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THE K+p INTERACTION FROM 864 to 1585 MeV/c; 
CROSS SECTIONS AND MASS DISTRIBUTIONSt 

Roger W. Bland, Michael G. Bowler tt, John L. Brown ttt, 
John'A.Kadyk, Gerson Goldhaber, Sulamith Goldhabert, Victor H. Seeger, 

and George H. Trilling 

Department of Physic s and Lawrence Radiation Laboratory 
University of California, Berkeley, California 94720 

May 1969 

ABSTRACT 

In this paper we present, for five momenta from 864 to 1585 

MeV Ic, cross sections for stable final states and for resonance 

production, and an analysis of the KNrr Dalitz plots including the 

effects of K*( 891) -~( 1236) interference. We see strong inter-

. * 
ference at all momenta where the K is present, with the relative 

* phase of the K N and K~ amplitudes remaining constant as a func-

tion of momentum. We combine our cross-section results with 

those from other experiments to study the momentum dependence 

of the partial cross sections in the region of the 1250-MeV Ic peak 

in the total cross section; we find that the total cross -section curve 

can be represented as the sum of partial cross-section curves, 

each one smooth and without a peak corresponding to that in the 

total cross section. Thus this structure is not due to structure 

t Work done under the auspices of the U. S. Atomic Energy Commission. 

ttpresent address: Nuclear Physics Laboratory, Oxford, England. 

tttpresent address: Stanford Linear Acceleration Center, Stanford, 
California. 

tDeceased. 
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in any single partial cross section, but rather to the sharp rises of 

I 

the single - and double -pion-production channels at widely separated 

thresholds. This interpretation is at variance with a conventional 

resonance interpretation of the observed structure in the total 

cross section. 

• 
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1. INTRODUCTION 

In meson-baryon scattering the KN system is unique in having no well-

established direct-channel resonances. The KN cross sections are the smallest 

of the meson-baryon cross sections, and show the least structure as a function 

of energy. This is perhaps related to the fact that a KN resonant state could 

not belong to the well-known singlet, octet, or decuplet representations of 

SU( 3 ),but would require an exotic representation such as 10 or 27, for which 

there is no other compelling experimental evidence. In terms of the quark 

model at least five quarks would be required, qqqqq, instead of the usual three-

. quark representation of baryon states. 

This experiment was orginally planned as a detailed investigation of 

K + pinteractions from 860 to 1585 MeV Ie, just above the inelastic threshold. 

The K+p cross section was known to rise sharply from if mb to 18 mb in this 

momentum interval, leveling off at higher momenta. 1,21,24) Recent precise 

234 
measurements by Cool et al. ,.) and Bugg et al. ) show a smal1 (:::: 1 mb) peak 

at about 1250 MeVlc beam momentum t . If interpreted asa resonance it would 

* .. 
be strangeness +1 baryon (Z ) with mass 1910 MeV, width 180 MeV, and 

isotopic spin 1, belonging to a 27 -dimensional repre sentation of SUn). 

In this paper, one of a series of detailed papers on K+p interactions 

between 864 and 1585 MeV Ie, we discuss cross sections, including those for 

resonance production, at 864, 969, 1207,1367, and 1585 MeV Ie. Another 

paper of the series is on elastic scattering at 864, 969 and 1207 MeV ie, 5) 

and a subsequent paper will discuss the detailed properties of inelastic final 

tThe values of O"t that we used differ slightly from those given in Ref. 2) and 

were supplied byT. Kycia on November 15, 1967. 

( 
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states. Several preliminary results have been published in earlier papers. 6-9) 

2. DESCRIPTION OF THE EXPERIMENT 

The film for this experiment was taken in the Lawrence Radiation 

Laboratory 25 -inch bubble chamber filled with hydrogen. Positive kaons were 

supplied by a two-stage variable-momentum mass-separated beam. 10) The 

target was in an extracted proton beam, external to the Bevatron field, per-

mitting operation over a wide range of momenta with positive or negative 

particles. 
. + 

Below 1207 MeV /c, the K beam was pure to less than 1"/0, but 

at the higher momenta there was some contamination of the kaon beam, rising 

from 20/0 at 1207 MeV/c to 150/0at 1585 MeV/c. The momentum bite was about 

.± 3/40/0. 

In Table 1 we give the number of pictures and the number of events 

of each topology analyzed at each momentum. The momenta given in this table 

are average fitted beam momenta at the point of the K+ interaction or decay. 

The primary measuring device for this experiment was the Berkeley Flying 

Spot Digitizer (FSD), 11)a rapid automatic machine measuring at a rate of 

about 100 events. an hour. Two "Franckenstein" hand-operated measuring 

projectors were also used, mainly for remeasurements. The measurements 

were analyzed with two sequences of programs, both using two-view recon-

struction; the FOG-CLOUDY -FAIR system, for FSD measurements, and 

PACKAGE, for the Franckenstein measurements. The only unconventional 

feature of the fitting was "total beam-track editing" of FSD events. In this 

procedure the measured beam momentum and angles were replaced by average 

values derived from a subsample of events with well-measured beam tracks, 
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Table 1. Number of pictures taken and numbers of events analyzed. 

a Only VO events were· measured in this section of film. 
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using as errors the half -widths of the fitted beam momentum and angular dis-

tributions for the subsample. This procedure was followed because the large 

incident particle flux, 15 to 25 kaons per frame, caused a high failure rate for 

FSD beam-track measurements. Total beam editing was not necessary for 

Franckenstein measurements, since the correct beam track could usually be 

satisfactorily located by the operator. 

After measuring, fitting, and inspection of ionization where necessary, 

all events were either accepted, remeasured, or rejected as one of a number 

of distinct reject types. Since the production of two missing neutrals is very 

small in our momentum range, nearly all well':'measur,ed events were expected 

to fit some kinematically constrained hypothesis. For an event to be accepted 

it was first required that all secondary tracks be well measured, as indicated 

by the spread of measured points from the fitted curve. A kinematic -fitting 

2· 2 
X cutoff was then made, at X = 20 for elastic scatterings (confidence level 

= 0.06o/~ and at the 1%confidence level for other hypotheses. Events fitting 

only one four -constraint hypothesis (no missing neutrals) were accepted 

regardless of whether any of the one-constraint hypotheses (one missing neutral) 

gave a fit. A check of this procedure on about one-third of such events, by . . 

inspection of ionization, revealed no instance in which a one-constraint fit 

should have been chosen. Ambiguities among four-constraint hypotheses were 

always resolved by inspection of ionization. Events with no four -constraint fit 

were looked at on the scan table, and ambiguities among one-constraint hypoth- iJ< 

eses remaining after inspection of ionization were always less than 2%of the 

inelastic events. In the case of ambiguities between incide~t-K+ and incident-1T + 

hypotheses at the same constraint level the incident-K+ was always chosen. 

