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K+ d INTERACTIONS FROM 865 TO 1365 MeV / c 

Allan Akira Hirata 

Lawrence Radiation Laboratory 
University of California 

Berkeley. California 94720 

October 1, 1970 

ABSTRACT 

In this paper we present some detailed experimental results on the 

K+d interactions from' 865 to 1365 MeV/c incident beam momentum. We 

present measurement's, on seveTal K+ d partial cross sections and calcu-

late most of the others using relations derived from isospin conserva-

tion and data from other experiments. The most strikin,g feature of the 

cross section data is the abrupt rise of the total single-pion-production 

cross section near 1200 MeV/c. We also extract isospin-O KN partial 

cross seCtions and find a rapid increase of (To (KNrr) at the threshold 

* . for the quasi-two-body reaction K N -+ K N. As in the case of the iso-

spin-1 K+N system, it appears ,that the structure ar ound 1200 MeV / c in 

the total cros s section for the isospin-O K+N system is well reconstruc-

ted by the sum of three smoothly varying. non-peaked channel cross 

sections ao (KN). a
o 

(KNrr). and (To (KN'ITrr). We compare the charge ex

change data with the predictions of a Regge model and find them to be 

consistent with the results of high-energy fits. We study the reaction 

I-

* K N -+ K N near t,hreshold and find that the data can be easily interpreted 

in terms of t-channel phenomena. 
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1. INTRODUC TrON 

In 1963 the Bevatl;"on Sche'duling Committee approved a low energy 

K+ d experiment as a co~¥a~ion to a high statistics, low energy K+ p ex

periment. These experiments were intended to study in detail the K+ p 

and K+ n interactions in the region of the single pion production threshold 
\ 

and to search for K(725) meson production at momenta just below the 
. ..I .. 

threshold for production of other re sonances [eo g., K"'(891)]. In the 

spring and summe r of 1964, the Lawrence Radiation Labo rato ry 25 - inch 

bubble chamber was used in a 600000 picture exposure of K+ p interac

tions and a 100000 picture exposure of K+ d interactions at selected mo

menta i~ the region from 860 to 1600 MeV/c incident K+ meson momentum. 
, + 

The results of the low-energy K p experiment have been reported by 
1-8 ' 

Bland et ale We report here the results of our analysis of the low 
+ energy K d data. 

Since the film was taken we have been further motivated in this ex

periment by the very accurate K+ p and K+ d total eros s section measure

men~s made in this region by Cool et al. 9 at Brookhaven and Bugg et al. 10 

at Rutherford Laboratory. Their measurements show a clear peak in, 

. the K+ p eros s section at PK:::: 1250 MeV / c as well as a more pronounced 

peak in the K+d cross section at P
K

:::: 1150 MeV/c. (Fig. '1, we h~we in

cluded the new total cross section measurements recently reported by 

the Arizona group11 in the region 360 to 720 MeV/c.) The structure in 

." - each channel appears 600 to 700 MeV / c above the single-pion production 

threshold. 

The K+ p cross section is the isospin-1 K+N eros s section [we de-

note the nucleon doublet by N == (p, n)]. The isospin-O cross section is 

extracted from the K+ p and K+ d cros s sections as follows. If one assume s 

the impulse approximation as well as the Glauber- Wilkin 12 -15 shading ef

fect, then one can calculate a 11 folded 11 K+n cross section from the re

lation 

"CT (K+ n)" ~ CT (K+ d) - "CT (K+ p)" + 0' GW' (1 ) 

where CT (K+ d) is the measured K+ d cross section, "0' (K+ p)" is the mea

~ured K+ p cross section folded into the nucleon momentum distribution 

in deuterium, and (J GW is the Glauber- Wilkin shading correction. The 
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+ isospin-o K N cross section is then obtained from 

"do 11 = 2·" a (K+n)" - 1I(J(K+p)1I 

= 2 a (K+d) - 3 lIa(K+p)11 + 2 O'GW' (2 ) 

which gives (J on unfolding. The isospin-O total K+N cross section so o 
deduced is shown in Fig. 2 along with the isospin-1 total K+N cross sec-

tion. Both distributions show distinct enhancements around 1200 MeV/c. 

Peaks or structure in total cros s sections that have been observed 

in rrN and KN systems have usually been attributed to the pre sence of 

s -channel resqnances in these systems. If one then speculates that 

similarly the enhancements observed in the K+N system m.ay be due to 

the presence of two new resonances, they would have the following approx

imate properties: 

P Mass Width Bump SU 3 Name (MeV LC) (MeV) (MeV) 1. Y S (mb) (J+1i2 )x 

Z* 
0 

1150 1863 150 0 2 1 8 0.55 10 

* 
21 1250 1910 180 1 2 1 4 0.31 27 

However, from the point of view of the quark model, such particle s 

would be unique for the following reason. All well-established strongly-

interacting particles and resonances have quantum numbers that permit 

their classification as quark-antiquark (qq) states for mesons or as 

* triple -quark (qqq) statesfor'baryons. The Z IS, on the other hand, 

would have to be constructed out of five quarks (qqqqq) and would be con

sidered exotic. 
1-8 + / Bland et al. have studied the K p reactions around 1 GeV c and 

observe the cross section behavior shown in Fig. 3. They find that the 

peak at 1250 MeV / c in the K+ p system is very well reconstructed by the 

sum of three smoothlyvarying, non-peaked channel cross sections. The 

rise of the total cross section above 800 MeV / c is as sociated with the 

rapidly rising single-pion production cross section which, incidently, 

appears to be dominated by the quasi-two-body channels K~(1236) and 

* + K (891)N. The maximum in the K p total cross section is reached when 

the rate of rise of the single-pion production cross section is just balanced 
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by the rate of fall of the elastic cross section. This maximum is fol

lowed by a drop as the single-pion produ'ction cross section levels off 

while the elastic cross section continues to fall. Finally, this drop is 

arrested when the double-pion production cross section begins to rise 

around 1500 MeV/c. Thus the stru~ture in the K+ p total cros s section 

at 1250 MeV / c does not appear to arise from structure in any single par

tial cross section, but rather it seems to be a consequence of the sharp 

rises of the single - and double -pion production channels at widely sep

arated thresholds. Bland et al. ,emphasize that although this interpreta

tion of the structure in the K+ p total eros s section is at variance with 

the conventional resonance interpretation it does appear to be completely 

in accord with their observations that the detailed behavior of angular 

distributions and polarizations in the inelastic channels appear to be 

smooth even through the momentum region in which the structure in the 

total cross section appears. 

Several partial-wave analyses of the K+ p elastic scattering have been 
16' , 

recently reported. Each of these analyses finds more than one solution 

to choose from, indicating that the data are not presently good enough to 

eliminate some of the possibilities. Each analysis gets at least one solu

tion with a P 13 amplitude traversing the Argand plot in .a ~ounterclockwise 

direction. Some analyses claim a resonant P1,3 16e , g, 1, J, k whereas 

th 1 1 . ' . t t t' . t . d 16c , b, f o er ana yses calm a resonance In erpre a lon lS no requlre . 

Anothe~ possible way to describe the P 13 amplitude would be in tenTIS of 

a coupled-channel threshold effect, i. e. , the KN amplitude becomes 

rapidly absorptive as it feeds the rapidly increasing K~ channel. At 

present the question as to whether there is or is not a resonance in the 

K+ p system is still not answered. Ii there is a resonance, its elasticity 

is small ( - 0.2) and it decays Inainly into KLi. 
We have attempted a similar analysis of the structure in theisospin-O 

total cross section by measuring some of the partial K+ d cros S sections. 

In Section II we shall give a brief description of the experiment and the 

associated scanning and measuring procedures used in the analysis of 

the data. In Section III we show the cross sections for those K+ d chan

nels directly measured, together with other cross sections derived' 
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frotn them through the use of isospin conservation. In Section IV we 

study the charge -exchange reaction K+d -+ 'Kopp. In Section V we con-

sider the various single-pion production reactions K+ d -- KrrNN. Finally 1'1 

in Section VI we sutntnarize the results of this experitnent. Sotne of our 
_ _ _ ,-- . - 17-19 

results have been preVIOusly reported elsewhere. - ,i 
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II. DESCRIPTION OF THE EXPERIMENT 

A. 'The Beam 

The experiment consists of a 100000 picture exposure of the Law

rence Radiation Laboratory 25-inch deuterium-filled bubble chamber to . 
r + 

a two-stage variable momentum mass-separated K beam at the Bevatron. 

Since the performance characteristics of the bearn have been described 

elsewhere, 20 our description will be brief. The physical layout of the 

beam is shown in Fig. 4. A copper target was placed in an extracted 

proton beam, external to the Bevatron field, which enabled the beam to 

operate for positive or negative beam particles over a wide range of mo

menta. The two mass separation stages each consisted of an electro

static separator and a vertical mass slit. The central beam. momentum 

and momentum bite were defined at the first horizontal focus by the hori

zontal aperture of Slit 1. The beam was designed to operate for K meson~ 

in the momentum region from 800 to 1600 MeV I c. Exposures for this 

experiment were taken at the following four momenta: 863, 968, 1211, 

and 1364 MeV Ic, which correspond to the average fitted beam momentum 

at the point of the K+ interaction or decay.- Hereafter we shall refer to 

these four momentUlTI regions by thenominal mornenta of 865, 970, 1210, 

and 1365 MeV I c. 

B. Scanning, Measuring, and Selection of Events.' 

The film was scanned twice for events with a vee (corresponding to 

Kf - 1T + 1T -) o,r with more than two outgoing charged tracks. The topol

ogies scanned are shown in Fig. 5. Those events with an odd number of 
. + + 

outgoing charged tracks were either a K decay or a K d interaction in 

which the proton in the deuteron was a spectator to an interaction on the 

neutron and did not have enough momentum (less than ~ 80 MeV I c) to 

make a visible track. In the latter case, the absence of a track constitutes 

a measurement (in the sense that one can place an upper limit on its mo

mentum), and in fitting we have assigned to the unseen proton a momen

tum of zero with an uncertainty appropriate to a proton too slow to be 

visible. 

The initial measurements for this experiment were made on the 

Berkeley Flying Spot Digitizer (FSD),21 an automatic film-plane digitizer 
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measuring at a rate of <;tbout 100 events per hour. The FSD requires 

that 'a rough-digitized three point "road" be made in advance for each 

track of an event to be measured. The procedure we adopted was to 

scan and rough digitize the events as they were found. This proceeded 

at a rate of about 20 events per hour. As the FSD had difficulty mea

suring short tracks, additional measurements and remeasurements were 

made by two" Franckenstein" film-plane m,easuring projectors, at a 

rate of about four events per hour. 

The measurements from the FSD or Franckenstein were processed 

through the reconstruction and fitting program SIOUX and the analysis 

program ARROW. 22 All events were then either accepted, rejected as 

one of a number of distinct reject types listed below, or remeasured. 

The chi-squared cutoff for the acceptance of a hypothesis was taken to 

be five times the number of constraints for that hypothesis; this corre

sponds to a probability of about 2% for one:"constraint events and slightly 

less than 1% for the other constraint classes. At the energies spanned 

by this experiment, events fitting more than one hypothesis could be re

solved unambiguously by looking at track ionization. Events were re

jected for the following reasons: 

Not A Beam Track. We required beam tracks to have a measured mo

mentum within three standard deviations of the central bealU momen

tum and to, have dip and azimuthal angles within three standard devia

tions of preset bounds. 

Too Many Tracks. Events found in frames in which there were more 

than'thirty beam tracks were not measured. 

Not to be Measured. Immeasurable events, e. g., events obscured by 

passing tracks, chamber distortion, or film damage. 

Fals e Event. This category include s duplicate events, phony events, 

etc., 

Outside the Production Fiducial Volume. We required that the K+ 

interaction take place within a preset volume of the bubble chamber. 

Outside the Decay Fiducial Volwne. We required that the K 0 decay 

within a preset volume of the bubble chamber. 

Vee Too Short. K~ -+ 1T + 1T - decays within 2 mm of the production vertex 
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were excluded due to difficulties in finding and measuring close decays. 

Vee Scatter. K o. s that scattered before decay were excluded from anal

ysis since the point of the secondary scatter usually could not be de

termined. 

Vee Not a K~. These events were either K~ -1T + 11" -1TO, or A 0 - P1T-

from ~ssociated production from an incident 1T +. 

Failing events were remeasured until their number was reduced to an 

insignificant level (less than 5'10 for all topologies. ) 

In this manner, w~ found 3169 events with ~ K+ and 5509 events 

with a KO in the final state. The cross sections which we calculate in 
++ - + the next section were normalized to 2730 K - 1T 1T 11" decays. In ob-

taining the cross sectioris, K 0 events we re corrected for 1) decay in

to neutrals and K~, 2) decay outside the decay fiducial volume, and 

3) decay too close to the production vert~ (decay less than 2 mm from 

the production vertex). Since the scanning efficiency after two complete 

scans of the film proved to be better than 98% we have not corrected for 

scanning biases. Furthermore, since the unresolved events were found 

to be channel independent and since their number was less than the sta

tistical error in most channels we have not corrected for these events. 

The final source of bias is contamination from incident 1T + interactions. 

E h 0 +-vents wit a vee in the final state were predominantly K1 -. 1T 1T decays 

resulting from interaction,s of incident K+ mesons. The AO- P1T- decays 

resulting from incident 1T + interactions could be clearly separated from 

the Kf - .11"+ 1T - decays. Therefore pion contamination to the K ° channels 

is negligible. The only channel that is seriously affected by pion con-

t . to . ·K+d K+ - h h d f . +d +-amlna Ion IS -- 1T pp w ic must be separate rom 1T - 11" 1T pp. 

Each of these events was looked· at on the scan table to insure that the 

selected hypothesis was consistent with the ionization of the secondary 

tracks. We estimate that the contamination to this channel from pion 

interactions is les s than 5% • 
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III. CROSS SECTIONS 

+ In this section we present our measurements of some of the K d 

partial cros s sections and our calculations of most of the others using 

relations derived from isospin conservation and data from Bland et ale 7 

and the total cross section data of Cool et a.l. 9 and Bugg et al. 10 We also 

determine the isospin-O KN partial cross sections. 

A. Directly Measured K+ d Cross Sections 

The reactions that occur at the energies spanned by this experi

ment are: 

K+d ...... KNN- + K pn 

KOpp 
~, 

...... 

KNN1T -to 
+ + 

} 
...... K nn1T 

KOpn1T+ 
::~ 

...... O'c 
+ -

..v -,-
...... K pp1T 

-+ K+pmyo } 
K °PP1TO 0'0 ::;C 

-+ 

° + + * -+ KNN"" ~ K nnu u } 
+ +- -'--,-

-+ K pn1T 1T 0' 
+ cc ,,--,-

...... KOPP1T rr-

.... K+nnu+uo J 
KO pnrr + rro 0' 

-,-'I-.... 
+ co * -+ K PPTT -1T ° 

-+ K+pn1To1To 

} Uoo -'-

KOpp1Torro -.-...... 

(3 ) 

Reactions in which the deuteron is left intact are implicitly included with 

those with a proton and a neutron in the final state. The topologies we 

scanned lead to cross sections for the reactions marked with an asterisk. 

The reactions listed above are arranged according to the charge state s of 

the pions. The symbol 0' , for example, represents the sum of all 
co 

cros s sections leading to one charged and one neutral pion. Thus the 

total K+ d -+ KNN1T and K+ d -+ KNN1T1T cross sections are: 

0' (KNN1T) = 0' + 0' c 0 

0' (KNN1T1T) = 0' + (] + (] • cc co 00 

(4a) 

(4b) 
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Table I lists the number of events found in the channels we have 

directly measured for each of the four momenta studied. We have 

calculated cross sections using the following relation 

where 

cr= 

= 

f Ad N. t t' . In e rac Ions -x-- X 
"lCT PdN A Ndecays 

1 
0.544 X 

N. t t' . In erac Ions 
N decays. 

Ad (Atomic weight of deuterium) = 2.015 amu· 

23 -1 
N (Avogadro's number) = 6.02252 X 10 mole 
A. . 

. Pd (Density of deuterium in the bubble chamber) 

- 3 
= 0.1352 g/ cm (Ref. 23) 

"l = PK(beam)/MK 

(:k+ lifetime) = 1.234X 10-8 sec 

f (K+ branching ratio into the -r-decay mode) = 0.0557. 

(5) 

(5) 

Figure 6(a) and Table II show the ~ross sections we have measured. 

The quoted errors are statistical only. The charge exchange (K+ d-+Kopp) 

cross section falls off smoothly with increasing momentum. The single

pion producti~n cross sections rise rapidly until about 1200 MeV/c, then 

level off; they all have roughly the same shape, though they differ in 

size. The dbuble -pion production cros s sections (only the sum of the 

measured cros s sections -i. e., six of the eight possible channels -is 

shown) are extremely small until 1200 MeV / c, after which they begin to 

rise.· The 'thresholds for single and double pion production on deuterons 

are 450 and 700 MeV/c. (On free nucleons, the thresholds are 510 and 

810 MeV! c.) The cross sections are small until well above these thre sh

olds. 
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To determine the cross sections for K+ interactions on free nucleons 

from the c ros s sections for K+ d inte ractions, one must invoke the im

pulse approximation. 24 In the impulse approximation one assumes that 

one nucleon in the deuteron is only a spectator to the inte raction of the 

incident K+ with the other nucleon. In reactions such as K+ d ~ KOpp, 

K+ d -I> KOpp'IT0 and K+ d -I> K+ PP'IT- with two protons in the final state, 

the K+ must necessarily have interacted with the neutron, for these re

actions the K+ d cross sections give a somewhat distorted picture of 

free-neutron cross sections. For example, O"(K+ d --- KOpp) is approxi

mately CJ'(K+ n -.. K cpl. In contrast. the KOpn'IT + final state can come 

from the interaction of the K+ with either of the target nucleons. The 

simplest way, to make the division is to take the slower nucleon to be 

the spectator. This overestimates the smaller K+ n(p) ->- KOrr + n(p) c·ross 

section and underesti.mates the larger K+ p(n) -+ K°'IT + p(n). We have cor

rected for this effect by the following prescription: We first exclude all 
+ + 

K d -I> KOpn'IT events with both nucleon mornenta greater than 150 MeV Ic. 
For the remaining events we take the slower nucleon to be the spectator 

and then calculate the fraction of events that are proton spectator events 

and the fraction of events that are neutron spectator events. Finally all 

+ ° + the K d ~ K pn'IT events are then divided according to the fractions de-

termined from the sample with a 150 MeV Ie spectator mornentum cut. 

