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HYPERON PRODUCTION BY K- INTERACTIONS IN DEUTERIUM 

Orin Iver Dahl 

. Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

July 3, 1962 

ABSTRACT 

Hyperon production by K- interactions in deuterium at a labo

ratory-system momentum of 200 MeV /cis described. The experi

ment was performed .at the Bevatron; the Lawrence Radiation Labo

ratory's l5~,inch deuterium bubble chamber was used. 

The experimental setup and the PACKAGE-EXAMIN data

analysis system are described in the first part of the report. The 

separation of interactions at rest and in flight is discussed in detail. 

The reactions are dominated by three-body final states. Branch

ing ratios between the several final states provide two independent veri

fications of the charge-independence hypothesis. The ratios are in 

reasonable agreement with those predicted from the K- p interaction. 

Analysis of the energy distributions in the final state indicates the 

presence of final-state scattering as well as a dominating impulse type 

of K- nucleon interaction. 
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. I. INTRODUCTION 

In the summer of 1960 a new 800-MeV/c K- beam was designed 

and built at the Bevatron. By use of the 15-inch hydrogen bubble 

chamber, K~ exposures were made at several momentum settings with 

both hydrogen and deuterium in the chamber .. During part of the run, 

incident K- 1 s were brought into the deuterium chamber in a momentum 

region around 200 _MeV /c. 

occur, 

At this energy the following hyperon-producing reactions can 

K-+d-

A + 7T +p, 

A + TI 
0 

+ n, 

1:.0 + 7T +p, 

Eo + 0 
+ n, 7T 

I: + 
0 

'Tr + p 

z; + 
+ n + n, 

I:+ + 7T-

A+ n, 

"'0 ""+n, 

+ n, 

I: + p , and 

A + N + Zn . 

The following scattering reaction may also occur 

-K + d 

K-"+d K --+ +p+n 
Ko +n+n . 

We describe the hyperon-producing reactions at 200 MeV /c. 

Because the single-pion final states are the dominant modes, we 

emphasize them. 
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II. EXPERIMENTAL PROCEDURE 

A. Beam 

As the beam used in this experiment has been described else

where, only a brief summary is given in this report. 1 The chief 

problem in building a K- beam at the Bevatron is to eliminate unwanted 

background particles (principally pions), In the present beam this was 

done by two parallel-plate electrostatic spectrometers utilizing glass 

cathodes, 
2 

These separators have crossed electric and magnetic fields 

that are_ adjusted to deflect all particles except those with the mass of 

K mesons. 

Figure l shows the beam setup. _The particles emerged from 

the Bevatron at a momentum of 800 MeV /c and were brought into 

paralled trajectories by the quadrupole Q
1

, They then passed through 

the first spectrometer and were brought to a focus at Sl by the qudru

pole Q2 . At this point, the deflected pions were stopped by an 18-in. 

lead collimator while the K mesons passed unimpeded through a 

0, 25 -in. slit. 

The particles were then deflected through an angle of 29 deg 

by the bending magnet. This bend eliminated a good fraction of the re

maining background, since most of the unwanted particles that passed 

through the first slit were -off momentum and hence were deflected out 

of the beam. 

The particles_ then passed through a second stage of separation 

using quadrupoles Q 3 and Q4 and the second separator. 

After the second stage of separation the particles passed

through a copper absorber to reduce their momentum to approximately 

200 MeV /c at the entrance to the bubble chamber. The momentum 

distribution at the entrance to the bubble chamber is shown in Fig. 2. 

In the chamber, approximately 60o/o of the tracks were K

mesons; the rest were mostly pions and muons, During the experi= 

ment, about 12,000 K- mesons were observed, half of which passed 
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Fig. 2. Histogram of the momentum distribution, 
at the entrance to the chamber (551 tracks). 
To obtain a credible momentum measurement, 
only tracks with a length greater than 7 em are 
plotted. Since tracks with a momentum less than 
160 MeV/ c would stop in less than 7 em, the 
distribution cuts off sharply at this value. 
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through the chamber and half interacted. The total path length was 

3.5 mb equivalent; i.e., we would observe 3.5 events ifthe cross 

section were exactly 1 mb. A set of four stere'o photographs was taken 

for each bubble-chamber expansion. Approximately 10,000 such .sets 

were taken in the whole experiment. 

B. Scanning 

All the film was scanned twice for K- mesons. The K- 1 s 

were easily distinguished from other particles because, at 200 MeV /c, 

they, are about five times minimum-ionizing. The background pions 

and muons either are minimum~ionizing or else are much more curved 

than a K meson. 

Each K mesonfound was recorded with a type number that 

specified .whether the K went through the chamber or whether it inter

acted .and, if it interacted, what type of interaction it was. 

The two scans were then compared and all discrepancies were 

resolved. For each scan the efficiency for finding K- interactions 

was approximately 95o/o. The resulting overall efficiency was better 

. than 99o/o. 

C. Sketching and Measuring 

Each event of interest was then checked on a scanning table 

and a sketch was made of it. The sketch served to identify the tracks 

of the event and also to specify in which two of the four views each track 

was to be measured. Then the events were measured on the LRL pre

cision-measuring projector (Franckenstein). For each track, several 

points on the film were measured and then punched out onto IBM cards, 

which were used as input for the data-processing system. 
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D ... Data Processing 

1. Event Reconstruction · 

Mter the events were measured, they were analyzed by means 

of the IBM 7090 program PACKAGE. PACKAGE consists of two parts, 

a track=reconstruction program PANG, and a kinematic analysis 

program KICK. 
4 

The first part, PANG, reconstructs space angles and momenta 

from the measured points on each track. It first takes the measured 

points in the two views and from them constructs space points which 

lie along the track. The space points are then fitted to a parabola in 

the x-y plane and to a linear term in the z direction. Then, by use 

of the results of the first fit, the points are fitted to a higher=order 

curve that is mass -dependent and takes into account the effect of energy 

loss. From this second fit, space angles and momenta and their error 

are calculated. 

2. Kinematic Fitting 

KICK, the second part of PACKAGE, imposes the constraints 

of momentum and energy balance on the tracks at a vertex. The step 

serves two purposes: to reduce the uncertainties on the variables, and 

to distinguish between several competing hypotheses. 

The analysis is done by the method of least squares. We define 

2 
X (

x.f _ x.m )
2 

= I; 1 1 
. ox. 
1 1 

. m· 
where x. are the measured variables, 

f 
ox. their error, and x. 

