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K-p.CHARGE-EXCHANGE SCATTERINGFROM 1200 TO 1700 MeV/c 

Charles Gordon,Wohl 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

July.13, 1965 

.ABSTRACT 

The Lawrence Radiation Laboratory's 7 2 -inch hydrogen bubble 

chamber was exposed to a beam of K me·sons having laboratory mo:,., 

menta o£1.22, 1.42,. 1.51, 1.60, and 1.70 BeV/c. The K-p charge

exchange- scattering differential eros s sections were measured. The 

cross sections are, from low to high momentum, .. 2.83 ± 0.14, 1. 90 ± 0.12, 

1.83± 0.09, 1.93± 0.13,:and.1.66± 0.10 mb. The differential cross sec-
() 0. 

tions are peaked at the ends (cosB = ±1); there are two intermediate 

maxima. As the momentum increases, the peaking shifts rapidly from 

the backward to the forward direction. Though the forward (low

momenturh-transfer) peaking at the higher momenta is considerable, 

a peripheral mechanism is by itself insuffiCient to reproduce the 

angular distribution. The differential cross sections are fit to Legendre 

polynomial series. At 1. 22 Be~/ c, the series including P 
6 

(cos B) is 

necessary and sufficient; at the higher momenta, P 
7 

(cosB) is required. 

The F 7; 2 and G 7/ 2 partial-wave amplitudes are both present.· At 

1.60 and 1. 70 BeV/c, the J = 7/2 partial waves account for at least a 

third of the cross seCtion. The behavior as a function of energy of 

some of the coefficients of the Legendre -polynomial expansion 

. suggests, though .does not definitely establish, the existence of an 

F 7 /Z Y~(2065). This has .the quantum numbers of the recurrence of 

the Y~(1385) and belongs to the decuplet containing the N;/2 (1920). 
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. I. lNTRODUCTION 

The experiment was performed at the Lawrence Radiation Labo

ratory's Bevatron. The 72 -inch hydrogen bubble chamber was exposed 

to a beam of K mesons having laboratory (lab) momenta between 1.20 

~nd 1. 70 BeV /c. About 30 000 events consisting of a disappearing beam 

track and an associated charged decay of a neutral particle were found. 
\ 

·After kinematic analysis and application of further selection c'riteria, 
. - -0 

there remained 14173 A events (A .... p + n ) and 8408 K events 

( 0 + -K 1 - 'IT + 'IT ). Results of the analysis of the A events will be pre-
. 1 -0 

sented in a subsequent paper. Here the subject is the K events, 

particularly the approximately. so% of them that are charge-exchange 
-0 2 scatters, K + p _,. K + n. 

Section II discusses briefly general experimental procedure- -the 

characteristics of the beam, the scanning and measuring of events, and 

the computer programs that process the measurements. This assembly 

line for production of physics data varies little from one bubble chamber 
. 3 

experiment to another. Accordingly, only those aspects of particular 

relevance are discussed. 

Section III contains the treatment of the data. The kinematic ana

lysis, the various criteria imposed on the events in order to minimize 

biases, the methods of correcting for remaining biases, and the path

length determination are dealt with in turn .. Results of the analysis, 

the total and differential charge-exchange-scattering cross sections, 

a.re presented in .Section IV. The angular distributions are fit to 

Legendre -polynomial series. 

Finally, in Section V, the implications of the results are investi

gated. A peripheral mechanism is insufficient to reproduce the angular 

distributions. An analysis of the coefficients of the Legendre -polynomial 

expansions establishe.s the importance of the J = 7/2 partial-wave 

amplitudes throughout the region of the experiment. The possible 

existence of a J = 7/2 Y~:~ resonant state is discussed. Comparison is 

made with .predictions of the SU(3) and Regge trajectory schemes. 
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II. EXPERIMENTAL METHOD 

A" Beam 

The beam was designed to'obtain·K- rnesnns at: any ~aboratory·. 

momentum from 1.20 to L95 BeV/c" Negative particles, produced in 

a target flipped into the Bevatron• s narrow circulating proton beam, 

were bent outward by the Bevatron's magnetic field and steered into the 

beam channeL The central momentum of the particles entering the 

channel was determined largely by the target position. A moveable 

target was required in order to vary the momentum over such a wide 

range. 

The beam layout is shown in Fig" 1. It consisted of two similar 

stages, each with a eros sed electric- and magnetic -field spectrometer, 

follow~d by a narrow horizontal slit. The spectrometers passed with

out vertical deflection only those particles having the velocity of a K 

with the desired momentum. Combined with momentum selection, 

thfs made a filter which passed K mesons but rejected other mass 

components. Magnets in the beam line acted as focusing elements. 

Extensive magnet shimming was done to correct for chromatic and 

nonlinear optical distortions of target and slit images. 

The initially much more copius Tf flux was reduced by a factor 

10
5

. In the same way, the p. flux, resulting from the decay of parti

cles in the beam line, was largely eEminated. At the bubble chamber, 
. 4 

the Tf and f-1 contaminations were each about So/o; The observed 

number of associated-production processes, 1T + p _,. K
0 

+A (with 

visible decays) indicates that about 20 events of the type 

'iT- + p ~ K
0 + neutrals (with visible K 0 decay) occur in the data. This 

is to be compared with a total o£ more than 8000 K
0 

events; the contam-· 

ination is therefore c01npletely negligible. The . f-1 mesons do not con

tribute to the K 0 topology. The K path length was obtained from a 

count of events with a topology unique to K decay, rather than by 

direct measurement of beam ~rack length through the chamber. 

Exposures were taken at approximately every 100 MeV/ c. The 

momentum bite in each case was about 6o/o full width. By far the most 

(t 

., 
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Fig. 1. Beam layout. The target (not shown) is the optical object for 
the first separation stage, which extends from the steering magnet 
M1 to the slit inside of quadrupole QZ. The first slit is the object 
for the second syparation stage, which extends to the slit immedi
ately in front of the magnet M6. The bubble chamber sees the 
image of the second slit. 
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film was taken at 1.51 BeVIc. Figure 2 is the beam-momentum 

spectrum of 8408 events in which R 0
' s are produced. The momentum 

settings were 1.22, 1.42, 1.51, 1.60, and 1.70 BeVIc. (Data at 1.33 

BeV I c were analyzed at the University of Illinois, data at 1.80 and 1. 95 

BeV I cat UCLA; see below.) Since the cross section for~ production 

is approximately constant over the range of momenta, the histogram 

reflects the relative amounts of data accumulated at the various mo-
5 .· 

menta. About 3.3 X 10 pictures (of three views each) were taken. The 

K path length is conveniently specified by the number of events that 

would occur for a reaction channel having a cross section of 1mb; 

,after fairly severe fiducial criteria were imposed (Sec. III. B), the total 

path length was 7 500 eventslmb. 

B. Scanning 

The topologies of concern here, as they appear in the bubble 

chamber, are shown in Fig. 3. A charge-exchange reaction (as well 

as other reactions) appears as a vanishing beam track (0 -prong) and a 

V -like decay which points back at the production vertex. The V can be 

either upstream or down from the 0-prong. See Fig. 4. The,,3-prongs 

are a configuration that result only from certain K decay modes; their 

number provides a measure of the K path length. 

All film was scanned twice for all topologies except 0-, 1-, and 

2-prong events. To the extent described below, discrepancies between 

the two scans were re-examined and resolved on the scan table. Other

wise the first scan provided the list of events. This "master list", 

punched on cards and transferred to magnetic tape, contained scan 

data such as ro_ll, frame, topology, and approximate chamber coordi

nates for each event; it ser_ved as a "bookkeeper" for the measuring. 

The film at 1. 22 BeV I c was the first to be taken. About 20% of 

it was not used because the quality was poor. In addition, the initial 

scan of this film was of low effiCiency; eventually two scans of the V 

0 -prong events and three scans of the 3 -'prong events were compared 

and resolved. The exposures at 1.42 and 1.60 BeVIc were the smallest, 

\,; 
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Fig. 2. Unfitted beam -track momentum spectrum of 8408 events in 
which R 0 ' s are produced. 
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(a) (b) 

MU -36280 

Fig. 3. Bubble-chamber topologies. (a) Charge-exchange scatter with 
subsequent K~ ~ rr+ + rr- decay of the RO; (b) K- decay into three 
charged particles. 

~' 
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0.1 

n 

2 50 MeVjc 

MU-36281 

. Fig. 4. An ellipse plot, displaying the kinematics of the reaction 
K + p - K 0 + n when the K- laboratory momentum is 1.51 BeV/c. 
The radius of the circle equals the (final-state) c. m. momentum. 
Laboratory momenta and angles corresponding to various c. m. 
production case can be read off directly; R 0 quantities are in the 
upper half, n quantities are in the lower . 



-8-

and consequently had least statistical significance; the discrepancies 

between the two scans in about 2/3 of the film at each of these momenta 

were resolved. All of the discrepancies at 1. 70 BeV /c were resolved. 

Had all of the 1.51-BeV /c film been used to determine the charge

exchange cross section, the statistical error (2-1/2%) would have been 

smaller than systematic uncertainties. Consequently, while all of this 

film was used to establish the angular distribution, the normalization 

was obtained from only about 30o/o of it, and only in this portion were 

scans compared and resolved. 

Finally, about 4X 10
4 

pictures scattered throughout the film (20%( 

of the film in which scans were compared) were subjected to a careful 

third scan. Scanning losses were corrected separately at each mo

mentum,. since the scanners grew more proficient with time. If one 

assumes that three scans disclosed all of the events, single -scan 

efficiencies were between 90 and 96%, while double-scan efficiencies 

were between 97 and 99%. The efficiencies for V 0-prongs and 3-prongs 

were usually quite similar. No significant correlations of kinematics 

with scanning efficiency were noted. 

