvmight account for the highér values of the coupling constants.

C. K* Production in the I = 1 Channel

Since Kfp is pure I =1 and K+n is half I =1 and half I =20
it is best té étudy K*.prbductioﬁ in the I =.l channel in hydrogen
rather than'deuterium."The-Clebsch-Gofdan coéfficiénts give the ratio
for K* production iﬁ reactioﬁs (12) aﬁd (l3) asb2?l} :Thus reaction (12)
is the appropriateione for‘étudy'here as 1In the case of‘Axproducfion.

" As was the case in the discuséion of the 4, the figures here were taken
from the UCRL report, UCRL-19357, andvcbntain the data.near the K*
threshold as énalyzed by Bland. |

The problem of the overlap of the K* and A bands in the Dalitz
plot at l585vMeV/c.was hahdled by using only data in the upper half of
the Dalitz plot, i.e., cos xKn < O; The K* band was taken to be 840-
940 MeV. | | S |

The production angular distributiop for K+p —*_K*+p is given in
Fig. 24k. The reaction is seen to become more peripheral with increasing
beam momentum. The fbump" in the distribution just below cos 86 =0

is very clear at 1585 MeV/c but is also noticeable at all momenta in
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this‘expériment and suggests the presence of D waves or_higher.even down _
to threshoid. Figure 25 shows the Legehdre polynomial coefficients_to
fourth ordef'for these distributions. |

The decay angular disﬁfiﬁutions are described inva coordinate system
“ similar to that used to describe the decaj of the A,.Fig. 20; the.z axis
is along the normal ﬁo the production plane and the x axis is along the
directiontof the incoming K' meson as seen in the Kx c.m. The angles
measured are those of the outgoing KQ. The decay angulaf distribution
is given in terms of the deﬁsitj matrix elements as3
W(cos a','q)) = 1% [poo 0082 @+ pq sin2 a - pl-_i sin2_ a cos 29

- J2 Re Py Sin 2a cos ¢}

oo). The density matrix elements are shown in Fig.

 where Py = %(l -p
 26. The>distributions'in cos ¢ and @ corrgsponding to these density
matrix'élements are shown in Fig. 27, folded in accordance withzthe.
symmetry»imposéd by parity conservation.
In a peripheral OME model,vpseudoscalar exchénge léads to pure

cos2 o cdrfespbnding to p = 1; exchange of nofmal spin parity leads

00 .
to pure sin” @, corresponding to p = O. Figures 26 and 27 indicate
.dominance by normal spin parity exchange.neaf threshold, presumably
vector, wiﬁh pseudoscalar exchange also coming in as the moﬁentum
increases to 1585 MeV/c. At higher momenﬁa previously reported?zthe
reaction is again dominated by natural parity éxchange, apparently
isoscalar since the reaction K+n —9'K%°p which requireé a charge
exchange is dominated by pseudoscalar exchange. Thé usual assumption
is that the w is the isosdalar‘naturalhparity system important in

K+p - K*+p. The data at 1585 MeV/c suggest an‘intermediate région

where pseudoscalar exchange is also important.
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D.  K*A Production

- As discussed in Part‘A 6f»thi$ Sectién, K+p dbuble'pion production
is dominated Bva*A‘pfoduction even below the nominal K*a thréshold.
The major decay modés are produced in reaction (9) for whiéh we have-
a bareiy éhaiyzable amoﬁnt”of.ddta at 1585 MeV/c. Fortunately there
is no ambiguity in this final state in pairing the parﬁicles.'

Figure 28 shows the production angular distributions for K*A produc-
tiod at a lover momentum ét which'it is seen in Bland's data, at 1585
_ MeV/é aﬁd at one highér momentum, 1.96 GeV/c, from énother experihent.a
At 1367’MeV/c,»Bland féund that resonance production could not be
separated'from baékgrouna. At 1585 MeV/c, douﬁle resonénce productidn
compri ses 65+15% of reaction (9) but all the events are plotted in Fig.
8. A Cut'én Mkn at 800 M§V, considering only events with Mkn > 80Q
MeV was tried. It reduced the background from 35% to about 10% but no
significant differences in the production or decay angular distributions
were seen. The pfoduction‘is seen to beihighly peripheral even below
threshqld;FIThé apparently sharper forward peaking at 1585 MeV/c is largely -
an illusion, the result of the binning. ' |
The density ﬁatrix elements for this reaction are presented in

Table X aioné with the predictions of the OPE model; _Dataifrom an experi-
ment at 3.0 GeV/c are i_nclﬁded.35 The results at 1585 MeV/c are far.from
satisfying the pion exchapge predictioné for pdo‘agd p33 but the trend
Qf_thg.data-with incrgésing beam homentum is seen to bé toward.the.OPE

values.

E. K* Production in K n Reactions -

The single pion production reactions off the deuterium neutron are
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K'n(p) » K'np(p) : (15)
- K°x°p(p) | | (16)
- Prne) - (7)
- K'n%n(p) (18)

the pareﬁtheses indicating the spectator proton. Reaction (18) has a
two-prong no "V" topology in the bubble chamber aﬁd could not be énalyzed
at 1585 MeV/c because of the pién contamination.

Thevfirst three reactions are dominated by K* production ‘as is seen
by inspection of the Dalitz plots, Fig. 12. The relati.ve. absence of A
in these.reactions is entirely expected since the K+n sﬁate is half I =0
and the I = 3/2 A cannot be formed from this state in single pion produc-
" tion and becausé of the Clebsch-Gordan coefficients for A decay.

The cross sections for K*° producﬁibn in.reéctiqns (15) and (16)
and fér K"e+ production in reaction (17) are given in Table VIII. Their
calculatioh, involving a Dalitz plot fittiné program was discussed in
Part A of this Section.' Cross secﬁions for K* prodﬁction off a free
neutroﬁ were obtained from the deuterium cross sections by multiplying
the latter by the empirical Glauber correction factor described in.Part
D of Section III and are given in Table IX. Clebsch-Gordan coefficients
for the decay of the I = 1/2 K* into K+n— and Kono predict cross sections
for K* production in reactiéns (15) and (16) in the ratio 2:1. The values
from Table IX are seen to bhe in good agreement with.this expectation.