1 1 1 

are the adjusted values. {Actually the program includes correlated 

errors.) The adjusted values are selected to balance energy and mo

mentum and to minimize the value of X 
2 

The value of x 2 
is then a 

measure of the probability that the hypothesis is correct and may be 

used to resolve ambiguous cases. 
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The choice of va.riables is particularly important because, 

for the analysis, we assume that.t:q.e input variables are Gaussian 

distributed .. In our cases, we have chosen the azimuth angle, the slope, 

and the projected curvature in the x-y plane as input vari<!.bles. for each 

track . 

. Data on the X 2 
distribution and an examination of the errors are 

given in Appendi?C A. 

3, Examination and Summary 

After an event had. been satisfactorily measured and fitted, it 

was processed by the EXAMIN System. In this stage, various useful 

quantities,. such as angles, c. m, momenta, and effective masses, were 

calculated for each event and the data were summarized on convenient 

lists. 

E. FiduciaL Volume 

Only events Within a selected region of the chamber {fiducial 

volume) were selected for analysis, The chamber volume was selected 

with .several criteria in mind; to minimize the correction due to the 

escape of A 1 s, to accept only events in the well-illuminated region of 

the chamber, to get adequate momentum measurements on all charged 

tracks ·(especiallythe inCident K-), and to accept as large a region as 

possible .. 
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IlL ANALYSIS OF DATA 

A, Identification of Interaction in Flight 

The main difficulty in identifying the interaction in flight is that 

about 90% of the events in the chamber are produced by K mesons 

interacting at rest, Thus the interaction in flight would be badly biased 

by incorrectly identifying a relatively small fraction of the interaction 

at rest as interaction in flight. 

Since in most of the final states at least one of the particles is 

not seen, kinematic fitting provides very little information .about the 

momentum of the incident track, Hence, only the information on the 

incident track can be used to determine whether the interaction occurred 

at rest or in flight, 

In Il)easuring a track,. the momentum information is actually 

measured as the projected curvature in the plane normal to the mag

netic field, Then, this cur;v;ature is converted into a momentum measure

ment at the middle of the track and can be transformed into the momentum 

at the end ifwe use .. the range•Rmomentu:th"-·relation, Thus,· for the in

cident tracks (which are flat}, 1/P middle is the momentum variable 

that is normally distributed, 

Figures 3 and 4 show scatter plots of 1/P middle plotted against 

the track length for a sample of incident beam tracks, The curves on 

these plots are where the points would lie if, at the end of the track, 

the momentum were 0, 150, or 200 MeV /c, The tracks in Fig. 3 end 

in a hyperon-producing interaction and are mostly produced by parti

cles which stop. The tracks in Fig, 4 end in an elastic scattering and 

must be produced by particles which do not stop. From the plots it is 

clear that, for the scattering, the events are distributed about an average 

interaction momentum of 150 to 175 MeV jc, while, for the hyperon 

production, most of the events are distributed about an interaction mo

mentum of 0 MeV /c with a small tail of interaction in flight in the 200-

MeV /c region, 
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Fig. 3. Scatter plot of (1/P iddle) vs length for 180 
incident K- 1 s that proW"uce hyperons. The curves 
show the lo~i of points for interaction momenta of 
0, 150, and 200 MeV/c. 
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4. Scatter plot of (1/P . ddl ) vs length for 175 
incident K- 1 s that sca¥f~r o~ decay. The curves 
show the lo2- of points for interaction momenta of 
0, 150, and 200 MeV /c. 
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To determine which events were interactions in flight, the in-
_, 

cident tracks were measured for all events that interacted in the 

chamber, 

We chose a simple criterion to. select events for further analysis, 

All events involving hyperons in which the incident K- mesons had a 

measured momentum greater than 150 MeV /c at the end were considered 

to be in flight and were fully measured, . Events with a measured mo

mentum less than 150 MeV/c.at the end were considered to be inter

actions at rest and were not measured, This selective criterion was a 

compromise, . A higher momentum cutoff would give a slightly purer 

sample of interactions in flight but would reduce the number of events; 

a lower ·momentum cutoff would give a greater number of events but 

would introduce a lar.ger fraction of interactions at rest into the data, 

It is important to minimize the number of interactions at rest since, 

in most cases, these events will not be eliminated by kinematic analysis 

but will. fit as interactions in flight and remain in the data, 

In one type of interaction, the events at rest and in flight can be 

readily separated, In the reaction 

followed by 
.A....,.n +p, 

all the particles in the final state are seen and these events can be 

fitted accurately even if the incident K- momentum is poorly measured, 

The results of analyzing 234 events of this type are shown in Table l, 

We have divided the events into {a} interaction at rest, {b) inter

action in flight at an incident momentum of less than 150 MeV /c, and 

(c) interaction at an incident momentum greater than 150 MeV /c, Each 

category has been subdivided into events in which the momentum of the 

incident track is measured to be less than or greater than 150 MeV/c 

at the interaction, We found that nearly 90% of the events are inter

action.s at resL Although only 3o/o of these interactions at rest had an 

incident-beam momentum measured to be greater than 150 MeV jc, 
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Table I. Analysis of A1r- p events with visible proton 

Measured 
inter action 
momentum 

p < 150 

p > 150 

Total 

Fitted interaction momentum 
< 150 MeV/c > 150 MeV/c 

At Rest In Flight 

194 

7 

201 

11 

1 

12 

3 

18 

21 

Total 

208 

26 

234 
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this small fraction introduced a 25% background in the events that we 

considered (on the basis of the momentum measurement of the incident 

track) to be in flight. 

B, Analysis of Events 

On the scanning table the events could be separated into several 

classes by two criteria, (a) the topology of the interaction, and 

(b) identification of pions by ionization, Since the problems of analyzing 

and separating events in each class are different, we shall discuss each 

group separately,. 

0 - -1. The I: TT p and h. TT p Final States 

On the scanning table the unambiguous 0 - -I: TT p and A TT p events 

both look like V, 2-prong or V, 1-prong events; however, the two types 

may be separated kinematically, 

To obtain a maximum amount of information about each event 

we have analyzed the events in which the A decays in the chamber via 

the charged mode. 

groups: 

On the scanning table these events may be separated into two 

(1) events in which the proton is seen (58 events), and 

(2) events in which the proton is not seen {33 events). 

