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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 taken at 1585 MeV/c. Single and double pion production reac-

tions and the charge exchange reaction were studied. 

Single pion and double pion production cross sections were obtained. 

Relations derived from isospin conservation were used to obtain some 

cross sections not accessible to direct observation. Single pion produc-

tion is dominated by I\.6 and K*N production. K*-6 interference was observed 

and measured by fitting the Dalitz plots. * K -background and ~background 

interference also was observed. Double pion production reactions were 

seen to be dominated by K*6production even below the nominal K*6 threshold. 

The cross section for K* production in the I = 0 channel in single 

pion production was obtained and its production and decay angular distri-

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

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

contrast with K* production in the I = 1 channel which proceeds largely 

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

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

A rough PlOdel involving rc, p, and m exchange is seen to account for the 

"'*0 *+ general features of ~ 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 section for the charge exchange reaction 

was measured and compared with predictions of a model based on Regge 

theory. The absolute value of the ratio of the real part of .the scattering y 

amplitude in th~ forward direction to the imaginary part was measured 

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

-v 
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I. INTRODUCTION 

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

K+d interact.ions over the momentum range from Boo to 1200 MeV/c. The 

reasons for interest in this region were: 
.· . + 

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

approximately 12 mb at Boo 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 pion production cross 

section known to increase by about a factor of' eight in 

this interval, 1 

2) the study of' production and decay angular distributions of 

the established resonances K*(890) and 6(1236) below, at 

and above their thresholds, 

3) a previously reported enhancement in the Kn system at a 

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

4) a previously reported enhancement in the Kp system at a 

mass of' about 1480 MeV. Seen in the same reaction in the 

same low statistics experiment; it was an open question 

whether these enhancement were real resonances, kinematic 

effects or statistical fluctuations. The K is now generally 

' 
thought to have been a statistical fluctuation. The Kp 

enhancement was seen in the K25 experiment to be a kinema.tic 

reflection of K6 production. 

The proposal was approved by the Bevatron Scheduling Committee in 

+ 
The beam, a variable momentum separated ~ beam, was built in late 

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

25-inch bubble chamber at the Bevatron in mid-1964. During the run _it 

was decided to push the beam somewhat beyond its design limits,to 1360 
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and then to almost 1600 MeV/c. One of the reasons for this decision was 

the idea that the K might be seen in double pion production below the 

K*6 threshold since it was known that double pion production was dominated 

by double resonance 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 

4 . + + 
Bugg et al. published very accurate measurements of K p and K d total 

cross sections. These measurements revealed 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 l mb in hydrogen and 1.5 mb in 

deuterium before leveling off at about 1500 MeV/c. This structure suggests 

the possibility of an s-channel positive strangeness baryon resonance. 

The exploration of this important possibility has been reported on often 

and at length elsewhere?-~e data at 1585 MeV/c is beyond this region 

of structure and 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 besides being itself 

a valid region of interest in t-channel analysis. 

This report is organized as follows: in 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 and give the final event count. This section also contains a 

description of how the serious problem of pion contamination was handled. 

Section III lists the cross sections for the stable final states and 

describes the procedures 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 detail in Appendix I. Section 
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IV contains the analysis of the resonant states, Dalitz plots, cross 

sections and angular distributions. The combination of reactions which 

yields the cross section ~nd angular distributions for K* production in 

the I = 0 channel is discussed. The energy dependence ~f the cross 

section for this state is compared with that of the K* in the I = 1 

channel. They are seen to be remarkably similar. This 

section also contains correlation plots for the decay angles for these 

K*'s and for the individual reactions comprising the K*(r = 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 

± 13 
The K25 beam was a variable momentum separated K beam and was 

designed 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 of the Bevatron it was possible to take both 

positive and negative kaons from the target at 0° and to place the initial 

beam elements relatively close to the target thus subtending a larger 

solid angle and providing a shorter path length from target to bubble 

chamber than would otherwise have been possible. These considerations 

were critical in obtaining a sufficient K flux but they were useful also 

in improving the quality of the K+ beam. An additional benefit from being 

entirely outside the Bevatron's magnetic field is of course that the beam 

+ -optics were identical forK 'sand K 'sand 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 l shows the layout of the beam. Separation was accomplished 

in two stages, two electrostatic separators each followed by a quadrupole 

doublet to focus the image vertically at the mass slits. There was also 

a horizo~tal focus at the first slit which was cocked at 20° 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. 
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Unfortunately the jaw& of the slits were not massive enough at the 

edges to absorb or sufficiently degrade grazing pions and at the relatively 

high momentum of 1585 MeV/c the spatial separation 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 to either side of the beam 

. position and made the pictures scannable~ The K1 s occupied a rather 

well defined band within the.window defined by the collimator while the 

pion contamination was much more diffuse. This made it possible to reduce 

pion contamination in the final 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 experiment approximately 600,000 pictures were taken, 

428,000 in hydrogen, 172,000 in deuterium. Of these there were approxi-

mately 51,000 scannable pictures in hydrogen and 32,000 in deuteri~ of 

K+ 1 s at i585 MeV/c. 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 t1o~o-prong 

cross section for ,/p at this momentum is 35.6mb of which 16.7 mb is 

1 ti tt 
. 14 . + 

e as c sea er1ng. The two-prong cross section for K p at this momentum 

is 15.4 mb of which about 8 mb is elastic scattering •. Pion and kaon 

elastic scatters at this momentum are difficult to resolve either by 

kinematic fitting or by ionization. 

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 efficiency 
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greater than 90% for all topologies. Thus the overall scanning efficiency 

can be taken as lOOojo. All measuring was done .0!1 }i'ranckensteins. All 

fitted events were output scanned for ionization. All non-fitting events 

were output scanned fo.r additional infdrrnatj_on as to why they failed. 

c. Data Reduction -- Hydrogen 

Hydrogen events ~ere processed through the PACKAGE kinematic fitting 

program. In this part of the data pion contamination was found not to 

present a s·erious problem in three., or four-prong event-s or in V0 events. 

Three-prong events had to be taus. No four-prong events kinematically 

fit both 
+ + + - K+p + + - four-prong events :rrp~ :rr pre :rr and ~ K pre :rr . No 

found in a roll of pion film taken at this momentum for contamination 

studies kinematically fit + + + -K p ~ K pre re • About 12% of the final data 

sa~le for this four-constraint reaction are kinematic~lly ambiguous 

with one-constraint pion fits but in view of the pion film result just 

quoted were all assumed to come from kaons. Pion-produced K0 events 

would have to come from the associated production reactions + 0 + 
rep~ KKp 

or + K0 A + + :rrp~ :rrre. The cross sections for these reactions are very low, 

·I 15 30 ~b and 5 ~b respectively at 1.76 BeV c, 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 

+ + + 
re p ~ K A:rr which has a larger cross section at 1.76 BeV/c, 190 ~b, 

and less severe phase space limitations at 1585 MeV/c than the K0 Are+:rr+ 

final state. The fitting program distinguished A's from K0 's quite well 

and at the low momenta involved ionization judgments were reliable. 

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 was required that it be 
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well measured as indicated by the spread of measured points from the· 

fitted curve. ·Af'ter several remeasurements·this criterion was relaxed 

and some events, less than 5% of the final data, were accepted only on 

the basis of x2 
and ionization fits. TheX2 cutoff was made at the 1% 

confiQ.ence level. Less than 5% of the totti.l data remain unresolved. 
. . 

The reject types are defined as follows: 

False Event - duplicate events, phony "events" due to cr.ossing 

background tracks in the chamber, background v"•s and real 

two-prong events with Dalitz pairs. 

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 criteria. These criteria were that the measured beam 

track momentum be within three standard errors of the central 

·beam momentum and that the dip and azimuthal angles be within 

1.25° of the average of a Sample of taus. 

No Fit - apparently well measured but fitting no hypothesis with 

. + + inc1dent K , :It' , or proton. Hypotheses assuming an incident 

+ . 
·. K · 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~·.··· 

Pion or proton hypotheses used the individually measured beam 

track values each with its own errors. Thus the No Fit category 

includes off momentum K+'s t-~ith poorly measured beam tracks and 

events with more than one missing neutral. 

Zero Constraint - well measured but with a secondary scatter or 
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decay so near the primary vertex that the momentum of the 

secondary cannot be measured. Such events with one missing 

neutral will be under-constrained. 

Outside Fiducial Volume or Outside Decay Fiducial Volume - fiducial 

volumes were imposed so as not to require identification of 

events near the edges of the chamber. The escape correction 

required for reactions producing a K0 is discussed in Part B 

of Section III. 

The distribution of rejected events by topology and by reject type for 

the hydrogen data is given in Table II. The distribution of accepted 

. ' 
events by reaction is given in Table III. 

D. Data Reduction -- Deuterium 

Deuterium data were processed originally through PACKAGE but later 

were reprocessed through SIOUX when that system became available. SIOUX 

has the feature of incorp~rating unseen spectator protons into the fit 

by assuming zero momentum for them with large errors, ± 30 MeV/c for 

l:sp and L:sp and ± 40 MeV/c for L:sp • This feature picks up three con-x y z 

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 contamination presented no difficulties in V0 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 and visual 

estimation of ionization. No beam track acceptance criteria were imposed 

at this stage. K hypotheses used beam averaging, n 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 V0
. events where missing mass fits were accepted~ The distribu

tion of rejected events by topology and by reject type for the deuterium 

data is also given in Table II. For an event to be accepted it had to 

. 2 
be well measured, have a X less than five times the number of constraints 

for the hypothesis in question and fit the ionization called for by the 

hypothesis. 

Missing mass hypotheses were accepted for k0 events when there was 

no other fit at the interaction vertex and the calculated missing mass 

was greater than the lowest sum of possible missing neutrals. The distri-

bution of accepted events by reaction, including 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 

~ . ) entrance to the chamber for four different classes of events. Class 1 

0 + ) consists of taus and K events, definitely K produced. Class 2 consists 

of events which unambiguously fit the four-constraint reaction + + -K d ~ K n pp, 

+ thought to be almost entirely K produced. Class 3) consists of events 

which fit both + + -Kd~Knpp and + + -n d ~ n rr pp kinematically and by 

ionization. Class 4) consists of events which unambiguously fit 

+ + -rr d ~· rr rr pp. It is clear that incoming rr 1 s are more broadly di stri-

+ buteO. 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 plots of dip angle vs azimuthal angle for the 

same classes of events. Clearly the same observations apply. 
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Beam entrance criteria were established from these plots consisting 

of sharp cutoffs in x, z, "A., and cp. This effective beam "window11 was 

then used to select the final data sample :for .this reaction. Table V 

shows the numbers of events in each class before and after this cut. 