Figure 6(b) shows the division of the K+ d -.. KOpmr + cross section 

with the spectator nucleon indicated by parenthesis. Also shown is the 

K+ d -I> KOd'IT + cross section which appears to be flat over the energy range 

covered by this experiment. The 

by Bland et al. 6, 7 is also shown. 

+ 0 + K P -I> K 'IT P cross section as'measured 

The difference between the K+ p ->- K°'IT + P 
+ +. 

and K p(n) -I> K°'IT p(n) cross sections is small and is consistent with a 

rough calculation of the effect of eclipsing and motion of nucleons within 

the deuteron •. The ratio of the two measurements from low to high mo

mentum are 1.14±0.14, 1.28±0.11, 1.07±O.06, and 1.12±O.10 at 865, 

I + ° + 970, 1210, and 1365 MeV c respectively. The K p -I> K 'IT P data of 

Bland et al. will be' used again as a check on the systematics of this K+ d 

expe rinient. 

Therefore Fig. 6. gives those cross sections we have directly mea

sured. In the next section we derive relations from isospin conservation 



I': 

-11-

that will allow us to calculate other cross sections. 

B. Isospin Conservation and K+ d Reactions 

Isospin conservation provides one (and only one) linear relation 

between the K+ d - KNN'IT cross sections and one between the K+ d - KNN'IT'IT 

cross sections; namely, 

= 2(1 
o 

2(1 = 4(1 + (1 
cc 00 co 

(6a) 

(6b) 

These relations (derived in the' Appendix) can 'then be used to write the 
+ +-total K d- KNN'IT and K d -+ KNN'IT'IT cross sections in various ways, 

eliminating one or the other of the constituent parts: 

and 

(1 (KNN'IT) = (1 + (1 
c 0 

=' 3(1 
o 

(1 (KNN'IT'IT ) = (1 -+ (1 + (1 
cc co 00 

= 3 «1 - (1 ) 
cc 00 

3 
= -2 (0' + 2(1 ) co 00 

3 = 4 «1 + 2(1 ). co cc 

(7a) 

(7b) 

(7 c) 

(8aY 

(8b) 

(8c) 

(8d) 

Note that we have not measured all of either (1 or (1 , nor have we 
c 0 

measured all of any two of (1 ,(1 ,and (1 . However, we can still 
cc co 00 

use the se equations to obtain (1(KNN'IT) and (1(KNN'IT'IT). 

Consider first the total cross section for single-pion production 

(1(KNN'IT). To complete (1 we need the K+ d -+ K+ nn'IT + cross section (see 
, , c 

the list of reactions in Section IlIA). In the spirit of the impulse approxi-

mation, the K+ inte raction in this channel is with the proton~ Therefore 

we assume 
+, + + + ++ , (1(K d .... K nn'IT ):::: (1 (K p- K 'IT n). (9) 

In view of the comparison made in Fig. 6(b) we expect this approximation 
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b d 1 0 2 f\(]f Th K+ . K+ + . h b to e goo to . or V~/O' e P -- n1T cross sectIon as een mea-
67 

sured by Bland et al.' It is small, being never more than one-tenth 

the sum of the other,' directly measured parts of (Jc' Since the latter is ~ . 

. measured to about 50/0, Eq. (9) would have to be wrong by 50"/0 to affect 

the value of" obtained using it by as much asa standard deviation. Thus " 
c . + ++ 

we have used Eq. 9 (doubling the quoted errors on ,,(K p --. K 1T n) to 

complete" and use Eq. (7c) to calculate ,,(KNN1T). 
c·· '. 

Consider next the isospin relations for a(KNNTm). The Egs. (Sa-d) 

become inequalities if we put on the right just the parts of (J ," , . . cc co 
and" that we have measured. Since all of (] has been measured, 

00 cc 
Eq. (8b) gives an upper limit of (J(K:NN1T1T). The other three inequalities 

give lower limits ~ from which we may choose whichever is most re

strictive [which in our case was Eq. (8d)).We then assign to a(KNN1T1T) 

the value midway between the upper and lower liITlits, and fold together 

half the difference between the limits and the statistical uncertainty on 

them for an error. 

Finally, by subtracting the pion-production cross sections from the 

total cross section we obtain the K+ d -... KNN cross section. Subtracting 

the measured K+ d - KOpp cross section from this gives the K+d -i> K+ pn 

cross section (this includes K+d - K+d). 

Figure 7 and Table II show the results of these calculations. Also 

shown are. the total cross section data of Cool et al. 9 and Bugg et al. 10 

and some partial cross section data 'from Slateret al. 25 and Butterworth 

et al. 26 The most striking feature is the abrupt rise of the single-pion 

production cros s section to 15 mb at 1200 MeV/c. Since this rise is 

accompanied by a less steep fall of the K+ d -+ KNN cross section, the 

total cros s section increases by only about 10 mb. The onset of double

pion production, by which time the single-pion production cross section 

has leveled off. causes 'no marked change of the total cross section. 

C. Isospin Conservation and K+N Reactions 

In order to study the structure in the isospin-O total cross section, 

we must obtain a relation for the isospin-O single-pion production cross 

section off nucleons. 
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There are seven charge states for single-pion production in the 

K+N reactions: 
+ Kp- K"TT +p 

-K+ + TT n 
'+ 

-+ K TTOp 

+ Kn- KOTT + n 

- KOTTOp. 

-+ K+ TTon 
+ -

-+ K TT P 

} 

) 
CJ 

P 

CJ 
n 

...... ! .. 

+ + where CJ and CJ are the sums of the K p and K n cross sections. 
p n 

There eleven charge states for double -pion production: 

+ + + K P -+ KOn TT TT 
+ +-KpTTTT 

+
-+ KOn TT TTO 

_ KOp TT + TTO 

_ K+ P TTOTTO 

+ + +-Kn-KnTTTT 
+ - KOp TT TT 

-+ KOn TT + TTO 

+ - ° -KpTTTT 

-+ K+ n TTOTTO 

-+ KOp TTOTTO 

CJ 
P 

(10 ) 

(11 ) 

(12 ) 

(13 ) 

As before, isospin conservation provides one linear relation between the 

KN - KNTT cross sections and one between the KN -+ KNTTTT cross sec

tions. 1£ we refer to the above sets of cross sections in terms of the 

charge states of the pions we get, as before: 

CJ = 2CJ c 0 
(14a) 

2CJ = 4CJ + CJ cc 00 co 
(14b) 

Consider single-pion production. The cross sections for single-pion 

production through the isospin-1 and isospin-O channels are respectively: 
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2(] 
n - (] 

p 

From Eqs. (i5b) and (14a) one can obtain the relation 

(i5a) 

(i5b) 

. + + + +- + + 
(] (KN'lI") = 3[(] (K n- K°'ll" n) + (](K n- K 'lI" p) - (](K p-+ K 'lI"0p)] , (16) o . . 

in which only three of the seven KN -+ KN'lI" cros s sections appear. The 

K+ p .... K+ 'lI"0p cross section has been tneasured by Bland et ale 6, 7 

The other two are approxitnately equal to the K+ n(p) -+ K°'ll" + n(p) and 
+ + -K d .... K 'lI" pp cros s sections shown in Fig. 6. To get free -neutron 

cros s sections from the se, we have multiplied them at each tnotnentutn 

by the corresponding ratio of the K+ p .... K°'ll" + P to K+ p(n) ~ K°'ll" + p(n) 

cros s sections shown in Fig. 6(b). Although it is not strictly valid to 

apply to one channel the free-to-bound-nucleon cross section ratios 

found in another, the errors on the ratios are probab·ly large enough to 

encompass channel-to-channel variations, and they are propagated. 

Figure 8 and Table III show the values of (]O(KN'lI") we obtain. Also 

shown are total cross sections frotn Carter
27 

and isospin-1 partial cross 

sections from a compilation tnade by Bland et ale 6, 7 The stnooth curve 

labelled (] (KN'lI") was subtracted frotn (] (total) to get the elastic scat-
o . 0 

tering cross section (] (KN). We were unable to extract reliable values 
o 

of a (KN'lI"'lI"), but even.at 1365 MeV/c it is too stnall to do tnore than o . 
slightly reduce a 0 (KN). In the region of the peak and below. the values 

of (] (total) that appear in the literature are in only qualitative agree-
o 

9, 10, 11, 27 B 1 1 G "r/ 1 .. I 1 t tnent. e ow ev c even t:le statlstlca errors a one atnoun 

to 1 or 2 mb, and therefore the elastic cross section we calculate is cor-

respondingly uncertain. Recently several new unfoldings of the isospin-O "1-

total cross sections have been performed incorporating the new low energy 

t t 1 . d' f h A . 11, 28 c· 128a d o a cross section ata 0 t e rlzona group. 00 an ,,' 
28b 

Dowell report sitnilar results: Both obtain two p",ossible results for 

the isospin-O total cross section which differ by as tnuch a 4 or 5 tnb in 

the region from 0.7 to 1.0 GeV/c. The choice of two possibilities arises 

mostly from the disagreement between the data in this region and de

pends very little on the method of unfolding. 28c 
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At low momenta, the total and' elastic cross sections are equal (as 

the inelastic cross section is zero). and their qualitative behavior is 

given in terms of the S-wave zero-effective-range scattering length, A, 

by 
2 (] = 411" A . 

The isospin-O and isospin-i scatteri.ng lengths are respedively. 

AO = 0.04±0.04 F (Ref. 29) 

and 

Ai :: - 0.30±0.01 F (Ref. 30) 

which, in turn, give the following eros s sections 

= 0.2+0 . 6 mb 
. -0.2 

and 

,CT
i 

= ii.3±0.8 mb • 

(17) 

. This ,shows that'CTO(total), in contract to CT
1 

(total), does in fact fall off 

rapidly at low momenta as indicated in Fig. 8. This rapid fall-off in 

CTO(total) at low energies is confirmed ~y the recent analy~~s of the new 

low energy total cross section data of the Arizona group. 

The 'rapid increase of CT
O 

(KN11") comes at the threshold for the quasi-
* . two-bodyreaction KN ..... K N. It appears to come at a slightly higher mo-

mentum than does the increase of CT
t 

(KN11"). This is reasonable, be

cause the reaction KN ..... K.6., for which the threshold is slightly lower 

and which is known to be a major part of O"t (KN11") in this region, is for

bidden to the isospin-O channel. It is surprising then how similar in 

magnitude O"O(KN11") and CT i (KN11") quickly become. The rapid increase of 

CTO(KN11") is accompanied by a turnover of 0"0 (KN) Note that 0"0 (KN) falls 

off more rapidly than CT 1(KN) but no faster than does the kinematic factor 

411"~2 where ~ is the reduced wavelength in the KN center-of-mass sys

tern. 

As in the case of the isospin-i K+N system, it appears that the peak 

around 1200 MeV / c in the total cros s sedion for the isospin-O K+N sys

tern is well reconstruded by the sum of three smoothly varying, non-
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peaked channel cross sections O'O(KN), 0'0 (KNlT), and O'O{KNlTlT). On the 

other hand, the behaviot of O'O{KN) at tow ene~gies is intriguing. It 

rises rather rapidly from 0 up to about 20 rob around 800 MeV / c at which 

point it turns ..... over a.nd falls 'roughly as 4lTk
2

. Abrams et al. 31 and afso 

J. Dowell
28b 

have suggested that this peak in (j O(KN) might be due to the 
>!::: 

existence of a Zo with M(KN) .::::: 1. 7 80 MeV and r::::: 565 MeV. The existence 

* or nonexistence of this Z will have to wait until a reliable phase shift 

analysis is performed in the isospin-O K+N system in this region. In 

order to eliminate ambiguities, this analysis will require polarization 

measurements in the K+ d - KOpp . and K+ d -- K+ pn reactions. 

Do 
. '.' + .. 

A Formal Discussion.of K N Cross Sections 
As Deduced fromK+d Cross Sections 

In the preceding section we determined O'O(KNlT) by using values of 

O'(K+n - KOT/ri) and O'(K+n - K\r-p)ob1:ained by scaling the cross sec

tions for K+ n(p) -- KOlT + :n(p) and K+ d -- K+ IT - pp, n~easured in deuterium, 

by the ratio of the cro,sssections for K+p -- KOlT + P as measured in hy

drogen and deuterium 

(18 ) 

In this section we shall compare this crude II empirical" method of cor

recting for effects of a deuteron target with a more formal analysis of 

the problems associated with the determination of K+ -nucleon cross sec

tions from measured K+ d cross sections. Those readers uninterested in 

the machinations associated with experiments in deuterium may wish to 

skip th~s section. 

As mentioned above. the spirit behind the extraction of free nucleon 

cross sections from interactions off complex nuclei is embodied in the 

impulse approximation. 24 In this approximation the amplitude for scat

tering off a complex nucleus is represented as a supe.rposition of ampli

tudies for scattering off free nucleons which have the same momentum 

distribution as the actual bound nucleons. It is based on the following 

assumptions: 

a. ) The range of the force between the incident particle and the nucleons 
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is shorter than the average distance between the two nucleons. 

b. The nucleus is rather ," transparent" to the incident wave so that 

the amplitude falling on each nucleon is approximately the same as if 

the nucleon were alone. 

c. Multiple scattering processes have a small probability. 

d. Th~ force s that bind the nucleons only have the effect of giving to 

each nucleon a certain distribution of momentum.. 

The very small 'binding energy of the deuteron provide s one with a unique 

seto! circum.stances such that the conditions of the im.pulse approxima

tion are fairly well satisfied. 

In practice, one usually applies the impulse approximation to meson 

scattering experiments in deuterium in roughly the following manner. 

For a given reaction in deuterium in which there are two nucleons in the 

final state one first looks at the momenta of the two nucleons and calls 

the slower nucleon the" spectator" and the faster nucleon the If struck" 

or "target" nucleon. Having made this separation one then looks at the 

momentum and angular distributions of the spectator nucleon in the re st 

frame of the deuteron and compares these with the predictions obtained 

from the deuteron wave function. This gives one a measure of the ex

tent to which the' conditions of the impulse approximation are satisfied. 

Finally, one corrects this sample of events for the following effects: 

a) Smearing effects to the total energy by the Fermi motion of the nu

cleons. 

b) Glauber shielding effects and double scattering. 

c) Effects of the Pauli principle. 

We shall follow this approach in this section. 

1. Spectator Nucleon Distributions 

The deuteron is a loosely bound composite of a proton and a neutron 

with a binding energy of 2.226 MeV. The ground state is mainly an S state, 

with a small amount of D state whose presence can be ignored for our pur-
3 

poses. Among the several wave functions used to describe the S1 ground 

state we shall use that proposed by Hulthen
32 

-ar -(3r / 
\]! D (r) = N (e - e' ), r (19 ) 
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where r is the inter-nucleon distance and 

a = 45.7 MeV/c 

j3 = 7a • 

The normalization constant is 

2 1/2 
N = (aj3(a + M/4rr(l3-a) ] . (20) 

The Fourier transform of \]!D(r) gives the distribution @D(P) of the mo

mentum of the two nucleons in the deuteron 

"'n(p) = N J1 (,2 : p2 - ~2 +1 p2 ) 
(21 ) 

. 2 2 
such that 4iTp @D(P) dpis the probability that the momentum of the nu-

cleons will be between p and p + dp. By imposing the impulse approxi

mation one can measure this probability distribution experimentally. 

For K+ d interactions, the K+ is assumed to interact with only one of the 

nucleons (the target nucleon) in the deuteron, the other nucleon going off 

after the collision with the same momentum it had before the collision. 

Figures 9 to 12 show the spectator distributions for the reactions di

rectly measured in this experiment. 

Consider first the spectator momentum distributions. The curves 

shown are the predictions of the Hulthen distribution normalized to the 

number of events with spectator momentum less than 300 MeV/c. For 

the reactions 

K+d _ KOpp 

+ + -K d - K rr pp 

K+d - KOrr+p(n) 

one can either directly measure or kinematically fit for the spectator 

momentum and angles. In this case the data agree well with the HulthEm 

predictions in the region with spectator momentum less than 300 MeV/c. 

On the other hand, for 

K + d _ KOrropp 

K + d -+ KOiT + n (p ) 

.~. 

.. ~. 
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the reaction is kinematically underconstrained when the spectator~ pro

ton is unseen. We circumvent this problem, as described above, by 

setting the components of the momentum of the unseen spectator equal t~ 

zero with errors commensurate with the Hulth-en distribution 

(~P = 30, ~p = 30,.6.P = 40 MeV I c). This has the unfortunate effect x y. z 
of distorting the spectator momentum distribution toward zero momentum 

and also distorts the spectator angular distribution in an unnatural way. 

However, within the limited statistics in these two channels, we ob-

serve no noticeable distortion of any distributions not involving the spec

tator proton. 

For all reactions there appears to be a deviation from the predictions 

of the Hulth-en wave function which is exhibited as an excess of events 

with high spectator momentum. The HulthEm distribution predicts that 

1% of the events should have their spectator momentum greater than 

300 MeV Ie whereas experimentally we observe 5 to 15% (see Table IV). 

One can conjecture that this excess of high momentum spectators could 

be due to one or more of the following causes: 

a) a breakdown of the impulse approximation, i. e., high momentum 

spectators arising from collisions on the entire dueteron, 

b) rescattering of one or more of the final state particles on the spec

tator nucleon, 

c) inadequacy of the Hulth'€Jll wave function. 