In the second group of events the proton has so little energy (less 

than 5 MeV) that it stops before traveling far enough to produce a visible 

track, 

In both cases the first step in the analysis was to fit the A decay. 

Then, for the events in which the proton is visible, the two hy

potheses were separated by kinematic fitting, Each event was fitted to 

the hypothesis K- + d-~> A+ TT + p (4 constraints), and to the hypothesis 

- 0 - 0 . K +d-E +TT +p; ::E-A+y {2constramts). 
2 Then these X 1 s were used to select between the two hypotheses, 

thus giving an unambiguous separation for about 95% of the 91 events, 
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The nimaining four events 'were'assum'ed to be the reaction 'fo~-~hich 

the x 2 
has the higher probability, 

. \. i - . 
The events in which the proton was not seen were treated dif-

ferently.. In these events, Ji production could still be kinematically 

fitted, but x,0 
production could not because three tracks were not seen. 

However, A and · "£0 could be separated by analyzing the missing energy 

at the production vertex. The missing energy is 

E . . "' (KK+md}-(E"' +E +m ), m1ss1ng . n 'IT p 

where E is the laboratory-system energy and m is the mass of the 

particle specified by the subscript. 

Since the proton came to rest before it had traveled far enough 

-to make .a visible track, it must have had a kinematic energy of less 

than 5 MeV. If the event was a .A:rr- p final state, then 5 MeV is the 
0 -only missing energy. However, if the event was a I: 'IT p final state, 

0 there is also an unseen y ray from the "£ decay~· This y ray has 

an energy of 74 MeV in the 1:.0 rest system, but in the laboratory 

system its energy ranges from about 60 to 90 MeV. 

Figure 5 shows the missing~"energy distribution for all· '1:.
0

rr- p 

and .A rr- p events with no visible proton. The events are distinctly 

separated into two groups, one peaking around 0 to 10 MeV and the other 

peaking around 70 to 80 MeV. The events in the lower energy peak are 
0 -A rr p events and those in the upper peak are I: n p events. 

After the separation had been made, the Arr-p events were kine

matically fitted so that we could obtain better values for the measured 

variables and calculate the unmeasured variables. We analyzed the 
0 -1:. rr p events by assuming the proton had zero kinetic energy; then we 

calculated the '1;
0 energy by using ~onservation of energy and the 

measurements of the K- and n mesons. 

In the analysis of these events we used conservation of energy 

rather than conservation of momentum. Since the photon has zero rest >~ 

mass, its momentum and energy are equaL However, the missing 
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missing energy is defined as 
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proton is nonrelativistic and hence, whereas it has approximately 

100 MeV/c maximum momentum, its kinetic energy is less than 5 MeV, 

Thus, although the proton momentum is equal to or larger than the mo

mentum of the y ray, its energy is much less .and may be neglected. 

2, The l;- 'IT+ n and 1:/ 1T-n Final States 

Both the - + + -1:: 'lT n .and the E 'IT n final states are easy to identify 

and to analyze, 
- + + The I: iT n events can be identified by the presence of the 'IT 

in the production, At the end of its track, the ~ does one of two things, 

It {a} decays via I;-=+ n~ +n (68 events), or it (b) interacts to form a 

A and neutral particles {4 events) (the A may be produced directly or 
. 0 

through the decay of a E ) , 

In almost all cases the ~ was too short for us to measure its 

curvature to determine its momentum, 

For the events in which the E decayed, the production and de

cay were fitted together and all the missing quantities calculated, Al

though measurements of the decay alone would often give a twofold 

ambiguity in the E momentum, in every case this was resolved by the 

production kinematics, 

Since the :r;- us were produced with low energy, they had very 

little path length in which to interact before either coming to rest in 

the deuterium or decaying, Hence, all the !:- interactions were 

assumed to take place with the E at re sL The momentum of the ~ 

was then computed from its track length .and used in fitting the pro

duction, 

+ The ~ events are also easy to identify, They can decay into 

either a 'IT+ and a neutron or a 'ITO and a proton, The two decay modes 

can readily be distinguished, both by ionization and by kinematical 

analysis, These events were fitted in exactly the same way as the 
- + Z: 'IT n events in which the I: decayed, 

One source of ambiguity in identifying these events comes from 

short I: tracks, An event that appears to be an incident K- producing 

.• 
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a 'IT+ and a 'IT can be either a. I):" ~with a short trackj . or. a 2::': :with 

a short track that decays via the· pionic mode" However, these events 

cannot be confused w:ith. any other reaction and can be separated statisti

cally" .,._ 

The biases are somewhat larger for the + 0 I: -+p + TT events 

because the protons have the same ionization as the I: and, in the 

laboratory system, are usually emitted at small angles. These biases 

are more directly connected with E decay than with I: production and 

are unimportant in an analysis of the production distribution" 

- 0 The I: TT p Final State 

The 1:- 'ITO p events are experimentally the most difficult events 

to analyze" Since both K- is and I: 1 s are heavily ionizing these 

events are readily confused with K~ scatterings iri which the outbound 

K- .either decays or int,eracts to form a A and other neutral particles" 

All those events that appeared on the scanning table to be 
- 0 . E rr .. P events were measured and fitted to three hypotheses, 

{~) K- + d -+ K- + d, 

(b) K-. + d ..... K- + p + n, 

and 0 
(c) K- + d -+ I: + 1T + p 

The events that :were elastic scatterings could then be distin

guished, but in several cases the events were still ambiguous between 

E production and inelastic scattering" This ambiguity is reflected in 

the large uncertainty in the n:umber of I:-1TOp .events" 

4, The ATI
0n and I:0 TI

0n Finai States 

In the two reactions 

K +d-Atn°n 

and 
= < 0 0 . 0 

K + d-+ :;E; + 1T + n, followed by ~ .....;.. A + y , 

the only particle that can be observed is the A, Since, in each case, 

there are two unseen particles at the production, and the kinematically 

allowed regions of A momentum are approximately the same, the 
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two classes of events cannot be separated. Hence, in the analysis of 

the data, these two reactions were lumped together, 

To determ:ine the A momentum the decays were kinematically 

fitted, No fit was possible at the production vertex, since at least two 

particles were missing, 

5, Nonmesonic Interactions 

There are three possible hyperon-producing reactions that do 

riot involve pions, 

K- +d-f:~:: 
lA + n, 

On the scanning table these reactions look like the corresponding 

reaction with an additional n°, but they may be identified after analysis 

because the particle in the final state has a very high momentum. 
. . ~ 0 

In the experiment there are two events which are K +d- ~ +n, 

one event which fits K- +d-A + n, and no events of the type K,... +d-!;- +p, 

Of course, only '2/3 of the neutral events are observed since 

1/3 of the A 1 s decay via their neutral mode. 