The Knx mass squared disfributions for reactions (15)-(17) are shown
in Fié. 29. The curves are the results of the Dalitz plot fitting program.
The Nx mass squared plots are given in Fig. 30.

The K*.production and decay angular distributions for reactioné
(15)-(17) are shown in Fig. 31. The data for all studies of angulér.

distributions consists of those events where the spectator proton monentum
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is less thaﬁ 150 MeV/c, the cut being made»tc avoid final'state interec—
. tions. The K band was taken to be 840- 940 MeV. K*d production is seen
to be hlghl;y perlpheral at 1585 MeV/c. | |

The density matrlx elements, calculated by the method of moments,
are given'in Table XI along with OME modelipredictions for pseudoscalar
and'vecter exchange., Tt is seen that, at this momentum, K*o production .
.is dcmineted by pion.exchange bﬁt there is cerfainly vector exchange
fresent aleo. The same observations,applylto the K*ﬁrL but'with much
poorer statistics. |

Figure‘32 contaiﬁs exchange diagrams fcr the reactions K+n - K*Op,
K+p - K*+p, and K+n —>'K*+n. lncluded in these diagrams are the lowest
ﬁmass partlcles on the trajectories ellcwed in the exchanges, i.e.{ those
particles expected ﬁo dominate the exchenges. In earlier work at a higher
moﬁentum%zthe K*© was seen as preduced entirely via piseudoscalar exchange
with no p‘exchenge contributing. From charge ihdependence in the t channel,
K*+ productlon in K P interactions. has been thought al.so not to involve
p exchange but to be malnly'w exchange along with some pion exchangee
We can adduce two arguments against this conclu51on:

1) We do see some vector exchange in K*° production. This becomes
particularly evident whehfwe obtain the decay angular distribufions for
the K* produced in the I = O channel (in the next Part). This is seen
to be very nearly pure pion exchange, much more so than the K*O,vand is
obtalned by subtraction from the K*o‘decay angular distributions.. Thus
there was some vector exchange.in the K0 decay angular distributions;

v 2) The experimental ratlo of_the croes sections for the reactions

+ + + +
Kp— K* P and Kn-—- K* n -

. o + ' o +
= K'n: _ » = K.
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is about 2:1. The w and p émplitudes'have the same sign in the K+p reac-
tion, the opposite sign in the K%n reaction;.:HEnce if both amplitudes
afe preéent théy can interfere constructively in the first case and
destfuctively in the latter.

One more very interesting feature in K* produétion, calied to my
 attention by C. Fu%Tis shown in the correlation plots of cos & vs @, the
decay angular parameters, for the K*° produced in reactions (15) and (16)
and for‘£he gt préduced in reaction (17) and off the proton. Thesé
plots are sﬁown in Figé. 33 and 34} The plots in Fig. 33 have 5een
folded in @ according to parity conservation in the decay of the K*, i.e.,

Q- @+ 1800 :
cos‘a'—> - cos ¢ %;
- The plots in Fig. 34 have been folded in ¢ according to overall parity'
conservation, o
P - @b
cos o - cosa .
No correlations are seen iﬁ Fig. 33 as is expectéd in the strong decay
of a,definite Parity state. The origins_of the marked correlétioné seen
in Fig. 34 are.not well understood. Multiperipheral Regge models have
been suggested fb account for this effect iniK*°(890)Af+(1236) produc-
tion at 4.6 and 9 GeV/c?ﬁ?Interferenée with ba¢kgroﬁﬁd has also been
suggested as a possible source especially at this low momentum. We note

only that a simple OME model does not account for this effect.39-

F. K Production in the I = O Chénnél

+ .
- K'n reactions contain the information on I = O channel amplitudes
and exchange mechanisms but they also contain I = 1 information which

has to be separated out. The means for doing so is a simple subtraction,
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Eqs. (6) and (7), derived and discussed in Part E of Section IV. Eq. (7)
was used to obtain the cross section for K% production in the I =0
channel using the individual reaction K* cross sections obtained by

fitting the Dalitz plots. Equation (6) was used to study the production

- and decay angular distributions.

A mass cut of 840-94%0 MeV in the Kﬂ system was used to detefmine.
the K* sample. No éorrection was made for background. -The last reaétion_
in Eq. (6) wés replaced by _ |

. o . K+p _)' K* +p

L
weightéd with the approPriate Clebsdh-Gordankfactor of 1/2 as in the
calculétioﬁ of the cross seétion.v.Each reaction distribution wa,s normaliéedj
to its frée nucleon cfoss'section.

ﬁigure'35 shows the differential cross section and decay angular

distributions for the component reactions and for the I = O channevi*f

- The reaction

K+n - K*op
: L.’ K#n—
dominates the data but the composite productién angular-distribution is
seen -to be even hore sharﬁly forward peakéd than in that individual reac-~
tion distribution and thevdecayvangulgr distributions indicate more nearly

pure pion exchange-than in K*O production. Figure 36 shows T%%T for

"the I =0 chamnel K* and density matrix elements for three intervals

in It o
In his thesis, A. A. Hirata develops a model for K N — KN reac-

tions by considering s and t channel isospin amplitgdes.; We describe

» the origins of the model in Appenaix B. It ascribes K. production to a
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cbmbinatioﬁ'df Ty 0, and w eXchange with the_p am?litude being abouﬁ l/3
' as_lafge as thé ® amplitude and oppoéité ih phase; ‘It also leads to
éertéin pfedictions for the‘feiative'éiZes.of the various cross séctioné
| obser&ed./ These.predictidns‘and the experimental results at 1585 MeV/c | &
vafe presented in Table XII. Théré is reasonable'agréement conSidering
ﬁﬁe large statistical errors ih'the,experimental_results. )
From the ‘correl'at'ion_plots in Fig. 34 it is e'{riaeht ;ﬁa’t the sub£i¢ac5 ‘
?tion'prbcedure ﬁillvpfoduce even stronger cdrrelaﬁions ﬁeﬁﬁéeﬁ éos.a-éﬁd.?
@ in the K* in the I =0 channel than in 'ﬁhe individual reactions. It
is'difficult to dq-a»éubtraétion with a scatter plot. In Fig. 37 we
héve diﬁided the plot into bins, performed ﬁhe:subtractiOn, and entered
the*resuiting number of events in éaéhlbin.  The nwp exchange model
,aSsumes no interference or absorptioﬁ effecté butbthe corfelations indi-
éate that something more elaborate~than simple OME will be necessary to>
fully aécbunt for all the features of singie'pion‘production'at 1585.
However it is gquite remarkable that even though the K* is-produééd
in.the I =1 channel maini& fhrough w égéhange ahd in the I = 0 channel
mainly fhroﬁgh n exchange, the momentum dependence of the cross sections
for these different reactibns is very éimilar. Figure 38 shows this
behavior up to 3 GeV/c. Figure 39 showé the momgntum dependence of thel