All experiments in a deuterium bubble chamber find such an excess 

of high momentum spectators, but experimentors vary in their treatment 

of these events. In some experiments all events are used in cross sec

tions and differential cross sections, whereas other experiments use 

only events with spectator momenta less than 250 or 300 MeV I c. Since 

it is not clear to us how much of the exce s s of high momentum spect

tators is due to a breakdown of the impulse approximation or rescattering 

an<;l how much is simply due to an inadequacy of the Hulthen wave func

tion, we have chosen to do the following: ,We use all events in each chan

nel to determine total cros s sections and list in Table IV the percentage 

in that channel of events with spectator momentum greater than 150 and 

300 MeV I c. Like"~rise all events are used in differential c ros s sections 
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for the charge exchange reaction K+ d -- K 0pp. For single-pion produc

tion channels we have taken a cut of spectator momenta less than 150 

MeV I c for differential distributions and have scaled these up to the total .,., 

channel cros s section when neces sary to quote absolute differential cross 

sections. The cut at 150 MeV Ic is necessitated by the separation (de- ... 

scribed in the previous section) for the channel K+ d -- K01T + np, and for 

consistency we have used the same cut for the other single -pion produc-

tion channels. Figure 13 shows a scatter plot of the proton mom~ntum 
. . + + 

a s a function of the neutron momentum for the channel K d -- K01T pn 

at 1210 MeV I c, illustrating the separation of proton spectators from 

neutron spectators. 

Consider next the spectator angular distributions. The internal 

(Fermi) motion of the two nucleons bound in the deuteron gives rise to 

two interesting effects. The first is on the experimentally measured 

angle between the incident kaon and the recoiling spectator, which we 

discuss here. The second effect is a smearing of the center-of-mass 

energy and will be discus sed in the following section. 

Prior to the interaction. the neutron and proton bound in the deuter

on move at random in opposite directions with spatial and momentum 

distributions given by the Hu1th~m wave function. Due to the random 

nature of this motion. one may be led to assume that the measured angle. 

e ,between the incident beam and the recoiling spectator nucleon should sp 
have an isotropic distribution. This is misleading since one must take 

into account the fact that when the target particle is moving toward the 

beam. there is a greater particle flux and hence a higher reaction rate 

than when the target is receding from the beam, i. e .• a Doppler effect 

of sorts. Since conservation of momentum requires the target nucleon 

and spectator nucleon in the deuteron to move in opposite directions, 

one should expect that there will be more events for which cos e is 
sp 

greater than zero than for cos e less than zero. Taking into account 

this Doppler effect the predictedS~pectator distribution'is of the form 33 

W(cos e ):::::: 1 + I-
sp ""'K 

cos e 
sp 

(22a) 

"., 

. .,' 
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(P) 

" 1 + (:K)PK 
cos () , 

sp 
(22b) 

where M is the nucleon mass ,13 (13K )' is the spectator (beam) velocity 

and. . (P)" is the mean spectator momentum. To this one should add a 

correction for the binding en~rgy of the deuteron, so that
33 

(23 ) 

where' P T is the target nucleon momentum and, B is the deuteron binding 

energy. 

Since the number of events observed is proportional to the particle 

flux times the cros s section, 'the above prediction for the dis~ribution of 

cos ()sp sh()uld be vaiid only if the cross section is assumed to be con

stant over the range of center-of-mas s energies produced in the colli

sions. In the energy region covered by this experiment, the charge ex

change cross section O'(K+d- KOpp) appears to be falling while the single-
+ " 

pion production cross sections O'(K d -- KlTNN) appear to be rising rapidly. 

These cross section variations should manifest themselves as a slight 

excess of backward spectators for the charge exchange reaction and an 

excess in the forward direction for spectators associated with the single

pion production reactions. 

Experimentally, our spectator angular distributions, in general, 

agree qualitatively with what one might expect from a combination of 

these two effects-i. e., the Doppler effect and the rapid cross -section 

variation. The exception is in the channel K+ n(p) -- KOlT + n(p), where 

the spectator distributions are distorted due to the manner in which nor

mally underconstrained events were. fitted by the kinematic fitting process 

and to which we alluded earlier. Surprisingly, this distortion is not as 

marked in the channel K+ d - K °lTop(p) which was similarly treated. The 

only difference between these two reactions is that when one fits for an 

unseen spectator proton one is also fitting for a neutron in the first case 
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and a neutral pion in the secondo How this reflects in the spectator 

distribution is not clear. One additional process that should distort the 

expected spectator angular distributions in all channels is double scat

tering. 

2. Smearing of the Total Energy by the Ferrni Motion of the Nucleons 

Another effect arising from the motion of the nucleons bound in the 

deuteron is a smearing of the total counter-of-mass energy distribution. 

For a collision of a beam off stationary target nucleons, there is a unique 

center-of-mass energy corresponding to the incident beam momentum. 

On the other hand. if one of the nucleons in the deuteron is the target, 

there results a distribution of center-of-mass energies. f(E), due to the 

fact that the target nucleon has a range of momenta and is moving in a 

random direction with respect to the beam. Therefore. the cross sec

tion for a given channel measured in deuterium represents an average 

over this distribution'in center-of-mass energy 

I a(E, KN - X NT) f(E)dE 

J f(E)dE 
a corr' 

where X represents one of the following K, Kn, Knn, and where 

(24) 

NT(N
S

) is the target (spectator) nucleon and (J is the Glauber shielding corr 
and Pauli principle corrections discussed in the following sections. 

Ideally one then determines O"(E, KN -XN
T

) by unfolding this expression. 

Unfortunately, the exposures in this experiment were separated by 105 

to 250 MeV/c. This fact together with the limited statistics in most chan-

nels, does not make the above procedure practicable. Therefore, we 

choose to treat the exposure at each momentum as a separate experiment 

and quote a cross section for the central value of the energy corresponding 

to the incident momentum.' These cross sections, averaged over the 

Hulthen distribution, 

+ a(KN - X N T )= a(K d - X NT(NS) ) + a , corr 
(25 ) 

can then be corrected for the effects considered below. 
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3. Glauber Shielding Effects and Double Scattering 

In general, the total cross section for'scattering off deuterons is 

lc::ss than the SUm of the cross sections for scattering off each of the 

two nucleons in the deuteron separately. If the two nucleons are viewed 

as black discs, then part of the time one disc will obscure the other, 

thus reducing the effective cross section. Glauber, 12 using an eikonal ' 

method, showed that the total cross sectioIi for scattering off deuterons 

could be approximated as the sum of cross sections off protons and neu

trons minus a shadow (shielding, screening) term, so that in our case 

1 [ ]-2 
O"Kt-d = O"K+p + O'K+n - 4TT O"K+p O"K+n (r ), (26 ) 

where the parameter (r- 2 ) represents the mean inverse squared neu

tron-proton separation in the deuteron ground state. Wilkin 13 has sub-
, , 

sequently shown that this form violates charge independence and has 
C) , 

derived an alternative formula which in our case takes the form 
, . 

(27) 

where 

(28) 

and 

". = Re f.(O)/1 f.(O) I, 1 'm1 
i = n, p (29 ) 

are the ratios of the real and imaginary parts of the scatte ring amplitude s. 

There is some uncertainty in the value to be taken for (r -2) ranging 

from a value of 0.020 mb -1 (Ref. 34) to the value 0.034 mb- 1 (Ref. 10) 

obtained from the Hulth'en wave function~ To get anestimate of the 

h · ld· -2-1 s Ie 1ng correction we have used a value (r ) ~ 0.03 mb with an un-

certainty of ±0.01 mb-
1

• To get O"K+ and O"K+ at our energies we have 
. p n 9 10 

drawn a smooth curve through the points of Cool et al. and Bugg et al. 

and have assigned errors commensurate with the errors on neighboring 

points. We get "p and "n from the dispersion relation values for "a 
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27 1 
and 'Vi of Carter and use the relations 'V

p 
= 'Vi and 'V n =2 ('Vi +'V O). 

Estimates of the Glauber-Wilkin screening correction so calculated are 

shown in Table V and are found to be typically of the order. of 2% of the 

total K+ d cros s section • 

. It is not clear how this correction to the total cros s section should -

be distributed among the various channel cross sections. We have 

assumed that each final state is depleted by the san'le fraction. In all 

channels, this correction of ~ 2% is m.uch sn'laller than the statistical 

error in the channel. When applied in this manner, the Glauber- Wilkin 

shielding correction does not seem to account for all of the difference we 

observe between the cross sections cr(K+ p -» K01T + p) measured in hydro

gen and O'[K+p(n} -+ K01T+p(n}] measured in deuterium. The observed 

spread in the total center-of-mass energy for the reaction K+ p(n) - K01T + p(n) 

is about 60 MeV full width at half maximum. A shift in total energy of 

30 MeV will cause the observed ratio, Rc' of Eq. 18 to change by about 

one standard deviation. 

Since the shielding correction is intimately connected to double scat

tering in the final state, and since this double scattering is clearly chan

nel dependent, a proper treatment of such corrections should involve a 

detailed study of double scattering contributions in each final state. 14 

In view of the limited data, such an approach has not been attempted 

here. 

4. Effects of the Pauli Principle 

For charge exchange reactions, K+ d --- XOp(p) (where XO = K O 
, 

K+1T-. K01TO). with two protons in the final state, one must also consider 

the effects of the Paul ~xclusion principle. For such reactions. the in

teraction of the incident kaon nlUst necessarily be off the neutron. Con-

sider charge exchange collisions in the very forward direction (t .:::.: 0) '" 

and suppose. hypothetically, that the spin of the· struck neutron is not 

flipped. After the collision the two protons are close together in an S- .. 

wave spin- 1 configuration (ignoring the small D-viI:ave component of the 

deuteron). This corifiguration of two identical fermions is, however, 

symmetric and -is therefore forbidden by the Pauli exclusion principle. 

Thus in the limit of zero momentum transfer, charge exchange collisions 
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cannot occur without nucleon spin-flip. However. such spin-flip con

tributions should go to zero in the forward direction. Therefore. for 

charge exchange scattering off deuterons. the differential cros s section 

should go to zero in the forward direction • 

. By invoking the impulse and closure approximations
24 

one can ex

press the observed K+ d .... XOp(p) distribution. (dO' /dt)d' in terms of 

the free neutron K+ n -+ XO P cross section (dO' /dt) as 35 
. n 

d non-spin-flip du spin-flip 1 
(dO'/dt)d = (d~) , [1-H(t)] + (dt) [1- 3" H(t)] 

n n 

where 

and 

1- H + R (1 - H/3 ) 
1+R 

dO' spin-flip 
(dt ) 

n R = ------:--_::=_ 
dO' non-spin-flip 

(dt) 
n 

H(t) J 1 "n(r) 12 e -iq. 
-+ 
r -+ 

dr 

. (30) 

(31 ) 

(32 ), 

is the deute ron form factor and q is the three momentum transfer in 

the laboratory system. Note that for t = 0 one has H = 1 and R = O. thus 

causing (dO'/dt)d to vanish in the forward direction whether or not the 

two-body cross section vanishes. As -t increases. H(t) approaches zero. 

,falling to about 0.1 at -t = 0.13 (GeV/c)2. causing (dO'/dt)d to approach 

(dO'/dt) . 
n 

Thus only the most forward Dins of the charge exchange differential 

cross sections are noticably affected by the Pauli principle. Following 

Danburg.
36 

one can define supp~ession factors 

fnon-spin-flip = 1 _ H(t) (33a) 

lpin-flip = 1 -
1 
3" H(t). (33b) 
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These suppression factors can be treated as detection efficiencies, the 

events in a given differential interval being divided by an appropriate 

combination of factors to get the number of events that would be found 

in that interval if the collision had been off of free neutrons. However, 

to make such a correction one must know the relative amounts of the 

spin-flip arid non-spin-flip cross sections, i. e., the ratio R in Eq. 31. 

One can hope to get an indication of the relative im.portance 6£ the spin

flip and non-spin-flip contributions by invoking m.odels that describe the 

shapes of the differential cross sections. 

The Pauli principle correction estimates for the charge exchange 

reactions in this experiment are shown in Table VIn The ratio of spin

flip to non-spin-flip for the reaction K+ d ..... K 0p{p) has been estim.ated 

using a Regge model and the resulting Pauli principle corrections are of 

the order of 3% in the total channel cross section. We have assumed 

pion exchange dominance. i. e., spin-flip. for the single-pion production 

reactions K+ d ..... K\· - p(p) and K+ d -0> K °TTOp(p). Since we are not far above 

the threshold for single -pion production. the kinematics of the single

pion production reaction do not allow the momentum transfer to the pro

ton to get too small, so the Pauli principle corrections for such reactions 

will be small at our energies. As an exam.ple, the minimum value to 

-t for the reaction K+ d ..... K*Op(~) at 1210 and 1365 MeV / c is 0.11 and 

0.07 (GeV / c)2 re spectively. We find the Pauli principle correction for 

the single-pion production charge exchange reactions to be typically of 

the order of 30/0 in the channel cros s section. 

The channel cross section for the reactions KN -> XN, correcting 

f()r the Glauber- Wilkin shielding and the Pauli principle, are calculated 

by using the relation 

+ O'(KN .... XN) = [1 + C
GW 

+ cppl O'(K d ..... XNN), (34) 

. where C GW is the Glauber- Wilkin correction factor and Cpp is the 

Pauli principle correction factor. The results are shown in Table VI 

together with single-pion production cross; sections obtained by sim.ply 

scaling by the ratio R of Eq. (18), i. e. , c . 

0' (KN - KTTN) = R O'(Kd ..... KTTN(N) ). 
c 

(35 ) 

"," 
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The two sets of cross sections are consistent w;ith each other within 

their errors with the possible exception of the values at 970 MeV/c. 

When we have occasion to add or compare K+ ~ - KTTN cros s sections 

with K+ p - KTTN cros s secti,ons we choose to use the scaled set of cros s 

sections. thus in effect normalizing to the reaction K+ p - KOTT + p. mea

sured in hydrogen. and ignoring the Pauli principle correction. Recall 

this approach was used in the calcuI'ahon of O'O(KNTT) in the previous sec

tion. We feel that the errors in our data are sufficiently large and the 

deuteron corrections are sufficiently small so as to justify the use of 

this crude method of correcting for deuteron effects in the single -pion 

production reactions. 
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IV. THE CHARGE EXCHANGE REACTION: K+ d --... K 0pp 

In ~his section we consider the K+ charge exchange reaction 
+ . 

K d -. KOpp. We first look at the energy dependence of the total chan-

nel cross section and then we study the behavior of the differential 

cross section in some detail. We ignore double scattering effects and 

confine our attention to the gross features of the data. 

A. Total Cross Sections. 

In Table VII we list the total cross section measurements for the 

reaction K+ d -. K 0p(p). 25, 26, 37, 38, 39 We have included the recent 

.. 

results of Firestone et al. at 12.0 GeV/c. 39 Figure 14 showsthe cross 

sections plotted as a function of the laboratory momentum of the incident 

kaon, P
K

, for momenta up to 3.0 GeV / c. The cross section rises rapidly 

from threshold to a value of - 7 mb at - 600 MeV / c, remains constant 

until - 900 MeV / c, at which point it turns over and falls smoothly to 

0.75 mb at-3.0 GeV/c and 0.031 mb at 12.0 GeV/c. 

Figure 15 shows a plot of log 0'[ K+ d-+- K 0p(p)] as a function of 

log P K • Note that on such a log -log plot the eros s section falls linearly 

in the region from 1.0 to 12.0 GeV / c. A fit of the eros s sections from 

1.21 to 12.0 GeV/c to the form suggested by Morrison:
40 

gives 

-n 
0' = A P K 

A = 7.3 ± 0.2 mb 

n = 2.10±0.05. 

A similar behavior has been observed by Mathews 41 for the reaction 

(36) 

K+ p - K ° Do ++ and for which he finds A = 6.19 mb and n = L 88. Fire stone 

et al., 39 fitting to more data of this latter reaction, find A = 7.0±0.2 mb 

and n = 2.00±0.05. Figure 16 shows the cross sections for these two 
.. 42 

reactions plotted together. Note that above 1. 5 GeV / c the two sets 

of cross sections appear identical. Above about 2.0 GeV / c the scat

tering mechanisms for these two reactions are quite similar in that 

they appear to be dominated by p and A
Z 

exchanges in the t-channel. We 

shall attempt to use a similar t-channel exchange model to describe the 
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scattering at lower energies for the reaction K+ d _ K 0p(p). 

B. Differential Cross Sections 

Values of the differential cross section as a function of the momentum 

tran~fer fro~ the inciden~ K+ to the outgoing KO are listed in Table VIII. 

These values are plotted in Fig. 17. The dashed curves represent pre

dictionsfr6m the Regge model of Rarita and Schwarzschild43 and the 

solid curves are predictions from a modification of this model to fit the 

data of this experiment. 

As pointed out in the previous section, one can express the observed 

K+ d - KOp(p) distribution, (dO/dt)d" in terms of the free neutron 

K+ n - KOp charge exchange cross section, (dO/dt) • as 

where 

(dO/dtl
d 

= (dO/dtl
n 

{1 - H \! ~1 ~ 1[3 Hl} 

R(t) = 

da spin-flip 
(dt ) 

n 
da non-spin-flip 
(dt) 

n 

(37) 

(38) 

and Hi,s the Hu1th~m deuteron form factor. Rarita and Schwarzschild
43 

have successfully fitted the differential cross section for K+ d --. KOp(p) 

at 2.3 GeV /c, using a Regge model for (da/dt)n utilizing the well-estab

lished p and A2 = R trajectories and a less -well-estab~ished pI trajec

tory.44 Their model also fits the charge exchange data at 3.0
38 

and 

12.0 GeV /c. 39 This model does not invoke exchange degeneracy of the 

p and A2 trajectories. 

The form of the differential cross section used by Rarita and 

Schwarzschild is 

(da) = 1. (_1_ )2 { (1 t 
dt n -TT 4 P K . - 4M2 

(39) 

where M is- the nucleon mass and P
K 

is the laboratory momentum of 

the incident kaon. They have parametrized the Regge helicity-non-flip 

(A) and helicity-flip (B) amplitudes as 
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+ o· + - + - -A(K n - K p) = A - A = AR - A p ~ Api 

-i m:t'. 

B 
p 

A ~ (e 1 ± 1) 
1 = - Ci(t) (Ql i + 1) sinTl'QI. 

1 

- i'rrQl. 
± (e 1±1) 

B. == - D. (t) QI. (QI. + 1) -'-.~--' 
1 1 1 l' SIn T1'QI. ' 

1 

i=p.p",R. 