The in window/out window ratio is seen to b~ nearly the same for classes 

+ 
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 fits outside the 

window are excluded to avoid possible biases. Figure 4 compares the 

measured beam momentum for the same :four classes o:f events in and out 

of the window. The pion beam momentum is seen to be degraded with respect 

to the kaon momentum but attempts to take advantage of this fact by 

including a momentum cutoff in the definition of the beam window did not 

succeed due to large errors in the beam track momentum measurement for 
. . 

many events. It is not meaningful to make a sharp cutoff when measure-

merit errors are large and incorporating these errors into the window 

criteria resulted in too great an overlap of K's and ~·s. 

The useful feature of the momentum distributions is that they are 

not significantly different in or out of' the window. This enables one 

to estimate the pion contamination in the final data in the following 

simple manner. Let the number of events in classes 2) and 4) in and 

out of the window be represented by K., K , ~., and ~ • For every event 
~ 0 .~ 0 

+ + -unambiguously identified as Kd-? K~pp there will be some number of' 

K produced ambiguous events, say ~· Similarly one defines 

class 3) events in and out of the window, Ai and A
0

, are 

==aX + 
!Co 

a ~ 
~ 0 

a • 
~ 

Then 
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Solving for the a's gives the pion contamination in this reaction 

a 1£. 
1( ~ 4 --K-. ....::+.;.,_;;;A;._; = 0. 0 ±O. 007 

~ ~ 

The pion contamination in this reaction without using the beam window is 

a (1r. + 1( ) 
1( ~ 0 0.13±0.02 

The overall pion contamination in the beam can be calculated using the 

a's and the cross sections for the reactions n+d ~ n+n-pp at this 

momentmt7and· K+ d ~ K+ 1r-pp from this experiment. We have 

+ + -num\>er of 1r. d ~ 1r 1r pp events = pion flux X cross section 

number of K+ d ~ K+ 1r-pp events kaon flux X cross section 

or 

from which 

~ 0.6 

The in window/out window ratio,: for unambiguous fits to one-constraint 

reactions was not compatible with those for the 4c reactions just discussed. 

Apparently the large number of 1r produced lC reactions swamped the corre-

spending K produced events so that errors in ionization judgment coupled 

with the relatively loose lC fits were enough to make even the so-called 

unambiguous identifications unreliable. In the case of the reaction 

+ + - 0 0 0 K d ~ 1r 1r ppK all fits were rescanned for V 's. These V events were 
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then the final data sample used in calculating the cross section. In 

the case of the reaction K + d ~ K \r-ppn: 0 , events fitting only that 

+ + - 0 reaction or only n: d ~ n: n: ppn: were apportioned according to the 

in/out ratio of the 4c reactions. If we call a the fraction of 11 unambig-

uous 11 lC K events which are really K produced and p the fraction of 

II • II unamb1guous lC n: identifications which are really K produced, we have 

and 

(1 - a)K. + (1- t:>)n:i l R (1 a)K
0 

(1 t.?>)n:o 
= + 1( 

where ~ ·and Rn: are the in/out ratios for K' s and n:' s from the 4c reactions. 

Knowing the K's and n:'s and R' s, one then solves for a and t3· We here 

once again make use of the fact that the K beam momentum distribution. 

is nearly the same in or out of the window and similarly for the n:'s. 

The relatively small number of ambiguous events were also apportioned 

according to these ratios using the relations 

~. 
l 

~ 
0 

and 

A Ai - ~. n:i l R A = = A - ~ 1( 
1( 0 

0 0 

Knowing A. and A and R_ and R one then solves for ~- and ~- • The 1 o -x n: --xi --xo 

final data sample is then 

no. of + + - 0 K d ~ K n: ppn: events = a(K. + K ) + t.?>(n:. + n: ) + ~- + ~-
l o 1 o --xi --x

0 

The same procedure was followed in the case of the reaction 
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+ + .., 
~ K rr rr pn after separating proton and neutron reactions. according 

to which final state nucleon had the greater momentum. An internal check 

on the entire procedure.· was to compare the + + + -
K d ~ K rr rr p(n) cross 

. + + + -
section with that of K p ~ K rr rr p from the hydrogen data. The agree-

ment was very good, 0.38±0.05 mb in hydrogen, 0.35±0.07 mb in deuterium. 
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III. CROSS SECTIONS FOR STABLE FINAL STATES 

A. The Formula and the Results 

Cross sections for stable final states were.calculated from the final 

corrected event count and the number of tau decays using the standard 

formula 

a == Ninteraction X _1L_ X _!:__ 
Ndecay ~cT pNA 

where 

B == K+ branching ratio into the T decay mode 

= o.Q56±o.ooo4, 

· ~ == p beam/ ax+ ' 
c == 2. 998 X l.o10 em/ sec, 

T == K+ lifetime == 1.235 X 10-8 18 
sec, 

A == atomic weight = l.OoB for hydrogen, 2.015 for deuterium, 

p = density in the bubble chamber 

= o.o6o8 gmj cm3 for hydrogen, 

0.1352 gm/cm3 for deuterium, 
19 

= 

and NA =Avogadro's Number == 6.0225 X 1023 -1 mole • 

Corrections to N. t t· and Nd are described in Part B of 
~n erac ~on ecay 

this Section. The final results for the hydrogen data 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 and is 

explained in detail in Part C of this Section. The errors given in 

Table VI are statistical. , 
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B. Corrections to the Data 

The actual numbers of accepted events in the hydrogen data were 

correc.ted by distributing unresolved events within each topology according 

to the number of accepted events in each reaction and, in the case of K0 

events, by applying an escape correction factor. Both corrections are 

small, about 2.5% each. Zero length lf' events .inhydrogen were fitted 
. . + -

as additional hypotheses and were accepted only if one of the ~ ~ pairs 

0 . 0 
had the K mass ·± 25 MeV. Zero le:ngth K events in deuterium were not 

fittedas such due to a problem in SIOUX and are assumed to be misidenti

fied as pion events. The decay fiducial volume for lf' events in deuterium 

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

events was then made upby the escape correction factor. This factor 

0 also contained the branching ratio for the unseen decay modes of the K • 

The number of unresolved events in deuterium is small, less than 5% of 

the total, and was not distributed among the accepted events. As mentioned 

before, scanning loss was negligible because the filffi'was completely 

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

Section and was seen to involve riot merely a correction factor but ·a 

revised-procedure in certain reactions. In the case of + + -
Kd-7K~pp 

where the data sample was restricted to the beam window the tau sample 

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

One fUrther small effect of the pion contamination is shown in Fig. 5 

where the + + + -
~ d -7 ~ ~ ~ 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 14 of. 

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

are listed in Table Vb. Apparently 12 of these events are misidentified 

taus and were added to the tau sample. 
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c. Deuterium a's: KNN, KNNrt, KNNrtn 

The deuterium reactions are listed in Table VI·in the same order 

as that presented by c. G. Wohl and A. A. Hirata in their analysis of 
11 

the deuterium data at the four lower momenta of the K25 experiment •. 

Directly measured cross sections are those with the reactions not enclosed 

by brackets. Comments to the right of the cross sections indicate the 

procedures involved ~n obtaining them. The ingenious method of analysis 

developed and used by Wohl and Hirata was followed very closely here. 

The method enables one to obtain the KNNrt and KNNrtrt cross sections even 

though not all the individual cross sections were measured. The procedure 

utilizes isospin relations among the cross sections for KNNrt reactions 
20 

and for KNNrtrt r~actions. These relations are 

a = 2a c 0 
( 1) 

and 
2a = 4a + a cc 00 co 

( 2) 

where a is the sum of cross sections for all K+d ~ KNNrt reactions 
c 

where the rt is charged and a
0 

is the sum of all 

sections. Similarly a is the sum of all K+d ~ 
cc KNNil:rt 

cross 

cross sections 

for reactions in which both pion:s are charged, a is the sum of cross co 
+ sections for all. K d ~ KNNrtrt reactions with one charged and one neutral 

pion and a is the sum of cross sections for all 
00 

From (1) 

a(KNNrt) = a + a 
c 0 

= 3a 
0 

=la 
2 c 

+ 0 0 . K d ~ KNNrt rt react1ons. 

(3a) 

(3b) 

(3c) 

Not all of either a or a was measured in this experiment but it is c 0 

still possible to obtain a(KNNrt). At the lower momenta this was done 

by using the measured cross section for K+p ~ K+nrt+ for the unmeasured 
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reaction 
+ + + 

K d -7 K nnn: . This procedure could not be used at 1585 MeV/c 

because the two-prong events were not analyzed due to excessive pion 

+ + + 21 
contamination. Instead, an interpolated value was used for -K p -7 K nn: • 

This is satisfactory because this cross section is small; less than one 

tenth of the total KNN:n: cross section. Similarly, not all of either a co 

or a was measured but it is still possible to obtain a(KNN:n:n:) from the 
00 

ispin relations. From (2), 

a(KNN:n:n:) = a + a + a (4a) cc co _00 

= 3 (a -· - a ) (4b) 
cc 00 

= J.( a + 2a ) (4c) 2 co 00 

= t(a -- + co 
2a ) . cc (4d) 

These equations become inequalities if just the measured cross sections 

are put in. 

a(KNN:n:n:). 

Since all of a is measured, (4b) gives an upper limit to cc 

The other three equations give lower limits from which the 

most restrictive was selected, (4d) in this experiment. The value for 

a(KNN:n:n:) was then taken as midway between the upper and lower limits and 

the error was obtained by folding in half the difference between upper 

and lower limits with the statistical errors on them. 

The cross section for + K d -7 KNN was obtained next by subtracting 

+ the KNN:n: and KNN:n:n: cross sections from the total K d cross section~ The 

cross section for + + K d -7 K pn was obtained in turn by subtracting the 

measured K+ d -7 K0 pp cross section from the + K d -7 KNN cross section. 