individual reactions involved in obtaining the I = O channel cross section.
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V. CHARGE EXCHANGE ELASTIC SCATTERTING
. TheIObServed charge exchange reactiOn.iS'
Ka - 'K°Pi5 c ’ B (1119)
coming from the neutron reaction
K'n(p) = K%(p) . - (20)
‘We have ne'empirical Glauber correction available for elastic scat-
: tériﬁg-‘. The cross section for (19) is ncluded in Table VI. In what
follows we w1ll be concerned only with the different1al cross section
for_the.charge exchange reactlon. | | _

An important effect in the t_diétribution or production angular
‘diStribution for this reaction, much more important than in inelastic
procesees, ls tﬁaﬁ ofvthe‘Pauli exclusion princiﬁle partieularly in the
~forwardedireet10n ﬁhére 't~ 0. In inelastic'reactions'there'is a much
greater-minimﬁm,lfl and the effect becomes negligible. The gegeral form
fof'thie cofrection factor, in charge exchange, is derigablgoénd the
differentlal cross sections in (19) and (20) are related by

1-H R(l ) ' -
- (QE),[ - .3 ] : , (2l)

(dt d ~ ‘dt’n 1+R
where .
R = (gg)spin flip (gg)non spin - flip
dt’n dt'n

and H is a deuteron form factor given by

SN

. + . - J- ' ' J
H = g(q B)gﬁ L [tangl —55 - 2 tan a7 B + tan -1 ]
(@-p) J-t © o
vhere B = Ta and Q = 45.5 are the constants in. the exponents in the

Hulthén wave function for the deuteron.

The ratio R is a model-dependent number. A Regge pole model for

by o

charge exchange was developed several years ago by Rarlta and Schwarzschild
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to account for‘ K'n - X% at 2.23 GeV/ec aod.K-p and ﬁ-p charge eichange
at hlgher momenta and also to’ account for- TP charge exchange polarlza-
tion. The model adds a lower lylng p- type Regge traJectory, called p )
’to.the p and Ae.trajectories usually associated with charge_exchange; o
Tt is EuCCessful at the momenta it was designed'to'accoﬁnt fof and it

is natural to try it at lower momenta also.

Figure Lo shows the data, ( )d’ and two curves calculated from the'

dt
model. Ihe dashed curve is the model predlction wlth no mod;flcatlon of"

its pafameters aS‘presented bw Rarita and Schwarzschild. The solld curve {
is the model prediction aftef somevmodificaton of‘these parameters, namely‘
replacing the'beam energy E by the'less approximate form E +YE§; and
cha.n_ging' the values of the parameters D'o} end D, in the p' spin flip

residue function D = 1)?)<»:Dl)c from -264 to -135 mb and 2.9 to 2.3
(GeV/c)g respectively; These modificatiocslwere'designed to achieve alﬁ
better‘flt_at the lower momenta at the cost, of course, of a somewhat

: pooref flt in the high momentum regioh above 2.2 Gevyc.

' Figure 41 shows the charée exchange cross sectiOn for ]tl <1 (GeV/_c)2
for data at 2.23 and'lower momenta. The dashed'curve—is'the unmodified
model and the solid- curve isvthe reeolt of modlfying the parameters as
“above. "

V'Figure.42 shows the differential cfoss eection'for this eiperiment
in_the K+n c.m. The curves are.Legendre polynomial;fits tocthird_order nl'
to.(%%)n calculated from Eqg. (21). ‘Because the correction term.is model |
depeﬁaent, the extremes R = O (no spin flib) and R - © (all spin flip)
Iand.an average R =1 were tried. The three cases are seen to be very

close at 1585‘Mev/c and so this fit does not afford a sensitive test of

the Rarita-Schwarzschild model. The crosses in Fig. 41 are the data
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points (&2 a | The forward-most bin wa.s omitt.ed. in the £its to prevent
it from dominating'the fits by virtue of the fact that the cross_section'
goes to zeré in the forward directioﬁ; : o

The 1ntercept of the flt at cos 6 = lv is a mea#ure of thévabéoluté'
vvalue squared of the non spln fllp amplitude, f(G), in the forward dlrec-
tion. The 1maginary part of f(O) can be found from the optical theorem
and_the (well measured) total,crOSs_sectlops for K P and Kn. . Listing
the KN —9'KN_ reactions and theif I=1 and. I:=70v_s—channel ampli-

tudes we have

K'p > Kp . oA ,
+ + ' .
Kn- Kn . 1/2(Al + Ay)
Kn-p 1/2(a, - &) .
Thus o o .
Bep = Arp ~ A
el. el. el.
and

Im Aeg(0) =g (Orp = Ty ) -
el. , :'total total

}>?Regge model predictions for this feaction assuming p and A2‘exchange call
for the non spin flip amplitude'in the forward direction to be mostly
real. A%e‘find

Re £(0)| _ .
T F (0 | = 8.hx1.k

in good agreement with the prediction.
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' Table I. Number of pictures in hydrogen and_deuteriﬁm; pumbér of events in,each-ﬂopologyfstudied.- e

. Number of pictures '

Number of events
3 pfonés

4 préngs

" 5 prongs

6 prongs .