After several rounds of remeasuring, the original sample of events 

was resolved as follows: 



p 

-5 -

Accepted 

Ambiguous 

Unresolved (because of 

repeated measurement 

failures) 

Unbiased FSD failures 

(not remeasured) 

Nonbeam 

Fake events 

.. No-fits 

Zero -constraint 

84% 

o. 05 % 

2.5% 

7% 

4% 

1.6% 

o. 4% 

o. 2% 

UCRL-i8758 

For the purpose of computing cross sections the unresolved events 

and unbiased FSD failures were distributed within each topology propcrtionally 

to the numbers of accepted events in the various reactions. We discarded the 

nonbeam events, "fake" events (mainly duplicates), and no-fit events (mainly 

events arising from off-m9mentum incident particles). The zero-constraint 

events, due to secondary scattering or decays near the primary vertex, 

were redistributed among the appropriate one-constraint hypotheses. For 

12 13 
further details of the analysis procedures see Refs. ) and ). 

3. DETERMINATION OF CROSS SECTIONS 

In·this section we discuss cross sections for finalistates stable with 

respect to the strong interactions; resonance -production cross sections are 

discus sed in the following section. Our results are summarized in Tables 

2a-e. A subsample of the film was chosen at each momentum for cross-section 
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Table 2a. Corrected numbers of events and cross sections, 864 MeV/c. 

Reaction 

+ -- K p, all cos e , cm 
nuclear only 

+ 0 + 
K P ...... K p1T 

+ 0 ...... K p1T 

+ + 
...... K n1T 

+ K P - all final states 

K + + + -
-1T1T1T 

Corrected 
number of 

events 

11234±173 

11608 ± 190 

1112±48 

351 ± 27 

127 ± 16 

1590±57 

13198± 198 

2220 ± 68 

Cross Section 
Decay Counter 

normalization normalization 
(mb) (mb) 

12.37 ± 0.49 

1.19±0.07 

0.37 ± 0.03 

0.13'5 ± 0.018 

1.'70 ± 0.09 

14.07 ± 0.55 

11.98±0.27 

1.15 ± 0.06 

0.36±0.03 

0.131±0.017 

1.64± 0.07 

13.62 ± 0.30 

.. 
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Table 2b. Corrected numbers of events and cross sections, 969 MeV Ic. 

Reaction 

+ + K p-K p, cos () < 0.9 cm 
+ 

-+ K p, all cos () cm' 
nuclear only 

+ 0 + 
K p -+ K plT 

+ 0 
-+ K plT 

+ + 
-+ K nlT 

-+ KNlT 

K+p -+ all final states 

+ + -
-+.IT IT IT 

Cross Section 
Corrected 
number of 

events 

Decay Counter 
normalization normalization 

(mb) (mb) 

3848±95 

4063 ± 107 11.63±0.71 

895 ± 43 2.56 ± 0.19 

277±24 0.79±0.08 

104± 14 .. , 0.30±0.04 

1276±51 3.65±0.25 

5339±118 15.28±0.90 

737 ± 38 

11.68±0.21 

2.57 ± 0 . .12 

0.80 ± 0.07 

0.30±0.04 

3.67 ± 0.14 

15.35 ± 0.22 
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Table 2c. Corrected numbers of events and cross sections, 1207 MeV Ic. 

Cross section 
Corrected Decay Counter 
number of normalization normalization 

Reaction events (mb) (mb) 

+ + cos 8 < 0.9 3671±101 K p --. K p, cm 
+ --. K p. extrapolated 4252 ± 105 11.81 ± 0.79 10.89 ± 0.18 

+ 0 + 
K P - Kp11' 1966 ± 66 5.46 ± 0.38 5.04 ± 0.15 

+ 
- K p11' 

0 704± 39 1.95±0.16 1.80 ± 0.10 

+ 
- K n11' 

+ 219±22 0.61±0.07 0.56 ± 0.06 

- KN11' 2889 ± 80 8.02 ± 0.54 7.40±0.17 

+ 
Kp-

+ +-
K p11' 11' 10±4 0.028±0.011 0.026 ± 0.010 

K+p - all final states 7151 ± 132 19.85 ± 1.28 1i.32 ± 0.12 

K+ + + - 610±36 -11'11'11' 



,. 
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Table 2d. Corrected numbers of events and crolts sections, 1367 MeV Ie. 

Reaction 

+ 0 + 0 +-
K P -+ K p7l' , K - 71' 71' 

_ 'K0p7l' +, all K O decays 

+ +-
-K p7l' 71' 

+ 0 +0 0 +-
K P - K plT 71' , K - IT IT 

Ko + 0 11 K O d .. - plT IT , a ecays 

o + + 0 +_ 
- K nlT IT , K -+ IT 71' 

o + +. . 0 . 
- K nlT IT , all K decays 

+ + -
-+ IT IT IT 

Corrected 
number of 

eventlt 

1796 ± 72 

5256 ± 224
a 

64± 11 

20± 6 

a 
58.6±17.6 

3 +. 4 
-2 

a 
8.8 +12 

-6 

1467± 59 

Cross section, 
decay normalization 

(mb) 

5.36 ±·0.33 

0.065 ± 0.012 

0.060± 0.018 

o 009 + 0.012 
. -0.006 

a . 0 + - I 0 16 
We take R( K - IT IT ) R( K -+ all modes) = 0.342 ± 0.005, from Ref. . ). 
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Table 2e. Corrected numbers of events and cross sections, 1585 MeV Ie. 

Reaction 

+ 0 + 0 +-K p ... K p7T ,. K ... 7T 7T 

0+0 ... K p7T , all K decays 

+ + +-
K P ... K p7T 7T 

K
o + 0 

... p7T 7T , o +-K -+ 7T 7T 

K
o + 0 

... p7T 7T • 
o . 

all K decays 

o + + 0 +-
-+ K n7T 7T • K -+ 1T 7T 

0++ 0 
-+ K n1T 7T , all K decays 

+ + + - 0 K p'" K p1T 7T 1T 

o . + - + 
.. ~ K p1T 7T 1T 

Corrected 
number of 

events 

789 ± 40 

2307 ± 122
a 

172 ± 19 

50± 10 

146 ± 29
a 

B± 5 

38± 15
a 

4 + 4.5 
- 2.5 

+7 
3_ 2 

590±34 events 

C ros s section, 
decay normalization 

(mb) 

5.0±0.4 

0:38 ± 0.05 

0.32 ±0.07 

0.08 ± 0.03 

o 009 + 0.010 
• -0.005 

O 006 
+ 0.015 

• -0~004 



''!' 
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determination; at 864, 1367, and .1585 MeV Ic most of the film was used, and 

at 969 and 1207 MeV Ic, slightly less than half. The numbers in Tables 2a-e 

refer to these selected cross-section samples, and the numbers of events in 

Table 1 refer to the entire sample ~f film analyzed. In the analysis of reso-

nance production the entire sample was used. 

Before presenting cross sections we consider small corrections for 

several experimental biases: beam contamination, scanning loss, K~ escape 

loss, and Coulomb effects and loss of short protons in elastic scattering. 

A. Beam Contamination 

There is little contamination at momenta below 1207 MeV Ic, but at 

the higher momenta pion contamination becomes a significant problem. Because 

of this problem, at 1367 and 1585 MeVlc only 3-prong events (K+ decays), 

4-prong events, . and events with a visible VO decay were measured. The 3 -prong 

and VO topologies are not easily simulated by incident pions, and were assumed 

to be free· of contamination. The 4-prong events were substantially contami-

+ + .. 
nated by incident pions but the separation of K events from 'IT events by 

fitting and inspection of ionization was quite adequate for the small number of 

events observed. The 2 -prongs were measured only at or below 1207 

MeV Ic, and at 1207 MeV Ic a correction for pion contamination was made. 