The K+pn cross section includes the K+d -7 K+d cross section. The 

+ o+ + o+ 
K d -7 K n: d- fits were separated from the ambiguous K d -7 K n: pn fits 

by ioniza tio;n, range of the 11p", and the mass of the pn system. The reac-

is a one-constraint fit; the corresponding + Kd-7 

0 + 0 
K n: pnn: reaction is a missing mass fit. Figure 6 is a plot of the cross 
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sections 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 0-pion, 1-pion, and 2-pion production cross sections 

+ for K d interactions as .a function of beam momentum. 

D. + Effective K n Cross Sections 

Neutron cross sections were obtained from ·deuterium reactions with 

two protons in the final state by applying an empirical Glauber, or 

+ . shielding, correction to the K d cross sect~ons. This correction factor 

was simply the ratio of the cross section for the reaction + 0 + 
Kp~ Krrp 

+ frbm the hydrogen data to the cross section.for the reaction K p(n) ~ 

0 + ( .) K rr p n from the deuterium data. This latter was obtained from the 

reaction + 0 + 
K d ~ K rr pn by considering the final state nucleon momenta. 

Figure 8 is a correlation plot of the proton momentum vs the neutron 

momentum for this reaction. Most of the events are seen to be clearly 

K0 rr+p(n) or K0 rr+n(p). Spectator cutoffs at 150 MeV/c were used to deter• 

mine the data samples used for Dalitz plots and angular distributions. 

Events in the intermediate region between the spectator cutoffs (both 

nucleon momenta greater than 150 MeV/c) were apportioned for calculation 

of the cross sections according to the ratio of events in the "pure" 

regions. This is the same procedure as that used at the lower momenta. 

Figure 9 shows the cross sections for 
+ 
Kd~ 

0 + . 
K rr pn separated into 

K+d 0 + . 0 + 0 + -7 K rr p(n), K rr n(p) and K rr d as described and compares the 

K+d 0 + + 0 + -7 . K rr p(n) reaction cross section with that for Kp-7 K rr 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. 

.1> 
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E. Cross Section for the I = 0 KN Channel 

The isospin relations _(1) and (2) apply also to the reactions con-

sidered as occurrin:g off free protons or neutrons. The symbols still 

refer to the sums of cross sections forthe indicated pioncharge states 

taken over both proton and neutron reactions •. The one-pion reactions 

are 

+ t'1/p Kp --+ 

+ + 
--+ K rc n 

--+ K+ o 
1( p 

+ Kn --+ Ko + :rr n 

--+ + -K:rrp 

--+ 
0 0 K rc p 

~ 
+ 0 Krcn 

The isogpin 0 and 1 channel cross sections expressed in terms of the sums 

of the above reaction cross sections are 

= (J 
p 

and o (KNrc) = 2o o n 
- (J 

p 

Combining (5b) and (1) one gets directly 

(5a) 

(5?) 

( ·. ) [ + + - ) + 0 + ) . + + 0 ) ] 6) 
CJ KN:rr = 3 O'(K n --+ K rc p + o(K n --+ K rc n - o(K p --+ K rc p • ( 

0 

The last reaction in (6} has a t-wo prong-no 11V11 topology, not analyzed 

2l 
at this momentum and so again .interpolation was used. ·All contributions 

from the I= 1. state have been subtracted out in (6). This includes 

the !:::., K* from the I = 1 state, K*t::. interference, and I = 1 background. 

What is left is K* from the I = 0 state and nonresonant I = 0 back-

ground. By considering the K* cross section in the reactions in (6} -we 

can get the. cross $,ection for K* in the I = 0 channel. Thus 
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* . . + 
K*0 p) + cr(K+n + + K*+p)] • (7) cr (K ) = 3[cr(K n ~ ~ K* n) - cr(K p ~ 

. 0 . 

·~ + -K 1( L Ko,/ L K+1to 

Again, a substitution was necessary for the last reaction. We used the 

reaction + *+ . . K p ~ K p wh1ch was analyzed at th1s momentum and included 
L Ko1t+ . 

the appropriate Clebsch-Gordan factor of 1/2. The I = 0 channel total 

cross section, KN ~ KN cross section and KN ~ KN1t cross section are 

shown in Fig. 10 as a function of beam momentum. The cross section for 

the K* produced in the I = 0 channel is shown in Fig. 38 as a function 

of beam momentum. The procedures for obtaining the individual resonance 

cross sections are described in the next Section. 
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IV. RESONANCE PRODUCTION 

A. Cross Sections and Mass Distributions 

The single pion production reactions observed in this experiment are 

+ 
Kp --7 

. 0 + . 
K :rc p 

K+d --7 
0 + 

K :rc p(n) 

K+d --7 
. 0 + 

K :rc n(p) 

+ K+:rc-p(p) K d --7 

K+d --7 Ko:rcop(p) 

Figures 11 and 12 contain the Dalitz plots for these reactions. 

The data plotted for the + 0 + 
K d --7 K :rc p(n) and + 0 + 

K d --7 K :rc n(p) reactions 

come from the well separated "pure" regions of _Fig. 6 where the spectator 

nucleon has a momentum less tl:).an 150 MeV/c. The very well known fact 

that single pion production is dominated by quasi-two-body production 

is quite clear in all these Dalitz plots. Reactions off the neutron 

are seen to be mainly K*N; reactions off the proton also show strong 

KA production. K*-6 interference shows up particularly clearly in the 

K+d --7 K0 :rc+p(n) plot. 

The Dalitz plots were fitted with an empirical interference model 

in which the K* and 6 intensities were each 

Wigner~41r factor giving the distribution of 

a product of a p-wave Breit-

one diparticle 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 this model then the Dalitz 

plot density is given by 

2 2 
d~d~:rc 

(8) 
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where a= nonresonant,_non-interfering background (phase space), 

2 

BW 
m 

0 

(I'm )2 ' 
0 -

qK* 

where m and r are the nominal resonance mass and ·width, taken as 1236 
0 0 

MeV and 116 MeV for the 6 and 891 MeV and 50 MeV for the K*, m is the 

appropriate diparticle mass, p
0 

and p are the two-body c.m. decay momenta 

corresponding to m
0 

and m, and qK* and q6 are the K* and 6 momenta in 

the overall c.m. The angle ~rr is defined as shown in Fig. 13 as the 

pion decay angle in the Krr c.m. with respect to the nucl~on direction. 

The angle ~rr is similarly defined as the pion decay angle in the Nrr c.m. 

with respect to the kaon direction. 2 2 Along a line of constant m.. m__ 
Krr' 1\Jrr 

varies linearly with cos ~' where cos ~ = ± 1 corresponds to the 

edges of the Dalitz plot. Because both K* and 6 decay in p waves their 

decay distributions in A are of the form 

W(cos A) oc 1 + A cos2 A 

The values of A for the two resonances are left as free parameters to 

be varied in the fit. 

The P wave production angular momentum barrier is important only 

near the resonance thresholds; its effect is small at this momentum. 

It affects the mass distributions, that is the shape and position of 

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

Dalitz plots as they do at the lower momenta of this experiment. The 

fitting program was written by H. w. Bland as part of his exhaustive 

. * + . 6 study of A and K production in K p reactions at the lower momenta. 

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

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

strong P wave component inK* production. By 1585 MeV/~ however, higher 

waves than P have become strongly present in A production and pseudo-

scalar exchange as well as vector exchange has shown up strongly in the 

decay angular distributions of the K*, indicating a strong S wave component 

* ·. in K production. The P wave factor is therefore no longer really appro-

priate. Moreover, K* production in reactions off the neutron indicates 

mostly pseudoscalar exchange and ishighly peripheral by 1585 MeV/c, 

involving many partial waves. So the P wave factor is not really appro:

priate for K+n reactions. However because the effect is ~important at 

this momentum due to the much greater size of the Dalitz plots and because 

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

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

ting program was applied "as is." Results of the .fits are listed in 

Table VIII. The A cross sections in the fits to the deuterium data were 

constrained to 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. 

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

that the background does not interfere with the resonances. This is not 

really true either. Dalitz plots below the K* threshold show.~ asymmetry 
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in the Kn mass distribution in the ~ band indicating interference between 

.~ 
the ~and background. Variation with Nrc mass of the coefficients in the 

Legendre polynomial expansion of the ~production angular distribution 

also indicates interference between the ~and background. Finally, 

correlation plots in the decay angles of the K* show strong correlation 

effects which may be due to K*-background interference. However, the 

complexities involved in trying to incorporate all these secondary features 

into the fit are pr6bably not justified in a statistics-limited experiment. 

Uncertainty in the model was reflected by doubling the statistical errors 

to obtain those quoted in Table VIII. 

Double pion production reactions in deuterium were swamped by the 

beam pion conta~ination as described earlier. The reactions observed in 

the hydrogen data are 

and 

+ + ;_ 
~Krrrrp 

----' Ko + o --, 1( 1( p 

+ 0 + + 
Kp~Krrrrn 

(9) 

(10) 

(11) 

Of these, only the first was observed with sufficient statistics to 

warrant some analysis. Figure 14 is a triangle plot for this reaction 

in which M + is plotted vs ~~ _. The cluster of points near the pre . -~rr 

high mass kinematical limit is indicative of double resonance production, 

~++ and K*0
, which apparently dominates this reaction even below the 

nominal K*~ threshold which occurs at 1750 MeV/c for the central values 

of the resonance masses. Thus at 1585 MeV/c double resonance production 

occurs on the low mass tails of the resonances. This is further illustrated 

in Fig. 15 where the events are projected onto the axes of the triangle 

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

values. 
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The triangle plot was fitted with a program which assumed the inco~ 

herent superposition of the 4 main processes: a) double resonance produc

tion, b) ~++K+rr-, c) K*0 prr+, and d) prr+K+rr- •. The distribution function 

is then 

P(M__, ._,M +) = (a(BW(~)BW(K*)) + t3BW(~) + YBW(K*) + 5}q n.nK* 
-~rr prr . era 

where BW is the p-wave Br~it-Wigner described above, a is the ~or K* . ~m 

momentum in the overall c .m. and p ~ and pK* are the ~ and K* decay 

momenta in their respective c .m. 1 s. The factor qcnf't!K* is nonresonant 

phase space. The parameters a, t3, and r were varied in the fit with 5 

determined by the overall normalization. The triangle plot was divided 

into 13 bins and the best x2 was 13.4 for 9 degrees of freedom. The 

conclusion was that K*~ production comprises 65±15% of the reaction with 

a cross section of' 0.25±0.07 mb. The remainder of the reaction is divided 

+ -between 6K rr and background in a ratio not well determined by the fit. 