1 prong‘+f"V">

2 prongs + "yt

Hydrogen

~ Deuterium

51,000

Total Accepted Rejected Unresolved

-32;000

718

897

. 962

587

545

798

120

264

137 _

11

e

Total Accepted Rejected Unresolved

2668

2090
s

8
518

1106

o394
- 176k

0"

. O .

829

383

165

213

0

° :

117

237

109

113

o
8
18
Lo

k|

-"[11-
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Table IT. =Distribut10nvof rejected events in hydrogen and deuterium. ' -
Hydrogen ' | Deuterium’
| 3 4 2 prong 3. 4 1 prong 2 prong

Reject type-v_ " prong prong +4"V" - prong prong =+ nyt + _"V"
False event 28 10 17 - 8 - 66 k2 8k
Not measurable 15 5 11 7 ~ 8 0 6 .
Non beam track 66 231 95 43 28 8 . 16
No fit 3 5 5 28 98 2 3
0 constraint 0. 6 0 5 10 2 2
Outside fiducial ' |

volume 8 T 9 2 3 3k 76

Outside decay
fiducial volume
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Hydrogen data
number of accepted events in each reaction; cross sections.

Corrected

- Event
- 'Reaction - count
+ .o+ ' + -
Kp— K?pﬁ-, KO - n 766
. o &
- Kopn y all KO decays
o+ £ o+ -
Kp = Koprmn=n 171
. + - : _
- Kopn.no, Ko —*,n+n 52
- Kopn.no, all Ko decays
r - _ .
- K?nn T, Ko =5 n+n 13
‘+_ . )
- K°nn > all K° decays
+. 4 ¥ -G '
Kp -’_K bt w nq b
+ o+ -
g Kopﬂ nox 1
+ + + -
K = nx 587
+. - -
Tp n+pn+n 284
+ + -
- W pn x ° L3
4+ -
= mnnaow i
Lo =
bPp 7 1 x PP

number of " Cross section
events (mb)
789140
2307122 5.0£0.L
172+19 o.38¢o.b5
52+10
152+30 0.33%0.07
C13%5
38+15 o.o8¢ofo3
s +0.010
4-2;5 0.009_, 005
+7 +0.015
3.2 0-006_4 o0
590%3}4




Deuterium data:

Ll

3 and b4 prong accepte'd.' events

Table IVa. _ »
" by reaction, including ambiguities.
Number of
accepted
" Reaction - events

k*a -» K n"pp 707
- K+:f'_pprr° : T3
- K+:r+n"pn 141
- x+n"ppK° _ 89
x'd > x'n pp 842
= 1 n ppn® . 517
, - n+n+n"pn. " 522
K'a —>.K x pp or K x ppr° | 7
- K 7 pp or K'n"ppx® or 1 - n'-i'ir_pp 2
> K pp or K'n~ ppr° or xta > 7 "pp or n+ﬁ‘ppn°' 9
- K"'.:r'pp or _K T ppno or n'd - +1f‘ppzr° 2
.-)’_Kﬁt‘pp or xtd -» «Tx"pp _ A | L2
- XK 'n"pp or ntd » x*x"pp or n n pprl 135
-~ K'n"pp or n*d » x*x"pp or pd - pi pp 1
- K+n'pp cor nfa - n+1f'i>fg>n° 28
- K*x ppn® or 7r+d - atx"pp | , 1
- XK' ppn® or ntd ad «txpp. or :r+1't’pp1r° 1
- K*'n"ppr® or xta - " ppr® 9
- Kta ppr® (two configuratioris) ’ 1
- K'n ppr® or a7 ppk® 1
- % 1 ppk® or nta - T x"pp 1
- xtxppx® or n'd = x¥x"pp or ﬁ+ﬁ-pp1t° 2
- :r"':r'ppKo or xta - | 7t ppn® 113
= xtx"ppK® or xtd - it 1 pn L
- K+Jr+:t-pn. or nta - rr+:r.'pp or ntxtx"pn 1
—>‘Kn:rpn or ntd - ctateopn 4o
- K'tn pn or xtd - nﬂr’ppzrov 4
7fa - ntx"pp or n n"ppn® .. 76
= 1tx"ppx® or ntxtapn 2
pd = pr pp 21

kKta » x*ntxa

rrrrrrdKo
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| Table IVb. Deuterium data:
~accepted 1 and 2 prong vee events by reagction; taus.’

Number © Corrected

‘ v : of events - o . number
Reaction o *.'. - (x° "’v“+“-) ‘ - of events
K'a -~ Kpp o | Cas 823
,—) KpPPio : _', | . - - T
- Kpn+pn _ : ' _ !566 | 1847 |
> Kpp(x°x° BT | 32
—9'KPﬂ+p(nn°). - - 48 . 153
- Kpn+ﬁ+(nn) | 1. | " 35
5 Kra | 12 | ¥
- ,Ko’ﬂfdno | . T | | 9 - o '29
—>-Kgpp candidates = 8 (x%pp vertex fit, no Ki fit)
Backgrouﬁd_ K)'s | .o
A= prT 1 | | 51

, + 4+ = ' '
KW= 2'nn - 372




: l"'-1+6_-> ,

‘Table Va. Effects of the beam window cut.

o | | - In  Out
'Reaction  Total  window  window  In/Out
K*a - K'xpp® - . e 566 - 178 3.18
K'a - K+ﬁ-ppa or n d - n+n-i)pa - 589 . V 348 241 T4k
xta - n+zr_-ppa" | | - - »_92’)+ | 186 R 738 _, ’0.252'_
Taus and Ki_events. o 151k k2 372 3.07
"Unambiguous" 1 constraint K fits 303 194 " 109 1.78
"Unambiguous” 1 éonStraint n fits 1oé7 264 163 0.346

8'Includes 1 constraint ambiguities.