For this purpose events ii'om half of a roil of 1207-MeV Ic incident-'lTfilm, 

exposed at the time of the K+ p run, were measuted. These events were 

processed in the same way as 2-prongs in the K+ film. About 30% fitted as 

apparentK+ -induced events, . and the remainder fitted only as 'IT + -induced 

events. From the number of events in the K+ film identified uniquely as 

'IT + -induced events, it was then possible to deduce the number of 'IT + events 
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incorrectly identified as K+ events. These were substracted from the final 

+ states of the 2-prong topology, in proportion to the numbers of accepted K 

+ 
events in the incident-rr sall1ple. At 864 and 969 MeV Ic the pion contall1ination 

was negligible even in the 2 -prong topology. 

B. Scanning Biases 

At each ll1Oll1entUll1 a sall1ple of filll1 was rescanned, and a topology-

dependent correction was ll1ade for each reaction. The single -scan efficiency 

ranged from 90% to 97%, varying with topology and ll1oll1entum • 

. C. Short-Proton Loss and Couloll1b Correction 

Elastic scatte ring events with short recoil proton tracks become 

increasingly difficult to detect as the scattering angle decreases. + 
For K p 

elastic scattering with cos f) = 0.9, the recoiling proton has a stopping 
c. m. 

range of 11.6, 17.0, or 29 Cll1, at 864, 969, or 1207 MeV/c,respectively. 

To ll1inimize the short-proton bias we deleted froll1 our sall1ple elastic scatter-

ing events with cos f) > o. 9, and ll1easured the cross section for elastic scatter-

ing with -1 < cos f) < 0.9. We then calculated a cross section for nuclear 

elastic scattering at allangles. This required a correction for Couloll1b effects 

and an extrapolation of the cross section to 0.9 < cos f) < 1.0, both of which 

are ll1odel-dependent. At 864 and 969 MeV Ic we used for this purpose the 

partial~wave amplitude s froll1 our phase ~shift analysis of the elastic scattering 

events. 14) The nuclear cros's section so obtained is lower by 0.4 mb at 864 

MeV Ic and by 0.2 mb at 969 MeV Ic than that obtained by extrapolating the uncor-

rec ted data from cos 0 = 0.9 to cos f) = 1. At 1207 MeV Ic we merely extrap-
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olated with a third-order Legendre fit. 

D. Escape Correction 

The typical K~ decay length in our experiment was small compared with 

the chamber dimensions, and K~ escape corrections amounted to only 1% and 

Z.6% at 1367 and 1585 MeV /c respectively. No correction was necessary at 

. . 0 d 0 lower momenta, since the lost V events were analyze in the Z -prong, no -V 

topology. 

E. Estimation of Errors 

We have calculated the statistical error on the number of events in each 

reaction. Since the statistical uncertainty in the corrections was fairly small, 

the final statistical error is approximately N 1/Z, whe re N is the numbe r of 

events. To take account of possible systematic errors we. introduced an arbi­

trary "systematic error" of N 1/ Z, to be added in quadrature to the stati~tical 
error. The resulting error was thus taken as approximately equal to (2N) 1/Z. 

The corrected numbers of events in the samples of film used for cross-

section determination are given in Tables 2a-e. 

F. Cross Sections 

+ At each momentum we determined the number of decays of K beam 

. + + + -
particles via the T decay mode, K - 1T T 1T ,by measuring and fitting 3-prong 

events. The cross sections normalized to T decays were calculated from the 

formula 



where 

-14-

a = 
N. . 

lnteractlon 
N 

decay 

A 
X~X H., 

l1CT PH N A 
2 

AH (atomic weight of hydrogen) = 1. 008, 

,. 23·· -1 
N A (Avogadro's number) = 6.0248 X 10 mole , 

.p H2 (density of hydrogen in the bubble chamber t) = 
·3 

(0.0608 ± 0.0010) g/cm , 

- /M + rj - Pbeam K 
10 

c = 2.998 X 10 cm/sec, 

T (K+ lifetime) = 1.235 X 10-8 sec 16), 

UCRL-18758 

B (K+ branching ratio into the T decay mode) = 0.0557± 0.0004
16

). 

The resulting cross sections are given in Tables 2a..,e. 

At 864, 969, and 1207 MeV Ic we have also computed cross sections 

normalized to a: smoothed version of the total cross section measurements by 

Cool.et aL 2, 3) and Bugg et aL 4) ( see Fig. 11). For the error on the total cross 

section we used the smaller of the statistical errors given by the two counter 

groups; This error is statistical only, and future changes in.the cross -section 

values comparable to the statistical error due to improved analysis of system-

atic effects cannot be ruled out. 

tThe density of hydrogen was determined by measuring the 

of a muon from the two-body decay of a pion at rest, 1T + -+ 

stopping length 

+ 15 
1-1 + v; Ref. ). 
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,4. CROSS,SECTIONS FOR RESONANCE PRODUCTION 

Inelastic K+p inter'actions in the momentum reiion of our experiment 

are dominated by a few simple processes: 

sirigle pionproduction, 

K+p .:+'KOp". + 

+0 
,-K p'" , 

+ + 
- K n". 

and double pion production, 

+ + +-
'Kp - K p'" ". 

0+ ° -K p""'" 
° ++ -K.n".". 'j 

, K+O 0 (d . . d) - .. p'" ". , un erconstralne , 

+ + ° .... . .' 
- K n".". (und~rcbnstrained). 

We discuss only t4e first six reactions ... s the last two reactions have two 
. . 

,missing neutrals and are the,reforenot kinematically constrained. In this 

(1 ) 

(2 ) 

(3 ) 

(4 ) 

(5 ) 

(6 ) 

(7 ) 

(8 ) 

section we use the mass distributions for the inelastic final states to determine 

'the various resonance-production cross sections. 

A.Single -Pion Production 

1. Models Considered 

The Dalitzplots for the single -pion-production reactions are shown 

in Figs. 1_4 t . In theK°".+p Dalitz plots at 1207, 1367, and 1585 MeV/c 

we see a clear dominance of the quasi-two-body final states: 

tNumerical tabulations of Dalitzplot populations and other data are given in 

17 
Ref. ). 
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1.5 

1.4 

1 .. 3 

1.2 

1.1 

1.5 

N 
> 1.4 
Q) 

(!) 

1.3 

N z 1 .• 2 

I .1 

1.5 

1.4 

1.3 

1.2 

1.1 

K+p ~ KOp,,+ 

900 events 

K+p ~ K+p"o 

301 events 

K+p ~ K+n,,+ 

·f 0 5ev;e nts 

0.4 0.5 0.6 0.7 

M2(GeV 2 ) 
K7T . 

XBL696-2949 
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Fig. 1. Single -pion-p'roduetion Dalitz plots at 864 Me V Ie. 
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K+p -7 KOp1T+ 

1320 events 

1.6 

1.4 

1.2 

K+p ~K+P1TO 

387 events 

N 

> 1 .• 6 
Q) 

(!) 
......,. 