6, Multipion Events 

The reaction K- + d-A + 2n + N may also be observed in the 

experiment, but would be expected to be relatively rare because of the 

small amount of energy available in the 

three possible final states of this type: 

[

A + TT + n° + p 

K- + d- A + n- + n+ + n , 

· A + n° + TTO + n 

final state. There are actually 

and 

• 
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- 0 - 0 -The first reaction, A TT n p, lo.oks like a An p or a l: n p 

event on the scanning table, but the events can be separated kinematically 

if the proton is visible, or they can be separated by an analysis of the 

·missing energy in the production if the proton is not visible. The second 

reaction,An-n+n, is easily identified on the scanning table, since the 
0 0 positive track is lightly ionizing. The third reaction, An n n cannot 

. 0 0 0 
be separated from the I: n nand An n final states. 

In the experiment there is one example of the reaction 

+ + n + n, 

and none of the reaction 
0 

f TT + p 

C. Hyperon Branching Ratios 

In estimating branching ratios for the production of the different 

final states we considered two sources of systematic error. 

( 1) In· several final states, events will be ambiguous. In the 

reactions 

{ 

::z::- + 'lT + + n, 

~+ + TT- + n, 

where ~-- n- + n, and 

+ + 
where ~ - TI + n , 

there were 14 events with I: tracks too short to be seen. These events 

were statistically separated by the use of the observed Ifn+n/I:+n-n 

production ratio. The I:+- n° + p decay mode was corrected by com

paring it to the ::z::+- n+ + n mode. We assumed that the same fraction 

of short-track sigmas would be missed in both cases. 

To estimate the number of events in which the decay angle be-
+ tween the I: and the proton was too small to be seen, we looked at 

the projected angles between the l:+ and the neutron in the pionic-de

cay mode. Since the kinematics for the two reactions are the same, 

the neutron distribution should be the same as the proton distribution. 

We estimate that eight events were missed because the I:+ was short 



-20-

and eight events were missed because of a small-angle decay. These 
0 - . missed .events look like lin p ·or ~ ·lT p f1nal states where the A decays 

via its neutral mode"·· 

(2) Some of the interactions are actually interactions in which 

the K:" .meson is at rest, The only events for which we can separate 

interactions at rest and in flight are the An p final states that have 

visible protons~ In these events, 30o/o of the events identified as inter

actions in flight are .actually interactions at rest, -We then used this 

number and the. branching ratios for K- interactions at rest in deuterium 

to estimate the number of stopping events in the other c~annels: 5 
The 

total number of events observed ineach.final state (after correction .in 

the I: channels), the estimated number of these that are actually in

teractions at rest, and-the number of events in flight are summarized 

in Table IL 

Do Cross Sections and Path. Length 

For all tracks that ineracted, the path length was determined 

by 4irect measurement of the lengths of tracks in the fiducial volume" 

. For the through tracks the path length was estimated by measurement 

of 1 Oo/o of the tracks" 

. Since only events with. incident K- momenta greater than 150 

MeV/ c were considered in the analysis, we did not wish to include path 

length whe'n the K= was below 150 MeV/ c" In the calculation of the 

path length, each hypero~ production was assumed to .be at rest and 

the.length of track for which the K- was below a momentum of 150 MeV /c 

(6"38 em) was not counted i.n the path length" This gave a path length 

of 80,000 em in the fiducial volume" 

where 

The cross section is defined by the relation 

N 
(] - . 

. -lp A 

a :::.cross section, 

N :::: numb,er of interactions, 

. J, = length of observed K track, 

p A= number of deuterons per unit volume, 
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Table II. 

Final state 

~ 
+ 

1T n 
+ -

~ 1T n 
- 0 

~ 1T p 
0 -

~ 1T p 
-A 1T p 

~0 0 1T n 
0 

+A 1T n 
' 0 
~ n 

An 
-

~ p 
- + Arrrrn 
- 0 A,rr iT p 

Total 
hyperon 
production 
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Summary of cross sections for hyperon production. 

Number of Estimated -Number of Branching Cross 
events nunibe,r of events ratio section 

observed stopping in flight (mb) 
events 

72 22 50±10 0.14 15±3 

96 21 75±11 0,22 23±3 

38 4 34±13 0.10 10±4 

52 4 48±8 0.14 14±2 

85 24 61±8 0.18 18±2 

10? 33 74±12 0.21 22±3 

3 3 0.009 0.09 

1.5 1.5 0.004 0.05 

0 0 

1.5 1.5 0,004 0,05 

0 0 

405 108 347±26 1.00 115±12 
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p = density of liquid deuterium, 

No= 
A= 

calculated by use of the 

6 g/ em 
3

) and the relation, 

7cl:e:rrs~i-ry---~·£-«e.)ectroris in deuteriu·. 

= L069Xdensity of electrons in hydrogen.-
7 

This gives a total cross 

. section _fo,l hype ron production as a (hype ron production = 115±12 mb. 

cross sections for productions of each final state are shown 
-· 

in Table IL _Essentially, all the. error is from estimating the number 

of interactions, The other factors are relatively welt measured, 

E, Polarizations and Decay Asymmetries 

In general,. the distribution for the two-body decay of a hyperon 

may be expressed in its c, m. system as 

where 

f{cos 8) = 
l+aPcose 

2 

·a is the .decay-asmmetry parameter, 

Pis the hyperon polarization, and 

() is the angle between the decay pion and the hyperon 

polarization, 

We have calculated aP by the 

3 
aP = -. N 

relation 

l: cos(). ±13 - (aP) 2 
i 1 \ N 

for two possible directions of polarization i-n the c. m. system, 

and 
...... -(b) the normal P NXP y, 

-t=- =~ -1> 

where PK' Py, and PN are the K, hyperon, and nucleon.momenta 

at the production, 

The polarizations for the several reactions are listed in Table III. 

All the values of aP are consistent ,with zero. This is what we 

would expect, for we need interferences between two states to produce 

any polarization, and at this low energy we would expect the reactions 



Table III. The observed hyperon decay asymmetries. 