C. Measuring 

The V 0-prong events were measured on a Franckenstein, a very 

accurate and reliable measuring device.. Essentially it is a projection 

microscope that can measure and record the coordinates of points on the 

film. The film is mounted on a stage that controls its movement across 

the optical centerline of the microscope. The measurer sets a track on 

a eros s hair.· The film is set in motion and an optical feedback mecha

nism keeps the track on the cross hair. The x 7 y coordinates of a number 

of points on each track of the event, in each of three views, are recorded. 

The coordinates of fiducial marks on the bubble -chambe; window are 

measured in order to provide a frame of reference for the event. All 

this information, as well as indicative scan data, are put on tape, which 

then is processed by computer. 

(' 
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Events that failed to fit any hypothesis (see Sec. III) were 

remeasured as many as three times. Finally all remaining events 

except those in the portion of film at 1.51 BeV/c not used to determine 

the total charge -exchange eros s section were re-examined on the scan 

table. This was done by one person so that the treatment would be 

uniform and accurate. The correction for unmeasurable and otherwise 

unpassing events was 2-1/2 to 4-1/2%, varying somewhat with momentum. 

With few exceptions all events were accounted for. No significant 

correlations of kinematics with unpassing events were noted. 

D. Computer Analysis 

The measurements were processed with the standard Alvarez 

Group data-reduction programs PANAL, PACKAGE, EXAMIN, LINGO, 

READX, SUMX, and DJINN. 
3 

PANAL performs simple checks on and 

reorders the measured data. PACKAGE consists of two parts. The 

first, PANG, uses the digitized points to reconstruct each of the tracks 

in space; it assigns to each of them one or more mass hypotheses, 

depending on the event type, and computes momenta and space angles 

and their errors. The second part, KICK, per.forrns leas.t:.,squares fits 

for possible interpretations of the event, using the equations of momentum 

and energy conservation at the vertices as constraints. Fitted quantities 

are computed for the tracks of passing events. EXAMIN uses;these 

quantities to compute information of particular interest to the physicist, 

such as center -of-mass production angles, polarizations, and invariant 

masses of various combinations of particles. LINGO is a mergi;ng .and 

bookkeeping program; EXAMIN output tapes are merged onto a data 

summary tape, while a record of the progress of each event is kept on 

the master list. The master list is used to produce tallies, lists, etc. 

READX edits the data-summary tape, imposing various selection cri~ 

teria, and, if necessary, calculates additional quantities of interest. 

The edited tape is input to SUMX, which produces histograms, scatter

plots, etc. for various sub sets of events, thus summarizing and dis

playing relevant physics information. DJINN performs least-squares 

fits to. angular distributions. 
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III. ANALYS!IS:OF THE.DAili.A 

A .. Kinematic Fitting 

At these momenta, the V · 0-prong topology can exemplify any of 

the following reactions: 

K + p + 
TT + TT 

0 ( 1) 
K +p - A+ Tr 

-+ A+ 
0 0 

Tr +rr ('s) 
. 0 0 A - p+rr _.. 
:;; +w . } 0 

....... :Eo+rro+'li"o('s) .:E ....... A+ 'Y 

Other reactions that ''contaminate" the topology are discussed in Sec. 

IlL G. 

The kinematic fitting was done one vertex at a time. The con

straints were the four equations of energy and momentum conservation. 

In a fit to a given hypothesis, the assignment of the appropr~ate mass to 

a track relates its energy to its measured momentum. Then the number 

of constraints at the vertex (and the mean value of the theoretical X 
2 

distribution for that number of constraints) is (4 - N), where N is the 

number of track momentum components that are not determined by the 

measurement. Values of X 
2

' s le.ss than :.ten~ times the number of con

straints were considered acceptable. The fitting procedure was: 

(a) Decay vertex. For each of the possibilities, K~ and A, two 

fits were attempted. (i) The information on the direction of the decaying 

neutral from the 0-prong was used. The only missing piece of infor

mation was the magnitude of the neutral _momentum. Therefore there 

were three constraints. (ii) The information on the direction of the 

neutral was disregarded; the number of constraints was reduced to one. 

In addition, the neutral (extended backward) had to cross within 8 mm 

beyond the last bubble of the beam track. This allowed a few events 

with obscured beam tracks or slight scatters of the decaying neutral 

to pass. (About 97% of the final set of good events passed at least the 

three -constraint hypothesis. ) 

\; 
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(b) Production vertex. Data on the decaying neutral were trans

£erred to, the production vertex. Only the first and third of the listed 

reactions a,re constrained. An .event either had to fit one of these one

constraint hypotheses, or the invariant mass of the system of undetected 

neutrals had to be above the minimum for an appropriate unconstrained 

channel. 

About 15% of the events that fit the charge -exchange reaction also 

fit some A hypothesis. The problem of resolving these ambiguous 

events is taken up in Sec. III. D. 

B. Fiducial Criteria 

Events with vertices near the edges of the chamber, where the 

illumination and (or) other factors affecting film and track quality are 

poor, suffer from three deficiencies: (a) the scanning efficiency is not 

as high as in the center of the chamber; (b) the tracks are {r·equently 

not long enough for accurate measurement; (c) _the likelihood is appreci

able that even short-lived particles will decay, outside the chamber. For 

these reasons, events were rejected if their production and decay verti<,.: 

ces did not fall within inner and outer fiducial volumes, respectively. 

The distance between the "~alls" of the inner and outer fiducial volumes 

was 7 em at the downstream end of the chamber and 2 em elsewhere. 

A K~ produced in the inner region was quite unlikely to decay beyond the 

confines of the outer walls. Correctio_ns were made for the few escaping 

events (see Sec. III. G). A t~ack leaving the outer volume was measure

able for about 10 em if at the front o.r rear of the chamber, and for a~ 

least 1 em if elsewhere. 

C. Length of the Decaying Neutral 

'Events with only a small gap between production and decay vertices 

were quite--likely to be lost among the numerous 2 -prong events. Since 

the latter were not scanned or measured, there was no way .to recover 

the real V 0-prongs from among them. The loss was especially large 

for K
0

' s produced in backward directions, since these have quite low 

momenta in the lab. system. The kinematics-- are-d:i$pl~yed: in- F)g. --4. 
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Events with a gap less than 5 mm between vertices wer.e rejected. 

For each event passing the fiducial-volume and minimum-length criteria, 

the probability was calculated that the neutral would decay in the interval 

(along the line of flight) between 5 mm and ·the wall of the outer volume. 

The inverse of this "detection·probability" was the weight for the event. 

With w. the weight for the ith event, the corrected total number of 
l 

events and error is 

N.± oN = 2 112 .'E.w. ±(.'E.w. ) . 
l l l l 

(2) 

0 
The overall correction for K

1 
decays falling outside the fiducial volume 

was only about 1 o/o. The correction for events with short gaps was con

siderably larger. Figure 5 is a graph of the latter weight versus the 

center -of-mass (c. m. ) production angle for the events at L 51 BeV I c. 

The above calculations were done using several different cutoff'·· 

lengths in order to insure that 5 mm was indeed large enough so that 

events with greater lengths would be found with close to .100% efficiency. 

For the data at 1.51 BeVIc, Fig. 6 shows as a function of cutoff length 

(a) the weighted total number of events, and (b) the weighted number in 

the backwardmost production angle bin, which is most sensitive to t..~e 

effect. 

After the above criteria were imposed, there remained 8408 c 

events (before weighting) that fit a K~ hypothesis unambiguously (i.e., 

fit no A hypothesis). Figure 7 shows the spectrum of the square of the 

invariant mass of the system of undetected neutrals recoiling against 

the K~. Separation between the neutron peak and events wit.h Tl' ~~ s is 

almost complete; mixing between them is less than .1 o/d. As the momen:;.;J 

tum increases, the many-body final states become more important; from 

low to high momentum, the fractions in the neutron peak are 69, 50, 48, 

,48, and, .42 o/o, }respec·~ively. Some ·enhCJ.n.ceme~nt _appea.rs Jp. th~ V.i·<;ini:ty of 
~ . 

the N;12 (1238 ). 

D. . Ambiguous Events 

In the following discussion the data at 1. 51 BeV I c are used as an 

example. The data were treated in the same way at all momenta. 

;..' 
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1.4 

-.£: 
Cl 

Q) 

3: 1.2 

I. 0 ...__ ___ ~.--__ ___..~~.--__ ____J ___ ___J 

-I 0 +I 

c. m. cos e 

MU -36282 

Fig. 5. The weight factor, as a function of c. m. production cosB, when 
the K- laboratory momentum is 1.51 BeY I c, to be applied to charge
exchange events with a gap between vertices greater than 0. 5 em 
in order to correct for those events with a shorter gap; given by 

5 exp(Lomlpc7 o)• where Lo = 0. 5 em, m = 498 MeV, cT 0 = 2, 76 em, 
and p is the K~ laboratory momentum in MeV I c. The last quantity 
can be obtained from Fig. 4. 
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K-+p-- R0 +(neutrals) 

8408 events 

All momenta 

0 ~~--~~----~--~~----~~~--~ 
3.0 0.5 1.0 1.5 2.0 2.5 

Invariant mass squared (BeV)
2 

MUB-5853 

Fig. 7. Square of the invariant masd' of the system of undetected 
neutrals recoiling against the K1 (all momenta). 
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d 
At 1. 51 BeV I c, 2798 events fit the reaction K + p - K + n and 

satisfied the 11 geometrical" requirements of the previous two sub sec

tiorts. Of these events, 414.also fit some A hypothesis. While many 

of the ambiguities could be resolved by looking at the ionization of the 

positive1 decay particle, often it was. impo-ssible to do so. Either the 

track momentum was too high for the ionization to be very different for ' 

a proton or 1T +, or the track was too steep with respect to camera direc

tions for the ionization to be apparent, or some other difficulty pre

vailed. 