B"" pi 

where E is the laboratory energy of the incident kaon. The residue 

functions and trajectories are parametrized as follows: 

and 

C (t) = CO (1 + C 1 t) 
p p p 

C I (t) 
P 

o 1 
= C I exp (C I t) 

P P 

QI. = QI? + QI'.t. 
III 

o 1 
D (t) = D exp (D t) 

p p p 

o 1 
D I (t) = D I ex!> (D It) 

p p p 

o ,1 
DR (t) = Ql R DR exp(D R t) 

(40a) 

(40b) 

(41a) 

(41b) 

(42 ) 

Values of the parameters fitted by Rarita and Schwarz schild are shown 

in Table DC 

Using their formalism. in the form described above. and their pa

rameters without modification, we have obtained predictions for the 

charge exchange reaction at our momenta (dashed curves in Fig. 1 7), '~. 

The model is as sumed to be valid only in the pheripheral region, 

-t -< 1.0 (GeV / c)2. Clearly the model reproduces the shape of the dif

ferential cross section reasonably well but is too large in magnitude by 

about a factor of two. Part of the failing is due to our use of the asyITlp

totic forms of the Rarita-Schwarzschild Regge amplitudes instead of the 

formulation of their amplitudes expressed in terms of explicit Legendre 

functions which they point out is more valid at low energies. 
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. .' 

We have made two modifications to the asymptotic Regge model 

described above which seem to have negligible effect at high energies 

but improve the agreement with the low energy data. The first is a 

simple change in the formalism that increases the validity of the model 

at low energies, short of going to the explicit Legendre formulation. In 

the high energy approximation the laboratory beam energy, E, appears 

i~ the Regge amplit~des in the form A'::::: (E/EO)a and B::::: (E/Eo)a-1. 

In our modification we replace E by the more accurate form 

E + t/4M, i. e. , 

(43 ) 

The correction term (t/4M) is clearly negligible in either the high energy 

or low momentwn transfer limit. However, the shape of the differential 

cross section below 2.3 GeV/c is appreciably affected. Our second modi

fication is to vary the pi spin-flip residue function, D I = DO I exp (D
1

1 t) 
o '. P PiP 

as follows: D I changed in magnitude from 264 to 135 mb and D I de-
P -2 P 

creased from 2.95 to 2.30 (GeV / c) . These changes (solid curves in 

Fig. 17) decrease the quality of the fit at 2.3 GeV/c, i. e., the predictions 

are low by about 200/0, but give good agreement with the lower energy data 

down to 865 MeV/c. At 12.0 GeV / c, the predictions of our modified model 

are about 7% lower than those of the unmodified Rarita-Schwarzschild 

model. 

While we have not performed a complete Regge fit to our charge ex-
, 

change data, the calculations described here indicate that the Rarita-

Schwarzschild fit could easily be extended down to momenta spanning the 

structure in the isospin-O and isospin-1 total cross sections near 1. 2 

GeV / c. It is interesting to note that the Regge model appears to fit low 

ehergies both the charge exchange and K+ p elastic scattering data 
5 

rather 

well at low ene rgie s. 

In Table X and Fig. 18 we show the differential cross sections for 

K+ d ... K 0p(p) as a funct~on of the K+ - KO scattering angle in the K-nucleon 

center-oi-mass system. Using the values of R determined from the 
- . 

Regge model calculations described above. we have obtained the differential 



cross section for scattering off a free neutron using the relation 

(dO/drl) = (d /drl) 1{1-H + R(1 -1!3H)} 
n' 0' d 1+ R 

(44) 

and which are shown in Fig. 17 represented by a black dot. The correc

tion is negligible except in the very forward direction. The solid curves 

represent Legendre polynomial fits to the corrected (dO/dQ) distributions 
n 

with errors scaled according to the above equation. For the 1365-MeV!c 

data, the anomoous point at cos () = 0.65 was not included in the fit. A 

fourth-order fit was nece ssary and sufficient at 865, 970, a.nd 1210 MeV! c, 

whereas a fifth-order fit was required 'at 1365 MeV! c. The Legendre 

polynomial coefficients, defined by 

with 
q c. m. 

(dO' f 
dQ 

n 

n 
max 
~ A P (cos ()) 
L n n 

n=O 

, are shown in Table XI and Fig. 19. 

(45 ) 

The coefficients 

appear to vary smoothly over the momentum range of this experiment. 

More detailed statements about the charge exchange reaction can be 

made only after a complete phase shift analysis has been performed on 

the data: This has not been attempted here. 

Finally we compa.re the forward scattering cros s section with that 

derived from the optical theorm. If the isospin amplitudes for K+ p 

elastic scattering, K+ n elastic scattering, and K+ n charge exchange scat

tering (c. e. ) are given by 

then 

+ + A(K P -. K p) = Ai 

A(K+n -<> K+n) = 1!2(A
1 

+ AO) 

A(K+ n -. K 0p) = 1!2(A
1 

- AO) 

From the optical theorm we then obtain 

( k[' + +] 
1m ACe e. ) ()=O = 411' O'tot(K p) - O'tot (K n) , 

(46a) 

(46b) 

(46c) 

(47) 

(48) 

-



which yields the inequality 

( dO' ) 1 dn 
.. n 8=0 

- 33-

> .{~ - 41T 

where the equality holds if the K+ n charge exchange amplitude were 

purely i~aginary. Values of the left-hand side'of this equation have 

been obtained from the Legendre polynomial fit to our data and are 

(49 ) 

shown in Table XII together with values of the right-hand side determined 

from published total cross-section measurements. 9,10 The difference 

between the values calculated for the two sides of this equation shows that 

the K+ n charge exchange amplitude must be predominantly real. This 
. 26 38 

effect has been previously observed at 2.3 and 3.0 GeV / c and more re-

cently at 12.0 GeV /c39 and agrees with the dispersion relation calcula-
27 tions of Carter. Based on a Regge model of KN scattering with only 

p and A2 trajectories exchanged, Phillips and Rarita 45 have predicted 

that K+ n charge exchange should have a predominantly real amplitude and 

K-p charge exchange should have a predominantly imaginary amplitude. 
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v. SINGLE PION PRODUCTION REACTIONS: K+ d -+ KrrN(N) 

In: this section we shall study the single -pion production reactions 

measured in this experiment: 

K+ d = K+ pen) -...' K°'TT + pen) 

+ + K n(p) -.. k01T n(p) 

K+ n(p) -+ K+ 'TT - pep) 

+ . 
K n{p} _ K°'TT°p(p) , 

(50a) 

(50b) 

(50c) 

(50d) 

where we designate the (slower) spectator nudeon by enclosing it within 

parentheses. In Section III we presented partial cross sections for 

K+ d -+ K'TTNN and isospin-O KN -.. K'TTN reactions at our K+ momenta of 

865, 970, 1210, and 1365 MeV/c. The emphasis of our analysis in this 

section will be on the isospin-O KN -0- KrrN channel. Our results show 
* . . 

that above the K N threshold at 1080 MeV /c most of the isospin-O KrrN 
:::< 

production proceeds via the K N channel and that the main production 

mechanism is t-channel pion exchange. There is no apparent support 

for an s-channel resonance interpretation of the total cross section 

peak. 

In this analysis we assign K+ d -0- K1TNN events to KN -;. KrrN channels 

by discarding events for which the laboratory mOlnentum of both nucleons 

is greater than 150 MeV/c. and for the remainder we assume that the 

slower nucleon is a spectator. Since it is almost never true that both 

nucleons are produced with m.omenta below 150 MeV / c, this separation 

should be reliable. 

To get an empirical measure of the e£fe.cts of a spectator nucleon we 

compare measurements of a K+ p reaction made with and without a spec

tator neutron. In Fig. 20 we compare the shapes of various distributions 

for the reaction K+p -+ K°'TT+p at 1210 MeV/c. measured by Bland et al., 6, 8 

with what we obtain for that reaction from K+ p(n) -+- K°'TT + p(n) events. 

Areas under curves being compared are equal. Figures 20(a) and 20(b) 

° + + compare the K'TT and p'TT invariant mass spectra. Figures 20(c, d, e) 

compare production and decay angular distributions for events around 

* * the K peak, from 840 to 940 MeV, treating them as KN -+ K N with no 

I..J. 



* attempt to subtract out t::. events. Cos e is the K production-angle 

cosine i(+. i(* in the K*N center-of'-mass, cos a is the polar-decay-
. • A. A. * 

angle cosine K+' KO in the K center-of-m.a.ss, and <I> is the Treiman-

Yang azimuthal decay angle. Nowhere is there any evidence of distoration 

of the K+ p(~) .::. K°T!' + p(n) events. The overall confidence level that the two 

sets of measurements are compatible is 85%. Similar results are observed 

when data at 1365 MeV / c are compared. Because the agreement is good, 

we assume that the shapes of distributions for other KN -- KT!'N reactions 

are likewise not significantly distorted by the presence of a spectator. 

* At 1210 and 1365 MeV / c the K peak in the (isospin-1) reaction 

K+ p -. K orr + p is heavily contaminated with .6.(1.236) events because both 

the A-production cross section and the area of the Dalitz plot common 

* to K and A bands are large. As far as looking for distortions is con-
-" 

cerned, it does not matter whether the events are K"- events or not. How-

ever, the angular distributions shown in Fig. 20 are similar to those ob

tained when a more careful selection of K*' s is made, and they may be 

* used for the qualitative comparison with the K angular distributions in' 

the isospin-O channel given below. 

A. Resonance Production Cross Sections 

Having convinced ou.rselves that we can ineaningfullyassign 

K+ d~ ..... KT!'N(N) events to K+N -'>- KT!'N reactions, we have proceeded to de

termine the resonance production cross sections for the four channels 

(50a) to (50d). At our energies the pos sible final states are 

K+N ..... K*N 

-+ KA 

-+ KT!'N nonresonant. 

Note that the A can only be from an isospin-1 KN initial state. 

(51a) 

(51 b) 

(51c) 

The Dalitz plots for these four reactions at our four momenta are 

shown in Figs. 21 to 24. At the two lower momenta, 865 and 970 MeV / c, 

* we are below the K threshold and only .6. production is observed. On 

the other hand, at 1210 and 1365 MeV / c a considerable amount of K>:< is 

produced. * Since the area of the Dalitz plot common to the K and .6. 

bands is large care must be taken in determining the amou.nt of each reso

nance presr=nt in a given channel as it has been shown that interference 

,f' .. r '.,.' 



effects are important at these energies. 3,6 To draw quantitative con

clusions from the Dalitz plots we have considered four models for sin

gle -pion production: a non-interference model which is expected to be 

* valid only in the part of the Dalitz plot outside the K - t:,. overlap 
*. region; an empirical model including K - t:,. interference; a non-inter-

ference model and an empirical interference model in both of which the 

amount of t:,. is constrained from isospin considerations. The models 

adopted are due to Bland et al. 7 and will be briefly described below; 

for a more detailed discussion of the models see Reference 7. 

1. Non-interference Model 

In general, one can represent the Dalitz plot density for the produc

tion of a single re sonance as the product of a Breit- Wigner function, a 

function specifying the density distribution within the resonance band 

along a line of fixed resonance mass, and a production angu.lar momentum 
-" 

barrier factor. If the only final states considered areK'~N, Kt:,., and- non-

resonant KrrN, the Dalitz plot density is given by 
7 

d 2
(J' 

=a+bI .. ,.-+clfj. 
K'" 

whe rethe intensities, I, are 

I * K 

. 2 = BW ~~ (1. + A -J, cos A.Krr ) 
K K'" 

= BW t:,. (1 + At:,. 

(52) 

(53a) 

(53b) 

The first factor in each of the intensities is the appropriate Breit

Wigner form 

where 

BW = 

r=r o 

1 (54 ) 
2 2 2 2 ' 

(m - mO) + (r mO) 

(55 ) 



'-" 

here m.O and rOo are the nom.inal resonance m.ass and width taken as". 

1236 MeV and 116 MeV for the fl, and 891 MeV and 50 MeV for the K ~', 

m. is the appropriate diparticle m.ass, -PO and p are the two-body 

center-of-m.ass m.ornenta corresponding to - rnO and m.. 

Consider next the second factor. For the K'Tr(N'Tr) system. we define 

AK'Tr (ANrr ) as the decay angle, in the K'Tr(Nrr) center-of-m.ass, of the pion 

with respect to the outgoing nucleon (kaori). Along a line of constant 

M~rr (M~rr~' ,M~rr (M~rr) varies linearly with cos AKTT (cos, ANrr ) , _where 

cos A Krr = ± 1 (~,.os A
Nrr 

= ± 1) -corresponds to the edges of the Dalitz plot. 

Since both the K'" and the D. decay via P waves, their decay distributions 

'inA are of the form. , 2 
W(cos A) ::::: 1 + A cos A. (56 ) 

In this m.odel, the values of A for the two resonances have been left as 

free parameters to be varied in the ~it. 

Finally the last factor is a production angular m.om.entum. barrier 

* * . function where qK and qfl are the K and fl m.om.enta ln the overall 

center-of-m.ass. Following Bland et al. 7 we have assum.ed that the final 

* state K Nand KD. system.s are in a relative P wave. This as sum.ption 

m.ay not be valid for the K*Op final states since several partial waves 

m.aybe important in. this case. For the inverse radius of interaction for 

K* production, m. /.J2. we have taken m. = m. (m. = m. ) fo'r KY.<+ (K';'o) 
x x w X 11' 

production because w-exchange (rr-exchange) appears to be the dom.inant 
. *+ *0 - 46 47 

m.echanlsm. for K (K ) production.' In the case of the D., we have 

used m. /fi as suggested by the p-exchange hypothesis for fl produc
p 

tion. 

2. Em.pirical Interference Model 

Bland et al. 7 have included interference effects in an approxim.ate 

way, short of a detailed calculation based on a specific choice of am.pli

tudes, by adopting an em.pirical interference m.odel of the following form.: 

(57) 

J 
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Here I~* and IA are the same as in Eq. 53, <PK* and <PA are the phases 

of the K and A amplitudes due to the complex Breit- Wigner amplitude, 

and <PO is an additional constant relative phase, to be varied in the fit. 

The factor d, also varied in the fit, is introduced to allow for less-than-
>:< 

maximal coherence of the interference between the K Nand K.6. ampli-

tudes. 

3. Isospin Constrained Models 

As we have noted above. the K.6. final state can COlne only from an 

isospin-1 KN initial state: Recall that the K+p system is pure isospin-1 

whereas K+n is a mixture of isospin-O andisospin-1. Bland et al. have 

studied the reaction K+ p .... KA in great detail with very good statistics. 

Through isotopic spin consider"ations one can use their results to predict the 

amount of KA to be expected in the four single -pion production chan-

nels studied in this experiment. We have therefore considered a modi

fication of the non-interfer~nce model and the empirical interference 

model, descdbed above, in both of which we have constrained the amount 

of KA to the value expected from isospin considerations, thus reducing 

the number of constraints in each case by one. 

4. Results of the Fits 

We have fitted all of our single -pion production Dalitz plots for frac-
"-

tions of background, .6.-production~ and, where appropriate, K'" produc-

" / * tion. At 865 and 970 MeV c, where the K is absent, we have performed 

a least-chi-squared fit to the MN2 distributions using the following form 
'iT 

dO' [ -d-M~2::"'-- = a + c BW( A) 

N1T 

(58) 

where the symbols have the same meaning as in Eqs. 53 to 55. At 1210 

and 1365 MeV / c, where the K* is present. the data have been divided 

into rectangular bins in M~1T and M~1T and fitted by the least-chi

squared method. 

The results for the four different models used in the fitting are given 

in Table XIII. Clearly the non-interference models do not fit the data. 

In Table XIV we give the resonance production cross sections obtained by 
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multiplying the fraction of a giyen resonance in a given channel times 

the free nucleon cross section for that channel. The free nucleon cross 

section used is that obtained by scaling the K+ d -.. KlTN(N) cros s section 

by the ratio 

R 
c 

(58) 

as described above in Section III. We quote results for the empirical 

interference model both with and without the amount of ~ constrained. 

To account for uncertainties in the mode'ls we have used, we quote errors 

that are ",f2 times the statistical error at 854 and 970 MeV I c and twice 

the statistical error at 1210 and 1365 MeV Ic. As a check on the system

l~tiCS, note that the amount of ~ determined from the empirical inter

ference model is consistent with the amount of ~ expected from isospin ' 

considerations although admittedly the errors are large. Since the sta

tistics -in most of of our data' are quite poor and since we are primarily in-
>}: 

terested in the K production in our data, we shall use the cross section ' 

values obtained from the empirical interference model with the amount of 

~constrained by isospin for the K>!< study described below. The results 

of these fits are shown in Figs. 25 to 28'. 
, * - + 

The three K production reactions from K -nucleon interactions are 

+ *+ K P - K P (59a) 

+ *+ K n - K n (59b) 

+ ~c 0 K n-.. K ,p. (59c) 

. The first is a pure isospin-1 reaction and has beeri studied extensively by 

d · 6, 7 8 
Blan et al. ; , we shall use their results whenever possible. The 

other two reactions are a mixture of isospin-O and isospin-1 ,andhave 

been measured in this experiment. In the following section we shall, show 

* how one can isolate the isospin-.o K production and compare it with the 
. * isospin-1 K production. - Our aim is to get a consistent, though qualita-

tive, descriptiop. of the process KN - K*N near threshold. 
>:<. 

Table XV and Fig. 29 show the total K production cross sections 

for the three reactions of Eq. 59. The K+ n points at 2.3 GeV I c are from 

S. Goldhaber et al. , 46 and the points at 3.0 GeV I c are from 

Bassompiere et al. 47· The K+ p points are from the compilation of 
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Price et aL 42 Note the rapid rise of the K':' cross sections near thresh

old. Figure 30 shows these cross sections replotted on a log-log scale. 