Table Vb. 12 misidentified taus in the x d = x ' x pn events. .

et ~ Spectator Target

. m(s 7 ) . momentum momentum

Event (MeV) Spectator (MeV/c) (MeV/c)
1. 540. 4 P 0.5 92.6
2. T41.0 n 65.6 153.9
3. 490.3 P 0.3 83.4
., 493.0 P 0.4 81.7
5 hon.8- P 0.1 - 101.1
6. b53.% P 0.1 68.1
Te 489.6 yo) k.2 84.1
8. 653.6 n 87.5 121.k
9. - 532.1 ) - 0.1 135.2
10. hg2.6 ;) 0.1 82.3
11. Lo6.4 P 0.3 82.3
2. - ho2.8 P 0.5 . 87.5
3. 6844 n - 89.1 132.2°

4. ) - L89.4 - P 2.6 - 80.1
15. . ho98.9 P 0.7 83.4
- 16. - 482.3 D 0.0 . 106.3
17. . : Lo3.4 P 0.5 83.7
8. . 700.6 n 146.5 146.7
P 0.0 87.9

- 19. - kos5.8
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. Table VI. Deuterium cross sections.

+ + -
Knnd

0.01£0.01

Reaction o - o (mb) ‘ Comménts
.0 + , : v
K'd - KN - [K pnl ©14.88+0.87
N  2.57:0.21
- Kl - (K o) 1.23+0.19 Obtained by interpolating -
- : ' ’ hydrogen data and using -
empirical shielding correc-
o+ o tion. - Used to obtain ..
- K’pnn 5.88:0.39 -
> K ppr” 3.76%0.26 -~ Obtained through use of beam
'+ o+ window.
- [K pnr] 3.01%0.33 - Obtalned by subtraction of
o o .  other o's from o(KNNx).
- KNNyr - — Konnn+nf 0.11#0.04 ' Missing mass.
' .f>,K+pnn+n- : O}52i0.09 Beam windbw é%} K and = ratios.
- K°ppr*x™  0.27:0.05  Rescanned for "V''s.
- [K+nnn n°] '
—>'K par x® 0.48+0.07 Mlss1ng mass. -
- Krppnn® 0.37£0.07 Bean window gﬁ% K and r ratios.
~ [K'pns®x°] ' | _
= Kpppn 72 O.lOiO.Qhr Missing‘mass.
K'd - KN = 17.55%0.84% .
- KNNx '16.30%0.76
| - KNNrn 2.20%0.36
(KNNre observed) 1.86+0.15
K% p(n) 4.37£0.32
K° 7 n(p) 1.39+0.1h4 Components of'Kopnﬂ+
K°xta , ~ 0.13%0.0k )
K+:t'°p(n) 1.73t0.27 Components of X' pnr®..
.+ 0 e b Obtained o(K*x%) = 1.97*0. 23
YK n n(p) 1,28_0.h2 by interpolating hydrogen
K’ _ o , data. Used to obtain o(I = 0).
- ‘ o o(K'n°n(p)) contains o(K"x°a) .
K 't p(n) 0.35+0.07 o
+ + -y ' \ - : + 4+ -
K'n 7 n(p) 0.1610.05 Components of K pnnt n




7

Table VII. K n cross sections for single and double pion
productlon reactions; cross section for single plon production
in the I = 0 channel.

Reaction’ o (mb) - ' . Comments
+ . + - ' :
Kn- Kxn  1.58£0.16
- [Kx°n] 1.46£0.50  Obtained by scaling o(K x°n(p)) by
+ - _ ‘ : ' empirical shielding correction.
= Knp 4.29%+0.53 T
> k%% 2.7620.36
. _ Lo ;
- Kx'nn 0.18+0.06
. + - ' B
> K% xp . 0.3120.07
o+ 0 | e -
=2 Knnn Missing mass events. Cannot separate
- T n(p) from p(n). -
- Knnp .0.42+0.09 “

- [K'%%°n] - - .
- K°x°x°p 0.11%0.05

o, (I=0) = 11.70t1.79




Table VIII.

"Resonance cross sections. -

© Reaction o (KA) 0(K*N54 q(K*-AMint.) _ c(ﬁkgr#&.)
Kp - Knp 2.05+0.34 2.150.35 0.55£0.30 0.25%0.30
K'a - k9ﬁ+p(n) 1.80%0.40 1.07%0.30 - 0.62%0.28 0.88%0.29
K'a - K n(p) o;zoio.ou © 0.69£0.3k 0.01*0.31 0.5016.32-
K'd > K nplp)  0.20£0.04 2400, 40 o.i5to.23 | 0.98£0.26 i
K"a - °x%p(p) o.ho£o;o9 1.16£0.31 0.16£0.32 0.71%0.47 |

p(deg.)

- 29%9

. 1hkx10

T7+30

‘h9ilﬁ..

806

xz/d,o.f.

- 16/16
ok,3/14
2.7/4
-L46/32

7.1/11

‘6ﬁ’



Table TX. Resonance cross sections in K n reactions;
" cross section for K*¥ production in the I = O channel.

Reaction

ot +
Kn—-» Kn.

L, got

o (mb)

0.79%0.40

2.78+0.54 -

1.32£0.37

‘Reaction o (mb)
K'n - 4 10.23£0.05
Lot
 nn
- KA 0.23t0.05
L s
o+ o
- KA o.héio.ll_
L%'n P

' (e v
0 _o(K )._- 7.&9«:2.09




Table X. K and A density matrix

elements for the reaction Kifp - ™ o K+p1t+n'-.

. S s ~;=======;===;===;;=====
K" A
Momentum R ‘ R ' R"
(Gev/c) Poo f1,-1 € P10 P33 € P31 € P31
1.367 0.23%0.10 -0.14£0.10 -0.01%0.06 0.12+0.08 0.17£0.06 0.04%0.07
10585 | 00)4'3-{0006 -0.0lio.os -0.06."‘—‘0.014- 0023i000)+ GO.O)-K-"—O-OLI- 000210005
1.96% ~ 0.8 ~0.12 ‘
3.0P 0.76%0.05 -0.03%0.03 -0.13+0.02 10.01£0.0k - =0.035%0.035 0.07£0.02
Predictions 7
for pion 1 0 0 0 o 0
exchange

a. We give approximate values deduced

b. Reference 35.

from angular distributions given in Ref. 3lL. '

N

‘Tg'



Table XI. Density matrix elements for K" production in Kfn.reactiOns.