1.4 

~ 
N'Z 1.2 
~ 

K+P ~ K+n 1T + 

156 events 

1.6 

1.4 

1.2 
. .,;: 

0.4 0.6 0.8 

M2 
K7I" 

( GeV2 ) 

XBL696-2950 

Fig. 2. Single -pion-production Dalitz plots at 969 MeV Ie. 
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K+p 0 
~ K p17" + 

3000 events 

2.0 

I.' 

I.i 

1.4 

1.2 

K+p ~ K+p 17" 0 

1131 events 

2.0 

N 
I . &I 

> ., 
<!) 1.6 

1.4 
'I> 

NZ 

~ 
1.2 

K+p ~ K+n 17" + 

359 events 

2.0 

I.' 

1.6 

1.4 

1.2 

0.4 0.6 O.i 1.0 

M2 
K7r 

CGeV 2 ) 

x BL69i - 2!51 

Fig. 3. Single -pion-production Dalitz plots at 1207 MeV Ie. 
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K+p - KOp7T+, 1367 MeV/c 

1503 events 

2.3 

1.9 

1.5 

1.1~~~~~uu~~~ 

K+p -KOP 17' + t 1585 MeV/c 

750 events 

2.3 

1.9 

1.5 

I • I u.u...u...L.Iu..u...~.L.1.I..&..u.4........t~J.&.. 

0.4 0.8 

M2 
K17' 

1.2 1.6 

(Gev 2 ) 

XBL696-2947 

UCRL-18758 

Fig. 4. Single-pion-productionDalitz plots at 1367 and 1585 MeV/e. 
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K+p -+ K~( 1236) 

L TIN , 

+ * K P -+ K (891)N 
.. L KTI . 

UCRL-18758 

The resonance bands are well defined, and there appears to be little nonreso-

nant background. The 1207 -MeV /c data seem to show constructive interference 

. . * . * at the crossing of the ~ and K bands. At 864 and 969 MeV/c, below K 

thresl:lOld and near the .~ threshold, there are no c'iear resonance bands, since 

the 120-MeV -wide l:J. covers the entire Dalitz plots. It will be shown, however, 

that b. production dominates at these momenta as well. In order to draw 

quantitative conclusions from the Dalitz plots one must construct a model for 

the single ...;pion-production reaction. We will consider three models: a non-

interference model which we expect to be valid only in the part of the Dalitz 

plot outside the K* - ~ overlap region; an empirical model including K* - ~ 

interference; and a specific partial-wave model involving as sumptions as to the 

K l:J. and K*N amplitudes. 

a. Noninterference Model 

One can represent the Dalitz plot density for production of a single 

resonance rather generally as the product of a Breit-Wigner function, a 

production angular momentum barrier factor, and a function specifying the 

density distribution within the resonance band along a line of fixed resonance 

mass. The llatter function, whose form is determined by the spin of the 

.decaying resonance, is usefully represented iIi terms of an angle A. For the 

NTI system, we define ANTI as the decayangle, in the NTI c. m., of the pion with 

respect to the outgoing kaon, as shown in Fig. 5. Along a l~ne of constant 
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1T 

K 

N 
XBL696-2968 

Fig •. 5. Definition of ANlT' the pion decay angle in the NlT c. m. with 
respect to the direction of the o'\ltgo~ng kaon. 
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M~lT' M~lT varies linearly with cos ANlT , where cos ANlT =,± 1 corresponds to 

the edges of the Dalitz plot. For the KlTsystem we similarly define AKlT as the 

decay angle of the pion with respect to the outgoing nucleon, in the KlT c. m. Since 

both the 6.' and the K* decay in p waves, their decay distributions in A must be 

of the form, 
. , 

2 
W(cos >-.) 0: 1 + A cos A. ( 9) 

The values of A for the ,two resonance are left as free parameters to be varied 

in the fit. 

The choice of a particular producti~ncmgt:llar momentum barrier is a 

definite dynamical assumption. One e~pects rather low partial waves in the final 

state, especially ~tour lower momenta, and various assumptions for the final-

state orbital angular momentum can be compared, with .the data. Near threshold 

,the NlT mass distribution for 6. production is strongly,:dependent on the angular 

momentum state in which it is produced. If the final-state K6. system is in a 

relative S wave, the mass spectrum is the product of phase space and the 6. Breit-

WigIlerfunction.'.For nonzero orbital angular momentum in the' final state, how-

ever, the angular momentum barrier factor will have a dependence on outgoing 6. 

momentum favoring high momenta, leading to suppression of high NlT masses. 

'This effect is illustrated in Fig. 6,' where the NlT mass distribution at 864 Me V / c 

is compared with the predictions for phase space and for 6. production in S, P, 

and D waves. We have used an angular momentum, barrier function of the form 

,1 _ ( 'q2 ) 1 
f (q) - 2 2 

,~ q + X 
(10 ) 

where q is the outgoing kaonmomentum in the overall c. m. and where for X 
, . 

we take X = m /-J2:::: 500 MeV, as suggested by the p -exchange hypothesis for p . 

~ production. Other values of X over 250 MeV give almost indistinguishable 

results. Of course, as X is decreased to zero, theP- and D-wave curves 
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Fig. 6. Experimental M~1T distribution at 864 MeV Ie, and the 
predictions for pure A production in S, P, and D waves. 
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approach the S-wave curve. The 'data shown in Fig. 6 ar~ inconsistent with 

any superposition of phase space and S -wave A production, and thtis require 

the presence Of A production in a higher partial wave. On the basis of the 

excellent agreement of the 864-MeV Ic data with the P-wave predictions shown 

in Fig. 6, we use a P-wave barrier factor for the KA final state,t. * For the K N 

final state we also use a P-wave barrier factor, although with weaker moti­

vation than for the K~ final s,tate tt. For the inverse !adiu,s of interaction, we 

take X = m I.f[, because of the evidence of S. Goldhaberet al. favoring w-
w. 

18 
exchange in this reaction.' .) 

The Dalitz plot density is given under these assumptions by 

2' 
d (] ;, a + b L_* + c I . t< t1. 

( 11 ) 

t We have also shown the production a.nd decay angular distributions to be con-

sistent with production largely through P waves. This is furthermore the 

prediction of the Stodolsky-Sakurai p -exchange model near threshold; see 

9 
Ref. ). 

* ttWe have two reasons for preferring a P-wave K N final state: First, the 

. . .' * 
interference models give- much better fits with P-wave than withS-wave K 

production. Second, we see strong K* -t1 interference in the KN1T Dalitz plots, 

and such interference can occur only between final states with the same overall 

* spin and parity; hence if the Kt1 fin~l state is dominated by P waves, the K N 

final state is also largely P wave. , 
,-
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where 

( 12 ) 

'(13 ) 

1 ( 14) 
BW 

and ( 15) ,,' 

,heremo and rO are the nominal resonance mass and width, taken as 1236 MeV 

and 116 MeV for the fl., and 891 MeV and 50 MeV for the K*, m is the appropri-

ate diparticle mass, PO and p are the two-body c. m. 'decay momenta correspond­

, ing to mO and m, and qK* andqfl.are the K* and fl. momenta in the overall c. m. 