Another solution to the problem was available .. ~''i:[igure 8. is. a 

scatter-plot of the ambiguous events. For purposes of the plot, they 

are considered to be K~' s. The ahscis sa is the production-angle cosine 

in the K- p c. m .. system. The ordinate is the cosine of the angle between 

h + d K 0 d' . . . h d f Of h 414 t e TT an 
1 

1rectlons, 1n t e ecay rest rame. t e events, 

3.97 fall within the region bounded by (a) a production-angle cosine 

greater than -0.2 and (b) a decay-angle cosine greater than +0. 7. All 

events falling within these limits' whether ambiguous or unambiguous' 

were excluded from further analysis .. Since the K~ decay distribution 

should be ·isotropic, the accepted events with production;..;angle cosine 

greater than -0.2were weighted with a factor 20117. Figure 9 shows 

that the decay distribution outside the region of ambiguity is indeed 

isotropic. 

Why only a small part of the kine_rnatic region open to K~ events 

is open to 1\. events is readily understood: 

(a) At 1. 51 BeV / c the maximum laboratory angle for 1\. produc-
-0, 

tion is 59 deg. ·Charge -exchange scattering produces K s at all 

laboratoryangle-s; 59 deg corresponds to a c. m .. production-angle cosine 

of :..0.2. See Fig. 4. 

(b) In the decay frame, the momentum of the particles produced 

in the process A-+ p+ TT is 100 MeVIc. The corresponding momentum 

o + - I for the decay K
1 

-+ 1f + 1T is 206 MeV c. An event in which the posi-

tive decay particle has a laboratory momentum component transverse to 

the line of flight of the decaying neutral greater than.100 MeVIc must be 
0 

a K 1 ; the Lor.entz transformation from the laboratory frame to the decay 

•' 

.• 
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Fig. 8. Ambiguous events at 1.51 BeV /c, treated here as K~'s. 
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Fig. 9. Distribution cos(7r + · K~) in the K~ rest frame for the accepted , 
charge-exchange events at 1.51 BeV/c. 
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frame does not alter the transverse momentum. Viewed in t~e rest 
0 . 

frame of K
1 

decay, a transverse momentum of 100 MeV /c corresponds 

to decay-angle _cosines between 'T1' + and K~ directions equal to -±0.87. 

Two cones are cut out of the sphere rep;esenting possible K~ decay 

directions. Furthermore, only the forward cone, defined by the limit 

+0.87, is open to A events. The A' s_ that are possible according to 

requirements of production kinematics have too much momentum in the 

laboratory to simulate K~' s having the 'T1' + in the backward cone. The 

small energy release of A decay requires the proton momentum to be 

largelyalong the A line of flight. Conversely, only those K~ events 

with the 1T + in the forward cone can simulate A's that are fast. enough in 

the laboratory system to satisfy production kinematics. 

In practice, the limit +0.87 is weakened. The transverse momen

tum component_ cannot always be accurately determined by the measure

ment; thus it can be "pulled' 1 when the event 'is fitted .. See.·. Fig. 8. 

· Since A events are restricted to a small part .of the kinematic 

range open to -K~ events, more A events can simulate K~ events than 

vice versa. In excluding the region .into which ·the ampiguous events 

fell, 207 events were discarded that fit only. the charge -exchange re

action. According to the decay distribution outside the barred region, 

277 K
0
1 

events were present within the region. Therefore 70, or 18o/o, 
' 0 

of the 397 ambiguous events were K 1 events. 

- In summary, at 1.5t BeV/c, a total of (2798-414-207) = 2177 

events pas sed all accepta.nce criteria. Correction for fiducial volume, 

minimum neutral length, and ambiguous region cutoffs brought the num-< 
\ 
I 

ber up to 2809 ±61. See Table I. 

-0 E .. Neutral and Long -Lived K Decay Modes 

-Ov 0 
HalfofallK s decaybylong-lived, 3-bodyK

2 
modes. Few of 

these were seen at all; those that were, were rejected by the fitting 

procedure .. !he branchingfractionfor the decay mode K~ -- 'T!'+ t.'TT'

is 69.4 ±1..1 %. 5
· ·Thus· the correction factor for :neutral and long ~lived 

d) 
decay modes of the K is 2.88 ±0.05. The error in this quantity has not 

been folded into the results because it does not affect the relative be,.. 

havior of the cross sections at the variou? momenta. 



Table I. Charge-exchange cross sections, with numbers of events, correcti.on factors, 
and path-length values. 

w . h d" b Scan and Events/mb Momentum Events a e1g _te e.vents; 

(MeV/ c) 
Number Error measure loss Number Error 

( o/o) ( o/o) ( o/o) 
1220 573 7 52 4.2 6.5 816 2.6 

1420 342 440 5.4 7.5 718 3.0 

1510 select 
c· 

547 704 4.3 5.7 1169 2.4 

1510 total 
d 2.177 2809 

1600 304 392 5.8 6.0 619 3.4 

1700 408 528 5.0 4.5 956 2.8 

a .After all cutoffs and before any corrections. 

b Corrected for cutoffs in .fiducial volume, length of neutral, and region of ambiguity. 

c C~ross sec.tion obtained from this sample. 

d Differentia,! cross section obtai,ned from all events. 

(J 

mb' 

2.83 ±0.14 

1.90±0.12 

1.83 .. ±0.09 

1.93 ±0.13 

1.66 ±0.10 

, .. 

I 
N 
0 
I 
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F. Normalization 

The K path length was determined by counting. 3 -prong .. events 

( - + - - . Fig. 3). Most of these ~ere T decays, K -+ 1T +'II' + 1T • Some, 

however, resulted from K decay modes in which. a Dalitz e± pair could 

be produced. The rate of decay by this latter process is 7% of that of 

'T decay. 
5 

The ·3-prongs wer~ not measured, and the Dalitz events could 

not be completely separated from T events on the scanning table. Since 

all are unambiguous signatures of K decay, all were included in the 

scan. 

Of interest is the number of 3-prongs within the mner fiducial 

volume, The scan,information.for each. event included a zone number 

giying its location .in the bubble chamber. Th_e systematic error in

herent in counting events according to zone number rather than accu:-'~ 

rately measured locations was not above 1 o/o • 

. The path lengths, in events/mb,. are .included in Table I. Correc

tions for scan. losses have been made. The branching fraction for K 

decaY; into ·3-prongs is (5.88 ±0.17 )o/o. 5 
The 3% uncertainty in this num

her was not folded into cross -section determinations, because relative 

values are not affected. 

G .. Other Systematic Effects; Systematics and .Statistics 

In the whole experiment there were about 100 events in which a 

Z 0 
was produced and the A and K~ decays were visible 

4 
: . 

. (K- ,_;0 0 ,_.0 A 0) 5 + p _,. .,::. + K , ..::. _, + 'IT.. • Therefore, there are about 0 

such events with only the:K~ decay visible. These,· however, cannot 

t . t h h , h h 1 . h ..... 0 . 11 con am1na e t e c arge-exc ange c anne , s1nce t .e ..::. mass 1s we 

above the ne.utron mass; the events fall in the continuum of the mass 

spectrum of Fig. 7. 

The charge -exchange reaction involves no TT
0

' s or 'I ·rays at either 
± 

vertex; consequently there can b.e no e pairs present to alter the 

topology. 

The number of events in which the K 0 interacted before it would 
0 6 

have decayed by the K
1 

mode was less than ,1 o/o. Similarly, the number 
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0 
of events in,which one of the rr' s from the K

1 
decay had a track less than 

1 em in length was less than 1%. Other small biasing effects were 

equally negligible. 

The effects of biases have been corrected with considerable accu

racy. If the uncertainties of K- and K~ branching ratios are heglected, 

the overall systematic errors of cross -section determinations are 

pr0bably smaller than the statistical errors of 5 to 7%. Because the 

data at the various momenta have been treated in the same way, the 

relative systematics should be even smaller. The· errors quoted iri.; 

Sec. IV are statistical only. 
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IV. RESULTS OF THE ANALYSIS 

A. Cross Sections 

The charge-exchange cross sections are given in Table I, and 

appear in Fig. 10 with results of other experiments between 0.3 and 

I 7-17 
3.0 BeV c. · Some of the experimental results have been changed 

slightly where different values of K- and K~ branching fractions have 

been used. The cross section in the vicinity of 1.0 BeV lc is dominated 

* * by the Y
1

(1765) and the Y
0

(1815) resonant states. Above this region 

the cross section decreases slowly with increasing momentum, w.ith 

little significant evidence of structure. 