00 A
OME predictions
-t interval Kn "-K*OP | ;ﬂKfn » K*p K'n > &0 Pseudoscalar -Uﬁﬁiiﬁial' Niﬁ?iiii_...
(Gev/c)2 i o K% k%% ‘exchange ~ with J 21 exchange
From To_
ALl 0.51+0.0k 0.56£0.08 0.440.09 1 -- 0
0 0.2 o,57£o.05 0.72£0.11 0.78£0.15 -
0.2 . 0.4 0.46£0.07 ' 0.37:0.13 0.51%0.17
0.4 1.4 0.41£0.07 - 0.49£0.17 0.15£0.12
P1,-1
All 0.06%0.03 -0.02t0.06 0.10£0.08 0 -- --
0 0.2 0.0T+0.04 0.09£0.08 -0.05£0.10
0.2 0.k 0.01£0.06 -0.12£0.10 -0.11%0.14
0.4 1.h 0.09+0.06 | -0.09%0.13 0.39%0.12
Re P10 ’
ALl -0.15%0,02 ~0.12£0.05 -0.150.06 0 -- 0
0 o.é =0.14£0.03 -0.14+0.06 -0.38+0.10 k
0.2 0.k -0.21%0.0k -0.190.08 0.110.15 -
0.h  1.b ~0.11£0.0k4 . 0.01£0.10 -0.09£0.0T-

-ag-
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Table XIT
. Experimental . Experimental

Ratio Prediction result 1) = result 2)

+ + »
°'(K+P = K:f)_ % - 2.7+0.5k4 - 2.120.45
o(Kn = X n) ;
U(K%n - K*p) l.é

— pore 5 1.3+0.27 1.620.34
o(Kp = K p) .
o (KN = K'N) 3 5

m 5l 2.3%0.70 2.9+0.87

cl(mv - K.N)

EXperimental result 1) was calculated using only the hydrogen data for

o+ + : »
o(K'p » K p). Experimental result 2) used the average of the hydrogen

data and the deuterium data for this cross section.
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* APPENDIX A

The Method of Shmushkevich

The ispin relations (l) and (2) gre special cases of a general
observation due'té I. Shmusﬁkeviéh_which seems at first glance to Be_
.80 obﬁioﬁs'as to be tfivial'but'which.provides an amazinély simpie
method of obfaining relative rates in'caées, like the deuterium data
in thié'experiment, wheré Clebsdh-Gordan procedures are much more
involved and susceptible to error.

The_oﬁservafion is that since the stfbng interactions conserve
ispin,'if the initial state is Unpolarized in ispin space,‘theffinal
state will also be unpqlérized in I space. That meéns that within each
final statevmultipleﬁall iz states will be equally popﬁlaﬁed. In ﬁhe
case of K'd interactions, the initial state is to be considered as K d
'#nd Kod équally p0pulated. Fof pion proeduction thevfihal state will
contain’equai numbers of K 's and Ko‘s, equal numbers of protons and‘

%15, 1P we write out

+ -
neutrons, and equal numbers of x 's, t 's and x
all possibie reactions for single pion production and relate their cross

sections according to these requirements we have:

K+d - Kppnn+ Ul
+
- K%mr 02
- K'ppr o
- Koppno cu'
+ [e] o
- K : o
bow 5
k°d - Kpnr® o
- K+nnno 07
- Konnn+ 08
- Koppn- ’ 0'9.
+ - .
- K pnx ¢]
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Charge symmetry requires that

9 = %0
02 = 09
63 = 08
Uu = 07
05 = 06

and this guarantees that. the final state doublets, XK' and K° and p and
n, are equally populated. For the triplet o, A, no it is required
that

Ol + 02 + 08 = 03 + 69 + Glo,=‘0u + 05 + 06 + 07

i

which because of charge symmetry we can rewrite as

Oy * oy + Oy = 2(c.rlL + 05) .

‘But g, +0.+0.=0 and o) + o =0 .

5 o
Hence o = 20 .
c - o v

It is apparent that we did not need to write down the Kod reactions
or even_the K+d reactions for that matter. BRBecause the initial state is
a doublet;'the doublets in the final state will pair up according to
charge symmetry and any information about relative rates within the set
of states from one member of the initial state doublet can come only

from the triplet in the final state. The number of n+'s overall is

equal to the number of charged pions in éither set and the same is true

of course for the x 's. The number of no's overall is twice the number
in either set. Thus we could write o = 200 immediately.
For double pion production,

+,
no. of x 's =no. of x 's=20 + 0

Lo '+ éo e

o
no. of n ' 's
. 00 co



Then 20 + 0 =k4o + 20
ce cO 00 co
or 20 =k4o + o .
ce 00 co
For triple pion production,
+y Tt ' ’
no. of n 's =no. of n 's = 30 + 20
cee cco
o
no. of n 's = 60 + 4o  + 20 .
000 coo cco
Then 30 + 20 +0 . =60 + ko + 20
“cce cco coo 000 coo cco
.or c = 20 + 0
cee 000

coo

with no information about Occo which simply reflects the

+ g
coo

fact that any

. + - o :
rate for a state containing n =« no will satisfy the equal population

requirement.



-57-

APPENDIX B

The npw Exchange Model

+ o o
KN-— K*N reactions can be listed with their s and t channel

amplitudes as folloﬁs:

Reaction '_A‘_ s channei , ot éﬁannél
e & a (e - ag)e
K'n - Kn (a, + AO)/2 | - (a, +a,)/2
Kn- K% = (4 ;140)/2 R a;

"The svéhannel‘amplitudes in terms of the t channelvémplitudes are

KAb - (ao + 3al>/2
A - (ao - al)/2>_.