The solid curves in Fig. 15 correspond to the fit; the dashed curves 

corre spend to the K* ~ component. 

The other two double pion reactions are also apparently domina ted 

by double resonance production. This is suggested by the fact that the 

cross sections for the three reactions are consistent with the ratios 

dictated by isospin conservation inK*~ decay,.l8:13:2. 

B. ~ Production and Decay 

Because the ~ (I = 3/2) can be produced only in the I = 1 channel 

and not in the I = 0 
. + channel, it i,s seen more strongly J.n K p reactions 

+ than in K n reactions and more clearly in hydrogen than in deuterium. 

In hydrogen, it is produced at threshold through the three single pion 

production reactions 
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+ Kp -7 0 + K rc p (12) 

+ Kp -7 + 0 K rc p (13) 

and 
+ .. 

Kp-7 + + K rc n (14) 

C1ebsch•Gordan coefficients for the isospin states involved show that 
. . 

the !:::. is produced in these three reactions in the ratios 9:2:1. Thus· 

the first reaction is the appropriate.one for study, fortunately, since 

at i585 MeV/c it was the only one available. 
· ... 

The features o'f !:::. production and decay near threshold in this reac-

tion were studied in detail by R. w. Bland and r~ported in his thesis
6 

and in a later report; UCRL-19357·
8 

The final data at.l585 MeV/c were 

analyzed in .collaboration with Bland in the same way as the data at the 
. . 

lower momenta a~d included in the later report. The main conclusions 

are out1ined,here and the figures repeated.· Because the figures contain 

the data from the lower momenta; the results at i585 MeV/care seen in 

their proper context. 

In-selecting the data.sam:ple for. the ·study of angular distributions 

. . * . 
there is the problem of the K -6. overlap regi~:m. As seen in the Da1i tz 

plot, .Fig. 11, this occurs at 1585 MeV/c in the center of the !:::. band and 

in the lower portion of the K* band. The mass conjugation technique of 

Eberhard and Pripsteii'was used. to simulate K*-production in the overlap 

region.· The mass conjugated distributions were subtracted out of the 

distributions in the overlap region in order _to purify the !:::. sample. 

(In the. study of the K*, the upper·half of the Dalitz p~ot (co~ Axrc < 0) 

was used.) Thi~ approximation neglects K*-t::. interfere~ce and backgro\lnd, 

both shown in the Dalitz plot fits to be relatively small components of 

the reaction cross section. . The !:::. band was taken to be 1160-1280 MeV~ 

Figur~ 16 shows the cross section for !:::. production· in reaction. (12)· .. 

.,;.. 
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as a function of beam momentum. The cross sections have all been multi-

plied by a factor of 4/3 to include 6. production iri reactions (13) and 

(14) as well. The solid curve (b) is the prediction of the Stodblski-
28 

Sakurai p exchange model for 6. production using the value for the product 

of the coupling constants suggested by Jacksbn~9 The solid curve (a) 

differs from (b) only in that the suggested value for the product of the 

squares of the coupling constants has been multiplied by a factor of five 

so as to achieve a fit near threshold. The fit is seen to be quite good 

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

uni tari ty 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 6., called for by the theory and seen in the 

production cross sections, in the shape of the Nrr mass distributions 

(the P-wave angular momentum barrier discussed earlier) and in the produc-

tion and decay angular distributions. 

Figure 17 shows the production angular distribution in the overall 

c.m. for 6. production in reaction (12) as a function of incident beam 

momentum. The distribution is mostly sin2 e near threshold, 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. 

The experimental data were fitted with Legendre polynomials up to the 

fourth order in the expression 

4 
W(cos e)~ 1 + L AnPn(cos e) 

£=1 XI XI 

The results are shown in Fig. 18. Pure sin2 e would have A2 = - 1. 

The data at 1585 continue the trend away from that value. That fact 

plus the increasing magnitudes of A
1

, A
3

, and A4 all reflect the increasing 
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prese~ce of other partial waves in 6 production with increasing beam 

momentum. The coefficient A4 represents.higher waves than P and the odd 

Legendre coefficients represent interference between waves of opposite 

parity• 

The second kind of 6rbackground interference mentioned in Part A 

shows up in the plot of the first two Legendre coefficients, A1 and ~' 

vs Nrc mass, Fig. 19. The variation of these coefficients apparently 

results from the changing relative phase between background and 6 according 

to the Breit-Wigner dependence of the 6. As seen here in the production 

angular distribution, the decay angles have been integrated out so the 

part of the background responsible for this interference must have the 

Nrc system in a p
3
/ 2 state as other £j states are orthogonal to the p

3
; 2 6. 

The decay angular distributions of the 6 were studied using the 

coordinate systems shown in Fig. 20. The angles are measured with respect 

to the outgoing nucleon in the 6 c .m. The Stodolski- Sakurai model makes 

simple predictions for the distributions in y and 5, namely 

W(cos y) oc 1 + 3 cos2 y 

and W(5) == isotropic 

The e:xperimental distributions are shown in Figs. 21 an:d 22, folded in 

accordance with the parity-imposed symmetry of the decay. The solid 

curves are t9e normalized predictions of the model. The fits in cos Y 

are seen to be very good; the fits in 5 may not be so good, especially 

near threshold, but the error bars are large and it is not clear what 

significance to give to the deviations from isotropy. Another way of 

presenting the same information is to look at the density matrix elements. 

When these are defined in terms of the angles ex and cp of Fig. 20, the 

model makes the following predictions: 

... 
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Re p. = 0.218 , 
j-1 

Re p
31 

= 0 • · 

Figure 23 shows the cqmp9-rison be~ween these prt?dictiohs and the results 

of a maxi~um likelihood fit.of the data. Again, agreeme·1t is quite good 

at 1585, not so go()d near threshold. The9e observations give more support 

to the model and its assumption ,Of magnetic dipole (Ml) coupling to the 

p-6 vertex than simply the P-wave production feature of the 6. The 

exchanged particle must have I = 1 and normal spin-parity. Stodolski-

Sakurai suggested p exchange. Bland et al. were led to suggest that 

heavier particles than the p, notably the A
2

, probably are exchanged 

and that this might account for the higher values of the '~oupling constants. 

c. K* Production in the I = 1 Channel 

+ Since K p is pure 1 == 1 and 
+ . K n lS half I = 1 a.·1d half I = 0 

it is best to study K* production in the I = 1 channel Ln hydrogen 

rather than deuterium.. The Clebsch-Gordan coefficients give the ratio 

for K* production in reactions (12) and ·(13) as 2:1. Thus reaction (12) 

is the appropriate one for study ·here as in t.he case of 6 production. 

As was the case in the discussion of the 6, the figures here were taken 

from the UCRL report, UCRL-19357, and contain the data near the K* 

threshold as analyzed by Bland. 

The problem of the overlap of the K* and 6 bands in the Dalitz 

plot at 1585 MeV/c was handled by using only data in the upper half of 

the Dalitz plot, i.e., cos ~ < o. The K* band was taken to be 840-

940 MeV. 

The production angular distribution for + + Kp ~ K*p is given in 

Fig. 24. The reaction is seen to become more peripheral with increasing 

beam momentum. Th II II. e bump 1n the distribution just below cos e = o 

i£ very clear at 1585 MeV/c bU:t is also noticeable at all momenta in 
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this experiment and suggests the presence of D waves or higher even down 

to threshold. Figure 25 shows the Legendre polynomial coefficients to 

fourth order for these .distributions. 

The de6ay angular distributions are described j_n a coordinate system 

similar to that used to describe the decay of the 6., Fig. 20; the z axis 

is along the normal to the production plane and the x axis is along the 

directionof the incoming K+ meson as seen in the.Kn: c.m. The angles 

0 measured are those of the outgoing K • The decay angular distribution 

is given in terms of the density matrix elements as30 

W(cos a,¢) = ~ (p
00 

cos2 a + p11 sin2 a - p1_1 sin2 a cos ~ 

- J"2 Re p10 sin 2a cos cp} 

where The density matrix elements are shown in Fig. 

26. The distributions in cos a and cp corresponding to these density 

matrix elements are shown in Fig. 27, folded in accordance with the 

symmetry imposed by parity conservation. 

In a peripheral OME model, pseudoscalar exchange leads to pure 

2 cos a, corresponding to p
00 

= l; exchange of normal spin parity leads 

to pure sin2 a, corresponding to p = o. 
00 

Figures 26 and 27 indicate 

dominance by normal spin parity exchange near threshold, presumably 

vector, with pseudoscalar exchange also coming in as the momentum 

increases to 1585 MeV/c. At higher momenta previously reported~2 the 
reaction is again dominated by natural parity exchange, apparently 

isoscalar since the reaction K+n ~· K*0 p which requires a charge 

exchange is dominated by pseudoscalar exchange. The usual assumption 

is that the oo is the isoscalar natural parity system important in 

+ ~ 8 I K p ~ K P• The data at 15 5 MeV c suggest an intermediate region 

where pseudoscalar exchange is also important. 
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D. * K 6 Production 

+ As discussed in Part A of this Section, K p double pion production 

is dominated by K*6 production even below the nominal K*6 threshold. 

The major decay modes are produced in reaction (9) for which we have 

a barely analyzable amount of data at 15B5 MeV/c. Fortunately there 

is no ambiguity in this final state in pairing the particles. 

Figure 2B shows the production angular distributions for K*6produc

tion ~t a lower momentum at which it is seen in Bland's data, at 15B5 
. . . . TI 

MeV/c and at one higher momentum, 1.96 GeV/c, from another experiment. 

At 1367 MeV/c, Bland found that resonance production could not be 

separated from background. At 15B5 MeV/c, double resonance production 

comprises 65±15% of reaction (9) but all the events are plotted in Fig. 