B. Angular Distributions 

The differential cross sections are given in Table II and are dis

played in Figs. 11 through 15. At 1. 51 BeV I c, where there are many 

events, the data are split into 40 bins. At the other momenta, there 

are 21 bins- -a basic 20, but with either the backward bin (at 1.22 or 

1.42 BeVIc) or the forward bin (at 1.60 and 1~70 BeVIc) split in two. 

Each of the distributions has been fit with a Legendre polynomial 

series,· 

n 
max 

L 
n=O 

B P (cosO), 
n n 

( 3) 

by using the method of least squares. Here ~ = fllq is the reduced 

wave-length· in the K-p ·c. m. ·system (q is the c. rri; momentum), o· is the 

c. m. scattering angle, the P (cosO) are the Legendre polynomials, the 
n 

best value of n and of the coefficients B are to be determined by 
max n 

the fit, and the factor 4 arises from the isotopic spin decomposition of 

the scattering amplitude 

A(K + P. _ ~ + n) = A(I = 1) - A(I = 0) 
2 

( 4) 

The angular distribution is equal to the square of the amplitude; 
j 

A(I = 0) and A(I = 1) are the elastic scattering amplitudes in the pure 

isotopic spin states. 
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Fig. 10. The K-p charge-exchange cross section as a function of beam 
momentum, total c. m. energy, and c. m. momentum. The dashed 
curve is 'IT)l2. 
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Table II. Differential charge -exchange eros s sections in mb/ sr. The errors are based 
on the statistics of the angular distributions alone. The normalization errors, 
which affect all points at a given momentum~ in the same way, are not included. 

Mo me n tum ( Me V / c ) 

Cos 1220 1420 1510 1600 1700 

-1.0 1.270±0.150 0.367± 0.085 o. 346± o. 032 0.225± 0.050 0.079± 0.024 
-0.9 0.534± 0.095 0.372± 0.084 0.172± o. 022 

-0.9 0.252± 0.045 0.196±0.042 0.094± o. 016 0.060± 0.024 0.038± 0.016 
-0.8 0.047± o. 011 

-0.8 0.151±0.034 0.043±0.019 0.046± o. 011 0.048±0.021 0.073±0.021 
-0.7 0.068± 0.013 

-0.7 0.111± 0.029 0.132±0.033 0.072± 0.013 0.065±0.025 0.065± 0.020 
-0.6 0.100± 0.016 

-0.6 0.152±0.033 0.141± 0.034 0.069± 0.013 o. 202± 0.043 0.089± 0.023 
-0.5 0.092± 0.015 

-0.5 0.229± 0.040 0.130±0.032 0.108±0.016 0.100± 0.030 0.064± 0.019 
-0.4 0.107±0.016 

-0.4 0.269±0.044 0.121±0.031 0.079± 0.014 0.037± 0.019 0.046± 0.016 
-0.3 0.081± 0.014 

-0.3 0.230± 0.040 0.072±0.024 0.053± 0.011 0.097±0.029 0.029± 0.013 
-0.2 0.060± 0.012 

-0.2 0.115±0.031 0.065± 0.025 0.048± o.o 12 0.094± 0.032 0.088± 0.024 
-0.1 0.055± 0.013 

-0.1 0.121± 0.031 0.018±0.013 0.067± 0.014 0.119±0.036 o. 046± o.o 17 
o.o 0.041± O.OH 

o.o 0.056± 0.021 0.065± 0.024 0.100±0.017 0.094± 0.032 0.139±0.031 
0.1 0.099±0.017 

0.1 0.041± 0.018 0.100± 0.030 0.093± 0.016 0.136± 0.038 0.156±0.032 
0.2 0.118± 0.018 

0.2 0.095± 0.027 0.163±0.038 0.131±0.019 0.151± 0.041 0.122± 0.029 
0.3 0.187±0.023 

0.3 0.113±0.030 0.153± 0.037 0.223± 0.025 0.246± 0.050 0.143± 0.031 
0.4 0.166± 0.021 

0.4 0.192± 0.039 0.197± 0.042 0.183± 0.023 0.135± 0.038 0.086± 0.024 
0.5 0.175± 0.022 

0.5 0.300±0.049 0.205±0.043 0.172± 0.022 0.127±0.037 0.071±0.021 
0.6 0.166± 0.021 

0.6 0.271± 0.046 0.222± 0.044 0.184± 0.022 0.110± 0.033 0.116±0.027 
o. 7 0.172± 0.022 

0.7 0.323± 0.050 0.115± 0.032 0.217± 0.024 o. 216± o. 048 0.272± 0.043 
0.8 0.273± 0.027 

0.8 0.301± 0.048 0.309±0.053 0.276±0.027 0.388± 0.062 0.391± 0.050 
0.9 0.305±0.029 

0.9 0.272± 0.046 0.209± 0.043 0.399± 0.033 0.414± 0.090 0.555± 0.085 
1.0 0.378±0.032 0.429± 0.094 0.495± 0.080 
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1220 MeV/c 

0.0 

Cos 8 

+ 1.0 

MU -36298 

Fig. 11. Differential cross section for charge -exchange scattering 
at 1.22 BeV/c. The curve is taken from the fit with n = 6. 

max 
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Fig. 12. Differential cross section for charge-exchange scattering 
at 1.42 BeV /c. The curve is taken from the fit with n = 7. · . max 
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1510 MeV/c 

0L-L-L-L-L-L-L-L-L-L-L_L_L_L_L_L_L_L_L_~ 

-1.0 0.0 

Cos 8 

+ 1.0 

MU -36300 

Fig. 13. Differential cross section for charge-exchange scattering 
at 1. 51 BeV /c. The curve is taken from the fit with n = 7 .. max 

·•. 
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1600 MeV I c 

o.o 
Cos 8 
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MU -36301 

Fig. 14. Differential cross section for charge -exchange scattering 
at 1.60 BeV/c. The curve is taken from the fit with n = 7. max , 
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Fig. 15. Differential cross section for charge-exchange scattering 
at 1. 7 0 BeV /c. The solid curve is taken from the fit with 
nmax = 7. The dashed curve is the prediction of the simple 
p -exchange model; this curve is arbitrarily normalized at 0. 6 
mb/ sr in the forward direction. 
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Fits were obtained for values of n from 0 to 10. The number 
max 

of degrees of freedom of a fit is v = (m - n - 1), where m is the 
max 

number of data bins. The quantity v is also the mean value of the 
2 . 2 

theoretical X distribution f6r v degrees of freedom, f(X , v ). The 
11 confidence level" that a sufficient value of n has been reached can 

max 
be defined as the probability that a X 

2 
larger than the experimentally 

d~termined value, X~' would have been obtained. This is just the 

fraction of the area under the theoretical X 
2 

distribution curve that lies 
2 

beyond X 
0

: 

JO() 2 2 
C = 

2 
f(X , v )dX . 

Xo 

(5) 

The confidence levels C as a function of n for each of the momenta 
max 

are shown in Fig. 16. At 1.22 BeV I c, the series including P 
6 

(case) is 

necessary and sufficient. At 1.51, 1.60, and 1.70 BeVIc, the series 

including P 7 (c<?se) is necessary and sufficient. At 1.42 BeVIc, the 

distribution appears to require at least P 
8 

(cosB ). However, for reasons 

of continuity, it seems reasonable to suppose P 7 (cose) is sufficient, 

and to regard the discrepancy as being a statistical fluctuation. The 

difficulty at 1.42 BeV I c is due principally to the behavior of the angular 

distribution around case = +0.8, and, to a lesser extent, to the lack of 

sharp backward peaking~ 

The angular distributions were also fit using different numbers 

of data bins, with no essential change in the conclusions. 

The fitted curves are included in Figs. 11 through 15. The pri

mary qualitative feature of the a~gular distributions, as a function of 

increasing momentum, is the decline of a sharp backward peak and the 

rise of a blunt forward peak. The two intermediate bumps in the triple

valleyed curve move slowly ,backward. At 1.60 and 1. 70 BeV lc, the 

forward peak has flattened out or just turned down in the very forward 

direction. 

The expansion coefficients.Bn:and the goodness-of-fit parameters, 

for several values of n at each of the momenta, are given in 
max 
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Fig. 16. Confidence levels for the fits to the differential cross 
sections, as a function of n . · max 
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Table III. T,he fit obtained by increasing n by 1 generally changes 
max 

previously obtained coefficients by little. This is especially true if a 

good fit has already been obtained, but it remains true to some extent . 

regardless. For example, as noted above, at 1.42 BeV/c the confidence 

level for n , . = 7 is low. The fit obtained by increasing n to 8 
max max 

raises the confidence level from 1. 9% to 10o/o, but of the coefficients 

B 0 to B
7

, only B 6 is appreciably altered. The "stability" of the coeffi

cients is due to the orthogonality of the Legendre polynomials. 
18 

Even 

if the necessary and sufficient value of n is wrongly chosen, many 
max 

of the conclusions regarding the behavior of the coefficients remain 

unchanged. If the angular distributions were expanded in a cosine power 

series, 

n rx 
n=O 

n 
A cos e, 

n 
(6) 

the fitted curves and the confidence levels would be the same as those 

obtained from the Legendre polynomial expansion. ·However, an increase 

of nmax would generally cause large changes in those coefficients of 

powers of cosB having the same "parity" as the new term in the expan

sion; even (odd) powers of cosB are orthogonal only to odd {even) 
19 

powers. 



n 
max 

Table III. Coefficients, Bn'· from the least-squares fits of the differential cross sections to the series da /dP. = }t 
2/4 [ BnP n(cose). 

n=O 

Momentum n 
Expansion coefficients Expected Confid. 