We include the preliminary results of Firestone et al. at 12.0 GeV/c. 48 
* ' Note that for all three reactions the K cross sections rise rapidly from 

threshold until about 1.6 GeV/c, at which point they turn over and fall 

smoothly to 12.0 GeV / Co Following Morrison 40 we have fitted the data 

above 1. 5 Ge V / c to the form 

-n 
0'= A P (60) 

K 
. + ~ 

and find A = 7.4 ± O. 7 mb and n = 1. 74 ± 0.07 for K p -+ K P and 
+ *0 A = 15.1±1.0 mb and n = 2.34±O.07 for K n -+ K po Note that all three 

* K production reactions have the same energy dependence, falling roughly 

as P K
2 

at high energy, even though their production mechanisms appear 

to be quite different, as we shall show in the following sections. Finally 

note that O"(K+ n -+ K* 0p) ~ 1. 5 O>(K+ P -+ K':<+ p) and O'(K+ p ->- K>."+ p) 
+ *+ ~ 20"(K n ->- K n) from threshold to 300 GeV / cO 

B. Isospin-O Resonance Production Cross Sections 

1. Methods 

a) There is 'only one independent amplitude in isospin space for the iso

spin-O KN ..... KTI"N channel because there is only one way that either the ini

tial- or final-state particles can couple to isospin O. In this channel, the 

final-!)tate SUbsystems, KTI", NTI", and KN,bave isospins 1/2, 1/2, and 1: 

1). production is forbidden. The cross section is given by Eq. 16 of Sec

tion III: 
'[ + 0+ + +- + +0] O"O(KN-KTI"N)=3 O"(K n-+K TI" n)+O"(K n-+K TI" p)-O"(K p-+K 'IT p) . (61 ) 

The same relation applies to differential distributions such as angular 

distributions and invariant-mass spectra. Distributions for the reaction 

K+ p - K+ TI"0p have been measured by Bland et aL 6, 7, 8 We extract them 
+. + 0+ + +-for the K n reactIons from K d - K TI" n(p) and K d - K TI" p(p) events. 

We normalize our distributions as follows: 
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where. on the right. the ,,( ) I S are cros s sections measured. in hy-

drogen. and the N[ ]1 S are the numbers of events measured in deuterium 

subject to a 150-MeV Ic spectator cut and corrected, when appropriate. for 

unseen KO decays. By normalizing in this manner. we hope to take account 

of various corrections encountered when interactions are on a deuteron. 
* . . . 

The K N cross section can be obtained by making the appropriate fit to 

the KrrN Dalitz plot from Eq. (62) or to projections of the Dalitz plot. 
o * b} Alternatively. the K N cross section can also be determined from 

1 + *+ 0+] - '2 a(K p -+ K P -+ K rr p} • (63 ) 

in which each appropriate deuterium channel is individually separated in-
*.+ . + 

to K N and the KOrr p hydrogen channel rathe r than the K rrop state is 

used to subtract out the isospin-1 K*+ p part of the cross section. 

For the 865. 970. 1210, and 1365-MeV/c data both procedures (a) 

and (b) were used. whereas for comparison with data at higher momenta, 

the availability of only the KOrr + p final state in hydrogen permitted only' 

procedure (b). 

B. Results 
. ~. 

Figures 31 to 34 show the differential distributions. i. e., invariant 
* . mass spectra and K angular distributions, for the isospin-O KN -+ KrrN 

channel at 1210 and 1365 MeV / c together with the corresponding distri-
. + + + + -buhons for the three channels K n -+ KO rr n, K n -+ K rr p, and 

+ + . * K P -+ K rro p which are the components of (] 0 (KN -+ KrrN). The K 

events are taken as those events whose Krr invariant mass lie in a band 

* from 840 to 940 MeV; no attempt has been made to correct for non-K 

background events included in this band. The angles are defined just 

as for Fig. 20. 

Although the angular distributions shown in Figs. 32 and 34 for the 
+ * ° + - + *+ + + *+ reactions K n-K p-+ K rr p, K n-+ K n- KOrr n, andK p -+ K p' 

-+ K+ rro p are contaminated by non-K* events, they can be used to study 

* qualitatively the production mechanism for the three K production 
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+ * + -reactions. In the K n - K 0p -- K Tr P channel, the production angu-

lar distributions peak sharply in the forward direction, the polar de-

cay angular distributions have a large cos
2 

a component, and the azimuthal 

decay (Treiman- Yang) angular distributions are essentially flat~ In the 
.. + *+ 0+ Isospln-1 channel, K p -+ K P --- K Tr p, the production angular distri-

butions are less sharply peaked, the polar decay distributions vary as 

si:h
2 

a, and the azimuthal decay distributions vary mainly as sin
2 q,. This 

behavior has previously been observed at 2.3
46 

and 3.0 GeV/c
47 

and was 

interpreted as indicating that the reaction K+ p ~ K*+ P goes predominantly 

viaw-exchange whereas the reaction K+ n --- K*op goes predominantly via 

pion-exchange. The angular distributions for the remaining reaction, 

K+ n- K*+ n --- K°Tr + n, appear to be intermediate between those for the 

other two reactions with no single process appearing to dominate. 

Figure 35 shows the KTr and NTr invariant mass spectra in the isospin-O 

KN- KTrN channel for momenta at 970, 1210, and 1365 MeV/c; the corre

sponding spectra at 865 MeV / c is similar to that at 970 MeV/c. There is 

no significant structure in the NTr spectra. Since 6. production is for-
-'-

bidden, the lowest known NTr-resonance that might appear is the N'l'(1470); 

but even at our highest momentum of 1365 MeV / c, the phase space cuts 

off at 1450 MeV. For this reason the isospin-O KN ..... KrrN channel is more 
* . . . 

ideally suited for studying K production than any of the component chan-
)!< 

. nels. The K peak dominates the KTr spectrum at momenta above the 

* K N threshold. Fits of the KTr spectrum to phase space and a P-wave 

Breit-Wigner resonance form having mass 891 MeV and width 50 MeV 

are shown. 

* Table XVI shows the total isospin-O KN -+ KTrN and KN -+ K N cross 

sections determined using the normalization of Eq. (62);49 for compari

* son we list the corresponding isospin-1 KN -+ KTrN and KN -+ K N cross 

sections measured by Bland et al. 7 We also give the isospin-O cross 
* ~ sections for KN ..... K N determined by the alternative method of Eq. 63 

in which we have fitted the Dalitz plots of the three channels K+ n -+ KO Tr + n, 

K+ n -+ K+ Tr - p, and K+ p -+ KO Tr + P independently for the fraction of K'!<N. 

The cross sections determined by the latter method are systematically 

lower than those obtained by fitti:q.g the projected isospin-O KTr spectrum. 
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Figure 36 shows the energy dependence of the isospin-O and iso

spin-1 KN -+- K>!<N cross sections from threshold to 3.0 GeV Ic. The 

isospin~1 cross sections at 1210, 1365, and 1585 MeV I c are taken from 

the work of Bland et aL 6, 7 Higher momenta data are taken from th~ 
compilation o~ Price etaL 42 The isospin-O cross sections shown are 

those calculated using Eq. (63). At 1210, 1365. and 1585 MeV/c we have 
. + . *+. 0 +, 6 7· +. 

used the K p - K P -+ K trp data of Bland et aL '. and the K d data 
37 ... . + 

of Seeger, . and at 3.0 GeV/c we have used the published K d data of 

Bassompi~re et al.
47 

to calculate the isospin-O cross sections. A 
>!~ 

smooth curve has been drawn through the isospin-1 KN -+ K N cross 

sections and has been scaled upward by a factor 2.5 to give the smooth 
. '. . * 

curve passing through the isospin-O KN -+ K N cross sections. The 

data indicate that the energy dependency of the isospin-O and isospin-1 

* KN -+ K N cross sections are quite similar in this energy region. 

Figure 37 shows the production and decay angular distributions at 
* .. 

1210 and 1365 MeV/c for events around the K peak treating them as 
* . isospin-O KN -+ K N events. As pointed out before, no correction has 

. * / been made for thenon-K. background 'events, which amount to about 

12% of the selected events at 1210 MeV/c and 7% at 1365 MeV/c. These 

angular distributions reflect the dominance of the K + n -+- K*op channel 

* in Eq.· 61. Figure 38 shows the isospin-O K differential cross section, 
. \ 

dO/dt. together with the density matrix elements (Jackson-frame) POO' 

P1-1' and Re P10. The differential cross-section can be fitted to an ex

ponential 

dO/dt ~ exp(bt), (64) 

. . / -2 / / -2 with b = 5.3 ± 0.4 (GeV c) at 1210 MeV c and b = 4.7 ± 006 (GeV c) at 

1365 MeV I co Note the rather large value of POO indicative of pseudoscalar . 

me s onexchang eo 

The contrast between the K* angular distributions in the two isospin 

channels is striking. In the isospin-O chaimel, the production angular 

distributions peak sharply in the forward direction, the polar decay angu

larc;iistributions vary mainly as cos 2 
£1', ,and azimithal decay angular . 

distributions are flat. In the isospin-1 channel (Fig. 20 and Reference 8), 

the production distributions peak much less sharply, the polar decay 



·- 44-

distributions vary mainly as sin
2 

Ot. and the azimuthal decay distributions 

vary mainly as sin
2

cj>. In the first case, the distributions are charac

teristic of exchange in the t-channel of a light pseudoscalar meson. as 

born out by the large value of Poe; whereas in the second ca~e they are. 

characteristic of a heavier vector meson. All the main features point 
. =* 

to IT and/or Tj-exchange being the dominant K production mechanism in 

the isospin-O channel and p- and/or w-exchange being dominant in the 

isospin-i channel. 

>:< 
C. Production Mechanisms for the Reaction KN -- K N 

We summarize our experimental observations 

* KN - K N ·at 1210 and 1365 MeV/c as follows: 

for the reaction 

1. Cros s Sections 

a. a(K+p-.. K*+p) ~ + *+ 2 0' (K n ....... K n) 

b. 

c. 

+ * 0' (K n __ K 0p) ~ 

0' (KN ....... K*N) ~ o 

+ *+ 1. 5 0' (K p ....... K p) 

(2.5-2.7) 0'1 (KN -0. K~'<N) 

2. Angular Distributions -0.. Production Mechanisms 
+ *+ a. K p -- K p""" dominated by w-exchange 

b. + *+ K n ...,.. K n""" no one process appears to dominate 

c. + * K n -+ K 0p ...... dominated by IT-exchange 

d. * (KN - K N)I=O -+ dominated by IT-exchange 

* (KN -+ K N)I=1 ....... same as 2(a), i. e. , dominated by e. 

w-exchange 

We now attempt to get a consistent. though qualitative. description 

of the above experimental observations in terms of s- and t-channel iso

spin amplitudes A; and a~. A particle exchanged in the t cha,~nel con

tributes to both isospin states in the s channel. The KN -+ K"'N charge 

state scattering amplitudes. written alternatively in terms of s - and t

channel isospin amplitudes are: 

+ *+ / A(K P -- K p) = Ai = (a i - a O) 2, (65a) 

+ *+ A(K n -- K n) = (Ai + AO)/2 = - (a i + a O)/2, (65b) 

+ * A(K n - K 0p) = (Ai - AO)/2 = a i " (65c) 



Solving for the s -channel isospin amplitudes, we get 

AO - - (aO + 3a1 )/2, 

Ai - - (aO - a i }/2. 

If the main processes are the exchanges of low-mass mesons, then 

(66a) 

(66b) 

Acj ::::; - [(11 + w) + 3(11' + p)] /2, (67a) 

Ai::::; - [(11 + w) - (11' + p)]/2, (67b) 

where the particle sYfl1;bols stand for the amplitudes for the exchange of 

these particles. 

The angular distributions indicate that at least one pseudoscalar and 

one vector meson are exchanged. Ifonly one of each is exchanged, the 

possible pairs are 11 w, 1Tp, 11 p, and 11'W. Sim.ple predictions follow 

from Eqs. 67a and 67b: For TJw or 11'p, AO and Ai differ at n1.ost by a 

multiplicative constant, and thus the shapes of angular distributions in 

the two pure -isospin channels differ not at all. For 11 p. there is much 
. . . 

more vector exchange. in AO than in Ai; and for 1TW, there is m.uch m.ore 

pscudoscalar exchange in AO than in Ai' The last is what is seen, and 

thus in this simple picture the m.ain processes are 11'- and w-exchange. 

If these were the only processes, there would be the same am.ount of 

vector exchange in AO and At' and only pseudoscalar exchange in at' 

the amplitude for K+ n- K*Opo In neither case is this what we see, but 

the addition of relatively small amounts 01 other exchanges, 

such as p-exch~mge,· can at least qualitatively resolve the discrepancies. 

Therefore a possible minimal set of exchanges might be 11'Wp, so that 

., AO::::; [w + 3 (1T + p)] /2 a
O 

=:: w, 

At::::; [w - (1T + p)] /2 at =:: (11' -I- p) 
(68) 

,', 

Recall the isospin-OK"'N final state appears to exhibit more pure pion 
~ , + 

exchange than the K'r 0p final state produced by K n; this suggests that 

the. p-exchange is present by an amount such that the combination 

(w + 3p) in AO must practically vanish, i. e~ " p =:: - w/3. 
We next see if the presence of a significant p-exchange am.plitude, 

opposite in phase to the w-exchange arnplitude, can als 0 explciin the fact 
+ ~:<+ . + ~:<+ '. 

that O"(K p - K p) =:: 20" (K n - K n), [experimental observahon t(a)]. 
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+ >',<+ 
O'(K p - K p) 

+ ':<+ 
0' (K n - K n) 

·11 A(K+ p ..... K':<+ p)I2.~tt _ )1 (a 1 - a o)/21
2
dt 

.. ] I A(K+n -+ K':<t n) 12dt - ] 1 - (a
1 

t a
O

)/2 12 dt 

1£ one aSSUIlles no interference between pseudoscalar and vector ex

changes, e. g., no absorption. then 

+ *+ 
O'(K P - K· p) 

+ *+ O'(K n - K n) 

which iIllplie s 

) w
2 

dt ~ (9/8) jTl'
2

dt ~ f Tl'2 dt. 

2 
T' 

t ':<t t Therefore the observed experiIllental result, a(K I? ....... K p) ~ 2 a(K n 

- K>'.ct n), can be explained in terIllS of our Tl'Wp exchange Illodel provided 

p ~ - w/3 and)w2dt~J Tl'2 dt• The probleIll is to show that the reIllaining ex

periIllental observations 1(b), 1(c), 2(a), 2(b),.2(c) are cOIllpatible with 

this picture. 

ExperiIllentally, at 1210 and 1365 MeV / c, we observe that 
+ >:< + *+ . 

0' (K n - K 0p) I::: (1.5) O'(K p ~ K p). In terIllS of the Illodel descrIbed 

above, we expect 

+ ,'( 
0' (K n _ K ' ° p) 

+ *+. 
O'(K p - K p) 

= ]1 A(K+ n""'" K* 0p) 12dt' J I a 1 12 dt 

]IA(K+p- K*+p)1 2dt -)I(a
1

-a
O

)/21 2dt 

~ 3/2, 

which iIllplie s 

+' * O'(K n ....... K 0p) ~ 
+ *+ O'(K P ....... K p) 

1. 5 . 
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Experimentally, at 1210 aild 1365 MeV/c, we observe that 

O"O(KN- K*N) ;::: (2.5 - 2.7) 0"1 (KN ~ K*N). In terms of our model we 

expect 

" * O"O(KN-+ K N} 

" * 0"1 (KN- K N) 

whiCh implie s 

0"0 (KN -+. K*N) 

* 0"1 (KN- K N} 

3 
~ T' 

Experimentally, at 1210 and 1365 MeV /c, we observe that K>!' pro-
+ *+ >:< duction in the channel (K p -+ K p) = (KN -+ K N}I=1 is dominated by w-

exchange. In terms of our model we expect 

1 1 TT _ 4/3 w 12 ~ '4 

1. [ 2 + .!..§. 2] 4 TT 9 w , 

which implies - 2/3 vector-exchange and - 1/3 pion-exchange. 

Experimentally, at 1210 and 1365 MeV/c, we observe that K':' pro

duction in the channelK+ n -+ K*+ n does not ~ppear to be dominated by 

anyone process. In terms of our model we expect 

+ *+ 2 2 2 
IA(K n -+ K n}1 = I -(a

1 
+ a

O
}/21 ;::: I(TT + P + w)/21 

1 / 2 ;::: 4 ITT + 2 3 w I 
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1 2 / 2 ;::: 4 ['IT + 4 9 w ], 

which implies - 1/3 vector-exchange and - 2/3 pion-exchange. 

Experimentally, at 1210 and 1365 MeV / c, we observe that K* pro

duction in the channel K+ n - K~'Op is dominated 'IT-exchange. In terms 

of our model we expect 

+ ':' 2 2 2 IA(K n- K °p)1 = la
1

1 ;::: I 'IT + p I 

2 +. 2 ;::: 'IT p 

But p2;::: 2 1 2 
( -w/3) = "9 W , 

which implies - 1/9 vector-exchange and - 8/9 pion-exchange. 

We therefore find qualitative agreement between our experimental 

* observations for KN - K N and a 'lTWP exchange model subject to the 

constraints p ;::: ~ w/3 andfw
2

dt;::: J 'lT
2dt. Note that our arguments still hold if 

we expand 'lTWP to mean the exchange-degenerate pairs ('IT, B), (w,f), 

(p, A 2 ) provided we invoke strong exchange degeneracy. 



':I:': 

-49 -

VI. SUMMARY AND CONCLUSIONS 

We have measured some of the K+ d partial cross sections around 

1 GeV / c and have calculated most of the others by using relations derived 

from isospin conservation and data from other experiments. The 
+ . 

K d -+ KOpp cross section falls smoothly with increasing momentum (see 

Fig. 7). The single-pion production cross sections rise rapidly until 

about 1.2 GeV / c and then level off; they aU have about the same shape 

though they differ in size. The double-pion production cross sections 

are extrem:ely small until -1.2 GeV / c, after which they begin to rise. 

The most striking feature of the K+ d partial cros s sections is the abrupt 

rise of the total single-pion production cross section to 15 mb at 1.2 GeV / c. 

As this is accompanied by a less precipitous fall of the KNN cross section, 

the total K+ d cross section increases by only 10 mb. The onset of double

pion production, by which time the single -pion production has leveled off, 

causes no marked change of the total cross section. 

We have also extracted isospin-O KN partial cross sections. The 

striking feature of these cross sections is the rapid rise of O'O(KNIT) at 

the threshold for the quasi-two-body reaction KN -+ K*N (see Fig. 8). 