- + K + d -+ ~ + 'tr + n, 
+ -.-. -~ + rr + n, 
+ -

-+ ~ + rr + n, 
- 0 

-+ ~ + Tr + p, 

Reaction 

~--rr-+n 

+ + 
~-rr+n 

+ 0 
~-rr+p 

~--+ rr:-+ n 

-+ A + Tr- + p, A --:"" rr- + p 
0 - 0 . 

- ~ + rr + p, ~ - A + y, A- rr- + p . 

r.o o o · - 1 -~~ + rr
0 

+ n, ~ -+ ~ + y, A-__ , rr ... +p. 
if- + Tr + n, A -+.n + p 

'· 

Values of a. P 
{a) Production 

plane 

+0.17±0.23 

+0.38±0~26 

-0.06±0.41 

-0.11±0.45 

-::0. 13±0. 29 

-0. 25±0. 32 

+0.17±0;22 

j . 

{b) Production 
plane 

-0.08±0.23 

+0~03±0.27 

-0.14±0.41 

+0.46±0. 55' 

+0.07±0.29 

+0. 35±0~ 32 

The value of aP has be:e_n calculated for two different production planes in the c. m •. system: 

{a) the K-hyperon plane, and {b) the plane formedby the three-body final state. 

I 
N 
vu 
I 



to be pure S wave. Of course, for the pionic decay mode of the !:

and 1:+ we would not expect any asymmetry, since a is sma'il . 

. F. Representatio~of Data 

We plotted the data in two ways: 

(1} The variables in the fi~al state can convenientiy be displayed 

on a Dalitz plot. 8 Because the energy at which the interaction takes 

place is not constant, we have plotted normalized kinetic energies for 

the pion and the nucleon. . They are defined as 

T = T . a2oo 
norm Q 

; .. -
where ··· ·· 

and 

T = normalized kinetic energy, norm 
T = kinetic energy in c. m. system, 

Q = total kinetic energy for ~11 three particles;, 

0
200

. = total kinetic energy for all three particles at ah 

incident K- momentum of 200 MeV /c (this is a 

constant for each final state). 

The plots of normalized kinetic energy remove most of the spread of 

the Dalitz plots caused by different total energies. 

(2) • The dominance of the impulse model can best be shown by 

. a plot of the nucleon kinetic energy in the laboratory system. Th.is 

plot can then be compared directly with the deuteron wave function. 
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IV. DISCUSSION OF RESULTS 

A, . Charge Independence 

The interaction of K- mesons in deuterium is a good place for 

one to check the validity of ch~uge independence for interactions involving 

strange particles, The advantage of using K- interactions in deuterium 

is that since the deu,teron has I = 0, the initial state is a pure isotopic

spin state . 

. We shall consider interactions of the type K- + d-+ 1T + Y + N, 

,where Y = ~or .4 , If isotopic spin is conserved, we may express 

the rates for the production of the various final states in terms of 

matrix elements for the production of any pair of particles in a pure 

isotopic-spin state. There are.then three independent matrix elements 

necessary to ·describe the interaction, . We choose M
0 

and M, {the 

matrix elements for production of z:_,. in I = 0 and in I = l) and MA 

(the matrix element for production of A.-1T} •. When we calculate rates 

these three amplitudes and the _relative phase between the I = 0 and 

I = l amplitudes for z:_,. production have physical signific;ance. Thus, 

we may describe the production rates in terms of four parameters, as 

shown in Table IV . 

. Because there are seven different reactions we have three 

identities which must be satisfied if charge independence .is correct. 

As we may see from Table IV,. they are 
- 0 number of A,. p = 2X number of A1T n, 

0 - = 0 number of Z: 1T p = number of I: 1T p, 

and 
number of charged pions ::: 2X number of neutral pions, 

, Since, in this experiment, we cannot separate the z:0 ,-0n events 
0 from the A1T n events, we cannot check the first identity. 

For the other two identities we get 

number of charged pions 
2.16±0.18, 

number of neutral pions 

and 
number of z:= 1T 

0 
p = 0.71±0.28. '0 -. 

number of I; 1T p 



Table .IV, · K- -d branching ratios calculated 
by use of charge independence, 

Adjusted·;valnes 
satisfying charge independence 

Final state Matrix element Observed Number of Branching 
number of events ratio 

events 

11 1 I 
2 

+ 50±10 51 0, 15 ~ 'IT n -. M --M 
·..[3 0 ~ 1 

. + - ,_1 M +._l_M I 
2 

- ~ 'IT n 75±11 76 0,22 
,J3 0 ...;6 1 

-. 0 _!_·M 2 34±13 44 0,13 ~ 'IT p 
3 1 

0 - _!_ M 2 48±8 44 0,13 ~ 'IT p 
3 1 

A 'IT 
- ~M 2 61±8' 61 0.18 p 

3 A 

~0 0 ~M 2} 41 0,12 'IT n 
3 0 

74±12a 

A 'IT 
0 _!_ M 2 31 0.09 n 

3 A 

a Total events for both state.s. 

·-
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Both .ratios are in agreement with the predictions of charge independence. 

The value of the second ratio, however, is statistically not very signifi

cant, 

We may also compute a x 2 
for the fit to charge independence . 

. We define 

where 

and 

2 
X 

6 
= I: 

i= 1 

N. m are the measured number of events, 
1 

oN. are the measured uncertainties, 
1 

N. f are adjusted values. 
1 

Here we combine the :E
0

TT
0n and ATT

0n events. We then pick 

the values of N. f that satisfy charge independence and give a minimum 
2 1 

value of x These fitted values are shown in Table IV. We get 

x 2 
= L05 with two constraints. This is an excellent fit to the data, 

since the probability of getting a higher value of X 
2 

is 65%. 

In this system, we would expect deviations from charge inde

pendence to be primarily caused by two effects in the initial state .. 

(Dalitz and Tuan have emphasized this in their study of the K- p 

system 18), 

(a) Coulomb scattering in the K- d system, and 

(b) kinematic effects due to the K~- K 0 mass difference. 

We may estimate the magnitudes of these effects and compare them 

with the kinetic energy available in the initial state. 

We can crudely estimate the energy in the Coulomb interaction 

by 2 
EC = e / r. 