(MeV/c) 
max 2 B3 B4 B5 B6 7 Ba B9 B10. 2 mean level 

X 2 (%) X --- - --
1220 5 0.79 ± 0.03 -0.07 ± 0.07 0.89 ± 0. 09 -0.43 ± 0.11 0.12 ± 0.11 -1.11±0.13 41 15 0 

rna 0.84±0.04 -0.19±0.07 0.98 ± 0.09 -0.57±0.12 0.46 ± 0.13 -1.20±0.13 0.79±0.15 11 14 66 
7 0.84±0.04 -0.19±0.08 0.99 ± 0.10 -0.58 ± 0.12 0.47±0.13 -1.23±0.15 0.79 ± 0.15 -0.06 ± 0.16 11 13 60 
8 0.84±0.04 -0.19±0.08 1.00±0.10 -0.59 ± 0.12 0.47±0.14 -1.23±0.15 0.81±0.17 -0.06 ± 0.16 0.04±0.18 11 12 52 

1420 6 0.69 ± 0.04 0.13 ± 0.08 0.59 ± 0.10 -0.45 ± 0 .. 13 0.16 ± 0.13 -0.23 ± 0.14 0.91 ± 0.15 28 14 1.4 
[1) 0. 70 ± 0.04 0.11 ± 0.08 0.60±0.10 -0.45 ± 0.13 0.18 ± 0.13 -0.31 ± 0.15 0.87±0.15 -0.30±0.19 26 13 1.9 
8 0.71±0.04 0.12 ± 0.08 0. 58± 0.10 -0.43 ± 0.13 0.16±0.13 -0.30± 0.15 0.60± 0.18 -0.39±0.19 -0.55 ± 0.21 19 12 10 
9 0.71 ± 0.04 0.11 ± 0.08 0.58 ± 0.10 -0.42 ± 0.13 0.16±0.13 -0.27 ± 0.16 0.61±0.18 -0.31 ± 0.23 -0.51 ± 0.21 0.14±0.23 18 11 7.4 

I 
10 0.73±0.04 0.11 ± 0.08 0.63 ± 0.10 -0.44±0.13 0.02±0.14 -0.33 ± 0.16 0.40± 0.20 -0.43 ± 0. 24 -0.94± 0.27 -0.06±0.24 -0.62±0.25 12 10 29 w 

1510 6 0. 72 ± 0.02 0.53 ± 0.03 0.65 ± 0.04 -0.06 ± 0.05 0.32±0.05 0.03 ± 0.06 0.59±0.06 74 33 0.0 ~ 
[1) 0.73±0.02 0.50±0.03 0.68 ± 0.04 -0.11 ± 0.05 0.35 ± 0.06 -0.12±0.06 0.50±0.06 -0.41 ± 0.06 32 32 45 
8 0.73 ± 0.02 0.51 ± 0.03 0.68 ± 0.04 -0.10± 0.05 0.34±0.06 -0.11 ± 0.06 0.46 ± 0.07 -0.44± 0.07 -0.11± 0.07 30 31 53 
9 0.73 ± 0.02 0.51 ± 0.03 0.68 ± 0.04 -0.11 ± 0.05 0.34 ± 0.06 -0.12 ± 6.06 0.47 ± 0.07 -0.47±0.07 -0.13 ± 0.07 -0.09 ± 0.08 28 30 55 

10 0.73±0.02 0.51 ± 0.03 0.68 ± 0. 04 -0.12 ± 0.05 0.35 ± 0.06 -0.13±0.06 0.48 ± 0.07 -0.48 ± 0.07 -0.10±0.08 -0.07±0.08 0.07±0.08 28 29 53 

1600 6 0.79±0.05 0.64± 0.10 0.68 ± 0.14 0.25±0.16 0.70± 0.17 0.28±0.18 0.42±0.20 31 14 0.6 
[1) 0.83± 0.05 0.60±0.10 0.73±0.14 0.14±0.16 0.71±0.17 0.01±0·.19 0. 29 ± 0.20 -0.75±0.22 19 13 13 
8 0.83 ± 0.05 0.62± 0.10 0.73 ± 0.14 0.14±0.16 0.68 ± 0.18 ·o.o2 ± 0.20 0. 25 ± 0.22 -0.79 ± 0.23 -0.13 ± 0.23 19 12 10 
9 0.84 ± 0.05 0.62±0:10 0.74±0.14 0.12±0.16 0.70± 0.18 -0.04 ± 0. 20 0.25± 0.22 -0.88 ± 0.24 -0.19 ± 0.24 -0.27 ± 0.26 17 11 9 

10 0.84± 0.05 0.62 ± 0.10 0,74±0.14 0.16±0.16 0.67±0.18 -0.02±0.20 0.18 ± 0.23 -0.86 ± 0.24 -0.32± 0.27 -0.30± 0.27 -0.30±0.31 17 10 9 

1700 6 0.73 ± 0.04 0.87 ± 0.08 0.90±0.11 0.73±0.12 0.65 ± 0.13 0.55±0.14 0.15±0.14 36 14 0.1 

m 0.78±0.04 0.87 ± 0.08 0.88 ± 0.11 0.64±0.12 0.57±0.13 0.27 ± 0.15 -0.13 ± 0.15 -0.76 ± 0.16 12 13 52 
8 0. 78 ± 0.04 0.89 ± o. 08 0.88 ± 0.11 0.63± 0.12 0.54 ± 0.14 0.25±0.15 -0.22±0.17 -0.85±0.17 -0.25 ± 0.17 10 12 60 
9 0.78 ± 0.04 0.89 ± 0.08 0.88 ± 0.11 0.63± 0.12 0.54±0.14 0.25±0.16 -0.22±0.17 -0.84±0.19 -0.23.± 0.18 0.03 ± 0.21 10 11 51 

10 0.78 ± 0.04 0.89 ± 0.08 0.88±0.11 0.61 ± 0.12 0. 54± 0.14 0.25± 0.16 -0.19± 0.18 -0.83±0.19 -0.15 ± 0.22 0.06 ± 0.21 0.14±0.23 10 10 46 

a Boxes indicate order chosen as necessary and sufficient. 
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V. INTERPRETATION OF THE RESULTS 

The most striking characteristic of meson-baryon scattering 

below 1 or 2 BeV I c is the existence of resonances in the direct or s 

channel (see Fig. 17). As the total c. m. energy of the scattering sys

tem passes through a resonant energy, cross sections exhibit peaks, 

production and polarization angular distributions change rapidly, etc. 

In.the analysis of such phenomena, a partial-wave amplitude having the 

isotopic spin, angular momentum, and parity of a resonant state is 

parameterized with the Breit-Wigner form; nonresonant amplitudes are 

assumed to be well-behaved, i.e., to vary relatively slowly with energy. 

The classic and most detailed instance of this type of analysis of K- p 

scattering is that of Watson, Ferro-L~zzi, and Tripp 
7 

in their treatment 
·'· 

of the Y~(1520). Data from all reaction channels were used. The non-

resonant amplitudes were parameterized using a constant-scattering

length formalism. 

With increasing momentum,. more and more reaction channels are 

kinematically open, and the coupling of any one of them to resonances 

in the s channel is likely to be weak. At still higher momenta (several 

BeV I c), the "line spectrum" of resonant states is left behind and the 
11 continuum" is reached. Here at least the 2 -body and quasi -2 -body 

reaction channels are dominated by peripheral mechanisms, i.e. , by 

the exchange of particles or resonances in the t and u channels (see Fig. 

T7). Application of the usual conservation laws (excepting that of four 

momentum) se~erely restricts the possible exchange systems in these 

channels. Fo.r instance, in Fig. 17(c), the p·meson has the lowest mass 

of those particles that can be exchanged, while in Fig. 17 (d), no known 

particle has the appropriate quantum numbers B = S = Q = +1. Four 

momentum cannot be conserved at the vertices in these Yukawa-like 

exchanges, but, obeying a kind of Coulomb~s law, the exchange parti

cles of lowest mass dominate; they are closest to the "physical region:: 11 

The angular momentum and parity of the exchanged system determines 

the polarization correlations. Indeed it is the experimental evidence 

on these correlations that points most strongly to the exchange of a 



-36 

S-L( 
p n 

(a) (b) 

(c) 

MU-36288 

Fig. 17. (a) Interaction of the K- and p through some mechanism 
(or combination of mechanisms) to produce :KO and n. The 
simplest s-, t-, and u-channel diagrams are shown in (b), (c), 
and (d), respectively. 
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system having definite quantum properties. The production angular 

distributions are determined primarily·by the mass of the exchanged 

sy:stem; the spins of the particles enter in subordinate fashion. Ex"" 

change in the t channel leads to peaking of the production angular distri-

butions in the forward direction; the smaller the exchanged mass and the 

higher the incident momentum, the sharper the peaking. will be. -Almost 

always the peaking of the experimental distributions _is much sharper _ 

than predicted by the simple model. Various modifications to correct 

this deficiency have been proposed. 
20 

In the following discussion it will become evident that a peripheral 

mechanism (t-channel effect) plays an important role, at least at the 

higher momenta of this experiment. However, this mechanism by itself 

. is not sufficient to explain the data. It is probable that at least one of 
-·-

the partial-wave amplitudes can be associated with· a y''' resonant state 

(s -channel effect) having a mass above 2 BeV; this aspect of the results 

receives most attention. It remains to be seen whether or not the folding 

together of amplitudes corresponding to resonances in the s and t chan:-'_' 

nels is sufficient to explain all aspects of the data. -At present no com

plete analysis is attempted. -Data on other channels, particularly on 

elastic scattering will be necessary for such an attack. 
21 

However, it 

is still possible to extract useful information. To do so it is first 

necessary to relate the properties of the differential cross sections and 

the behavior of the scatteringamplitudes. 

A .. Scattering Amplitudes, Partial Waves, Resonant States, 

and Differential Cross Sections 

The amplitude for scattering of spin.-0- mesons on spin-1/2 baryons 

can be written 

(7) 

_,. -Here 8 is the c. m. scattering angle, a is the baryon spinor, and n 

is the unit vector normal to the production plane, 

-n = (8) 
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where q""i and qf are the initial and final momenta in the c. m. system . 