28. A cut on ~ at Boo MeV, considering only events with ~rc >Boo 

MeV was tried. It reduced the background from 35'% to about lO'%but no 

significant differences in the production or decay angular distributions 

were seen. The production. is seen to be highly peripheral even below 

threshold. The apparently sharper forward peaking at 15B5 MeV/c is largely 

an illusion, the result of the binning. 

The density matrix elements for this reaction are presented in 

Table X along with the predictions of the OPE model. Data from an experi

ment at 3.0 GeV/c are included.35 The results at 15B5 MeV/c are far from 

satisfying the pion exchange predictions for p
00 

and p
33 

but the trend 

of .the data with increasing beam momentum is seen to be toward the OPE 

values. 

E. * . + K Production ln K n Reactions 

The single pion production reactions off the deuterium neutron are 
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+ 
K n(p) -7 

-7 

-7 

-7 

K\r-p(p) 

Kon:op(p) 

0 + ) K n: n(p 

+ 0 
K n: n(p) 

(15) 

(16) 

(17) 

(18) 

the parentheses indicating the spectator proton. Reaction (18) has a 

two-prong no 1iV" topology in the bubble chamber and could ·not be analyzed 

at 1585 MeV/c because of the pion contamination. 

The first three reactions are dominated by K* production as is seen 

by inspection of the Dalitz plots, Fig. 12. The relative absence of·~ 

in these reactions is entirely expected since the K+n state is half I ~ 0 

and the I = 3/2 ~ cannot be formed from this state in single pion produc-

tion and because of the Clebsch-Gordan coefficients for ~ decay. 

The cross sections for K*0 production in reactions (15) and (16) 

*+ ) and for K production in reaction (17 are given in Table VIII. Their 

calculation, involving a Dalitz plot fitting program was discussed in 

Part A of this Section. Cross sections for K* production off a free 

neutron 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 rx. Clebsch-Gordan coefficients 

for the decay of the I = l/2 K* into K+ n:- and K0 :n:0 predict cross sections 

forK* production in reactions (15) and (16) j_n the ratio 2:1. Tne values 

from Table IX are seen to be in good agreement with this expectation. 

The Krc mass squared distributions for reactions (15)-(17) are shmm 

in Fig. 29. The curves are the results of the Dalitz plot fitting program. 

The N:n: mass squared plots are given in Fig. 30. 

The K~- production and decay angular distributions for reactions 

(15)-(17) are shmm in Fig. 31. The data for all studies of angular 

distributious consists of those events where the spectator proton mo:Hentum 
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is less than 150 MeV/c, the cut being made to avoid final state interac

tions. The K* band was taken to be 840-940 MeV. K*0 production is seen 

to be highly peripheral at 1585 MeV/c. 

The density matrix elements, calculated by the method of moments, 36 

are given in Table XI along with OME model predictions for pseudoscalar 

and vector exchange. It is seen that, at this momentum, K*0 production 

is dominated by pion exchange but there is certainly vector exchange 

present also. 
*+ . 

The same observations. apply to the K · but with much 

poorer statistics. 

Figure 32 contains exchange diagrams for the reactions K+n ~ K*0p, 

+ *+ + *+ K p ~ K p, and K n ~ K n. Included in these diagrams are the lowest 

mass particles on the trajectories allowed in the exchanges, i.e., those 

particles expected to dominate the exchanges. In earlier work at a higher 

32 *0 momentum, the K was seen as produced entirely via p;3eudoscalar exchange 

with no p exchange cont:dbuting. From charge independence in the t channel, 

+ . + 
K* production in K p interactions has been thought also not to involve 

p exchange but to be mainly ill exchange along with somE pion exchange. 

We can adduce two arguments against this conclusion: 

1) We do see some vector exchange in K*0 production. This becomes 

particularly evident when we obtain the decay angular distributions for 

the K* produced in the I= 0 channel (in the next Part). This is seen 

to be very nearly pure pion exchange, much more so than the K*0
, and is 

obtained by s~btraction from the K*0 decay angular di:3tributions. Thus 

there was some vector exchange in the K*0 decay angular distributions. 

2) The experimental ratio of the cross sections !,or the reactions 

+ *+ K p ~ K p and + *+ K n ~ K n 

J. 0 + ..._. K rr I_._~ Ko rr + 
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is about 2:1. + The ro and p amplitudes have the same sign in the K p reac-

tion, the opposite sign in the K+n reaction. Hence if both amplitudes 

are present they can interfere constructively in the first case and 

destructively in the latter. 

One more very interesting feature in K* production, called to my 

attention by c. Fu~ is shown in the correlation plots of cos a vs ~' the 

decay angular parameters, for the K*0 produced in reactions (15) and (16) 
+ and for the K* produced in reaction (17~ and off the proton. These 

plots are shown in Figs. 33 and 34. The plots in Fig. 33 have been 

* folded in~ according to parity conservation in the decay of the K , i.e., 

~ ~ ~ + 180° 

cos a ~ - cos a 

The plots in Fig. 34 have been folded in ~ according to overall parity 

conservation, 

cos a ~ cos a 

No correlations are seen in Fig. 33 as is expected in the strong decay 

of a definite parity state. The origins of the marked correlations seen 

in Fig. 34 are not well understood. Multiperipheral Regge models have 

been suggested to account for this effect in K*0 (890)6++(1236) produc-
:13 ' 

tion at 4.6 and 9 GeV/c. Interference with background has also been 

suggested as a possible source especially at this low momentum. We note 

only that a simple O:ME model does not account for this effect.39 · 

F. K* Production in the I = 0 Channel 

K+n t · reac ions conta1n the information on I = 0 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 forK* 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 840-940 MeV in the Kn system was used to determine 

the K* sample. No correction was made for background. ·The last reaction 

in Eq. (6) was replaced by 

K+p -) K*+p 

1--7 ~1(+ 

weighted with the appropriate Clebsch-Gordan factor of 1/2 as in the 

calculation of the cross section. Each reaction distribution was normalized 

to its free nucleon cross section. 

Figure 35 shows the differential cross section and decay angular 

distributions for the component reactions and for the I= 0 channel K*. 

The reaction 

dominates the data but the composite production angular distribution is 

seen to be even more sharply forward peaked than in that individual reac-

tion distribution and the decay angular distributions indicate more nearly 

pure pion exchange than in K*0 production. dcr 
Figure 36 shows ldtf for 

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

in I tj. 
In his thesis~A. A. Hirata develops a model for K+N -) K*N reac-

tions by considering s and t channel isospin amplitudes. We describe 

the origins of the model in Appendix B. It ascribes K* production to a 
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combinatiori'of n, p, and ill exchange with the p amplitude being about 1/3 

as large as the ill amplitude and opposite in phase. It also leads to 

certain predictions for the relative sizes of the various cross sections 

observed. These predictions and the experimental results at 1585 MeV/c 

are presented in Table XII. There is reasonable agreement considering 

the large statistical errors in the experimental results. 

From the correlation plots in Fig. 34 it is evident that the subtrac-

tion procedure will produce even stronger correlations between cos a and 

cp in .the K* in the I = 0 channel than in the individual reactions. It 

is difficult to do a subtraction with a scatter plot. In Fig. 37 we 

have divided the plot into bins, performed the subtraction, and entered 

the resulti~g number of events.in each bin. The romp exchange model 

assumes no interference or absorption effects but the correlations indi-

cate that something more elaborate than simple OME will be necessary to 

fully account for all the features of single pion production at 1585. 

However it is quite remarkable that even though the K* is produced 

in the I = 1 channel mainly through ill exchange and in the I = 0 channel 

mainly through n exchange, the momentum dependence of the cross sections 

for these different reactions is very similar. Figure 38 shows this 

behavior up to 3 GeV /c. Figure 39 shows the momentum dependence of the 

individual reactions involved in obtaining the I = 0 channel cross section. 
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V. CHARGE EXCHANGE ELASTIC SCATTERING 

The observed charge exchange reaction is 

(19) 

coming from the neutron reaction 

(20) 

We have no empirical Glauber correction available for elastic scat-

tering. The cross section for (19) is included in Table VI. In what 

follows we will be concerned only with the differential cross section 

for the charge exchange reaction. 

An important effect in the t distribution or production angular 

distribution for this reaction, much more important than in inelastic 

processes, is that o:f the Pauli exclusion principle particularly in the 

forward direction where t::::: 0. In inelastic reactions there is a much 

greater minimum It I and the e:f:fect be.comes negligible. The general :form 

for this correction :factor, in charge exchange, is deri~abl~and the 

differential cross sections in (19) and (20) are related by 

da da 1 - H + R(l - ~) 
(dt)d = (dt)n[ 1 + R ] (21) 

where 

R = (dd) spin flip 1da)non spin :flip · · 
dt n /\dt n . 

and H is a deuteron form factor given by 

where ~ = 1a and a= 45·5 are the constants in. the exponents in the 

Hulth~n wave function :for the deuteron. 

The ratio R is a model-dependent number. A Regge pole model for 
41,42 

charge exchange was developed several years ago by Rarita and Schwarzschild 



to account for + 0 
K n -+ K p at 2.23 GeV/c and K p and 1{ p charge exchange 

at higher momenta and also to account for !{~p charge exchange polariza-

tion. The model adds a lower lying p-type Regge trajectory, called p', 

to the p and A
2 

trajectories usually associated with charge exchange. 

It is successful at the momenta it was designed to account for and it 

is natural to try it at lower momenta also. 

dO 
Figure 40 shows the data, (dt) d' and two curves calculated from the 

model. The dashed curve is the model prediction with no modification of 

its parameters as presented by Rarita and Schwarzschild. The solid curve '· 

is the model prediction after some modificaton of these parameters, namely 
t . 

replacing the beam energy E by the less approximate form E + ~ and 
mp 

changing the values of the parameters D
0 

and D1 in the p' spin flip 
D1t 

res~due function D = D e from -264 to -135 mb and 2.95 to 2.3 
0 

(GeV/c) 2 respectively. These modifications were designed to achieve a 

better fit at the lower momenta at the cost, of' course, of a somewhat 

poorer fit in the high momentum region above 2.2 aevic. 

Figure 41 shows the charge exchange cross section for ltl < 1 (GeV/c)
2 

. . . 

for data at 2.23 and.lower momenta. The dashed curve is the unmodified 

model and the solid curve is the result of modifying the parameters as 

above. 