The appropriate radius here is the wave number of the incident K-, 

~ ; that is we nave rage 11 over the wave packet. Thus we get 
K 

EC ~ aPK ~ 1 MeV (PK~ ZOO MeV). The K- - K
0 

mass difference is 
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approximately 4 MeV. However, since in this experiment the incident 

K- has a kinetic energy of approximately 30 MeV, both effects will 

probably be small. 

B. The Reaction K- + d -A + 'IT + p 

In the A 'IT- p final states, the outstanding feature of the Dalitz 

plot (Fig. 6) is that: it is not uniformly populated. The events are 

concentrated in two regions. 

(l) There .is a large group of events with T p < 10 MeV. 

(2) There is a band of events with T ::::: 115 MeV. . 'IT 

The events with low proton momentum are a consequence of the 

loose structure of the deuteron. ·These events are from K- inter

actions on _a single nucleon. The ,reaction is essentially K- +n-A+or=, 

and the proton merely participates as a spectator. 

For this type of interaction we would expect the proton-energy 

distribution to be simply the Fourier transform of the deuteron wave 

.function. .. _ 

Figure 7 shows the laboratory=system kinetic-energy distribution 

of the 37 measured events . 

. For the curve on :the figure we have used the Hulthen wave 

function (e ~ar - e -{3r)/r, where a = 45 MeV and !3 = 6. 3a. 

About 60o/o of the events fit the impulse model and the rest form 

a flat background. The latter are mostly events fr~m the group with 

T .= 115 MeV. 
'IT 

This second group of events occurs at a pion energy typical 

. for Z: production (T = 115 MeV). These events suggest that a two
;r 

step process is taking place. 

The primary interaction is K- + N-- I:+ 'IT where the other 

nucleon is simply a spectator. Then the E interacts with this nucleon 

to form a A via the reaction 2:. + N- A + N . This process has been 

analyzed in detail by Karplus and Rodberg9 and by Kotani an_d Ross. 
10 
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Fig. 6. Dalitz plot for the reaction 
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Fig. 7. Histogram of the laboratory-system 
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prediction of the impulse model. 

,;. 



_31•-

The pion-nucleon scatteringis not important at 115 MeV be

cause, since .the deuteron has zero I spin, the 11'-N system is in a 

pure I = 1/2 state. 

In Fig. 8 we plotted the distribution of the pion kinetic energy 

inthe c. m .. system. Since the pion kinetic energy for ::E production 

increases as the incident energy is increased, we have normalized all 

the energies to an incident-beam momentum of 200 MeV/c. Although 

the data are clearly insufficient for a detailed comparison with theory, 

the observed conversions are readily accounted for by a reasonable 

choice of parameters in the zero-effective-range S-wave.theory. 

In Fig. 8, the curve for the conversion is calculated for K- d 

interactions in flight by use of a slight extension of Karplus and 

Rodberg 1 s S-wave formulas. For the E-N scattering length we have 

used A
0 

B
0 

= (-l+i)f, t the same value that Miller et aL used in 
. - - - 11 analyzmg K + d-A + 1T + p when the K stops. 

In .an analysis of this reaction at rest, Miller et al.. foun,d that 

it was produced by three different mechanisms: 
11 

(a) direct K- -nucleon impulse-type interaction (31%), 

(b) final-state internal conversion (36%), and 

(c) production and decay of the 1380-MeV A1T reson,ance (33?/o). 

* To look for Y 
1 

production we have plotted the distribution of 

the square of the effective mass of the A-'!T system in Fig. 9. This 

distribution will be roughly flat if the reaction follows phase-space 

predictions. The peaking between 2.05 an,d 2.15 (BeV)
2 

is s.imply a 

reflection of the impulse model, since, for these events, the proton 

has low energy an,d thus the A-11' system has high energy. In this plot 

. * we see no evidence for Y 
1 

(1380 MeV) production and can .say that less 

than two events represent this mode. 

t Note that Karplus and Rodberg use the convention that a negative real 

part corresponds to an attractive potential with no bound state. 
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Thus, the. 37 measured AiT~p events can be divded into. 22 

impulse events (65%), 11 internal conversions (35%), and less than 

* 2 Y 
1 

events (less than 5%). 

It is interesting to compare these ratios with the ratios at rest. 

We see that as the K- energy is increased more events fit a simple 

impulse model. The Y~ production has decreased sharply, and the 

internal conversion has decreased somewhat but is still important. 

. This is what we would expect on .a naive basis. As the K~ momentum 

increases, the wavelength of the K- meson becomes smaller and it 

tends to see the deuteron as simply a neutron and a proton. 

* The Y 
1 

pr~duction will be expected to decrease because, as 

the incident-beam energy goes up, a higher-energy proton is required 

* kinematically in Y 
1 

production and the deuteron-wave function does 

not contain a large high-energy component. 

C. The Reactions K- + d-l::+'TT+N 

In the reactions K- + d-+ ~ + 7T~ + N , we can calculate all the 

physical variables for four final states . 

. They are 

I:o + 7T + p, 

1::- + 0 
K - + d- 'IT + p 

~- + iT+ +n. and 

I:+ + 7T- + n 

In all these final states: the Dalitz plots (Figs. 10 through 13) 

are not uniformly populated; most of the events have low=energy nu

cleons. 
0 = - 0 The I: iT p and I: 11' p final states seem to fit the impulse 

model well. In Fig§l.14 and 15 we have plotted their proton-energy 

distribution in the laboratory system. The proton energy is known to 

approximately 2 MeV if the proton is visible. If the proton is not 

visible it is only known to have an energy less than 3 MeV .. Within the 

limited statistics available, these two final states seem to be dominated 
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Fig. 10. Normalized Dalitz plot· for the reaction 
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events in which the proton track was not 
seen. 
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Fig. 11. Normalized Dalitz plot for the reaction 
K- + d- ~- + n-0 + P:~The deltas represent 
events in which the proton track was not 
seen. 
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Fig. 14. Histogram of the laboratory-system 
kinetic energy of the proton in the reaction 
K- + d -+ ~0 + TI- + p. The curve is the pre
diction according to the impulse model. 
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by the impulse events, There are two or three events with high-energy 

protons that are presumably caused by final-state scattering, but the 

statistics are clearly too limited for us to attempt a more detailed 

analysis, . We would expect some distortion of the spectra as a result 

of pion-nucleon scattering since .the maximum pion-nucleon energy is 

only one half-width (38 MeV) below the peak of the first pion-nucleon 

resonance, 
- + + - . 