b. Empirical interference model 

An approximat'e way to include interference effects in the absence of a 

detailed calculation is to modify Eg. (12) to 

d
2

a '( 2 2 = a + b I K * + c I fl. + 2 d bc ~ * 
dm

KlT 
dm

NlT 

, Here ~* and lfl. are the same as in Eq. (11), <l>K* and <I> fl. are the phase s of the 

* " fl.and K amplitudes due to the complex Breit-Wigner amplitude, and <1>0 is 

" , an additional constant relative phase, to be varied in the fit. The factor d, 

also'varied in the fit, allows for Ie s s "-than-maximal interference between the 

* d ' . K N an Kfl. ampl1tudes. This interference term is a simple, though inexact 
\. 

empirical substitute for a detailed calculation based on a specific choice of 

amplitude s. 
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c. P-wave interference model 

more 

tudes 

A constrasting approach which has previously been discussed with a 

preliminary version of the data8) is to choose definite partial-wave ampli­

* for the K Nand KA final states, and to calculate the resulting Dalitz plot 

density including the interference t. This is a theoretically more correct pro-

cedure, but the choice of partial waves is almost as arbitrary as the assump-

tions of the empirical interference model. In choosing the A amplitude we are 

guided by the good qualitative agreement between the 6. production and decay 

angular distributions and theStodolsky-Sakurai p -exchange model. (See Ref. 8.) 

Since in this model P-wave production of the A dominates near threshold, we 

take for the A amplitude the P-wave terms of the p -exchange amplitude, 

-. ~ ....... ....... ........ 
a( KA) ~ q X q' • (2p + iO' X p)B W A ( 17) 

where q and q' are the incident and outgoing kaon momenta in the overall c. m. , 

and p is the momentum of the decay pion in the A c. m. For K* production we 

do not have a clear indication from the data of an appropriate amplitude. We 

choose a P-wave amplitude analogous to the A amplitude, 

* -+ - -+ a(K N) ",- q X ql . P BWK* , ( 18) 

* where q and q' are the incident K and outgoing K momenta in the overall c. m. , 

and p is the decay kaon momentum in the K* c. m. This predicts for the dis­

tribution in the K-K scattering angle a, W(cos a) = sin
2 

a, and for the Treiman­

Yang angular distribution, W(<I» = sin2 
<1>, in rough agreement with the data. 

Here too our amplitude corresponds to the P-wave terms, of a vector-exchange 

tThese calculations are described in Ref. 19). 
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amplitude t. The Dalitz plot density is then given by 

* i<l>O 2 . I a( K N) + a( KA)e I + phase space (19) 

When this expression is expanded and integrated over the final-state variables 

other than the Dalitz plot variables, there results 

- '" * + <I> ) 't'K 0 

+ phase space . ( 20) 

The similarity to the empirical interference model should be noted; for 

* AA = - 0.6 and ~* = - 1, the direct K Nand KAterms are of identical form, 

and the interference terms are similar, being (aside from the cos <I> factor) 

positive everywhere in the Dalitz plot, and zero at the edges. For other values 

of AK* the empirical interference term, although still positive, no longer 

vanishes at the edges of the Dalitz plot. 

B. Results of Fits 

In Table 3 we give the results of fitting all our single -pion-production 

Dalitz plots for fractions of background, A production, and, where appropriate, 

* . K productlOn. In Table 4 we give the corresponding resonance production 

. . . . + + 
cross sections, obtained as follows: At 864 and 969 MeV Ic and for the K 1T n 

t Specific ally this corresponds to the P -wave part of the vector -exchange 

amplitude given in Ref. 20), with the choice of coupling constants G
V 

= - G T • 



* * interference, and other results of fits to the. single-pion-production Dalitz plots. Tablr.: ·l. Fractions of t, produc tion, K production, t,-K 

The <:rrors quoted are statistical only, and are modified as described in the text before calCulating the cross sections given in Table 4. 

Momentum Final No. of 
2/ . 

%K* -6. 0/0 4>0 
( MeV/c) * state events Model X d.o.f. d A A * 0/0 Kt, %K p into bkgd, (deg) t, K 

735
a KO + p1T 108 No -interfe rence 7.0/4 63 ± 36 37± 36 

785
a KO + p1T . 569 No-interference 23/11 55 ±9 45 ±9 

864 
0 

K p1T 
+ 

900 No-interference 9.5/14 75 ± 7 25 ± 7 

K+P1T 0 
301 No-interference 9.6/15 52 ± 15 48± 15 

K+n1T + 
105 No-interference 10.9/6 63 ±19 37 ± 19 

969 K Op1T'+ 1320 ·No-interference 40.3/20 94± 4 6±4 

+ 
K p1T 

0 
387 No -inte rfe rence 18.3/9 54±9· 46±9 

K+ + n1T 155 No-interference 14.5/8 80± 14 20± 14 , 
KO + 

N 

1 207 p1T 3000 Empir. interf. 47/27 0.53 ± 0.07 -0.50 ± 0.07 0.21 ± 0.18 68± 3 21 ± 2 6±2 5±2 38 ± 7 00 , 
P -wave interf. 99/30 -0.6 -1. 59 ±2 17± 1~5. 7±2 18± 2 36 ± 5 

No-interference 156/28 -0.38±0.07 0.60± 0.35 77± 2 29± 1. 7 -6±1.4 

K+P1T 0 
1131 Empir. interf. 19/22 0.54± 0.09 -0.51±0.16 0.40± 0.40 45 ±4 38± 3 6±4 ·11± 4 40± 10 

P-wave interf. 58/25 -0.6 . -1; 36±4 34± 3 1±4 29 ± 4 48± 8 

No .,.inte rference 64/23 -0.20±0.12 0.90± 0;40 56±.4 46 ± 3 -2 ±3 

K+ + n1T 359· No-interference 11/14 58 ± 7 42 ± 7 

KO + 
~ 

1 367 p1T 1521 Empir. interf. 39/22 0.53 ± 0;08 -0.51±0;11 0.70 ± 0 • .35 57±2.4 32 ± 2 11±2.5 O± 2.5 . 25± 7 

P-wave interf. 81/25 -0.6 -1. 47 ± 1.6 26 ± 1. 9 13 ±2 14±2 28 ± 6 

No-inte rfe renee 95/24 -0.55 ± 0.10 ·1.2±0.4 66 ±2.6 43±2.3 -9 ± 1.6 c:= 
1 585 KO + 754 Empir. inte rf. 16/16 0.66 ± 0.13 

() 
p1T -0.50±0.20 -0.15±0.30 41± 3 43 ± 3 11± 3 5±3 29 ±9 

::0 
P -wave interf. 41/19 -0.6 -1. 36 ± 2.3 41± 2.5 8±3 13 ± 3 43 ±9 t'" , 
No-interference 47/17 -1.00±0.15 0.00±0.2'i ·52±3 43± 3 6±3 

~ 
00 
-.] 
Ul 
00 

a. Given h('rc are results from a fit to the mass distributions of Fillipas et al.. Ref. 22). 

• 
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Table 4. Summarr of cross sections for t1 production, * . K productlOn, 
I ,~' and background. 