Figure 42 shows the differential cross section for this experiment 

+ in the K n c.m. The curves are Legendre polynomial fits to third order 

dO 
to (dn)n calculated from Eq. (21). Because the correction term is model 

dependent, the extremes R == 0 (no spin flip) and R = oo (all spin flip) 

and 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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da 
points (dQ)d. The forward-most bin was omitted in the fits to prevent 

it from dominating the fits by virtue of the fact that the cross section 

goes to zero in the forward direction. 

The intercept of the fit at cos e = 1 is a measure of the absolute 

value squared of the non spin flip amplitude, f(e), in the forward direc

tion. The imaginary part of f(O) can be found from the optical theorem 

+ + 
and the (well measured) total cross sections for K p and K n. Listing 

the KN ~ KN reactions and their I = 1 and I = 0 . s-channel ampli-

tudes we have 

+ 
Kp ~ 

+ 
Kp Al 

K+n + 
l/2(A1 + A

0
) ~ K n 

+ 
Kn~ Kop l/2(A

1 
- A

0
) 

Thus 

ACE = ~p ~n 
el. el. el. 

and 
k. 

Im ACE(O) = 4; (a~p - a~n ) 
el. total total 

.'. '·Regge model predictions for this reaction assuming p and A2 exchange call 

for the non spin flip amplitude in the fon7ard direction to be mostly 

real ~~e find 

in good agreement with the prediction. 
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Table I. Number of pictures in hydrogen and deuterium; number of events in each topology studied. 

Hydrogen Deuterium 

Number of pictures 51,000 32,000 

Number of events Total Accepted Rejected Unresolved Total Accepted Rejected Unresolved 
--

3 prongs 718 587 120 11 2668 2394 165 109 

4 prongs 897 545 264 88 2090 1764 213 113 I 
+="" . 
..... 

8 8 
I 

5 prongs -- -- -- -- 0 0 

6 prongs 0 0 0 0 8 0 0 8 

1 prong + "v" -- -- -- -- 518 383 117 18 

2 prongs + "v" 962 798 137 27 1106 829 237 40 
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Table II. Distribution of rejected events in hydrogen and deuterium.· 

Hydrogen Deuterium· ., 

Reject type 3 4 2 prong 3 4 1 prong 2 prong 
prong prong + "v" prong prong + "v" + "v" 

False event 28 10 1.7 80 66 42 84 

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 8 7 9 2 3 34 76 volume 

Outside deGay 0 29 50 fiducial volume 

.. 
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Table III. Hydrogen data: 
number of accepted events in each reaction; cross sections. 

+ 
Kp -7 

-7 

+ 
K p -7 

-7 

-7 

-7 

-7 

+ 
Kp -7 

-7 

+ 
K -7 J( 

+ 
J( p -7 

-7 

-7 

PP -7 rt 

·'Reaction 

0 + Ko + -K prr ' 
-7 J( J( 

0 + 
all K0 K prr 

' 
decays 

+ + -K prr J( 

0 + 0 Ko + -
K prr rr ' 

-7 J( J( 

0 + 0 
all K0 K prr.rr ' decays 

0 + - Ko + -K nrr J( 
' 

~ J( J( 

0 + -K nrr rr , 0 all K decays 

+ + - d 
K prt rr rr 

0 + + -K prr J( J( 

+ + -
J( J( 

+ + -rr prr J( 

+ + - 0 rr prr J( J( 

+ + + -rr nrr J( J( 

+ -
J( pp 

Event 
count 

Corrected 
number of 

events 

766 789±40 

2307±122 

171 172±19 

52 52±10 

13 

4 

1 

284 

48 

4 

1 

152±30 

13±5 

38±15 

4+4.5 
-2.5 

3+7 
-2 

Cross section 
(mb) 

5.0±0.4 

0.38±0.05 

0.08±0.03 

0.009+0.010 
. -0.005 

0.006+0.015 
-0.004 
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Table IVa. Deu te ri um data.: 3 and 4 prong accepted events 
by reaction, including ambiguities. 

Number of 
accepted 

Reaction events 
'r 

K+d + .· 
707 ~ K rr-pp 

~ K+rr-pprr0 . 
73 

~ 
+ + -K rr rr pn 141 

~ rr+rr-pp~ 89 
rr+d +- 842 ~ rr rr pp 

~ rr+n-pprr0 .517 
~ + + -rr rr rr pn 522 

K+d + - + - 0 
7 ~ K rr pp or K rr pprr 

+ - or K+rr-pp1(0 + + - 2 ~ K rr pp or rr d ~ rr n pp 
+ - or K+rr-pp1(0 + + - +'- 0 

9 ~ K n pp or n d ~ rr rt pp or n rr pprr 
~ K+;rr-pp + - 0 or K n pp1( + or n d ~ n+rr-pprr0 2 

.~ + -K rr pp or n+d ~ .rr+n:-pp 442 
. + - or n+d n+n-pp + - 0 

135 ~ K 1( pp ~ or 1r rr pprr 
~ + -K n PP or rr+d ~ rr+rr-pp or pd ~ .·-p1( pp 1 
~ K+ -n PP or n+d ~ 1(+1(-pprro 28 

~n-pp1( 0 + + - 1 ~ or rr d ~ 1( n PP 
~ + - 0 K 1( pp1( or 1( +a ~ n+n-pp + - 0 or rr rt pp1( 1 
~ ~1r-pprco or rr+d ~ 1(+1(-ppno 9 
~ K+1r-pprc0 (two configurations) 1 
~ + - 0 K 1r pprc or rc+?·pp~ 1 
~ 

+ - 0 rc+d rr 1( ppK or ~ + -
1( n PP 1 

~ 1'(+1(-pp~ + or 1( d ~ 1r+n-pp or rr+rr-p:prc0 2 
~ 1(+rr-ppK0 or 1(+d ~ 1(+rr-pprc0 113 
~ 1(+1(-pp~ or n+d ~ rc+1(+rr-p~ 1 

+ + - or rc+d rr+n-pp or rc+1(+rc-pn 1 ~ K rc rc pn ~ 

~ 
+ + -K 1r 1( pn or n+d ~ n+rc+1r-pn 40 

~ + + - or 1(+d + - 0 4 K 1r rc pn ~ rc 1( PP1( 
1(+d ~ 1(+1t-PP or + - 0 rc rc pprc 76 

~ 1(+rc-pprc0 or rc+1(+1(-pn 2 

pd --') pn-pp 21 
K+d ~ K+rr+1(-d 4 

~ + +- ~ 
1( rc 1( d 3 
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Table IVb • Deu te ri um data. : 
accepted 1 and 2 prong vee events by reaction; taus. 

Number Corrected 
of events number 

Reaction (Ir' -? 1{+1{-) of events 

K+d 0 245 823 -? K pp 

-? ~ppno 241 7TI 

-? ~n+pn 566 1847 

-4 0 ( 0 0) K pp n n ·10 32 

-4 · K0 n+p(nn°) 48 153 

-? K0 n+n+(nn) 11 35 

-? K0 n+d 12 42 

-? K0 n+dn° 9 29 

-+ K~p candidates 8 (K0 pp vertex fit, no K~ fit) 

0 Background K1's 11 

A-+ pn 51 

K+ -+ + + -1{ 1{ 1{ 372 
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. Table va. Effects of the beam window cut • 

In Out 
Reaction Total window window In/Out 

K+d -+ + - a 744 566 178 3-18 K 1( pp 
'f"-

K+d -+ + - a + + - a 589 348 241 1.44 K 1f pp or 1f d -+ 1( 1( pp 

+ + - a 924 186 738 . 0.252 1t'd-+ 1t' 1( pp 

Taus and ~ events 1514 1142 372 3-07 

"Unambiguous" 1 constraint K fits 303 194 109 1.78 

"Unambiguous" 1 constraint 1f fits 1027 264 763 0.346 

aincludes 1 constnaint ambiguities. 

Table Vb. 12 misidentified taus 
+ + + -

in the 1( d -+ 1f 1f 1f pn events. 

( + + -
Spectator Target 

m1f1f1f) momentum momentum 
Event (MeV) Spectator (MeV/c) (MeV/c) 

1. 540.4 p 0.5 92.6 
2. 741.0 n 65.6 153·9 
3· 490·3 p 0.3 83.4 
4. 493·0 p 0.4 81.7 
5· 494.8 p 0.1 101.1 
6. 453·4 p o.l 68.1 
1· 489.6 p 4.2 84.1 
8. 653·6 n 87-5 121.4 
9· 532.1 p 0.1 i35·2 

10. h92.6 p 0.1 82.3 
11. 496.4 p 0.3 82.3 
12. 492.8 p 0.5 87·5 
13. 684~4 n 89.1 132.2 
14 .. 489.4 p 2.6 80.1 
15· 498.9 p 0.7 83.4 
16. 482.3 p 0.0 106.3 
17. 493-4 p 0.5 83·7 " 
18. 700.6 n 146.5 146.7 
19. 495.8 p o.o 87.9 
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Table VI. Deuterium cross sections. 

Reaction 

0 + 
-+ K pnn 

+ ·. -
-+ K ppn 

-+ [K + pnn °] 

0 0 
-+ K ppn 

0 + + 
-+ K nnn n 

+ + -
.-+ K pnn n 

-+ ~ppn + n-

-+ [K+ nnn + n°] 

-? Koprur+ no 

-+ K+ pprr-n° 

-+. [K+ pnrc0 n°] 

-+ ~ppnono· 

K+d -+ KNN 

-+ KNNn 

-+ KNNnrt 

(KNNnrt observed) 

K0 n+p(n) 

K0 n+n(p) 

K0 n+d 

K+n°p(n) 

.K+n°n(p) 

K+n°d 

+ + - ( ) K n n p n 

+ + - ( ) K .n n n p 
+ + -

K n n d 

a (mb) 

. 14.88±0.87 

2-57±0.21 

1.23±0.19 

5-88±0.39 

.3-76±0.26 

3-01±0-33 

2.42±0.20 

0.11±0.04 

0.52±0.09 

0.27±0.05 

0.48±0.07 

0-37±0.07 

0.10±0.04 

17·55±0.84 

16.30±0.76 

2.20±0.J6 

1.86±0.15 

4-37±0.32 

1.39±0.14 

0.13±0.04 

1.73±0.27. 