.The non-spin-flip and spin-flip amplitudes, f(B) and g(B), can be ex

panded in terms of partial-wave amplitudes,T±L.eac~ having orbital 
L " 22 

angular momentum= L, parity= (-1) , and spin J = L± 1/2: 

f(B) = }1. L {(L + 1)T~ + LTi) PL(cosB) 
L=O 

(9) 

g(B) = }1. L (T~ - T_i) P~(cosH) 
L=1 

± 
The T L are energy-dependent. The angular depe~dem:.c:e•·af .£Cfl;)\apd ,_: 

g(B) is contained in the ordinaryand first-associated Legendre poly

nomials, PL(cosB) and P~(cosB), respectively. 

The amplitudes are complex numbers. In the case of elastic 

scattering, each partial-wave amplitude can be expressed in terms of 

twd real numbers, TJ and 6, as 

2io 
T = Tje - 1 _ Tjsin 26 + i(i - Tjcos26) 

2i 2 2 ' 
( 10) 

where 0 ~ TJ ~ 1 and 0 deg ~ 6 -~ ·180 deg. Figure 18.{a) shows the ampli

tude schematically. The restriction on Tj, which follows from the re

quirement of unitarity (conservation of probability), bounds the ampli

tude within a unit circle centered at i/2. Thus we have Im T -~ 0. 

The optical theorem relates the total cross section (all channels)_ 

and the elastic- scattering amplitude: 

a total = 4rr }1. Im A(O deg). ( 11) 

1 
At B = 0 deg, the PL are +1 and the PL are 0; hence A(O deg) is f(O deg). 

Equations (9) and (11) yi·el;d 

2 
(J total = 4 7T }1. L (J+i/2)ImT. 

.·All 
waves 

(12) 

I 

In general, the energy dependence of the partial-wave amplitudes 

is not known, However, the existence of a resonant state allows a 

simple and elegant parameterization of the relevant partial wave. The 

1 . 1" d . '23, 24 e ast1c amp 1tu e 1s 
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Im 
(7]e2ib_ 11 

T= X 
1m 

T= 
2i "' ( E -i) 

E=O 

r'0._ 
'77;2 

~2 ------
28 

E=-1 E=+l 

0 Re 

(a) (b) 

MU-36289 

Fig. 18. (a) Unitarity bounds each (elastic) partial-~ave amplitude 
within a circle of unit diameter. An amplitude T is specified by 
two real numbers, conveniently T] and o. (b) A resonance 
amplitude is parameterized with the Breit-Wigner form, which 
specifies its energy dependence; with increasing energy the 
amplitude traverses a circle of diameter x in the counterclockwise 
direction. 
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T(w) = ( 13) 

Here w is the total c. m. energy, and w
0 

is the resonant-state energy; 

r 1. and r are the elastic and total decay ,widths. {The widths are not 
e. 

constants, but are themselves energy-dependent. This is discussed 

below. ) In general w
0 

is much greater than r. Then, within a few 

decay widths of WO' we have w:~ wo and (w; - w
2

) .?; 2wo(wo - w). With the 

definitions 

( 14a) 

and 
' \ 2 2 
(w

0 
- w ) 

wor 
wo - w 

r/2 ' (14b) :e = 

. Eq. (13) becomes 

x· 
T(w) = ~. 

. E - l 
( 15) 

Here x, ·called the elasticity, is the branching fraction into the elastic 

channel; e is closely the difference (w
0 

..: w), meas,ured in half-widths. 

Figure 18(b) shows the amplitude schematically. To the extent that 

r el and r have the same energy dependence, the amplitude traces a 

circle. The circle ·is traversed counter -clockwise as the energy .in-
25 

creases. Comparison of Fig. 18(a) and (b) shows ..that for 

x > 1/2 (x < 1/2),. 5 is 90 deg (0 deg) at w = w
0

. The quantity Tl is not 

a constant of the amplitude; it can .even ·pass ·through zero at resonance. 

Th.e elasticity x is a more meaningful parameter; it is simply the diam

eter of the circle. 

The energy dependence of the widths arises from two sources: 

2 -body phase space and an angular -rriomentum barrier effect. Phase 

space varies as qjw. A parameterization of the angular-momentum 
. . . 23 26 

barrier effect which is at least qualitatively correct 1s ' . 

q 
( 

2 ) L (16) 
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where L is the orbital angular momentum, and X is a mass charac

terizing the radius of interaction. Then we have 

r(w) = ··(~0 ) . (...3...)2L+ 1 . (q~ + x
2 )L 

r(w0 ) w q 0 . qz + x2 
(17) 

. 2 2 
For small X (X << q ), the radius of interaction is large and the barrier 

1S weak; r is proportional to q. For large X, the radius of interaction 

. 11 d h b . . . r . . 1 2 L+ 1 D. ff 1s sma an t e arr1er 1s strong; 1s proportlona to q . · 1 erent 

t o h 1 o d'ff d' o f o o 27 reac 10n c anne s may requ1re 1 erent ra 11 o 1nteract1on. 

If the target baryon is unpolarized, the differential cross section 

is 

This can be expanded in a Legendre polynomial series: 

-dO' - )\2 em -

( 18) 

( 19) 

If we expand the B in terms of the interferences between partial-wave 
n 

amplitudes,. we have 

L b~. 
,,, 

B Re (T~"T.) 
n "<' lJ - 1 J. 

1 =J 

L:. b~. - -= T. T. (20) 
i~j 

1J 1 J 

Here the amplitudes have been treated as complex numbers and as two--· -component vectors in turn. The unitarity cqndition implies T i 

The numerical coefficients b~. are given in Table IV. 
1J 

T .. $ 1. 
J -

The structure of Table IV is quite simple: 

(a) The interference between two partial waves having angular 

momenta J 1 and J 
2 

and even (odd) relative parity contributes to those 

Bnwith even (odd) nand (J 1 + J 2 ):?n~ IJ 1 - J 2 1. 

(b) The expansion of the production angular distribution is 1n-

variant under the simultaneous interchange of parities of all states 

(Minami ambiguity), i.e., s
1

/
2 

....__ P 
112

, P
3

/
2 

....__. D
3

;
2

, etc. Interfer

ence terms that are the (Minami) transforms of one another are grouped 

together in the table. 



-42-

Table IV. Legendre polynomial coefficients, bn, for the partial-wave 

expansion for spin-0 scattering on spin- t: 
da 2L L n * - = l\ . B P (cose), B = b .. Re (T. T.), 
drl n n n 1J - 1 J 

n i.,;;:j 

where the Ti (=LZJ) are partial-wave amplitudes. 

Expansion coefficients Bn 

T. T. Bo Bi B2 B3 B4 B5 B6 B7 1 J 

5 1 5 1 and pi pi 1 

. P
3 

P
3

and D3 D3 2 2 

n
5 

n
5
and F5 F5 3 24/7 18/7 

F 
7 

F
7

and G7 G7 4 100/21 324/77 100/33 

5 1 pi 2 

P3 D3 4/5 36/5 

D5 F5 18/35 16/5 100/7 

F7 G7 8/21 24/11 600/91 9800/429 

51 P
3 

and P 1 D
3 

4 

51 n
3 

and P 1 P
3 

4 

51 n
5 

and P 1 F 
5 

6 

5 1 F 
5 

and P 1 D
5 

6 

5 1 F 
7 

and P 1 G
7 

8 

5 1 G 
7 

and P 1 F 
7 

8 

P
3 

D
5
and D

3 
F 

5 
36/5 24/5 

P
3 

F 
5 

and D
3 

D
5 

12/7 72/7 

P
3

F
7

andD
3
.G

7 72/7 40/7 

P
3 

G
7

and D
3 

F
7 8/3 40/3 

n
5 

F
7

and F
5 

G
7 72/7 8 40/7 

n
5 

G
7

and F
5 

F
7 8/7 360/77 200/11 



,-

-43-

n - . 
(c) All b .. are positive. Negative contributions to ·the B come 

lJ · n 
from interferences that are negative, either in themselves or because 

of negative signs in the isotopic spin decomposition of the scattering 

·amplitude. 

From (a) it follows that interferences between states having 

different spin-and (or) parity cannot contribute to B 0 : 

Bo = L (21) 

All 
wave.s:. 

The a. are just (J + 1/2). Integration of da / ~s-2 over production angles 
l 2 2 . 

ds-2 yields a = 4Trk B
0

. The factor Trk is roughly a measure of the 

cross -sectional area of interaction in a single orbital angular -momentum 

. state; this decreases with increasing c. m. momentum. Consequently 

. B 0 , rather than a, better exhibits changes in the magnitudes of the 

partial~wave amplitudes. 

Table IV is wr·itten.for scattering in a pure isotopic spin state. 

For any_particular channel, the amplitudes A(EI), f(B), g(B), and the Ti 

can :be further expanded (all in the same way) in terms -of pure isotopic

spin amplitudes. Equation (4) gives this decomposition,for K-pcharge

exchange scattering.·· In this case,, with the angular -distribution expan

sion normalized as in.Eq. (3) (now a is Trk 2B
0

), an entry T i in Table 

-IV is to ·be read as the difference between the I= Q and I= 1-atnplitudes, 

. i.e.,, S 1/ 2 ~ (S~/2 - S~/2 ), etc.,. where the s'uperscripts rerresent 

isotopic spin. Since the maximum length of the difference between two 

vectors lying in a unit circle is one, there remains 
-+T ... -+T . (~1 ~0) . (~1 .-+TO) """'1. s· h . . . 1". 