,Momentum a( Kt1) a(K*N) a( K*-t1 int.) a( bkgd) 
(MeV/c) Reaction (mb) (mb) (mb) (mb) 

735
a + 0 + 

Kp-Knp 0.08 ± 0.06 0.05 ± 0.06 

- KnN 
' b 

0.11 ± 0.08 

785
a + 0 + 

Kp-Knp 0.19 ±O.04 0.15± 0.04 

~KnN, 
' , b 

0.25 ± 0.05 

864 
+ 0 + 

Kp-Knp 0.86 ± 0.12 0.29±0.12 
+ 0 

-Knp 0.19±0.08 0.17 ± 0.08 
+ + 0.08 ± 0.04 0.05±0.04 -Knn -- ,. 

- KnN 1.13 ± 0.15 0.51±0.15 

969 
+ 0 + 

2.42 ± 0.19 0.15 ± 0.15 Kp-Knp --+0 
-Knp 0.43 ± 0.11 0.37±0.11 

+ + -Knn 0.24± 0.07 0.06 ± 0.06 

-KnN 3.09±0.23 0.58 ± 0.20 

1 207 
+ '0 + 

Kp-Knp 3.43 ± 0.32 1.06 ± 0.20 0.30±0.30 0.25±0.30 
, + '0 

-Knp 0.81±0.14 0.68±0.11 0.11±0.14 0.20 ± 0.14 
+ + -+Knn 0.32±0.06 0.24±0.06 

-KnN 4.56 ± 0.35 1. 74 ± 0.23 0.41± 0.33 0.69 ± 0.34 

1 367 + 0 + 
3.05 ± 0.33 1. 72 ± 0.24 0.59 ± 0.27 o ± 0.27 Kp-Knp 

i ,.. 
4.1 

b 
2.6 

c 
0.8 

d 
! -KnN ±0.4 ± 0.3 ± 0.4 I 
I 

1 585' 
+ ' 0 + 

Kp-Knp 2.05 ± 0.34 2.15 ± 0.35 0.55 ± 0.30 0.25±0.30 

-KnN 2.7 ± 0.4 
b 

3.2 ± 0.4 
c 

0.7 ± 0.4 
d 

a. The numbers given are results of our fit to the data of Filippas et al. , 

Ref. 22. * *++ + 
b. We have used R(all N* charge states)!R(N*+ - n p) = 4/3. 
c. We have used R(all K charge states)/R(K - KOn+) = 3/2. 
d. This assumes only isotopic spin conservation, as in band c above. 
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, final state at 1207 MeV /c we have used the noninterference results, multiplying 

* the errors by ~. In the other cases, where the K is present, we have used 

the results of the empirical interference model, doubling the errors. In the 

following discussion of (he results we justify this procedure~ 

At 864 and 969 MeV /c and for the K+ U1r + final state at 1207 MeV /c, the 

K* is not present. There we perform a least-x
2 

fit to the m~TT distributions, 
t 

using an appropriately modified form of Eq. (11), 

=t + C BW(,,) ( 21) 

where'the symbols have the same meaning as in Eqs. (11) - (15). The errors 

given in Table 3 are statistical only. Tb ,account for pos sible "theoretical 

error" in the assumptions of the model, we multiply all errors by.J2 before 

computing crops sections. A check on the results can be made by comparing 

the cross-section ratios for production in reactions (1), (2), and (3) with the 

9:2:1 predicted by conservation of isqtopic spin. Using the values of Table 4, 

which include the theoretical error, we find 9:(2.0± ·0.8):(O.8± 0.4) at 864 MeV/c 

tThe KNTT Dalltz plots at 864 and 969 MeV /c show an asymmetry favoring high 

. KTT mas s which cannot be described by Eq. (21). In our partial-wave analysis 

of the KNTT final state (R. W. Bland, thesis, University of California, Berkeley, 

CaliJornia, to be offered as the next paper of this series) this is attributed to 

interference between D.. -production and background amplitudes. Filippas et al. 

(Ref. 22) observed the same effect .at 778 MeV /c and arriv~d at the same 

explanation. The effect changes sign across the Dalitz plot and so does not 

affect the m 2 distribution. 
NTT . 

... 
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and 9:(1.6± 0.4}:(0.9± 0".3} at 969 MeV/c, in good agr~ement.· 

* 2 Where the K is present the data have been fitted by the least -x method, 

~ividing the data into rectangular bins in m~rr and m~rr' Results for the three 

different fitting hypothese s are given in Table 3. The noninterference fit is 

included only to show how strongly the data reject it; this is overwhelming 

* . evidence in favor of the presence of K -D. lnterference. In Fig. 7 we show some 

results of the noninterference fit, for comparison with the more realistic inter­

fere:t:lce models. We give the m~rr spectra for reaction (1) at 1207 MeV /c, in' 

2 . . 2 "2 2 
the bands 1.4 <MNrr < 1.5 BeV and 1.5 < M

Nrr
<1. 7 BeV. In the first band 

the interference is maximal at the K*mass, enhancing the K* peak. In the 

'second band the interference goes through zero at about the K* mass, thus 

* * shifting the K up in mass and suppressing the mass region below the K . 

The no-interference model clearly does not fit the data in Fig. 7. 

However, both interference models reproduce the general features of the data. 

The rather poor X21S for the P-wave interference model seen in Table 3 result 

primarily because the K*cos X.~rr distribution predicted by the model, 

W(cos x.} 0: sin2 x., requires that the K>:< production intensity and the interference 

. vanish at the edges of the Dalitz plot, in clear disagreement with the data shown 

in Fig. 3. The more general empirical interference model gives a better 

2 
representation of the data, and has by far the lowest X for all data samples. 

Even so, the fits to the larger data samples are not very good, probably due to 

our approximate treatment of the interference. 

The empirical interference model results in Table 3 and the crosS 

sections in Table 4 show an encouraging consistency. The D. -production cross 

sections in reactions (1), (2), and {3} at 1207 MeV /c are in the ratios 

9:{2.1± 0.4}~0.84± 0.15), in good agreement with the predicted 9:2:1. For K* 

t.,. 
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Fig. 7. Experimental M~1T distributions and the predictions of the 
models discussed in the text. 
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production the ratio for reactions (1) and (2) is 2:(1.3±0.3), also in good 

agreement with the predicted 2:1. The parameters d, A6,' AK*' and <1>0 should 

be the same for reactions (1) and (2) at 1207 MeV/c if the model is correct, 

and the agreement seen in Table 3 is remarkable. In fact, the data from all 

the fits are consistent with the hypothesis that d, A6,' AK*' and <1>0 are constants 

independent of momentum. 

As a further test for the stability of the empirical interference model 

solutions we have repeated the fit to the 1207 -MeV/c KOpTT + data with several 

2 
modifications of the formalism.' The' changes and their effects on the X and 

parameters are described below; changes in the parameters described as small 

'. are less than 1 standard deviation; moderate, 1 to 2 standard deviations; 

and'large, greater than 2 standard deviations. 

(a) Replace 6, production barrier factor by 1 (S"':wave 6, production),..­

x2 doubles, moderate change seen in <1>0' large changes in other 

( b) 

( c) 

.parameters. 

* " * Replace K production barrier factor by 1 (S -wave K production) --

2 . X double s, moderate changes seen in parameters. It is interesting 

to note that, whereas the interference fits are quite sensitive to 

* the production partial waves of the K , the noninterference fit is 

not nearly so sensitive. 