In the !: Tr n and I: n n final states the impulse model seems 

to have some effect but does not adequately explain the data as we c.an 

see in Figs, 16 and 17 .. In these. two channels the neutron energy is 

known only within .5 to 10 MeV, and we would expect that the experi

mental distribution of neutron kinetic energies would be broadened. 

However, in the Dalitz plots we see that there are rriany events with 

pion .energy too low to be impulse events, even if the neutron energy 

had been miscalculated, Some of.these events, however, could be 

interactions at rest which form a 25 to 30%' contamination in these 

measurements, The difference between these distributions and the 
- 0 0 -!: 'IT p and !: Tr p may be caused by the L= 0, 1405-MeV, !:rr resonance 

1 t d 12, 13, 14, 15 ~- 0 ~0 -
recent Y. repor e , In the "' 'IT p and "' Tr p final states 

the 1::'11' system is .in a pure I = 1 state. However,. in the If Tr + n and 

l::+TT-n the I:TI_ systerri is a mixture of I= 0 and I= L Hence,. we 
>l< 

would expect the Y 
0 

l';rr resonance to have an effect on these two 

final states, .In Figs. 18 and 19 we have plotted the square of the !:rr 

effective mass for the I:~Tr+n and t:+rr-n states. We see no evidence 

* * for a peaking of events at the Y 
0 

mass, However, if the Y
0 

is a 

K= -nucleon bound-state resonance as suggested by Schult and Capps, 

it would not necessarily appear as a typical resonance bump; it may 

merely make the proton momentum distribution from the wave function 

. broaden and become less peaked. 16 This broadening is approximately 

what we see in these two channels, However,. the difficulty of eliminating 

the interactions at rest and the relatively poor energy resolution of the 
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Fig. 16. Histogram of the laboratory-system kinetic 
energy of the neutron in the reaction 
K- + d -+ ~- + n+ + n : The curve is the pre
diction according to the impulse model. 
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neutron make it impossible to decide whether the observed broadening 
~~ 

is due to these effects or to the Y
0 

resonance. 

D. The ~0 ,.0n and A 1r
0n Final States 

Because, in the ~0 '1T0n and A'1T0n final states, we cannot 

measure or calculate the physical variables of the 'ITO or the neutron, 

. we can only observe the kinetic=energy distribution of the A for both 

of these reactions together. In Fig. 20 we have plotted the kinetic

energy distribution for the .A in the K- -d c. m. system. For com

parison purposes Fig. 21 shows the kinetic-energy_ distribution in the 

production c. m. system for the A v s from the An= p final state and 
0 -from the E 'IT p final state. 

-We have weighted the - 0 -A 'IT p and E n p final states so that 

the distributions 
0 from l:; decay, 

contain 40 directly produced A. v s and _32 A 1 s 

which is the number of A 1r
0n and ~0 '1T0n events 

predicted by the use of charge independence. 

The energy distributions for the A'1T0n 

·show no significant difference from the comparison distribution from 
- 0 = A1T p and E: 1T Po 

E. Nonme:sonic Final States 

The outstanding feature of the two-body final states is their 

branching ratio; only 2o/o of the hyper~m production occurs in these 

modes. This is quite surprising on energetic grounds since the two= 

body final state has 140 MeV more energy available _thanthe three-body 

state, However, it is readily understandable when we consider the 

loose structure of the deuteron. To produce a two-body final state the 

K- meson has to interact with both the proton and the neutron _together 

and because the deuteron is diffuse this is unlikely. However, to pro

duce a three=body final state the K- need interact with only one nu

cleon, 
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Fig. 20. Histogram of the kinetic energy of the A in the 
K-d c. m. system for the reactions K- + d - 2:0 + nO + n 
and K- + d-A + nO + n. 
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Fig. 21. Histogram of the A kinetic energy in the K- d 
c. m. system for the reaction K- + d-A + TI- + p 
and K- + d- ~O + n- + p, followed by ~0- A + 'Y· 
The ratios have been normalized to give the same 
~ /A ratio as is predicted by charge independence 
for K- + d- ~O + nO + n and K- + d- A + nO + n. 
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F, Comparison Between K-d and K=p Interactions 

It is interesting to analyze our branching_ ratios in terms of the 
. ·. 17 

_ K=p interactions, _-Recently, Humphrey and Ross have carefully 

studied the low..;, energy _K~ p system by using the zero-effective-range 

formalism of Dalitz arid Tuan, 
18 

Th.ey find two solutions· which predict 

practically identical branching ratios for K-d above 150 MeV /c 

laboratory- system momentum·,_ . Since we wish to compare the K= p and 

K- d cross section at the same K-nucleon total energy, we. compare re

sults with the same incident energy in the laboratory system, 

Because the branching ratios pred~cted by the two solutions are 

essentially identical, in making the comparison we shall ,use solution I 

of Hymphrey and Ross, which they consider to be the more probable 

one, 
We may divide the deuterium interactions into two groups, those 

made on the proton _and those made on the neutron, 

The contribution to the cross. section from the events~ on the 

proton we assume to be the saine _as the K=p cross section, To cal

culate the K= -n. part. of the deuterium cross section we use Humphrey 

. and Ross 1 s estimate of the I= 1 cross section and their estimate of 

the_ fraction of A 1 s produced in the I = 1 channeL 

We calculate that the predicted cross section is a (hyperon) 
= 116mb, 

. We calculated branching ratios are listed in Table V, 
Agreement between the calculated and measured. values is quite 

good, _The agreement of the total cross sections to within L5 mb is 

obviously fortuitous, since Humphrey and Ross find that the K- p 

cross sections are varying rapidly in this energy region and the cross 

section measured in this experiment is an average over a comparitively 

large momentum intervaL 

_ This direct comparison, however,. neglects the "1:,-Ji con

version process, Lambdas produced-in this way, are really associated 

with the initial production of z:u s, 

The final-state interaction mixes the I:-:A system so that a 

comparison between all seven states is no longer meaningfuL How

ever, as Schult and Capps have pointed out, we may still compare the 

ratios of the Z:-N ·isotopic-spin states. 16 
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Table V. K d rates calculated from solution I (PK=l87.5 MeV/c) 

of Humphrey and Ross. 17 

Final state 

+ 
1T n 

+ -
~ 1T n 

""0 0 .:;.., 1T n 

0 A 1T n 

0 
1T p 

0 -
~ TT p 

A 1T P 

all hyperons 

K- d rates calculated from solution I 

·... 