. . . -+ .L. - T. · .L. - · . ::s • 1nce t e 1sotop1c-sp1n amp- lJ"'-·-
l J . l "1. J J -

tudes enter into ·the K-p charge -exchange cross section ,in a symmetric 

way, isotopic spin cannot be determined on •the basis .of this channel 

alone. 

The infori:nation.derived from differential cross sections is not 

in itself sufficient to fix the partial-wave amplitudes. Table IV shows 

that if the first n amplitudes s
112

, P 
112

, f~;2 , ... etc. are present, 

the n coeffiCients B 0 through B'{:n-f) are affected. Conversely, if the 
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nth coefficient is not zero, the presence of n partial-wave amplitudes 

must be considered. Thus a cross section described by n numbers 

denotes 2n unknown quantities. (Polarization data, when accessible, 

provide n-1 additional constraints. In the case of elastic scattering, 

.the optical theorem adds a further constraint. ) The numbe.r of unknowns 

is further multiplied by the number of isotopic spin states that contribute 

to the reaction. Any attempt to fully analyze the scattering amplitudes 

must reduce the number of free parameters by postulating. specific forms 

for their energy dependence. 

B. Behavior of the Coefficients 

The expansion coefficients B from this and other experiments 
. n 

are displayed in Figs. 19 and 20 .. Where the published expansions are 

in powers of case, the data have been .refit with the Legendre polynomial 

expansion .. Where necessary, coefficients have been renormalized to 

coincide with our conventions. If only the integrated cross section is 

availab1e, or the differential cross section is not well determined, only 

B
0 

can be plotted. 

Generally the highest Legendre polynomial required at ·each 

momentum can be determined from the plots of the coefficients. Thus 

at 1.22 BeV/c, the ·expansion series including P
6

(cose) is both necessary 

_.arid sufficient because B
6 

is the highest of the Bn to differ significantly 

from zero. (In this case, coefficients B
0 

through B
6 

are taken from 

the n = 6 fit, while B 7 is taken from the n = 7 fit. ) .max max 
Polynomials higher than P

7
(cose) probably·are necessary at one 

momentum, 1.80 BeV /c, 
13 

where the probability that the series through 

P 7 (cose) is sufficient is only about 2o/o. There is considerable require

ment for P
9

(cose) and P 
10

(cose). Coefficients B
9 

and B
1
b are negative. 

Together these terms reproduce a sharp dip in the forwardmost bin of 

the differential eros s section, while elsewhere their effects largely 

cancel one another. As.ide from the forward dip, the cross section is 

quite~ :similar to that at 1. 7 0 :BeV /c. This is. apparent from the near 

equality of the coefficients' B
0 

through B
7 

at the two momenta. 
28 

The 

B 10 denotes an .interference like H
9

;
2

· H
1112

. {Two waves are requir~!d 
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Fig. 19. Even expansion coefficients, Bn, -of the differential cross 

sections. The normalization is dO' /ill1 = (}t 2
/4) L BnPn(cose). 

(The references may be obtained by comparison with Fig 10. ) 
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Fig. 20. Odd expansion coefficients, B , of the differential cross 
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sections. 
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since B 10 is negative. ) The B
9 

denotes an interference like G 7 ; 2 · H 11; 2 . 

At 1. 9"5 BeY/ c 
14 

the series through P
7 

(cosO) is again sufficient, so the 

effect is quite. narrow. It might be expected that the high angular

momentum amplitudes would interfere with .lower ones to disturb the 

srriooth variation of at least some of the lower coefficients over a 

similarly narrow momentum range; this is clearly not the case. Here

after, the possible effects of amplitudes with J >. 7/2 are not considered. 

Seve.ral general characteristics of. the behavior of the coefficients 

warrant observation: 

(a) Around 1.0 BeV /c, the coefficients are dominated by the 

Y~(1765) and Y~(1815) resonant states.' 
29 

Both of these have J = 5/2. 

They have opposite parities. Though the evidence is not yet conclusive, 

the Y~(1765) has been taken to be D 5/ 2 and the Y~(1815),. F 5; 2 . Both 

resonances are coupled strongly to the KN system. The interference 

between the two causes the marked peak in B
5 
.. Effects ·of these ampli

tudes extend at least past 1.2 BeV /c. 

(b) B
0 

is fairly constant between.L2 and 2.0 BeV/c before it falls 

off at higher momenta. Over the same interval, B 7 , B 6 , ·and to a lesser 

degree some of the lower coefficients display activity centered around 

1. 5 to .1,8 BeV / c that does not appear to be correlated with the asymptotic 

. behavior of the coefficients at high momenta. In particular, around 

2.5 BeV/c there is little requirement for P
6

(cos0) and none for P 7 (cos0). 

(c) Around .1.4 BeV/c, coefficients B
1

, B
3

, and B
5 

pass from 

negative to positive values, thus reflecting the shift of the angular 

distribution from backward to forward peaking. The coefficients of the 

lower even polynomials are relatively;·stable. 

(d) Around 2 .. 5 BeV /c, all coefficients. are positive, and thus all 

polynomials add constructivelyto the forward peak. From 2.45 to 2. 70 

BeV/c, B 0 , B 1 , B
2

, and B
3 

decrease, while B
4 

and B 5 increase. At 

2.45 BeV /c, the expansion series including P
5

(cos0) is probably suffi

cient. At.2.70 BeV/c, the series including P
6

(cos8) is necessaryand 

sufficient. The coefficients reflect the increasing. sharpness of the 

forward peak. In all probability.the peaking persists at all higher 
3.0 momenta. 



The last .two observations indicate that a peripheral mechanism 

plays a role down to at least 1.5 BeV /c. The angular distribution 

predicted at. L 7,o· BeV / c by the exchange of a vector ·boson with ·the mass 
31 

and couplings of a p i~ included in Fig. 15. As expected, the peak 

. in the theoretical curve is much broader than that in the experimental 

distribution. However,. the peak in the experimental di stributio? still 

is quite broad below 2. 0 BeV /c. The requirement for P 6 (cosB) and 

P 7 (cosB) is due rather to the undulations in the angular distributions 

than to the sharpness of the forward peak. [The sharper backward peak 

at.L 22 BeV / c requires only P 6 (cosB). ] Experimentally, the forward 

peak. becomes narrower with increasing momentum .. It seems unlikely 

that the properly modified peripheral model--;.. whatever form this 

eventually takes --will necessitate higher terms in the Legendre 

polynomial series below" than .abo;v_e :2-:.0· BeV/ c:· ~ c;bnseque.ntly, ·,' :·~ / 

it can reasonably be inferred from the behavior of the coefficients B 6 
a~d B 7 above 2. 0 BeV I c that below 2. 0 BeV I c the "projections" of the 

suitably modified t-channel exchange amplitude on the (s -channel) 

partial-wave ·amplitudes with J > 512 are negligible. This iterates the 

conclusion of observation (b), and attributes the behavior of B 6 and B 7 
between 1.0 and 2.0 BeV lc to some other mechanism than a peripheral 

one. 

-A J=7/2 amplitude is first clearly_in evidence at 1.22 BeVIc; the 

substantial B
6 

requires iL Below this momentum the data are not suf

ficient to -confirm or exclude its presence. The B 7 above 1.4 BeV /c 

signifies the presenc~ of J = 7/2amplitudes having both parity. values. 

Some measure of the importance of these amplitudes can be obtained 

from the magnitude of B 7 , which consists entirely of the F 7 ; 2 · G 7 ; 2 
interference. The simple inequalities 

(22) 

and the coefficients of Table IV yield 

(23) 

and 

B
0 

from J = 7/2 amplitudes > 0.35 IB 7 1; (24) 
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In Eq. (23) the equality obtains ·if the two amplitudes have the same 

phase. In.Eq. (24) the equality obtain:s onlyif the magnitudes also are 

equal. Around 1.6 to 1.8 BeV I c the magnitude of B 7 is approximately 

,. equal to B
0

, so the J = 712 amplitudes account for at least a third of the 

cross section. In the same region, Eq. (23) places a lower limit of 

0.18, or 18% of the unitaryJimit, on the magnitude of the larger of the 

two amplitudes. (In these equations, F 712 is F~l2 - F~12 , etc. The 

limits apply whether or not one or the other of the isotopic spin states 

dominates each ofF ?12 and G7 12.) 

The squares o~ the J = 712 amplitudes contribute to B 6 (see Table 

IV). These contributions are always positive, and appear also in B 0 , 

enlarged by 32%. Above 1. 7 BeV I c, the experimental values of B 6 are 

negative; between .1.2 and 1.5 BeV lc, B
6 

is too large to be consistent 

with B 0 if the only contributions to .B
6 

are the squares of the J = 712 

amplitudes. The only other terms contributing to B 6 are the 

F 512 · F 71 2 and D 51 2 · G71 2 interferences. · Evidently one or both of 

these play important roles. 