1.28±0.42 

0.35±0.07 

0.16±0.()5 

0.01±0.01 

Comments 

Obtained by interpolating 
_hydrogen data and using 
empirical shielding correc
tion. Used to obtain ac. 

Obtained through use of beam 
window. 
Obtained by subtraction of 
other a's from o(KNNn). 

Missing mass. 

Beam window int K and n ratios. ou 
Rescanned for "V"' s. 

Missing mass. 

Beam window .int K and rt ratios. 
. ou 

Missing mass. 

} 

) 
} 

0 + Components of K pnn 

. + 0 Components of K pnrc • 
Obtained a(K*n°p) = 1.97±0.23 
by interpolating hydrogen 
data. Used to obtain o(I = 0). 
a(r-n°n(p)) contains o(rrt0 d). 

+ + -Components of K pnrt n · 
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Table VII. ~+n cross sections for single and double pion 
production reactions; eros~ section for single pion production 

in tpe I = 0 · channel. · 

Reaction a (mb) Comments 
~ 

K+n ~ 0 + K 1l n 1.58±0.16 

[K+1l0 n] 1.46±6.50 
-.· . + 

~ Obtained by .scaling a(K 1(
0 n(p)) 

+ - empirical shielding correction. 
~ K1lp 4.29±0·53 

~ 
0 0 

K1lp 2.76±0.36 

~ 
+ + -

K 1l ~ n 0.18±0.06 

~ 
0 + -K1l1lp· 0.31±0.07 

by 

~ 
Ko + o 

1( 1( n Missing mass events. Cannot separate 

+ - 0 
n(p) from p(n). 

~ K1l1lP .0.42±0.09 

~ [K+1lo1lon] '. 

~ ~ 0 0 
1( 1( p O.ll±O.O') 

. \ ~ . 
aKN1l (I = 0) = 11.70±1.79 
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Table VIII. Resonance cross sections. 

Reaction cr(KA) cr(K*N) * cr(K -6. Int.) cr(bkgrnd.) cp( deg.) x2/d.o.f. 
-

+ 0 + 
Kp~ Kn:p 2.05±0.34 2.15±0.35 0.55±0.30 0.25±0.30 29±9 16/16 

+ 0 + 
K d ~ K n: p(n) 1.80±0.40 1.07±0.30 0.62±0.28 0.88±0.29 14±10 24.3/14 

+ 0 + K d ~ K n: n(p) 0.20±0.04 0.69±0.34 0.01±0.31 0.50±0.32 . 77±30 2.7/4 
I 

+ + - 49±14 . 46/32 
+ 

K d ~ K n: p(p) 0.20±0.04 2.44±0.40 0.15±0.23 0.98±0.26 \.() 
I 

+ 0 0 
K d ~ K n: p(p) 0.40±0.09 1.16±0.31 0.16±0.32 0.71±0.47 8±26 7·1/11 
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Table rx. Resonance cross sections in K+n reactions; 
cross section for K* production in the I = 0 channel. 

Reaction cr (mb) Reaction cr (mb) 

+ K*+n 0.79±0.40 
+ Kob.+ 0.23±0.05 Kn ..... Kn ..... 

L K
01/ L + 

n: n 

..... K*op 2.78±0.54 ..... K+D.o 0.23±0.05 

L + -Krc L 1( p 

..... K*op 1.32±0.37 ..... Kob.+ 0.46±0.11 

L Ifrc0 I~ 0 rc p. 



Table x. 

Momentum 
(GeV/c) 

--
1.367 

1.585 

1. 96a. 

3-0b 

Predictions 
for pion 
exchange 

" 

* . - + *o++ + +-K and 6 densJ. ty matrix elements for the reaction _ K :p ~ K 6 ~ K p1( 1( • 

K* 6 

0oo p 
1,-1 Re o10 033 Re o3,-:l Re P31 

0.23±0.10 -0.14±0.10 -0.01±0.06 0.12±0.08 0.17±0.06 0.04±0.07 

0.43±0.06 -0.01±0.05 -o.o6±o.o4 0.23±0.04 -o.o4±o.o4 0.02±0.05 

F:::1 o.B F:::1 0.12 

0-76±0.05 -0.03±0.03 -0.13±0.02 0.01±0.04 -0.035±0.035 0.07±0.02 

1 0 0 0 0 0 

a.. We give approximate values deduced from angular distributions given in Ref. 34 • 

. b. Reference 35· 

I 
\.11 
...... 
I 
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Table XII 

Experimental. Experimental 
Ratio Prediction result 1) result 2) 

+ K*+ J2) a{K ~ --+ 2 2.7±0.54 . 2.1±0.45 + K*n) I a(K n --+ 

+ *0 ) a{K n --+ K J2 1:.!2 1.6±0.34 + K*+p) 1 1.3±0.27 
a(K p --+ 

a (KN --+ K*N) 
0 1 2.3±0.70 2.9±0.87 

* 1 
crl (KN --+ K N) 

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

cr(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 (1) and (2) are special cases of a general 

observation due to I. Shmushkevich which seems at first glance to be 

so obvious as to be trivial but which provides an amazingly simple 

method of obtaining relative rates in cases, like the deuterium data 

in this experiment, where Clebsch-Gordan procedures are much more 

inVolved and susceptible to error. 

The observation is that since the strong interactions conserve 

ispin, if the initial state is unpolarized in ispin space, the final 

state will also be unpolarized in I space. That means that within each 

final state multiplet all Iz states will be equally populated. In the 

+ + case of K d interactions, the initial state is to be considered as K d 

and K0 d equally populated. For pion production the final state will 

+ 0 contain equal numbers of K 'sand K 's, equal numbers of protons and 

+ - 0 neutrons, and equal numbers of~ 's, ~ 'sand~ 's. If we write out 

all possible reactions for single pion production and relate their cross 

sections according to these requirements we have 

K+d 0 + 
~ K pn~ '"1 

+ + 
~ K nn~ cr2 

~ 
+ 

K p~ cr3 

~ 
0 0 K pp~ cr4 
+ 0 

~ KpM cr5 

K0 d ~ Ko o PM cr6 
+ 0 

--) K nn:rr cr7 
0 + 

--) K nn:rr cr8 

--) 
0 -K ppn cr9 
+ 

--) K pnn 0
10 
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Charge symmetry requires that 

al = alO 

a2 = a9 

a3 = a8 

a4 = a7 

a5 = a6 

and this guarantees that, the final state doublets, K+ 0 and K and p and 

equally populated. triplet rc 
+ - 0 it is required n, are For the ' 

1( 

' 
1( 

that 

wbich because of charge symmetry we can rewrite as 

But and 

Hence a ·:;:: 2a • 
c 0 

It is apparent that we did not need to write down the K0 d reactions 

or even the K+d reactions for that matter. Because 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 rc 's overall is 

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

of course for the rc-'s. The number of rc 0 's overall is twice the number 

in either set. Thus we could write a = 2a immediately. c 0 

For double pion production, 

+ - t s no. of rc 's = no. of 1( = 2a + a 
cc co 

0 4a no. of rc 's = + 2a 
00 co 



Then 

or 

Then 

or 

2a + a = 4a + 2a cc co 00 co 

2a = 4a + a cc 00 co 

For triple pion production, 

+ no. of :rr 1 s = no. of :rr- 1 s - 3a + 2a + a ccc ceo coo 

no. of 1r
0
's = 6a 

000 
+ 4a + 2a coo ceo 

3a + 2a + a = 6a + 4a + 2a ccc ceo coo ooo coo ceo 

a = 2a + a 
CCC 000 COO 

with no information about a which simply reflects the fact that any ceo 

rate for a state containing :rr+:rr-:rr
0 will satisfy the equal population 

requirement. 
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APPENDIX B 

The refXl? Exchange Model 

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

amplitudes as follows: 

Reaction s channel t channel 

+ 
Kp~ K*+p Al (a -1 a0 )/2 

+ K*+n (A1 + A0 )/2 - (a + a0 )/2 Kn-? .1 
+ Kn-? K*Op (Al :.. A_o)/2 a· 

1 

The s channel amplitudes in terms of the t channel amplitudes are 

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

I = 0 and I = 1 mesons, in particular ~ and w and re and p. Then 

A
0 
~- [(~ + w) + 3(re + p)]/2 (Bl) 

A1 ~- [(~ + w) - (re + p)]/2 (B2) 

The angular distributions seen in this experiment indicate both 

pseudoscalar and vector exchange. If one assumes further that only one 

meson of each kind is involved, the possible pairs are ~' rep, ~p, and 

rew. Equations (Bl) and (B2) then make certain predictions for each pair. 

For ~' A0 = A1 and the angular distributions for the K* in the I = 1 

channel and in the I = 0 channel should be the same. Clearly they are 

not (Figs. 24, 26, 27, and 35). The same observations apply to the rep 

pair which would give A0 = - 3A1 • For ~p, there would be much more 

vector exchange in A0 than in A1 • The experimenta~ observation is, just 

the opposite; there is much more pseudoscalar exchange in A0 than in A1 • 

Thus the last pair, rew, which accounts for this, is the candidate. 
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If' they were the only exchanged particles however, A0 and A1 would have 

the same amount of' vector exchange and thus a
1 

wou1d have only pseudo

scalar exchange. But as remarked in the text we do see some vector 

exchange in K*0 production. Assuming some p exchange will account for 

this observation. This suggests a possible minimal set of exchanges, 

rr, (}.)' p such that 

Ao ~.- [CJ.) + 3(rr + p)]/2 
' 

A ~-
1 

[CJ.) - (rc + p)]/2 
' 

The f'act that the I = 0 channel K* 

exchange further suggests that . 

(}.) 
p ~ -

3 

a ~ (}.) 
0 

a ~ rr + 
1 

p • 

looks like almost pure pion 

Use of one more experimental observation leads to predictions from 

this model f'or the relative rates for various reactions observed in this 

experiment. Consider 

+ K*+p) 
2 

- (}.)12 
I 4. 12 a - ao 1: 
rr--CJ.) cr(K p ~ 1 + p 3 = = = 

cr(K+n ~ K*+n) al + ao + p +(}.) 
Ire + ~ (}.)1 2 

If one assumes no interference between vector and pseudoscalar exchange 

processes then 
+ ~ 2 + 16 2 

cr(K p ~ K p) rr -_2 (}.) 
-->.;-.+-----K--*~+.._n.._) = 2 4 2 
cr(K n ~ rc + 9' (}.) 