2 
Replace 6, barrier factor by qNTT 

2 
X increases by 6, moderate 

changes seen in the parameters. 

(d); Replace K * barrier factor by q~TT 2 
X unchanged, small changes 

seen in the parameters. 

(e) In the expression for the energy-dependent K* width (Eq. 15), replace 

mrr by 00,;;- X
2 

decreases by 1.5, small changes seen in the parameters. 
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Results a and b above assure us that the P-wave barrier factor is realistic. 

The less drastic changes c, d, and e are all plausible alternatives to the 

formalism used, and give us' some estimate of the "theoretical uncertainty" 

in the model. On the basis of these results we double the statistical errors for 

the empirical interference model fits given in Table 3 when computing cross 

sections. 

From our analysis of the single -pion-production Dalitz plots we draw 
i 

the following conclusions: (1) strong K* - tJ. interference is required to fit the 

data, at all momenta; (2) the resonance -decay parameters and the interference 

, * parameters, including the relative phase of the K Nand KtJ. amplitudes, remain 
I ' 

constant from the center of the first total-cross-section peak to well above it; 

(3) the empirical interference model provides a useful parameterization of the 

single -pion-production Dalitz plots. 

B. Double Pion Production 

+ + + - I The threshold for reaction (4), K p - K p1T 1T , occurs at 820 Me V c 

beam momentum, but, as is clear from Table 2, the cross section remains 

very small up to about 15 00 MeV Ic. There the cross section starts to climb 

* rapidly, with the quasi-two-body final state K (891)tJ.( 1236) dominating the 

reaction at higher momenta. 29 -32) The effective threshold for double -pion 

production appears to be the K*tJ. threshold, occurring at 1750 MeVlc for the 

central resonance masses, but occurring considerably lower (,.;.. 1500 MeV Ic) 
for production on the low-mass tails of the resonances. A further indication 

* of K tJ. dominance is seen in the relative cross sections for reactions (4) - (6). 

From Conservation of isotopic spin the K* tJ. final state must divide among 

,,. 



-35- UCRL-18758 

reactions (4) - (8) in the ratios 18:13:2:2:1. Our data at 1367 and 1585 MeV/c 

are consistent with these ratios. 

In Fig. 8 we show a scatter plot of Mpn + vs M
K

+ n - for reaction (4) at 

1585 MeV/c, and in Fig. 9 its x and y projections. Double-resonance produc-

Hon is seen on the scatter plot as a clustering of events near the high-mass 

kinematical limit. The projections show K* and t':1 peaks shifted well below 

their usual positions, the res,ult of being below the nominal K* A threshold. To 

demonstrate that we are indeed seeing double -resonance production below 

threshold and to determi,ne its cross section we made a fit to the triangle-plot 

population, assuming an incoherent superposition of four processes: (i) K* t':1 

double -resonance production, (ii) t':1 production with a nonresonant K+ n- , 

(iii) K* production with a nonresonant p~ +, and (iv) totally nonresonant phase-

space background. This gives, for the· triangle -plot population, 

. * * P(MK +n -, Mpn+) = {crBW(t':1)BW(K ) + j3BW(t':1) + "{BW(K ) + a}. qcmP t':1P
K

*, (22) 

where BW is the p-wave Breit-Wigner function given by Eq. (14), q is the 
cm 

t':1 or K* momentum in the overall c. m., and p ~ and PK* are the t':1 and K* 

decay momenta in their resp'ective c. m.'s. The parameters cr, 13, and"{ are 

varied in the fit, with 0 determined by the overall normalization. The triangle 

plot was divided into 13 rectangular bins, and the best-fit X
2 

was 13.4, for 

nine degrees of freedom. We also tried several variations on Eq. (22), using 

different forms for the energy dependence of the resonance widths and multi-

22m 2 
plying the first term by an angular momentum barrier factor q /(q +-2n ), cm cm 

* corresponding to P-wave K t':1 production. These different variations give 

somewhat different values for cr, /3, and ,,{,with comparably good fits. Taking 

this range of values for the parameters into account in estimating errors, we 
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+ + +-K p ~ K p7f 7f > 
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Fig. 9. Mass distributions for the reactionK+p -+ K+pTr\r;; at 1585 MeV/c; 
the solid curve i:; the result of the fit describ~d in the text, and the 
dashed curve is the component attributed to K'" ~ production alone. 
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conclude that K*~ production comprises 65± 15%of reaction (4), with a cross 

section of 0.25 ± 0.07 mb. The remainder of the reaction is divided between 

background and AK+tr -, in a ratio not well determined by the fit. The K+tr­

and ptr + mass spectra corresponding to our fit are drawn on Fig. 9 (solid 

. * curves), along wlth the K ~ component (dashed curves). 

In Fig. ·10 we give the triangle plot for 57 examples of reaction (4) at 

1367 MeV/c. The same fitting procedure at this momentum gave inconclusive 

results, due to poor statistics and the small span of allowed phase space. 

However, the cross-section ratios for reactions (4), (5), and (6) suggest that 

the reaction is still dominated by K* ~ production. 

5. ENERGY DEPENDENCE OF K+p CROSS SECTIONS 

In Table 5 we give a summary of all available K+p partial cross sections 

. for final states involving production of up to two pions, from 0.6 to 3.5 

BeV /c. 21-33) At those momenta at which only selected final states were 

measured, the cross sections must be normalized to the number of observed 

'T decays, and we quote the published cross sections and errors. At momenta 

at which all final states were measured in the bubble chamber we have renor-

malized the published data to the counter measurements of the total cross sec-

tion, according to the following procedure: 

A. A counter value for the total cross section is taken from the smooth 

curve in Fig. 11. The curve is a hand-drawn representation of the counter 

measurements by Cool et al. and Bugg et al., drawn to join smoothly onto the 

S-wave effective-range solution of S. Goldhaber et al. 21} below 600 MeV/c. 

We have ignored the peak-dip structure in the Bugg et al. data near 650 MeV/C. 
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Fig. 10. Triangle plot for the reaction K+ p -+ K+ p1T+'r - at 1367 MeV Ie. 



Table 5. K+ p cross sections from 0.6 to 3. 5 BeV Ie. 