It appears to come at a slightly higher z:nomentum than does the increase 
I 

of 0'1 (KNIT). This is reasonable, because the reaction KN -+ K~, for 

which the threshold is slightly lower and which is known to be the major 

part of 0'1 (KNIT) in this region, is forbidden to the isospin-O channel. It 

is surprising then how similar in magnitude O'O(KNIT) and 0'1 (KNIT) quickly 

become. The rapid increase of 0'0 (KNTT) is accompanied by a turn-over 

of 0'0 (KN). The latter then falls off quite rapidly, much more so than does 

0' 1 (KN). As in the case of the isospin-1 K+N system, it appears that the 

structure ar,ound 1. 2 GeV / c in the total cros s section for the isospin-O 

K+N system is well reconstructed by the sum of three smoothly varying 

channel cross sections O'O(KN), 0'0 (KNIT), and O'O(KNTTIT). The broad peak 

in 0'0 (KN) near 0.8 GeV/c is intriguing, but the answer to the question 
.... 

as to whether this is due to a Z~ resonance will have to wait until a re-

liable phase shift analysis is performed in the isospin-O K+N system. 

We have studied the charge-exchange reaction K+d->- KOp(p) and find 

that the cross section rises rapidly from threshold to about 7 mb at 
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0.6 GeV / c, remains constant until about 0,9 GeV / c, at which point it 
2 . 

turns over and falls smoothly as P~ from 1.2 GeV/c to 12.0 GeV/c. 

We have extended the Regge model of Rarita and Schwarzschild
43 

down 

to m~menta spanning this experiment and find reasonable agreement be

tween the predictions of this model and the experimental differential 

cross sections, (dO/dt)d' Using this model we have extracted differ

ential cros s sections for K+ n·- KOp, (do/dst) , and have perfornled a 
n 

Legendre polynomial fit to the data, We find that the expa.nsion coeffi-

cients appear to vary smoothly in the region of this experiment. Finally 

we have compared the forward scattering cross section with that derived 

from the optical theoreIIl and find that the K+ n charge excha.nge amplitude 

is predominantly real. 

We have measured partial cross sections fcir several single-pion 

production reactions and find that above 1 GeV / c the quasi-two-body 

* * processes KN - K Nand KN - K~ dominate. For K production 
+ * +. *+ near threshold we find O"(K n ...... K 0p) z 1.5 a(K p ~ K p) and 

+ *+ + *+ >:< 
O"(K p-+ K p) z 2u(K n - K n) and uO(KN- K N) z (2.5 - 2.7)X 

>:< . 46 47 
0" 1 (KN -+- K N). As already observed at 2.3 and 3.0 GeV / c, ' . the iso-

* spin-1 K N production goes predominantly via w-exchange, whereas the 

K+ n - K>:< 0p proces s goe s largely via pion-exchange. It is striking that 

this behavior remains unchanged practically down to K':<N thre shold. Un-

* expectedly the isospin-O K N final state appears to exhibit more pure 

* + pion-exchange than the K 0p final state produced by K n. In terms of 

a simple particle -exchange model, in which TrWP are allowed to be ex

c~anged, this suggest that the combination (w + 3p) in Eq. 68 for AO must 

practically vanish, that is p z - w/3. The pre sence of a significant p

exchange amplitude, opposite in phase to the w-exchange amplitude, also 
+ *+ + >~+ explains the fact that O"(K p -K p) z 2 C1'(K N _ K n}. provided that 

Jw
2
dt z (9/8) J,,.2dt. A Trwp-exchange model subject to these two constraints 

on the amplitudes can qualitatively explain the gross features of the ex- .. 

perimentally observed angular distributions and ratios of cross sections 

for the various charge states of KN -+ K':<N. The processes dominated 

by pion-exchange have about the same energy dependence as the processes 

dominated by vector meson-exchange, at variance with theoretical 
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expectations from either Reggeized or absorptive exchange models. 

We now summarize the results relevant to the important question 

of whether the peak in the isospin-O total cross section at 1200 MeV / c is 
,,-

a resonance or not. The' peak is undoubtedly associated with the K"'N 

threshold, since peak and threshold occur at the same piace and the 

* KN'7 K N cross section rises sharply there, while the only other im-

portant partial cross section (elastic scattering) undergoes a less marked . '. * 
variation. Close above threshold, the K angular distirubitons strongly 

indicate pion-exchange. There is no corresponding simple single -proces s 
:::::: 

interpretation from the s-channel point of view. If K production took place 

through a single s -channel partial wave" the production angular distributions 

would be symmetric about cos e = 0, whereas the observed forward peak 

requires the constructive interference of several partial waves. 

According to the theoretic~l concept of duality, 50 an amplitude can 

represent simultaneously both of what were once thought of as exclusively 

either s- or t-channel processes. Therefore, although the simple and 

economical description of K* production is in terms of t-channel processes, 

we cannot rule out that some part of the t-channel amplitude is also an 

s -channel resonance. More mundanely, neither can we definitely ex-

clude that besides the exchange amplitudes there is another small and 

possibly resonant amplitude.' The way to finally resolve the question is 
:::~ 

to partial-wave analyze the isospin-O KN -- KN and KN -- K N reactions, 

but this has not been done and will be difficult. The difficulties in finding 

unique solutions in such analyses, even when there are polarization data 

are well known. Here there are to be added the problems of correcting 
~:: 

for effects of the deuteron and, in the case of the KN -+ K N reaction, 

* of extracting K events from background and analyzing a final state in 

which both particles have spino 
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APPENDIX 

The K+ d reactions that occur at the energies spanned by this ex

periment are: 

K+d ... KNN ... K+pn 

KOpp 

The reactions listed above are arranged according to the charge state s 

of the pions. The symbol C1 • for example. represents the sum of all co . 
eros s sections leading to one charged and one neutral pion. 

There is a simple way to find the linear relations between cross 

sections or decay rates that follow from isospin conservation. The 

method. due to Shmushkevich~1-54 avoids using Clebsch-Gordon co

efficients or expanding reaction amplitudes in terms of isospin amplitudes. 

In fact it says nothing about amplitudes. 

Shmushkevich, observed that if an initial state that is unpolarized in 

isospin space undergoes an interaction or decay that conserves isospin. 

then the final state reached is also unpolarized in isospin space. Un:. 

polarized in isospin spape means that within each particle multiplet. all 

the charge states (the Iz states) are equally populated. For example. the 

11' multiplet isunpolarized if ther~ ~re eq\lal numbers of 11'+, s. 11' -, s. and 

11'01 s. Th~ procedure ~s tp write down all the reactions that conserve 
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charge and then to constrain the rate s or cross sections so that each 

particle multiplet is unpolarized. 

IsosEin Conservation and K+ d Reactions 

Kd - KNN1i reactions. First we write down all the reactions that 

conserve charge. 
+ 

K+d - + + 
IT IT lTo 

1. K nnlT 0'1 1 1 0 

KOd _ KOpplT -

2. K+ d _ KOpnlT + 0'2 1 1 0 
. + 

KOd - K nplT-

3. K+d- + - 1 0 K pplT 0'3 1 

KOd - KOnnlT + 

4. K+d- K+ pnlTo 0'4 0 0 2 

KOd- KOnplTo 

5. K+d- KOpplTo as 0 a 2 

KOd -- K+ nnlTo 

Note that the KOd reactions are related to the K+ d reactions by charge 

symmetry, so that one need only consider the K+ d reactions provided 

one remembers that there are twice as many charged lT r S as lTO r s. There

fore the constraint that there be equal numbers of IT +r sand lTor S leads to 

so that 

ac = 2ao • 

This leads to the following relations between single pion production cross 

sections: 

a(KNNlT) = a + a c 0 

=3a 
o 

= 3/2 0' . c 
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In a similar manner, one can derive relations for the 

Kd - KNNml', KN -KN1T, and KN -+ KN1T1T reactions. We shall only 
I 

sketch their derivation below. 

The Kd- KNN1T1T reactions are: 

4. 

kOnn1T+1T+ 

+ --K pp1T 1T 

+ +K pn1T1T 

KOnp1T-1T+ 

K+ d - K OPP1T +1T. 

° + - + K d -+ K nn1T1T 

+ + + K d -+ Knn1T 1To 

KOd -+ KOPP1T - 1T0 

5. K+ d - KOpn1T+ 1T0 . 

° +. - ° K d -+ K n:p1T 1T 

6. K+d -K+ PP1T"-IT° 

KOd -+ KOnn1T + 1T0 

7. K+ d -+ K+ pn1To1To 

K+ d - KOnp1To1To 

8. K+ d - KOPP1T01TO 
.+ 

KOd - K nn1To1To 

+ 1T 
2 

2 

2 

1 

1 

1 

o 

o 

1T 
2 

2 

2 

1 

1 

1 

o 

o 

Equating the nwnber of 11"+' s to the number of the 1TO, s leads to 

This can be rewritten in terms of the charge state s of the pions as 

20- + 0- = 20- + 40-cc co co 00 

or 

20' cc :: 40- + 0-
00 co 

o 

o 

o 

2 

2 

2 

4 

4 



Therefore 

O'(KNN7T'!T) = 0' + 0' + 0' 
cc co 00 

= 3 (0' - 0' ) 
cc 00 

= 3/2 (0' + 20" ) 
co 00 

= 3/4 (0" + 20" ). co cc 

Isospin Conservation and K+N Reactions 

There are seven different charge states for single -pion production 

. K+N' t . In In e ractlons: 

+ K 0'!T + P 

} 
Kp-+ 

K+ + '!T n 0' 

K+'!T°p 
P 

. + K°'!T + n 

) 
Kn-

K°'!T°p 
0" 

K+ '!Ton n 

+ -
K '!T P 

Again using the method of Shrnushkevich: + 
IT IT 

K+p + 1- -+ KOlT P 0"1 1 

KOn + --.KlTn 

1 o 

2. K+p + + 1 -+ K IT n 0"2 1 o 
KOn -+ KOlT - P 

3. K+p -+ K+ '!Top 0"3 0 o 2 

KOn -: KOlTOn 

4. K+n -+ K°'!T + n 0"4 1 
+ -KOp -+ K'!T P 

1 

5. K+n -+ K°'!T°p 0" 0 5 
KOp -+ K+ lTon 

o 2 

6. K+n -+ K+ '!Ton 0"6 0 o 2 

KOp -+ KOlTop 

7. K+n + -
-+ K IT P 0"7 1 

KOp -+ K°'!T + n 

1 o 



Again equating the number of 1T+' sand 1TOr s, we get 

(0'1 + 0'2 + 0'4+ 0'7) = 2 (0'3 + 0'5 + 0'6) 

or expressed in terms of the charge states of the pions we get as before 

O'c=20'o· 

Now note 

Hence 

0' = 0' + 0' + 0' = 0'(1 = 1) P 1 2 3 

O"n = 0'4 + 0"5 +0'6 + a 7 = 1/2 [0"(1=1) + a(I=O)] 

a (I = 0) = 2 0' - a ,·n p 

= 2(0'4 + as + 0'6 + 0"7) - (0'1 + a2 + 0"3) 

Using the relation 0'= 20" we finally obtain a relation for the isospin-O 
c 0 

single pion' production reaction: 

Therefore 
',+ 0+ + +-

O'I=O(KN1T) = 3 [a(K n -+ K 1T n) + a(K n - K 1T p) 

- O"(K+ p -. K+'rop)] • 

According to Shmushkevich this relation should hold also for differential 

eros s sections. 

There are eleven charge states for double -pion production: 
+ 0+ + 

K P - K n1T 1T 

K+ . 
n-

+ +K p1T 1T 

.K+n1T+1To 

K Op1T + 1To 
+ K p1T01TO 

+ +K n1T 1T 

° +K p1T 1T 

KOn1T + 1To 

K+ p1T -1TO 

K+ n1To1To 

KOp1T01TO 
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Now applying Shmushkevich's method: 
+ TIo 

KO + + 
TI TI 

1. + 2 2 0 Kp-+ nTI TI u1 
KOn -+ 

+ - -K pTI rr 

2. + + ' + - 2 2 0 K p"'" K prr rr U2 ° - + 
.0 

KOn -+- K nrr rr 

3. 
'+ + + ° 1 1 2 Kp ..... K nrr rr U3 

KOn -+ KOprr - rr ° 
K+p + 2 4. -+- KOprr rro U4 

1 1 

KOn + - ° -+ K nrr rr 

K+p + ' 
4 5. -+ K prrorro Us 0 0 

KOn ..... KOnrrorro 

6. K+n + +- 2 2 0 ... K nrr rr U6 
KOp ° - + -+ K prr rr 

7. K+n ° +- U7 2 2 0 -+ K prr rr 

KOp + - + 
-+ K nrrrr 

8. K+n -+ KOnrr + rr ° U8 
1 1 2 

KOp + - ° -+- K prr rr 

9. K+n + - ° U9 
1 1 2 ... K prr rr 

KOp _ KOnrr + rro 

10. K+n -+ K+ nrrorro U10 0 0 4 

KOp _ KOprrorro 

11. K+n -+ KOprrorro 0"11 a 0 4 

KOp -K+ nrrorro 

Again equating the number of rr +, sand rro, s we get 

2(0"1 + 0"2 + 0"6 + 0"7) + (0"3 + 0"4 + 0"8'+ 0"9) 

= 4(0"5 + 0"10 + 0"11) + 2(0"3 + 0"4 + 0"8 + 0"9) , 

which expressed in terms of the charge states of the pions reduces to 

20" = 40" + 0" • cc 00 co 
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FIGURE CAPTIONS 

Fig. 1. K+ d and K+ p total cross sections from Cool et al. ,9 Bugg et al. 10 
11 

and Bowen et al. 

Fig. 2. Isospin-O and isospin-1 total K+N cross sections. 

Fig. 3. K+ p elastic, single-pion production, and double-pion production 
. '. .'. 7 

cross sections from Bland et al. 

Fig. 4. The physical layout of the beam used in this experiment at the 

Bevatron. 

Fig. 5. The event topologies scanned in this experiment. 

Fig •. 6. (a) Cross sections directly measured. (b) Components of 

+ ° + K d .... K pmr • 

Fig. 7. Derived K+ d cross sections. Also shown are the total K+ d 
. . ' 9 10 . 11' 

cross-section data of Cool et al., Bugg et al. , and Bowen et al. 

and some partial cross section data from Slater et al. 25 and 
. 26 

Butterworth et al. 

Fig. 8. Isospin-O KN scattering cross sections. Also shown are the 

total cross sections from Carter27 and isospin-1 partial cross sec

tions from a compilation made by Bland et' al. 7 

Fig. 9. Spectator nuCleon momentum and angular distributions for the 

reaction K+ d .... KOp(p). The shaded events correspond to visible 

proton spectators. The curve is the prediction of the Hulthen wave 

function. 

Fig. 10. Spectator nucleon momentum and angular distributions for the 
+ + -reaction K d .... K 1T p(p). The shaded events correspond to visible 

proton spectators. The curve is the prediction of the Hulthen wave 

function. 

Fig. 11. Spectator nucleon momentum and angular distributions for the 

reaction K+ d .... K01TOp(p). The shaded events correspond to visible 

proton spectators. The curve is the prediction of the Hulthen wave 

function. 

Fig. 12. Spectator nucleon momentum and angular distributions for 

the reaction K+ d .... K01T + pn. The shaded events correspond to events 

in which the proton is the spectator, i. e., K+ d .... K01T + n(p). The 

curve is the prediction of the HulthEm wave function. 



Fig. 13. Scatter plot of the proton momentum as a function of the neu-

tron momentum for the reactiori K+d- KO,/pn at 1210 MeV/c. 

Fig. 14. Total cross sections for the reaction K+ d -+ KYp(p). 

Fig. 15. Total cross sections for the reaction 'K+ d -;. K 0p(p). 

Fig. 16. Total cross sections for the reactions K+ d -+ KOp(p) and 

K+ p -+ KO t:l ++. 

Fig. 17. Differential cross sections as a function of the momentum trans

fer for the reaction K+'d -. KOp(p) at865, 970, 1210, and 1365 MeV/c. 

Fig. 18. Differential cross sections as a function of the center-of-mass 

scattering angle for the reaction K+d -+ KOp(p) at 865, 910, 1210, 

and 1365 MeV/c. 

Fig. 19. Legendre polynomial coefficients defined by 
. n . max 

(do/dO) = ()t2/4 ) ~ A' P (cos e) for the reaction K+ d ~ KOp(p). n ~. n n 
n = 0 

Fig. 20. A comparison of varibus distributions for the reaction 
+ + + . + . '. 

K P -+ K01T P and Kp(n) .:.... K01T p(n) at 1210 MeV/c. Areas being 

compared are equal. The angles are defined in the text. 

Fig. 21. Dalitz plots for the reaction K+ d -+ K 01T + p(n) at 865, 970, 

1210, and 1365 MeV/c • 

. Fig. 22. Dalitz plots for the reaction K+ d -.. . K01T + n(p) at 865, 970, 

1210, and 1365 MeV/c. 
. + + - 6 Fig. 23. Dalitz plots for the reaction K d -+ K 1T p(p) at 8 5, 970. 

1210. and 1365 MeV/c. 

Fig. 24. Dalitz plots for the reaction k+d ~ K01TOp(p) at 865, 970, 

1210, and 1365 MeV/C. 

Fig. 25 •. 

970, 

Fig. 26. 

970, 

Dalitz plot projections for the reaction K+ d -... K01T + p(n) at 865, 

1210. and 1365 MeV/c. 

Dalitz plot projections for the reaction K+ d -->- K01T + n(p) at 865. 

1210. and 1365 MeV/c. 
+ + - 6 Fig. 27. Dalitz plot projections for the reaction K d -+ K 1T p(p) at 8 5, 

970, 1210. and 1365 MeV/c. 

Fig. 28. Dalitz plot proje ctions for the reaction K+ d -+ K01Top (p) at 865. 

970, 1210, and 1365 MeV/c. 



, ' +" *+ + *+ 
Fig. 29. Cros s sections for the reactions Kp -+ K p, K n -+ K n, 

+ >:< ° and K n -+ K p. 
+ ' *+ + ':'+ Fig. 30. Cross sections for the reactions K p -+ K p, K n -+ K n, 

and K+ n -+ K *op. 