We now assume that the'dominant processes are exchange of low mass

. I =0 and I = 1 mesons, in pafticular n-and w and 7 and p. Then

Ay~ - [n+o) +3(x+p)l/2 (B1)

a s ln+e) - (x+p)lf2 o o (m2)

The'angu155 distribﬁtions seen in'thié experimeht indicate both
pseudostélar and fector exchange;<‘If_one assuméé fUrﬁher ﬁhét 6n1& one
me son 6f each kind is invblved, thé possible péirs are Tnw, ﬁp,‘np, and
nw. Equations (Bl) and (B2) theﬁ make certain predictions for each pair.
For 1w, Ay = A and the angular distributions for the k* in the I =1
channel and in the I = O channel should be the same. Ciearly they are
not (Fiés._Eh, 26, 27, and 35). ‘The same obser&ations apply to the np
pair which would give AO = - 3Al.' For nb;.there wdﬁld‘be much more
vector exéhange in AO than in Al' The experimeptal.observatibn is. just
fhe‘0pp051te; there 1s much more pseudo;calar é#changé in A, thgnlin A

Thus the last'pair,'nw, ﬁhich accounts for this, is the déndidate;
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If they_wéfe”the only exchanged particles however, AO and Al would have.
the same_amount of vector exchange and thus a; wduld.have only pseudo-
scalar ex¢hange. But as remafked in the text ﬁe do»see some vector
exchangé in K*o production. ASsuming some b exchange will account for
this observation. This éuggésfs a possible minimal.set_of exchanges,
T, ®, P ﬁuch that | | |
AOYN-- [w+ 3(x +p)l/2 , ag ~ ©

A= - (o -:(n ; p)l/2 ‘, a; ¥ top o

The»faét that the I = O\ éhénnéHK* ldoké like.éimqstvpure pion
exchangegfurther suggests that

pr-z .

wige

Use of one more_expérimental observation leads to predictions from
this model for the relative rates for various reactiéns observed in this

experiment. Consider

+ *+ a. - a 2 In - E & 2
o(Kp—> K p)_ 171 0} - Tt p - 3
G(K+'n 5 K*+n) ay + a, 3{ +p+ W In N g-le

If'one»aSSumes no interference between vector and pseudoscalar exchange

processes then

2 16 2
oKp-> xkp) T T
> 7 -

0(K+n - K*¥n)  n° o+ G

Experimentally we have ~ 2:1 for this ratio (if we averagé the deuterium

and hydrogen data to get G(K+p - K*op)).

Then

2,16 2
9% 2 2 9 + 2 1 2
% L p S T ® =gt amd p =gn .
Tt g
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Putting this into the model results in the fbllowing predictions:

w2
x - @

. > o
+ *0 |a I 2
o(Kn - K p) _ 1 _ P +-£ﬂ T 3
2 | |2

'—Illln tpo- w|2 i

| O(Kfp-_4'K%%p) a, - &, }ﬁ -3 W
2 |
(" + &
_ R
2+ B2 .
Tt +—§- )
and
S % 2
UK = K'N) A, 8g * 33 @+ 3(x +p)
o, (KN - K'n) (A &g ™ 8y - (x+p)
2
S T S - -
& (VIR 1§ : l§Iw2 + ngl 1
3 9

Table XIT lists these predictions and.the experimental results

v ' ‘ + +

computed two ways, 1) using only the hydrogen data for Kp — Kf P
and 2) averaging the hydrogen and the deuterium data for this cross

section.

In Fig. 38, the hydrogen results are plotted vs'beam momentum and

compared with GO(KN - K%N). Averaging with the deuterium results will

lower the 1585 MeV/c point from 3.2£0.4 to 2.54+0.37 but will also
lower the point at 1365 MeV/c and preserve.the general shape of the

curve.
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FIGURE CAPTIONS

Fige 1.  The K25 beam layout.

Fig. 2. Horizontal vs vertical beam track coordinates at thé entrance
fo the chamber.

Fig. 3. Azimuthal anglé vs dip angle of beam tracks at chamber entrance.
Fig. 4. Beam track moﬁentum aistributi;ns at entrance to chamber; total
and in and out of the "window" defined by X, Z, ¢, and A cutoffs.

'Figo 5. g+d - n+x+ﬂ*np 'fits vs the target nucleon momentum.

Fig. 6. Cross sections for single pion final states in K+d feactions
as a function of beanm momentu@; also the charge exchange cross section .
and tho observed double pion cross section. |

Fig. 7. :The K+d total cross section as a function of beam momentum (from
Cool et al.,3 Bugg et al.,u and Bowen et al?S), the KNN, KNNx, and
KNNﬁﬂ cross Sectiﬁns_and the breakdown of the KIIN cross seéﬁion into

' Kppp and K%pn cross seétions. The K+d d Kopp cross sections at
low momentum are from Slater et al.22 The point; at 2.26 GeV/c are
from Butterworth eé"al.23

Fig. 8. Proton momentum vs neutrdn momentum in. K%d - Kon+pn,

Fig. 9. o's for K p - K0x+p, x'a - Kx'p(n), Ka - Kpn+n(p), and
K'a » K°¢'d as a function of beam momentum.

Fig. 10. The total KN I=0 éross section,co(KN) and ao(KNn) as a
function of beam ﬁomentum. For a diséussion of the unfolding of the
total I = O cross section, see Refo Lk. |

Fig. 11. Inlitz plots for K+p - Kon+p and K+p(n) - K°ﬂ+p(n).

Fig. 12. Dalitz plots for K n(p) = K n vp, K n(p) = K°x°pp, and
Kn(p) = K'x'n(p). “ .

Fig. 13. Definition of XKK’ iﬂe.piggrééééy anglé in the Kx c.m. vith

respect to the direction of the outgoinz nucleon.
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Fig. 1h. Triangle plot fof the reaction K%p 5 K+pn+n_ at 1585 MeV/c.

Fig. 15. Mass distributioné for the reaction K'p - K pr n ; the solid
curve ié'the resulf of the fit descrifed in thé text, and fhe dashed
curve is the component atfributed to K*A production alone.