Experimentally we have ~ 2:1 f'or this ratio (if we average the deuterium 

and hydrogen data to get cr(K+p ~ K*0 p)). 

Then 

2 + 16 2 
Jf -(}.) . 9 

2 + 4 2 
Jf - (}.) 

9 

and 
2 

p 
1 2 

= g rc 
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Putting this into the model results in the following predictions: 

and 

cr(K+ n -+ K*0p) 

cr(K+ p -+ K*+ p) 

cr0 (KN 
------= = 
cr

1
(KN * -+ K N) 

= 4 3(J)-:J( 

2 
9:rr2 - .3. 

- 16 2 + 2 - 1 9(j) 1( 

Table XII lists these predictions and the experimental results 

computed .two ways, 1) using only the hydrogen data for K+ p -+ K*+ 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 cr0 (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 CAP1'IONS 

Fig. 1. 1he K25 beam layout. 

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

to the chamber. 

Fig. 3. Azimuthal angle vs dip angle of beam tracks at chamber entrance. 

Fig. 4. Beam track momentum distributions at entrance to chamber; total 

and in and out of' the 11window11 defined by X, z, <p, and '}.. cutoffs. 

+ + + -rr d ~ rr rr rr np fits vs the target nucleon momentum. 
. . + 

Cross sections for single pion final states in K d reactions 

as a function of beam momentum; also the charge exchange cross section 

and the observed double pion cross section. 

Fig. 7o + 1he K d total cross section as a function of beam momentum (from 

Fig. 

Fig. 

Cool et a1., 3 Bugg et a1., 4 and Bowen et al~5), the KNN, KNNrr, and 

~fNrrrr cross sections and the breakdown of the K}lli cross section into 

0 + . + 0 K pp and K pn cross sect:wns. The K d ~ K pp cross sections at 

lo-vr momentum are from Slater et al. 22 The points at 2.26 GeV/ c are 

from Butterworth et a1. 23 

8. Proton momentum vs neutron momentum in K+d ~ 0 + 
K rc pn. 

9· cr' s for + 0 + K+d ~ Ifrr +p(n), K+d ,.0 + ( ) Kp~ K 1r p, -> h.rcnp, and 

K+d ~ K0 ,/d as a function of beam momentum. 

Fig. 10. The total K+N I = 0 cross section, u (Im) and a (KNrc) as a 
0 0 

function of beam momentum. For a discussion of the Q~f'olding of the 

total I= 0 cross section,see Ref. 44. 

Fig. n. 1 + Ko + fu i tz plots for K p -) rr p and K+p(n) ~ K0 rc+p(n). 

}'ig. 12. + + -
Da.li tz plots for K n~p) ~ K rc p:p, + 0 0 

K n(p) ~ K n: pp, and 

K~n(p) ~ K
0 

rr + ri(p). ·· · .. ~ .. -: 

Fig. 13. 
•' !', 

Definition of 1\.., , the pio·n ·decay angle in the K:r c. m. 1-:i th 
K:rr 

respect to tbe din:ct:i.on of the outgoing nucleon. 
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Fig. 15. 
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+ + + -Triangle plot for the reaction K p ~ K prr rr at 1585 MeV/c. 

Mass distributions for the reaction + + + - : 
K p ~ K prr rr ; the solid 

curve is the result of the fit described in the text, and the dashed 

curve is the component attributed to K*-6. production alone. 

Fig. 16. 
: . + 
cr(K p ~ Kb.) as a function of' beam momentuni. The curves are 

the predictions of the Stodolski-Sakurai p exchange model with Ml 

2 2 
coupling, (a) with (~~ +.~/4rr)(g + ++/4rr) = 450, and (b) with the 

.t\.. P .t\.- PP ti 

product of the squares of the coupling constants = 90. The data at 

low momenta are from Filippas et a1. 46 The data at_l455 MeV/c are 
' 

from Bettini et al. and Chadwick et a1. 31 The data at 1.96 GeV/c 

are from s. Goldhaber et al.30 

Fig. 17. Differential cross sections for K+p ~ K0 .6.++ at the five 

momenta of the K25 experiment. The tr!i~Jlsformation from cos e to t 

is approximate, assuming the experimental ~peak mass values, 1.464 

(GeV) 2 at 1.585 GeV/c. The curves are the predictions of the Ml p 

exchange model. 

Fig. 18. Coefficients in the Legendre expansion of the K.6. production 

angular distribution, dcr/dn ~ 1 + ~l A£P£(cos e). The low momentum 

points are from Ref·. 46. The point at 1.455 GeV/ c is from Ref. 31. 

Fig. 19. Variation of the K.6. Legendre coefficients with ~~· • · -Tin 

Fig. 20. Coordinate system used in describing the .6. decay. The decay 

angles refer to the direction of the decay ~ucleon. Here 

~ ~ 

"' n = PK-in X PK-out 

'Pi-in X 1\c-outl 

Fig. 21. ++ 
Distributions in cos r for .6. decay. With the assumption of 

overall parity conservation, the distributions have been folded about 

cos r = 0. The curves show the predictions of the magnetic dipole 

model, W(cos r) ~ 1 + 3 cos2 r. 
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Fig. 22. ++ Distributions in B for 6 decay. ~ne magnetic dipole model 

predicts isotropy as shown by the solid lines. Background interference 

effects are seen at the two lower momenta. The distributions above. the 

K* threshold are shown in o d • mo rc 

Fig. 23. Density matrix elements for the 6produced in the reaction 

+ 0 ++ 
K p -+ K 6 • The magnetic dipole model predicts p

33 
= 0.375, 

Re P3,~l = 0.218 and Re P3,l = O. 

4 + . *+ Fig. 2 • . Differential cross sections for K p -+ K P• The data at 1.96 

30 . 
GeV/c arc :from s. Goldha.ber et al. · The data at 1.455 GeV/c are from 

Bettini et al. and Chadwick et al. 31 

Fig. 25. Normalized Legendre coefficients for the K* production angular 

distribution as a :function o:f beam momentum; da/dn ex: 1 + J
1 

Ap,Pp,(cos e). 

The data at 1.96 GeV/c are from s. Goldhaber et al.30 The data at 1.455 

GeV/c come :from Bettini et al. and Chadwick et al.3l 

Fig. 26. Density matrix elements for K* decay .in the reaction + + K p -+ K* p, 

K*+-+ K
0
,/, as a :function of beam momentum. Here ltl is in (GeV/c) 2 • 

The data :from other experiments come from s. Goldhaber et al.30 and 

· Bettini et alo and Chadwick et al~ 3l 

Fig. 27. The K* decay angular distributions for the reaction + *+ K p -+ K p, 

K*+ -+ K0 r/. 'l'he curves correspond to the density matrix elements 

given in Fig. 26 • 

.... .,. 28 Pr "' · OTt,, a· · · K+p --. K-lwA++. ~·lg. • ouuct1on anD~ar 1strlbut1ons for ~ u The data 

at 1.96 GeV/c for this reaction come from G. Goldhaber et al.33 

~ . + Fig. 29. lv'Krc distributions for K n(p) reactions. The curves are the 

results of the Dalitz plot fitting program described in the text. 

Fig. 30. 11
2 

distributions for K+n(p) reactions. 
1·I 1c The curves arc the 

results of' the Dalitz plot fi ttiJ;g program described in the text. 
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Fig. 31. Production aQd decay angular distributions for K*'s produced 

in K+n rE;.actions at 158.5 MeV/c. 

Fig. 32. Exchange diagrams for K+; and K+ n reactions obst!rved in this 

experiment. The lowest mass exchange particles allow(!d are indicated. 

Fig. 33· Correlation plots in K* decay at 1585 MeV/ c, co:; ex vs cp. The 

distributions in cp have been folded assuming parity conservation in 

decay and are shown_in cpm.oa rr" _ _ _ _ ___ _ 

Fig. J4. Correlation plots in K* decay at 1585 MeV/ c, co:; ex vs cp. The 

distributions in cp have been folded in accordance with overall parity 

conservation which corresponds to the transformation cp ~ - cp. 

Fig. 35. * -Production and decay angular distributions for i,he K produced 

in the I = 0 channel. The distributions of the co~Jonent reactions 

are shown scaled as described in the text. 

Fig. 36. The differential cross section do/dt for the K* produced in 

the I= 0 channel-and its density matrix elements as a function 

of I tl. 
Fig. 37· Correlation plot for the decay o~ the K* produced in the I = 0 

channel, cos ex vs cp. The cp distribution has been folded according to 
I 

overall parity c,enservation, cp ~ - cp. 

Fig. 38. a *(I = 1 channel) and a *(I = 0 channel) as functions of 
K K 

beam momentum. 

Fig. 39· Cross sections for the individual reactions involved in obtaining 

a *(I ~ o· channel) as functions of beam momentum. 
K 

Fig. 40. da/dt for the react'ion K+d ~ K0 p(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. 



Fig. 41. 
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+ . 0 ( ) The cross section for the reactlon . K d ~ K p p as a function 

of beam r.~omenturri. The dashed curve is the prediction of the unmodified 

Rarita,-Schv:arzschild model; the solid curve is the result of the model 

modified as described in the text. 

Fig. 42. The differential cross secti~n for the reactio~ K+d ~ K0 p(p) 

at 1585 MeV/c. The curves are the Legendre polynomial fits to third 

order to Eq_. (21) with R set equal to 0 (no spin flip), co (all spin 

flip) and 1 (equal amounts of spin flip and nonspin flip). The crosses 

are the data points, the diamonds are the points with R = 1. The 

extremes R = 0 and R = co are the small dashes above and belm..r 

the diamonds. These variations are distinguishable from the data 

only vTell above cos e = 0. The forwardmost bin was ami tted in the 

fits as described in the text. All charge exchange fits were tried 

also with a spectator momentum cutoff at 300 MeV/c. This cutof1 

. eliminated 16.7% of the data but no visible difference in the (normal

ized) f'i ts v.ras detected. 
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r-----------------LEGALNOTICE--------------------

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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