Fig~ 31. Invariant mass spectra for the isospin-O KN -+ KTTN channel 

at 1210 MeV / ~ together with the correspo~ding distributions for the 
, + + + +- + +' three channels K n -+ KOTT n, K n -+ K TT p, and K p -+ K TTOp 

which are the components of <TO (KN -+ KTTN). 

* * Fig. 32. K angular distributions for the isospin-O KN -+ K N channel 

at 1210 MeV / c together with the ... cor'responding distributions for 
, + + -,. + + - * 

the three channels K n -+ (K OTT ) n, K n -+ (K TT ) p, and 
++ * ' , ',' , , ' * 

K P -+ (K TT~) P which are the components ofa
O 

(KN -+ KN). 

Fig. 33. ,Invariant mass spectra for the isospin-O KN -+ KTTN channel 

at 1365 MeV / c to'gether with the corresponding distributions for the 
'+ 0+ +, +- + +0 three channels K n -+ K TT n, K n -+ K TT p, and K p -+ K TT P 

which are the components of <TO(KN -+ KTTN). 

* * Fig. 34. K angular distributions for the isospin-O KN -+ K N channel 

at 1365 MeV / c together with the corresponding distributions for the 
'+ ' + * + + - * + + * three channels K n -+ (K OTT ) n, K n -+ (K TT ) p, and K p -+ (K TTO) p 

'* which are the components of <TO (KN -+ K N). 

Fig. 35. - Krrand NTT invariant mass spectra for the isospin-O KN -+ KTTN 

channel for momenta at 970.1210. and 1365 MeV/C. 

Fig. 36. Isospin-O and isospin-1 KN -+ K*N cross sections. 

Fig. 37. Production and decay angular distributions for the isospin-O 

KN -+ K>:'N reaction at 1210 and 1365 MeV/c. 

Fig. 38. Differential cros s sections and density matrix elements for the 

isospin-O reaction KN -+ K*N at 1210 and 1365 MeV/c. 
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Table I. Numbers of events found in directly measured channels. 

Momentum (MeV / c) 

Channel 865 970 1210 1365 

+ + - + 
K - 11' 11'11' 570 956 827 377 

K+d· ...... KOpp 559 996 832 311 

KOPP1T0 39 129 354 177 

KOpn1T + 89 369 1018 505 

KOd1T + 11 20 23 15 

K Od1T +11'0 0 O· 1 1 

KONN1T1T 0 0 3 22 

K+d - + -K pp1T 122 461 1583 894 

+ - ° K pp1T 11' 0 0 11 14 

° - + K pp1T 11' 0 0 12 23 
+ - + K pn1T TT 0 2 22 53 

K+d1T-1T+ 0 0 2 5 



t 

Cross sections 

directly measured 

Components of 

+ ° + K d -+ K pnlT 

.; .. 

Table II. K+ d scattering cross sections (in mb) •. 

Momentum (MeV / c) 

Channel 865 970 1210 1365 

+ K d -+ KOpp 6.72±0.40 6.26±0.29 4.99±0.24 3.69:1:0.29 

KOpplTo 0.48±0.08 0.82±0.08 2.09±0.13 2.06±0.19 

KOpnlT + 1.24±0.14 2.47±0.16 6.21±0.29 6.08±0;42 
+ -K pplT 0.46±0.05 0.91±0.05 2.89±0.12 3.21±0.20 

KNNlTlTa 0.01±0.00S 0.11±0.02 0.59±0.07 

-------------------------------------~-------~ 

K+d -+ KOlT+d 0.13±0.O4 O.13±O.03 0.14:1:0.03 0.18£0;OS 
+ + K p(n) -+ KOlT p(n) 0.98±0.13 1.99±0.1S 4.76±0.26 4.78±0.38 
+ + K n(p) -+ KOlT n(p) 0.13±0.04 0.3S±0.OS 1.31±0.12 1.12±0;15 I 

~ 

---------------------------~-----~------------ ~ 
K+d -+ KNN 27.S9±0.32 27.17±0.3S 22.73±O.63 20. 97±0. 99 

+ 20.87±0.56 20.91±0.SO Derived cross K pn 17. 74±0. 78 17.28±1.15 

sections 
b KNNlT 2.74±0.24 S.S4±0.29 14.51±0.60 15.54±0.95 

KNNlTlT 0.01±0.00S 0.17±0.05 O.76±O.18 
+ c K.d total 30.33±0.21 32.72±O.19 37;41±O.20 37.27±O.15 

a This is the sum over the six (of eight) charge channels observed. 

bThese include cross sections for the reactions in which NN is a deuteron. 
c 10 
From Bugg et al. . 

-. 
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Table III. Isospin':'zero KN scattering cross sections (in mb). 

Momentum (MeV/c) 

Channela 865 970 1210 1365 

KN- allb 22.5 24.0 24.1 21.9 

KN- KN 21.5 21.5 16.1 13.0 

KN- KN1T 1.0±0.4 2.5±O.6 {B.0±1.0 
B. o±o. 9c 

{ B.9±1.B 
10.1±1. 7c 

a We we re not able to extract KN- KN1T1T cross sections, but even at 

1364 MeV Ic it is much smaller than the errors on the other cross sec

tions. 

b From Carter. Errors are unknown but sizable. 

cThesecross sections were determined by using the normalization scheme 

of Eq. 62 (see Reference 49). 
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Table IV. Fraction of events with spectator momentum greater than 
150 MeV Ie and 300 MeV Ie. .. 

Channel 

K+d -+ XNN 

PK 
(MeV/e) 

865 

970 

1210 

1365 

865 

970 

1210 

1365 

865 

970 

1210 

1365 

865 

970 

1210 

1365 

0/0 p > 150 MeV Ie 
sp 

22.5:1:2.2 

24.7:1:1. 8 

26~ 7:1:2.0 

26.7:1:3.3 

28.6:1:9.8 

18.8:1:4 • .z 
16.5:1:2.3 

15.8:1:3.2 

19.0:1:5.0 

16.9:1:2.3 

16.7:1:1.4 

24.0±2.4 

16.4:1:4.0 

18.7:1:2.2 

17.1:1:1.1 

16.7:1:1. 5 

0/0 p > 300 MeV/c sp 

10.7:1:1.5 

12.5:1:1.2 

15.7:1:1.5 

15.3:1:2.4 

10; 8:1:5.6 

9.5:1:2.9 

6.5:1:1. 4 

7.8:1:2.2 

6.7:1:2.8 

5.0:1: 1.2 

7.4:1:0.9 

10.9:1:1. 6 

4.1:1:1. 9 

4.8:1:1. 0 

6.9:1:0. 7 

6.6:1:0.9 



PK 
(MeV/c) 

865 

970 

1210 

1365 

Table V. Estimates of the Glauber- Wilkin screening correction to the total cross section. 
The total K+ d, K+p, and K+n cross sections were obtained by drawing a smooth .. 
curve through the points of Bugg et al. 10 and Cool et al. 9 (taken from UCRL-ZO 000 
K+N) and assigning errors commenserate with the errors on neighboring points .. 

O'K+d O'K+p O'K+n 
. 1::.. = O'K+p + O'K+n 

(JGW/O'K+ d . R a 
(mb) (mb) (rob) -O'K+d O'GW c 

30.Z0±0.30 13.SS±0.30 16.Sz±0.70 -0.13±0.8Z ·0.S3±0.19 0.018±0.006 1. 14±0.14 

3Z.80±0.ZS 1S.70±0.2S 18.18±0.SO 1.08±0.61 O. 69±0. 24 0.OZl±0.007 1.Z8±0.11 

37.60±0.2S 18.4S±0.20 ZO.SS±0.20 1.40±0.38 0.81±0.27 0.022±0 D07 1.07±0.O6 

37.05±0.20 18.33±0.20 19. 30±O. 20 0.S8±0.3S 0.72±0.24 0.otO±0.007 1.12±0.10 

aRc is the experimentally observed ratio O'(K+p- KO,/p)/O'[K+d- K01f+p (n)]. 

.. 

/ 

I 
-.] 

N 
I 



t ., 

/ TableVL K+N,partialcross sections dete,rmined'fromK+d partial cross sections - a comparison of two methods. 

Glauber- Wilkin Pauli principle a(KN ..... XN) 
,Channel P a(K+d ..... XN(N)) 

corr. factor ' 
corr. factor ",,[1+CGW +Cpp] 

a(KN ..... XN) 

K+d ... XN(N) 
K T / T -Cpp == R Xa[K+ d ..... XN(N)] (MeV/c) (mb) CGW=(a GW a Kd ) Xa(Kd ... XN(N)) c 

+ 0 K d ..... Kpp 865 6.72:1:0.40 0.018:1:0.006 0.028:1:0.087 7.03:1:0.72 

970 6.26:1:0.29 0.021:1:0.007 0.025:1:0.067 6.55:1:0.52 

1210 4; 99:1:0.24 0.022:1:0.007 0.023:1:0.070 5.22:1:0.43 

1365 3.69:1:0.29 0.020:1:0.007 0.027:1:0.114 3.86:1:0.52 

+0 + K d ..... K'IT pin) 865 0.98:1:0.13 0~018:1:0.006 1.00:1:0.13 1.12:1:0.20, 

970 1. 99:1:0.15 0.021:1:0.007 2.03:1:0.15 2.55:1:0.29 

1210 4.76:1:0.26 0.022:1:0.007 4.86:1:0.27 5.09:1:0,40 

1365 4.78:1:0.38 0.020:1:0.007 4.88:1:0.39 5.35:1:0.64 
I 

+ 0 + 865 0.13:1:0.04 0.018:1:0.006, ...J K d ..... K 'IT nip) 0.13:1:0.04 0.15:1:0;05 I.N 

970 0.35:1:0.05 0.021:1:0.007, 0.36:1:0.05 0.45:1:0.07 

1210 1.31:1:0.12 0.022:1:0.007 1. 34:1:0.12 1.40:1:0.15 

1365 1.12:1:0.15 0.020:1:0.007 1.14:1:0.15 1.25:1:0.20 

+ + -K d ... K 'IT pip) 865 0.46:1:0.05 0.018:1:0.006 0.03:1:0.13 0.48:1:0.08 0.52:1:0.09 

970 0.91:1:0.05 0.021:1:0,007 0.02:1:0.07 0.95:1:0.08 1.16:1:0.12 

1210 2.89:1:0.12 0.022:1:0.007 0.02:1:0.04 3.01:1:0.16 3.09:1:0.22 

1365 3.21:1:0.20 0.020:1:0.007 0.02:1:0.05 3.34:1:0.26 3.60:1:0.39 

+ 0 0 K d ..... K 'lTp(p) 865 0.48:1:0.08 0.018:1:0.006 0.02:1:0.23 0.50:1:0.14 0.55:1:0.11 

970 0.82:1:0.08 0.021:1:0.007 0.03:1:0.13 0.86:1:0.14 1.05:1:0.14 

1210 2.09:1:0.13 0.022:1:0.007 0.02:1:0.08 2.18:1:0.21 2.24:1:0.19 

1365 2.06:1:0.19 0.020:1:0.007 0.02:1:0.11 2.14:1:0.30 2.31:1:0.30 



P K 
(GeVLc) 

'0.230 

0.330 

0.377 

0.530 

0.642 

0.812 

00865 

0.970 

1.210 

1.365 

1.585 

2.260 

3.000 

120000 
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Table VII. K+d - KOpp total cross· sections. 

0-
(mb~ 

1.0 +0.4 
-0.3 

2.7 *0.4 

-3 01 :1:0.4 

6.5 :1:0.6 

6.7 :1:0.6 

6.6 :1:0. 7 

6.72:1:0.40 

6.26:1:0.29 

4.99:1:0.24 

3.69±0.29 

2.65:1:0.22 

1. 50:1:0.15 

0.75:1:0.08 

0.031:1:00005 

Reference 

W. Slater, et al., Phys. Rev. 
Letters 7, 378 (1961) 

This experiment 

V.H. Seege r (thesis, unpub
lished) 

I. Butterworth et al., Phys. 
Rev. Letters.!Z., 734 (1965) 

Y. Goldschmidt-Clermont et al. , 
Physics Letters 27B, 602 (1968) 

A. Firestone et al. , 
Phys. Rev. Letters 25, 958 (1970) 
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Table VIII. Differential cros's sections' for K+ d ->- KOp(p); t is the square of 
the momentum transfer from the incident K+ to the outgoing KO. 

-t(GeV Ic) 2 ~~, [mbl (GeV I c)2] 

From To 865 MeV/c 970 MeV/c 1210 MeV I c 1365 MeV/c 
,· .. ·r· 

·t~· 0.00 0.05 4.6±1.1 4.3:1:0.8 2.7:1:0.6 1 3.1:1:0.6 
0.05 0.10 9.3:1:1.6 6.2:1:0.9 5.7:1:0.9 I 

)' 
.rtit.,. 

0.10 0.15 11. 5:1:1. 7 7.8:1:.1.0 6.7:1:1.0 
" 

3.8:1:0.7 
0.15 0.20 10.6:1:1.7 10;3:1:1.2 6.5:1:0.9 

0.20 0.25 9.3:1:1. 5 10.4:1:1. 2 6·9:1:0.9 4.5:1:0.8 
0.25 0.30 9.4:1:1.6 9.2:1:1..1 5.5:1:0.8 

0.30 0.35 11. 8:1:1. 8 7.6:1:1. 0 6.3:1:0.9 4.0:1:0.7 
0.35 0040 8.6:1:1.5 6.6:1:0.9 6.1:1:0.9 

0.40 0.45 8.0:1:1.4 6~6:1:0.9 5.2:1:0.8 1 3.9:1:0.7 
0.45 0.50 8.1:1:1.4 6.3:1:0.9 3.6:1:0.7 

0.50 . 0.55 8.7:1:1. 5 5.3:1:0.8 . 5.0:1:0.8 ) 
2.9:1:0.6 > 

0.55 0.60 6.1:1:1.2 5.6:1:0.9 4.6:1:0.8 J 
0.60 0.65 4.6:1:1.1 5.2:1:0.8 2.8:1:0.6 ) 

) 1. 8:1:0.5 
0.65 0.70 6.1:1:1.2 4.5:1:0.8 3.6:1:0.7 J 

0.70 0.75 6.4:1:1.3 4.4:1:0.8 3.2:1:0.6 l 2.0:1:0.5 
0.75 0.80 3.5:1:0.9 5.1:1:0.8 3.1:1:0.6 _ 

, 
0.80 0.85 3.2:1:0.9 4.4:1:0.8 2.7:1:0.6 } 1.4:1:0.4 
0.85 0.90 1. 8:1:0. 7 4.5:1:0.8 2.3:1:0.5 

0.90 0.95 1.3:1:0.6 2.8:1:0.6 2.6:1:0.6 } 1.2:1:0.4 
0.95 1.00 1..2:1:0.6 3.0:1:0.6 2.4:1:0.5 

1.00 1.05 

} 
2.0:1:0.5 1. 9:1:0. 5 ) 1.4:1:0.4 

1.05 1.10 0.12:1:0.09 1.0:1:0.4 1.2:1:0.4 I 
1.10 1.15 0.64:1:0.29 1. 3:1:0.4 } 1. 8:1:0. 5 
1.15 1.20 0.51:1:0.25 1. 6:1:0.4 

1. 20 1.25 0.25:1:0.18 1.1:1:0.4 , 
1. 8:1:0. 5 

1.25 1. 30 0.39:1:0.22 1.3:1:0.4 1 
1. 30 1. 35 } 0.14:1:0.10 

1.2:1:0.4 

} 1. 35 1.40 0.95:1:0.34 0.83:1:0.23 

1.40 1.50 0.49:1:0.17 

1. 50 1. 60 0.30:1:0.14 } 0.64:1:0.20 
~ 

"" 1.60 1. 70 ] 0.05:1:0.02 
1. 70 2.20 } 0.08:1:0.04 
2.20 2.30 



p 
pI 

. A2 

Table IX. Input parameters to the Regge model of Rarita and Schwarz schild 
(Reference 43). 

Trajectories 

0 1 
a a 

0.58 0.92 

-0.48 1.44 

0.37 0.41 

cO 
(mb-GeV) 

1..30 

5.02 

5.50 

KN residue parameters 

nO c 1 
(mb) . (GeV- 2 ) 

22.7 2.92 

{
-264.0 4.4 
-135.0a 

;..116.0 . 0.42 

aValues used for predictions for data of this experiment. 

J: 

D1 

(GeV- 2 ) 

0.26 

.{ 
2.95. . 
2.30a 

0.66 

I 
-.J 
C1' 
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Table X. Differential cross section for the reaction K+d -- 0 K p(p). 

dO' (ll1b/ sr) 
~.~ 

Cos e dr2 

From To S65 MeV/c 970 MeV/c 1210 MeV/c 1365 MeV/c 

-1.0 -0.9 0.20±0.06 0.27±0.06 0.11±0.03 0.04±0.03 

-0.9 -o.S 0.42±0.O9 0.35±0.06 0.15±0.04 0.09±0.04 

-O.S -0.7 0.37±0.09 O. 37±0. 06 0.20±0.04 0.21±0.06 

-0.7 -0.6 0.37±0.09 O. 3S±0. 06 O. 21±0. 04 0.17±0.06 

-0;6 -0.5 0.54±0.10 0.34±0.06 0.20±0.04 0.21±0.06 

-0.5 -0.4 0.4S±0.10 0.44±0.07 0.30±0.06 0.23±0.07 

-0.4 -0.3 0.40±0.09 O. 51±0. 07 0.27±0.05 0.2S±0.07 

-0.3 -0.2 0.50±0.10 0.39±0.06 0.21±0.05 0.17±0.06 

-0.2 -0.1 0;69±0.12 0.36±0.06 0.33±0.06 O. 23±0. 07 

-0.1 0.0 0.52±0.12 0.37±0.06 0.35±0.06 0.19±0.06 

0.0 0.1 0.57±0.11 0.63±O.OS 0.46±O.07 0.20±0.06 

0.1 0.2 O.65±0.11 0.52±0.07 0.3S±0.06 0.1S±0.06 

0.2 0.3 0.57±0.11 0.63±0.OS 0.4 7±0. 07 0.22±0.06 

0.3 0.4 0.93±0.14 0.51±0.07 0.54±0.OS 0.41±0.09 

0.4 0.5 0.59±0.11 0.63±0.OS 0.64±0.OS 0.57±0.11 

0.5 0.6 0.57±0.11 0.97±0.10 0.67±0.OS 0.69±0.12 

0.6 0.7 0.S6±0.13 O. n±0.09 O. 66±0. OS 0.32±0.OS 

0.7 O.S 0.55±0.11 O. 64±0. OS 0.74±0.09 0.65±0.12 

O.S 0.9 O. n±0.12 0.54±0.OS 0.66±0.09 0.54±0.11 

0.9 1.0 O. 21±0. 06 0.3S±0.06 0.39±0.06 0.31±0.OS 



2 n 

Table XI. Coefficients A from the least-squares fit of the differential cross sections to the series (dO/df2L = ~ 
JDax 

n n n·.= 0 An P n(cos ~ 1. 