Cross section 

20.4 

22,4 

13.8 

10.1 

14.8 

14.8 

19.8 

116.1 

Branching ratio 

0.176 

0.195 

0,120 

0.087 

0 .• 127 

0.127 

0.171 

1.00 

..... 
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E~perirnentaUy:we get, for.the.ratios; (us;ing th.e res;ults; that 

have been fitted to pnarge'·independeh-ce).; 

,,. · -. W3/:Wt /WA = 0.24/o~S5/0.2l, ··: · 

7, .7 ... 

whereas; the K- p data giye 

w3;w·i;wA = 
7 ,z 

' '· 
0.39/0AZ/0.19• ; .. 

Here 
'( 

W 3 = initial E production wit~ th_e . I:-: N in an .I = ;, /2 s;tate, 

7 

W 1 = initial 1: prodD.etibh ~ith the E-N in an' I = 1/2 s;tate, 

7 -'· 

W A= direct A-N production.' 

The agreement between the predicted and.experimentctl values; 
,,. ' I, : ' ' ' • • 

is excellent for · W A. The disagreement between the experimental 

and predicted values for W 
3 

and W 
1 

should not be taken very 

7 7 

seriously because of the effect of pion-nucleon scattering, At an 

incident laboratory-spectrum momentum of ZOO MeV /c the maximum 

pion-nucleon energy is only one' half-width (38 MeV) below the peak of 

the first pion-nucleon resonance. The resulting pion-nucleon scattering 

in the I = 3/2 state changes the ratio of W 3 and W 
1 

. 

7 7 
We may also directly calculate the ratio 

KN -+An I 
e =(Irn-Arr)+(KN-l:rr) I=l 

which is the fraction of the I= 1 K-p absorption that produces A 1 s. 

To calculate this we look at impulse events in the reactions 

- 0 -K + d- 1: + TT + p, 

and 
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and. use·:,charge· ind,ependence to estimate the total number of E'IT events; 

(K- + n-E +'IT) =·2 (K- + n -E0 + ,.:-). 

We consider an ·event to be an impulse-type event if the proton 

track is not visible. Thus, since these two reactions look the same 

on the scanning table and we are selecting impulse events by the same 

visual criterion, we have no bias caused by different scanning efficiencies 

or by the idiosyncrasies .of the kinematic fitting. · 
0 -In our data we have 13 An- p and 14 E ,. p events that fit the 

impulse model. This yields the value 

E = 0.32±0.08 . 

The value of e is slightly lower than the value of 0.40 found by 

Humphrey and Ross in K- p interactions at rest, and is in excellent 

agreement with the value of 0.33±0.14 found by Luers et al. 
19 

in 

· K~ + p interactions at 230 MeV /c. 

-·· 
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APPENDICES 

A. Study of Uncertainties in the Observed Variables 

To examine our fitting procedure we analyzed in·detail the 

fits of 348 A dec·ays. Since these decays can be unambiguously iden

tified on the scanning.table, we have no bias from incorrect hypotheses. 

In these events we can measure everything except for the. momentum 

of the A . Hence, the decays have three constraints and we expect 
2 

the mean value of X to be 3. 

In Fig. 22 we have plotted the x2 
distribution of the decays. 

The solid curve is the theoretical distribution; the experimental dis-
.. 

tribution has approximately the same shape but is about twice as broad. 

The dotted curve shows the expected distribution when we multiply the 
2 

value of x by 1.8. 
20 

We also examined the "pull'' quantities for the same events. 

They are defined as 

where x. ':' is the adjusted value corresponding to x. meas 
1 . 1 

If the values and errors are properly adjusted, the pull quan-

tities should have a mean of zero and a width of one. The distributions 

are plotted in Figs. 23 through 26, 

These distributions are too wide by a factor of 1.3. These plots 

and our x2 
distribution indicate that we underestimated our errors by 

2 
30o/o. Hence, in analyzing our data, we scaled all X 's by a factor of 

h 8.airl multiplied all our estimated errors by 1. 3. This procedure has 

no effect on the physical results, 
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Fig. 22. Chi-square distribution for 347 A decays. The 
solid curve is the theoretical distribution and the 
dotted curve is the distribution with the absicca 
multiplied by 1. 8. 
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Fig. 23. "Pull" ·quantities for the A measurements in 
347 A-- decays. 
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Fig. 24. "Pull" quantities for the 'TT mEESurements in 
347 A decays. 
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Fig. 25. "Pull" quantities for 114 nonstopping protons 
from A decays. 
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A decays. 
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B. Derivation of Charge -Independence Relations 

For completeness, we reproduce the derivation of the matrix 

elements for the reactions K- + d-+- 'IT + Y + N that are listed in Table 

V. 
We use two subscripts; the upper one represents the total 

I spin and the lower one the z component. 

The initial state is easy to analyze. Since the deuteron has 

I = 0, the initial state must be pure I = 1/2 and I =- 1/2. z 
Now we analyze the final state. We first consider the pion-

hyperon system. We have the ~rr system 

1 ,1 + - 1 - + 
tjJO = L: 'IT - ~ 'IT 

.J2 '-.12 

tjJ 
1 J 0 - . E.-.L: - 0 

::: 

"' ~'IT 'IT 
-1 •. Jz ....;2 

and 

tjJO ,J + - 1 2Prr 0+ 
1 

::>: - + 
= : L:rr 'IT 

0 ,.,J3 ..J3 03 

and for the A'TT system 

1 0 
<Po = Arr, 

and 
l 

<1>1 = Arr 

We now combine these states with a nucleon. We get two independent 

wave functions which have I= 1/2, I -- 1/2 for ~'sand one for A's. 
z 

They are 

1 1 
.J 3 lJJo n -Jz- tjJ 1 

3 -1 p 

y;g n 
1 1 . -Jf <I> 1 .J 3 <Po n p 3 -1 

.. 

"\ 
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We can also get other wave functions with I = 3/2 or I.= 5/2. 

Everything so far is formal; we can describe any system in terms of 

states of definite isotopic spin. 

· Charge independence, however, states that the interaction 

must· conserve isotopic spin. Thus, the foregoing three states are 

the only allowed ones and we may write the. final state as .. 

We then re..:.express ·this in terms of charge states, and.square to get 

the rates listed in Table V. 
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