Beam 
K+p Momentum o· + + 0 K+ + + +- KO + 0 KO + + ( neVa (nuclear) KNn 

a 
K en K en nn K en n pn n nn n KNnn Total References 

0.642 12.2:1:0.7 0.06:1: O. 03 12.3:1:0.7 21 

0.735 0.13:1:0.01 0.03:1: 0.01 0.02:1: 0.01 0.18:1: 0.01 22 

0.785 12,1:1:0.3. 0;34:1:0.03 0.11:1: 0.01 0.07:1: 0.01 0.52:1:0.03 12.6:1:0.3 22, 23 

0.810 12.1:1: 0.4 0.63:1: 0.08 0.22:1: 0.05 0.11:1:'0.04 0.96:1: 0.10' 13.1:1:0.4 24, 25 

0.864 12.0:1:0.3 1.15:1:0.06 0.36:1:0.03 0.13:1: 0.02 1.64:1: 0.07 13.6:1:0.3 

0.910 2.1:1: 0.2 26 , 
H:>-

0.969 11.7:1: 0.2 2.57:1: 0.12 0.80:1:0.07 0.30:1:0.04 3.67:1: 0.14 15.35:1: 0.22 0 
I 

1.14 4.6:1: 0.3 27 

1.207 10.9:1:0.2 5.04:1: 0.15 1.80:1:0.10 0.56:1: 0.06 7.40:1:0.17 0.026:1: 0.010 0,029:1: 0.011 18.32:1: 0.12 

1. 367 5.4:1: 0.3 0.065:1: 0.012 0.060:1:0.018 0.009:1:0.009 0.147:1:0.025 

1.455 9.5:1: 0.3 4.9:1: 0.3 1.9 :1:.0.2 1.34:1:0.10 8.16:1: 0.39 0.15 :1:0.04 0.08:1: 0.05 0.02:1:0.02 0.28:1:0.07 17.94:1: 0.10 28 

1.585 5.0:1: 0.4 0.38:1:0.05 . 0.32:1: 0.07 0.08:1:0.03 0.86:1:0.10 

1.96 6.8:1: 0.5 4.2:1: 0.5 1.9:1: 0.3 1.5:1: 0.3 7.4:1:0.5 1.64:1: 0.20 1.24:1: 0.20 0.32:1: 0.10 3.5:1: 0.3 17.61:1: 0.07 29 

2.26 2.6:1: 0.3 1.7:1: 0.2 30 

2.65 2.7:1: 0:3 2.5:1: 0.2 1.9:1: 0.2 0.64:1:1>.12 5.5:1: 0.4 31 

2.97 4.8£0.4 2.1:1: 0.3 2.3 * 0.3 2.1:1: 0.3 0.6:1:0.2 5.5:1: 0.7 32 

2.97 2.3:1: 0.3 1.1:1: 0.2 1.0:1: 0.2 4.4:1:0.4 32 c:: 
() 

3.46 4.4:1: 0.4 1.87:1: 0.09 1.32:1: 0.07 0.8:1: 0.4 4.0:1: 0.4 2.1:1: 0.2 2.2:1: 0.2 0.5:1: 0.1 5.3:1:0.5 33 ~ 
t"' 
I ..... 

00 

a. The KN"n cross section is calculated with K* -A dominance assumed -- see text. 
--l 
U"l 
00 

( 
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Fig. 11. K + P total,elastic, single -pion-production, and double -pion­
production cross sections as functions of beam momentum. 
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.. 
For the error on the counter total cross section we take the smaller of the 

errors from the two experiments. Below 900 MeV Ic, where our smoothed total 

cross section curve begins to differ from the Bugg etal. measurements, we 

increase the errors on the counter r:neasurements appropriately,. 

B. The counter and bubble chamber cross sections are ~hen averaged 

statistically, as surping the bubble chamber part~al crOSS sections to be statis-

• 
tically independent. Specifically,' if there are N 'Pc:trtial cross sections mea-. 
sured by the bubble chamber experiment, , we perform a one ~c~~straint N­

parameter least-squares fit to the N + 1 data values. Two further remarks 

on the compilation of the data should be. made: 

(a) At momellta up to 1.0 GeV Ic we quote nuclear cross sections, exCluding 

Coulomb effects in elastic scattering; the correction is obtained from published 

. . 1 l· 21, 24) Ab I h . partIa wave so utIons. ave 1.0 GeV c t e correction is assumed to 

'be' negligible. 

(b) Since only three of the five KNnn final; ~:tates are accessible to kinematic 

fitting, we have obtained a total KNnn cross section by assuming that the KNnn 

fin~l states are dominated by K* t:. production, a supposition which has good 

. . . * 
experimental support even down to 1.58 GeV Ic, near threshold for K t:.. On 

this assumption the unseen final states represent 8% of the total KNnn produc-

, tion and the correction is small. 

In Fig. 11 we show the cross sections for the processes 

+ + Kp-Kp, 

K+p -+ KNn 

and + K P -+ KNnn 

from 640 MeV/c to 3.5 GeV/c, and in Fig. 12 the resonance production cross 

sections, 
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Fig. 12. Cross sections for ~, K*N, and K* ~ production in the K+ p 
channel, as functions of beam ~o~entum. 
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K+p -+ K~ (1236) 

+ * K p -+ K (891)p 

K+p -+ K*(891)~ (1236) 

These data can be summarized as follows: 

UCRL-18758 

(a) .The elastic scattering cross section drops steadily from about 12 mb 

at 800 MeV Ic to 4.4mb at 3.5 GeV Ic. 

(b) The single-pion-production channels dominate the· inetastic processes up 

to 1.5 GeV Ic. They rise rapidly as the K+ momentum increases above 0.8 

GeV Ic, reach a broad maximum of about 8 mb near 1.45 GeV It, and then 

. slowly and smoothly drop off. 

(c) The two-pion production remafns very small from threshold (0.82 GeV/c) 

to about 1.5 GeV Ic, arid then rises abruptly. Presumably the explanation of 

this behavior lies in the dominance of K* tl. production, whose effective 

threshold lies n~ar L6 GeV/c. J 

(d) Three-pion production (not shown in Fig. 11) is negligible up to 2 GeV/c. 

* (e) tl. and K production rise rapidly from their thresholds, then fall off 

somewhat more slowly. 

(f) tl. -K*double -reson~nce production rises slowly from its threshold toa 

broad maximum above 2.5 GeV Ic. 

data. 

The curves in Fig. 11 are smooth hand.;.drawn representations of the 

Below 2 GeV Ic they are constrained so that the sum ofK+ p,' KN1T, and 

KN1T1T cross sections equals the total cross sections. The remarkable feature 

is that the structure at 1.25 Ge'v Ic is very well reconstructed by the sum of 

three structureless channel cross sections. The interpre,tation of that struc­

ture in terms of contributions from the various channels can then be expres sed 

in the following terms: The ris e above 0.8 Ge vic is as sociated with the rapidly 
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rising single -pion,cross section~ the maximum beirig reached when this rate 

of rise is just balanced by the rate of drop of the elastic cross section. This 

maximum is followed by a drop as the single-pion cross section levels off 

and the elastic cross section continues to decrease. Finally, this drop is' 

arrested when the two-pion cross section begins to rise at about 1.5 GeV Ic. 
Thus the structure in the total cross section at 1.25, GeV Ic does not arise from 

structure in any single partial cross section. Rather it is a consequence of 

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

separated thresholds. Although the available data are not sufficient to prove 

it, it is quite reasonable to suppose that the additional small structure 

observed by Coolet al. may be a consequence of the fact that the 31T cross 

section becomes significant only at K momenta substantially above 2 GeV Ic, 
at which point the 21T channel has ceased rising and the combined KN, KN1T, 

and KN1T1T cross sections are rapidly dropping. 

It should be emphasized that this interpretation of the structure in the 

total cross section is at variance with the conventional resonance inter-

pretation but completely in accordance with the fact that the detailed behavior 

of angular distributions and polarizations in the inelastic channels varies 

slowly and smoothly: even through the momentum region in which the structure 

.. hI· 9) ln t e tota cross sectlon occurs. 
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