~2 Expected Momentum .( CL 
(MeV/c) (mb) n 

max AO AI A2 A3 A4 AS A6 2 2 ('/0 ) 21 ~ 
865 0.4440 3 1.18±0.OS 0.34±0.08 -0.49±0.10 -0~22"'0.12 25.0 16 7.0 

8J 1.20±0.OS 0.36%0.08 -0.41±0.11 -0.27"'0.12 -0.37±0.15 18.9 15 21.8 

5 1.20%0.05 0.36±0.09 -0.41±0. 11 -0:26"'0; 13 -0.38±0.15 -0.07±0.18 18.7 14 17.5 

6 1.21"'0.05 0.37±0.09 -0. 39±0. 1 1 -0.25"'0.13 -0.36±0.IS -0.14±0.18 -0.36*0.21 15.8 13 26.0 

970 0.3733 3 1.33±0.04 0.S4±0.08 -0.08%0.10 -0.26"'0.12 32.5 16 0.9 

8J 1.34±0.04 0.S6±0.08 "0.10%0.10 -0.33"'0.12 -0.44±0.13 21.3 15 12.8 

5 1.34±0.04 0.56±0.08 -0.10%0.10 -0. 34±0. 12 -OA5±0.13 -0.05±0.15 21.2 14 9.7 

6 1.34±0.04 0.56±0.08 -0.10±0.10 -0. 34±0. 12 -OA4±0.14 -0.04±0.15 0.09±0.17 20.9 13 7.5 

1210 0.2698 3 1.47±0.05 1. 13±0.09 -0;08±0.11 -0.26"'0.12 20.3 16 20.5 I 

G 1.48±0.05 1. 17±0.09 -0.05±0.11 -0.47"'0.14 -0. 50±0. 14 8.0 15 92.4 -.J 
00 

5 1.49±0.05 1.18±0.09 -0.04±0.11 -0.46±0.14 -0.57±0.16 ~0.17±0.17 7.0 14 93.5 

6 1.49±0.05 1.18±0.09 .- O. 0 3*0. 12 -0.46±0.14 -0.58±0.16 -0.22±0: 19· -0.14±0.20 6.5 13 92.4 

1365 0.2286 1.21±0.08 0.98±0.15 0.22±0.16 0.30"'0.18 33.2 15 0.4 

4 1. 32±0.08 1.10±0.16 0.23±0.16 -0.18"'0.22 -0.88±0.24 19.1 14 16.3 

~ 1.39±0.09 1.23±0.16 0.22±0.16 -0.32±0.22 -1.27±0.28 -0.66±0.26 12.4 13 49.7 

6 1.39±o'.09 1.23±O.16 0.21±0.16 -0.32±0.22 -1.27±0.28 -0.65±O.29 O. 02±O. 29 12.4 12 41.7 

~, 



Table XII. Forward and backward differential cross sections for K+ n- KOp. 

(da) a (da) b {l k ) r tot tot 1 12 
P

K dn· 8 =0 0 (ill'. 0=0 0 
- la -a J 

\4'lTLK+p K+n 
(MeV/c) (m.b/sr) (m.b/ sr) (m.b/ sr) 

865 0.11 0.22:1::0.10 0.031:1::0.016 

970 0.12 0.38:1::0.09 0.026:1::0.012 

1210 0.14 0.44:1::0.08 0.026:1::0.007 

1365 0.15 0.13:1::0.14 0.007:1::0.004 

aFrom. Regge m.odel predictions described in text. 

bFrom. Legendre polynom.ial fits. 

(~g ') b 

8=1800 

(m.b/sr) 

0.14:1::0.08 

0.21:1::0.07 

0.06:1::0.04 

0.02:1::0.05 



Table XIII (a). Results of fits to the single-pion production Dalitz plots at 865 and 970 MeV/e. The errors quoted are statistical only. 

No. of 
Momentuzn' 

Modelb 
//dOf At:. (MeV/c) Reaction events

a d 

865 K+d _ KO,.+p(n) 61 NI 12..9/8 

K+d _ K°,.+n(p) 15 NI 2..1/5 
+ ' + - ' 

K d - K ,.' pIp) 99 NI 11.8/8 

K+d _ K°,.°p(p) 2.8 NI 6.3/7 

970 K+d - K°,.+p(n) 2.58 NI 17.9/10 

K+d _ K°,.+n(p) 71 NI 12..2./10 

K+d - K+',-p(p) 370 NI 18.4/11 

K+d _ KO"op(P) 105 NI 25.8/11 

aWe limit ourselves to events with spectator momentum less than 150' MeV /c. 

b N1 _ non-interference model. 

Iii" 

": * 

AK* '/oK*N 
"10K -t:. 

"I.KI::. inte rfe rence "I. Bkgd. 

69±23 31:i:i3 

2.8:1:65 12.:1:65 

10:1:2.2. 90:1:2.2. 

12.:1:39 8,8:1:39 

84:1:8 16:1:8 

2.3:1:2.0 77:1:20 

2.5:1:9· 75:1:9 

46:1:14 54:1:14 

f:; )' 

<!> 
(deg) 

I 
00 
0 
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Table XIII (b). Results of fits to the single-pion production Dalitz plots at 1210 MeV/c. The errors quoted. are statistical only. 

Momentum No. of 
o/.K 

... 
-D. cj> 

Modelb 
i/dof AD. * (MeV/c) Reaction events a d AK* 0/. KD. o/o'K N interference 0/. Bkgd. (deg) 

1210 K+d _ KOn+p(n) 666 NI 62/29 -0.53±O.11 . 0 39+0. 75 
· -0.50 78±4 28±4 -6±4 

NIC 62/30 -0.53±0.12 0.34±0.58 77 29±3 -6±3 

EI 34127 0.57±0.17 -0.71±0.12 _0.04+0. 75 
-0.46 

n±5 20±3 4±7 4±4 45±13 

EIC 34/28 0.63±0.16 -0.70±0.13 000+0. n 
· -0.49 68 19±3 7±5 6±4 3701'9 

K+d _ KOn+n(p) 181 NI 5.8/9 _0.2+ 0. 7 
-0.5 

00 +1.0 
· -0.6 40±18 57±8 3±19 

NIC 6.0/10 -0.2~g:~ -0.2 +0.7 
-0.5 

31 57±8 12±8 

EI 4.0/7 o 7+1. 6 
. -0.5 

o 4+ 2• 1 
. -1. 3 

01+1.5 
· -0.8 19±11 46±7 18±10 17±20 -22±22 

EIC 4.1/8 0.5±0.4 0.3~~:: 0.2~~: ~ 27 48±7 16±4 9±10 -27±22 

K+d - K+n-pip) 1311 NI 115/26 -0.41±0.20 1.09±0.32 25±4 65±2 10±4 I 
ex> 

NIC 123/27 -0.51±0.34 0.83±0.26 14 66±2 20±2 -EI 38/24 1.00±O.12 -0.67±0.24 1.24±0.48· 16±2 49±3 15±4 20±4 25±6 
I 

ElC 41/25 1.00±0.04 ~O. 71±0.26 1.06±0.39 12 52±2 13.±4. 23±4 25±7 

K+d _ KOnop(p) 294 NI 19.8/13 -0.8±0.2 1 4+ 1.4 
,. -0.8 :;6±11 53±5 -9±11 

NIC 21.3/14 -0.9±0.3 o 9+ 0.9 
· -0.6 39 55±5 6±5 

El 7.2/11 0.6±0.4 -1.0±0.2 12+1.7 
· -1. 0 

43±10 40±5 8±13 9±9 42±20 

ElC 7.6/12 0.8±0.3 -1.0±0.2 12 + 1. 6 
· -0.9 

34 37±4 13±10 16±10 31±15 

aWe 'limit ourselves to eve~ts with spectator momentum less than 150 MeV Ie. 
b N1 _ non-interference model 

NrC - non-interference niodel with amount of f:l. constrained 
E1 - clTIpirical-interference model 
Ere - empirical-interference model with amount of i::l constrained. 

" 



Table XnI (c). Results of fits to the single-pion production Dalitz plots at 1365 MeV/c. The errors .q~oted are statistical only. 

Jvlomentum 
No. of % K* _ !J. <I> . b 

l/dof 
d A.I). AK* 'loKI). O1oK*N 

(MeV/c) Reaction evcnts a Model interfe renee '70 Bkgd. (deg) 

1365 K+d - K'lrr\(n) 310 NI 32/21 -0.86±0.14 3 0+4·0 · -I. 6 
69±7 30±5 1±7 

NIC 32/22 -0.88±0.15 2' 8+3. 3 
• -1.5 66 30±4 4±4 

EI 14/19 1.00±0.35 -0.,78±0.23 5 6+ 10•0 
· • 3.3 51±6 20±4 19±7 !O±10 5±10 

EIC 15/20 ·0.86±0.24 -0; 77±0.22 6 2+10.1 
• - 3.4 

57 20±3 17±7 6±9 4±12 

K+d _ KO,/n(p) 74 NI 2;9/4 08+7•6 
• -1.8 

-0 2+1~ I 
· -0.7 

42±30 64±12 -6±36 

NIC 3.0/5 o 9+4 . 7 
• -1.8 

o 2+1.1 
- • -0.7 31 63±12 6±12 

EI 1.6/2 0.5±0.3 -0.3±1.3 -0·. 9±O. 9 56±32 72±15 ·-24±14. -4±26 136±27 

EIC 2.3/3 0.4±0:4 -0.2±3.8 -0.6±0.9 27 64±14 -11±5 20±11 127±51 

K+d - K+,,-p(p) 744 NI 50/26 01+1·3 .0.9±O.3 12±5 70±3 18±5 
· -0.6 

I 

NIC 50/27 o 1+1•2 
0 .. 9±0. 3 11 70±3 19±3 00 

··0.6 ,N 

EI 37/24 1.0±0.4 -0.6±1.2 0.9*0.4 5±2· 60±4 8±5 27±5 35±12 

EIC 38/25 . 0.7±0.2 _0.5+ 0 . 9 
-0.5 

0.9±0.4 &1±3 6±S 24±5 39±f4 

K+d _ KO"op(P) 148 NI 11.9/8 -1,00±0.14 26+ 33. 0 
• - 2.4 

47±13 31±8 22±16 

NI 12.6/9 -1.00±0.15 I 5+ 6•3 
· -1. 6 

34 32±8 34±8 

EI 10.6/6 d 4+ 0. 7 
. -0.3 - 1.00±0.14 1 6+ 13. 2 

· - 2.0 
38±13 27±7 4±1& 31±18 51±56 

EIe 10.9/7 0.5±0.4 -1.00±0.16 I.<~:b 29 2S±7 6±14 40±16 42±41 

aWE' linlit ourFlelves to events with spectator n1orn.entum less than 150 MeV/c. 

b?\l _ non-interfe renee model 
.'de - non-interference model with anlount of 6 constrained 
EI - empirical-interference model 
EIC - enlpirical-interference nlodel with amount of !::l. constrained. 

f 
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Table XIV. Resonance production cross sections for the single-pion production reactions. The errox:s quoted are .J2 times the s.tatistical 
error at 865 and 970 MeV/c and twice the statistical error at 1210 and 1365 MeV/e. 

A - constrained 

a(KN - K"N)a a(K.6.) a(K*N) 
"lnputll 

a(K*N) a(K" - 6int.) Mon1entum a(K - 6 int.) a(bkgd.) a(K6) a(bkgd.) 
(MeV/c) Reaction (mb) (ni.b) (mbl (mb) (mb) (mb) (mb) (mb) 

865 K+p - KO,,+p 1.1HO.20 0.77±0.41 0.35±0.37· 

K+n _ K°tr+n 0.15±0.05 0·.04±0.14 0.11±0.14 

K+n - K+,,-p 0.52±0.09 0.05±0.17 0.47±0.20 
K+n _ KO"op 0.55±0.11 0.OHO.30 0.4B±0.34 

970 K+p _ ·Ko,,+p 2.55±0.29 2.14±0.45 0.41±0.30 

K+n - KDrr+n 0.45±0.07 0.11±0.13 0.35±0.16 

K+n - K+,,-p 1.16±0.12 0.29±0.16 0.87±0.20 

K+n-Ko"op 1.05±0.14 0.48±0.23 0.57±0 • .23 

1210 K+p- KO,,+p 5.09±0.40 3.67±0.76 1.02±0.34 0.20±0.72 0.20±0.40 3.46 0.97±0;34 0.36±0.52 0.30±0.42 I 

K+n - KDrr+n 1.40±0.15 0;2'7±0.32 .0.64±0.24 0.25±0.28 0.24±0.56 0.38 0.67±0.24 0.2HO.12 0.13±0.28 
00 
\.N 

K+n - K+,,-p 3.09±0.22 0.49±0.14 1.5HO.28 0.46±0.26 0.62±0.26 0.37 .1.61±0.26 0.40±0.26 0.71±0.26 

K+n _ KOnOp 2.24±0.19 0.96±0.48 0.89±0.28 0.18±0.58 0.21±0.40 0.76 0.83±0.22 0.29±0.46 0.36±0.46 

1365 K+p _ KO,,+p 5.35±0.64 2. 73±0. 92 1.07%0.50 1.0HO.78 0.53±1.08 3.05 1.07±0.42 0.91±0.78 0.32±0.·96 
+ 0 +~ 

K n -->0 K 11' n 1.25±0.20 O. 70±0. 84 0.90%0.48 -0.30±0.36 -0.05±0.66 0.34 0,80±0.44 -0.14±0.14 0.25±0.28 

K+n -- K+Ti-p .\.60±0.39 0.18±0.16 2.16%0 .. 56 0.29±0.36 0.97±0.42 0.33 2 •. 19±0.52 O.22±0.36 0.86±0;40 

K+n _ KOrrop 2. 31±0. 30 0.88±0.64 0.62±0.36 0:09±0.74 0.72±0.86 0.67 0.58±0.36 O. 14±0. 64 O. (i2±O. 7 8 

a a (KN _ K"N) = Rc a[Kd - K"N(Nlj where Rc = a (K+p - Ko"+p)/a [K+d - K',,+p(nll. Th(' errors are statistical only. 
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Table XV. 
. .. . * . 

Cross sections for the reactioJ1. KN ~ K N decaying into all 

Momentum 
(dEN / c) 

- 1.140 

1.210 

1.365 

1.585 

1.960 

2.260 

2.300 

2.650 

2.965 
2.970 
2.970 

3.535 

4.6 

5.0 

8.25 

9.0 

10.0 

12.0 

12.7 

decay p1.odes •. See text for references. 

. +. ..*+a 
a(K p:-+ Kp) 

(nib) 

1.3 ±0.4 

1.6 ±0.2 

.2.6 ±0.4 

3.2 ±0.5 

1.8 ±0.3 

1.6 ±O~ 3 

2.2 ±0.4 

1.19±0.15 
1. 39±0.16 
1. 23±0. 17 

0.82±0.03 

0.54±0.06 

0.46±0.09 

0.20±0.04 

0.15±0.03 

0.13±0.03 

O. o 76±0. 018 

. ~". >!<+ b 
. cr(K n ..... K n) 

(mb) 

1. 0 :1:0.4 

1.2 ±0.\7 

1.4±0.4 

0.86±0.12 

a From Reference 42. 

+ >''<0 c· 
a(K n~ K p) 

(mb) 

2.4 ±0.4 

3.3 ±0.8 

4.8 ±0.6 

2.1 ±0.3 

1. 46±0.15 

0.043±0.005 

b . ~ . *+ + 
We have used R(all K charge states)/R(K -+ K O 

TT ) = 3/2. 
c - .. *0 / *0 +- / We have used R(aU K charge states) R(K ~ K TT ) = 3 2. 
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... , 
Table XVI. Isospin-O and isospin~1 KN - K'I'Ncross sections from 

1.0 to 3.0 GeV/c. ' 

.',' 

,,-

Momentum O'otot(K1TN) * ClO(K N) Cl
1
tot

(K1TN) Cl
1 

(K"'N) 

(GeV / c) (mb) (mb) (mb) (mb) 

1.140 1.3 ±0.4 

1.210 

l 
8.0±1.0a 5.2±1.1 c 

7.40±0.17 1.6 ±0.2 
8. O±O. 9b 6.0±1.1d 

1.365 8.9±1.8a 6.4±2.1 c 
2.6 ±0.4 

10.1±1. 7b 8.6±2.2d 

1.455 8.16±0.30 

1.585 1.1. 7±1. 9 7.5±1.4 3.2 ±0.5 

1.960 7.4 ±O.S 1.8 ±0.3 

2.260 1.6 ±0.3 

2.300 10.3:1:1.4 

2.650 2.2 ±0.4 

2.965 L19±0.15 
2.970 4.4±0.4 1.39±0.16 
2.970 8.1.±0.9 3.,4±0.4 1.23±0.17 

a 
Here we have used Eq. 16 to calculate ClO(KrrN). 

b Here we have used Eq. 62 to calculate Cl
O 

(K1TN). See footnote 49. 

cHere we have used the method of Eq. 63. Refer to the text for details. 

dHere we have employed the normalization of Eq. 62 and have fitted the 

mass projection dCl
O
/dmK1T and quote errors that are ,,[2 times the 

statistical error • 

..... '. 
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Fig. 4 MU8-3362 
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