Fig. 16. 6(K+p - KA) as a function of beam momentum. The curves are
thevpreaictions_of the Stodolski-Sakurai p éxchaﬁge model with ML

coupling, (a) with ( [l ) g2 o ++/hn) = M50, and (b) with the

- o"KO
product.of the sguares of the coupllng constants = 90. The data at
lowvmomenta afevfrom/Fiiippas et al.u6 The data at 1455 MéV/c are
from Bettini et al. and Chadwick et al.>” The data at 1.96 GeV/c
are from S. Goldhaber et al.3o
Fig. 17. Differential cross sections for K%p - Kpéf+ at the five
momenta.of the K25 experiment. The transformation from cos @ to t
" is approximate, assuming the experimental A-peak mass vélues, l;h64
(GEV)2'at 1.585 GeV/c. Thé curvés are the predictions of the Ml p
exchange model. | N
Fige i8.  Cbeffiéients.in the Legendré expansion of the KA production
angulaf\distribution,‘dO/dQ « 1 + ﬂgl AzPE(cos 6). The low momentum
points are from Ref. 46. The point at 1.455 GeV/c is from Ref. 31.
.Fig. 19. Variation of the KA Legendre coefficients with Mﬁ%.

Fige 20. Coordinate system used in describing the A decay. The decay

angles refer to the direction of the decay nucleon. Here

_)
pK 1n pK-out

5
IPK in pK-out
Fig. 21. Distributions in cos T for A" decay. With the assuiption of
overall parify conservation, tﬁe distributions havé been folded about
cos ¥ = 0. The curves show the predictions of the magnetic dipéle

model, W(cos Y) < 1l + 3 cos® T,
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, ++
Fig. 22. Distributions in & for & decay. 7The magnetic dlpole model
predicts.isotropy as shown by the solid lines. Background 1nterference
effects are seen at the two lower momenta.’ ﬁhe distributions above the
K threshold are shown in &
mod n° i
Fig. 23. Density matrix elements for the Ajproduced in the reaction
+ e P s
Kp— KA . The magnetlc dipole ‘model predlcts p33 = 0. 375,
Re - = 0.218 and Re = 0.
. 03;'.'1 p3: ) .
+
Fig. 2k. leferentlal cross sections for K p — Kf+pg The data at 1.96
‘GeV/c arc from S. Goldhaber et al.>0 The data at 1.455 GeV/c are from
Bettini et al. and Chadwick et al.oT
Fig. 25. Normalized ILegendre coefficients for the K* production angular
distribution as a function of beam momentum; dU/dQ < ] + ﬁgl Asz(cos 8). .
The data at 1.96 GeV/c are from S. Goldhaber et>a1.3o The data at 1.455
GeV/c come from Bettini et al. and Chadwick et al.3l

: . . + et
Fig. 26. Density matrix elements for K* decay in the reaction K p — K* P

+l . -+ . | : .
K" = k%, as a function of beam momentum. Here Itl is in (GeV/c)z. .
 The data from other experlments come from S. Goldhaber et al.30 and

Bettlnl et al. and Chadwick et al;3l

. : + +
Fig. 27. The K? decay angular distributions for the reaction K p — K* P,
+ .0+
K" - k% . ‘he curves corrcspond to the density matrix elements
given in TFig. 26.
e ' . . . . + X0 \++ _
Fig. 28. Production angular distributions for Kp = K A . The data
at 1.96 ceV/c for this reaction come from G. Goldhaber et al.33
o | . )
Fig. 29. Mén distributicns for K n(p) reactions. The curves are the
 results of the Dalitz plot fitting programvdescribed in the text.

. 2 . . . + . ; ) v
Fig. 30. MPK distributions for K n(p) reactions. The curves are the

results of the Dalitz plot fitting program described in the text.
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Fig. 31. Production and décay angular-distributions for K¥'s produced
in K+n rgactions‘at,iﬁ@ﬁ-MeV/o._ ¢;1

Fige 32. Exchange diaéraﬁé’fdr Kfﬁ and K'n reactions observed in this
expériment. The lowést.mass-éXChange particles allowed are indicated.

Fig. 33. Correlation plots_in K decay at 1585 MeV/c, cos a vs ¢. The
distributions in ¢ have beén folded assuming parity conservation in

__decay and,are_shoWn_in7¢moé;ﬁ@m4H' e R 4

Fig. 34%. Correlation plots in K* decay at 1585,MeV/c, cois Q& ys'm. The
distributions ﬁl@ have beenifoldod in accordance with overall parity
conservation which corresponds to the transformation P 2 - Q.

Fig. 35. Production and decay angular distributions for the K* produced
in the I =‘O channel. The distributions of the component reactions
are shown scaled as described in the text.

Fig. 36.‘ The difforentiai cross section dc/dt for the K* produced in

the I = O channel and its density matrix‘elements as a function

of |t].
Fige 37, Correlation plot for the decay of the K*'produced in the I =0
channel, cos @ vs ¢. The ¢ distribution has been folded aocording to
. .overall parity Qonservation, P - - ¢.
Fige. 38. GK*(I = 1 channel) and GK*(I = 0 channel) as functions of
beam momen tum. |
Fig. 39. Cross sections'for the individual reactions involred in obtaining
UK*(I = 0 channel) as functions of beam momentun.
Fig. Lo. do/dt for the reaction Kd - Kop(p).. The dashed curve is
the prediction of the unmodified Rarita-Schwarzschild model; the solid
curve is the prediction of the model modified as described in the

- text.
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Fig. 41. The cross section for the reaction . de- > K°(p) as a function
of beam momentum. The.daShed'curve.is the preaictibn of the unmodified
R&rita:Séhwarzéchild~modei; the solid curﬁe is the result of the model
modified as described iﬁ the‘text. ‘b |

| Fig. 42, The differential cross section for thé reaction K'd - K°p(p)

at 1585:MeV/¢. ‘The curves are the Legendre polynomial fits to third
brdef to Eq. (21) with R.set.equél to 0 (no spin fiip), o (ail‘spin .
flip) and 1 (equal amounts of spin flip and nonspin flip).v The crosses
are the data points, the diamonds are the'pointé with R = 1. The
extremes R = O. and R == are the small dashes abové»and,below

the diamonds. These variations are diétinguishable from the data

only Vell'above cos 6 = 0. The forwardmdst bin ﬁas omitted in the

'fits.as‘described in the.text. A1) charge exchange'fité were tfied

also with a SPectator momentum cutoffvat 300 MeV/c.v Tﬁis cutofl

.eliminated 16.7% of the data but no visibie difference in the (normai—

ized) fite was detected.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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