As it is diffic~lt to attribute the behavior of some of the expansion 

coefficients around 1.5 to ·1.8 BeV I c to a peripheral mechanism, it is 

natural to investigate the possibility that it is due to a resonant state 

in the s channel. The preceding observations :would suggest that if such 

a state exists, it has J = 712 .. In the study of 1rN scattering one can 

often fix the quantum numbers of anN~:~ by its·interference with the 

* 32 * N below it. The relative quantum numbe.rs of the Y (1765) and 

the Y~:~(1815) are determined in the same way. 29 ·With this in mind, 

the conclusion of the previous paragraph .is suggestive. There are 

strong J = 512 resonant amplitudes around 1.0 BeV lc and moderate 

I - -J = 712 amplitudes around 1. 7 BeV c. An ,interference term, T i. Tj, 

between two widely separated resonances is dominated by the real 

parts of the resonant amplitudes, since at any energy at least one of the 

amplitudes is predominantly real. The interference has the shape of 

a curve drawn through B
6 

(see Fig. 19). The positions of the reso~"-: 

nances are close to the "nodes," near which one or the other of the 

amplitudes is purelyimaginary, and its real part changes sign. Close 
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-·-
to the lower node is the Y~(1815). Interference with th-~s F 5; 2 reso-

nance shows the other resomince to be an I= 1, F
7

;
2 

y''" with-a mass of 

about 2065 MeV (corresponding to 1.60 BeV /c). The sign of B 6 ~eter

mines. the relative isotopic spins. Here the condition that all resonant 

amplitudes traverse circles in the same (counter -clockwise) direction 
• 0 33 

.1s tmportant. 

The validity of this interpretation rests on the assumption-that the 

other terms that can contribute to B
6 

do not alter its qualitative features. 

The situation may in fact be much more complicated. However, to 

proceed much further with the limited data, one must provisionally 

assume simplicity and see where that leads. 

The contribution of the two resonant amplitudes to B 6 is 

(25) 

The negative sign of the second term comes from the isotopic spin ex

pansion. By using Eq. (15), Eq. (25) becomes 

100 [ x'
2 

6xx
1

(1+ee
1

) ] 

b6=33"-
1

+e'2- 2 r2·' 
(1+e ).(1+e) 

(26) 

where unprimed (primed) quantities refer to the J = 5/2 (7 /2) amplitude. 

The contribution to B
6 

of the second term in .Eq. (26) is positive over 
. I 

most of the distance between the two resonances, because there e E is 
-·-

negative. The Y~(1815) causes large bumps in the RN cross sections, 
* I -and the Y
1 

(2065) does not; thus x is large and x is not. Then the 

second term will dominate. This has already been seen to be necessary 

, if the behavior of B
6 

is to be explained in this way. The width of the 

Y~(1815) is small compared to the range over which B 6 is consequential; 

thus the width of the Y~(2065) is large. 

One can estimate the width and elasticity .of the hypothesized Y~:~ 
by fitting _b~, given by_Eq. (26 ), to the experimental" points B~ ± oB~. 
The function 

2 
X 

= L{B~-b~}2 
· i &B~ 

(27) 
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I 

has been minimized with respect to I' while the other resonance para-

eters were held fixed at values within ranges compatible with the magni

tude and shape of B
0

. 
34 

Two curves. so generated are shown in Fig. 21. 

Also shown are their "projections" onto B
0

, given by 

~- 12 ~~ 12 3x
2 

4x
12 

.· 3 F 5/2 + 4 F 7/2 = 1 + E 2 + 1 + E I 2 
(28) 

Certainly other amplitudes are present, so not all bf B
0 

can be g1ven 

up to the two resonant amplitudes. Both se~s of curves use w
0 

= 1825 

MeV (somewhat above the nominal ma~s), w6 = 2065 MeV, x = 0. 7, 

X
1 = 0.35, and X [in Eq. (17)] = 350 MeV. 

26 
1 The solid curves have 

P = 50 MeV and r 1 = 180 MeV; the dashed curves have r = 70 MeV and 

T 1 = 185 MeV. The width r 1 is fairly insensitive to small changes in 

the values of the other parameters. Since x2 
is smaller than q2 

(for 

q, see Fig. 10), the energy dependence of the widths is more closely 
2L + 1 7 

proportional to q than to q = q . Since the second term of 

Eq. (26) dominates B
6

, the principal effect of a small change in the 

elasticities is to scale the B
6 

curves proportionately. 

The data included in Fig. 21 favor a width closer to 70 than to 

50 MeV for the Y~(1815). However, an extended K run at CERN, over 

the laboratory momentum interval 0.80 to 1.20 BeV/c, gives as apre

liminary result a width of 45 ±5 MeV. 
35 

At 1.22 and .1.42 BeV/c, agreement between the fitted curves and 

the experimental measurements of B
6 

is poor. This is due mainly to 

the limitations placed on the elasticities of the resonances by the mag

nitude of B
0

. The upper limit on x 1 is about 0.35. It is most natural 

to invoke a small I= 1, F 5; 2 amplitude to interfere with the F 7/ 2 
resonant amplitude in order to make up the discrepancy in B 6. Judging 

by B 7 , it is probable that the G
7 

/
2 

amplitude is not significant below 

1.42 BeV/c. 

At resonance, the imaginary part of the elastic -scattering re so

nant amplitude is equal to the elasticity. By the optical theorem, 

· Eq. (12), the resonance causes an enhancement in the total cross 

section equal to 471'J\
2

a.(J + 1/Z)x, where a. is an.isotopic spin factor. 
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1825 MeV 

~ 
2 I Jl 2065 MeV 

l Bo ~ t 

of o 9 ¢ + + + + + --/ - " + / ~ 

0 

-I 

1.0 I. 5 2.0 
Beam momentum ( BeV/c) 

MU-36292 

Fig. 21. Bo and B6 and some curves obtained by fitting the experi
mental B6 with the interference term given byEq. (26). Both 
curves are drawn for wo = 1825 MeV, wa = 2065 MeV, X= 0. 70, 
x' = 0.35, and X = 350 MeV. The solid curves are drawn for 
r = 50 MeV and T' = 180 MeV; the dashed curves are drawn for 
r = 70 MeV and r' = 185 MeV. 

•' 
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At 2065 M~V in the RN sy•stem, and .with J = 7/2, 4rr)\
2

(J + 1/2) is 37 

mb. An 1 = 1 resonance with an elasticity of 0. 35 will cause an enhance

ment of 6.5 mb in the total K- p cross section and twice this in the total 

K- n cross section. There is indeed a broad enhancement of a few mb, 
- 0 36 

situated at about the correct energy, in the total K p cross sectlon. 

It is difficult to estimate accurately how much of the cross section: 

should be allotted to ·the enhancement rather than to background. There 

is relatively little data on the K-n eros s section, but what there is 

shows no evidence of structure. 
36 

This is perhaps not so damaging to 

the model as it would appear. There is a similar problem with regard 

to the Y~(1765); at 940 MeV/c there should be a 30-mb hump in the K-n 

cross section, but nothing of this magnitude is suggested by the limited 

data. 
36

• 
37 

It is quite difficult to extract accurately the K-n cross 

section from measurements of the K- d eros s section. The subtractions 

to be made in order to account for the presence of the proton are un

certain; any structure in the K- n eros s section is partially erased by 

the internal momentum of the nuCleons. 29 

Overall, the existing data are in accord with the existence of the 

proposed resonance, though certainly more complicated explanations 

could be proposed. There is other, independent, evidence for the 
-·-

existence of y'''t s in the interval between 1850 and 2200 MeV: 

(a) Blanpied et al. have studied K+ production. in '(P rea)ctions. 
38 

Assuming the dominant mode of production to be the 2 -body reaction 

+ * . * - y + p -+ K + Y , they find evidence for a Y (2020) with a width of 

about 120 MeV. The statistics are quite limited. There is no evidence 

pertaining to the quantum numbers (I, JP). 

(b) Bock et al. have studied hyperon production in pp reactions, 
- I 39 with a p laboratory momentum equal to 5. 7 BeV c. The reaction 

channels AKN, AKNrr, i:KN, ~KNrr, and their charge conjugates are 

of particular interest: the invariant mass plot of the KN and KNrr 

systems has a .peak at 2100 MeV which 11 exceeds 3 standard deviations 11 

above background; the width is less than 40 MeV. The peak comes 

almost entirely from the neutral systems, which is weak evidence for 

I= 0. There is also some evidence for a Y~ ( 1940). 
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(c) Preliminary results of a study by -Eberhard and.Shively
40 

,...,± + + + - -of the reaction,K + p -+ ~ 'TT + 'TT + 'TT , for K laboratory momenta 

from 2.45 and 2. 7 BeV/c, show a peak in the invariant mass plot of the 

z:+ Tt+ 'TT- system when this is produced peripherally against the other 'TT-. 

+ + -The ·peak is at 2070 MeV and has a width of about 80 MeV. The ~ 'TT 'TT 

system can have I= 1, 2, or 3, but the last of these cannot be reached 

by the production ·process. 

(d) In the preliminary study of the A events from this experi

ment; Stevenson .et al. 
1 

showed that the qualitative features of the 

production and polarization angular distributions from the pure I= 1 

reaction K- + p -+ A +'TTO were reproduced by a model consisting of 
··-

the exchange of an .F 7/ 2 Y~(2030) in the s channel, together with other 

appropriate exchanges in the s, t, and u channels. 

It is unfortunate that there is not better agreement among the 

various experimental indications of resonant states. Either the situ

ation is quite complicated or, more probably, some of the data are 

deceptive with regard to the mass and (or) the width of the state they 

reveal. The implications of theory, are discus sed below. 

Many partial~wave amplitudes can contribute to the lower expan

sion coefficients, and it seems impossible to extract much additional 

useful information from them. However, one further inference can 

perhaps ·be drawn from the coefficient B
7

, if indeed the F 
7 

; 2 amplitude 

is dominated by an I= 1 resonance .. Since B
7 

is negative across the 

region where the resonant amplitude is predominately imaginary, at 

least the imaginary part of the G7 /2. amplitude must be dominated by 

the I= 0 state. The possible significance of this will appear below. 

C. Theoretical Particle Spectroscopy 

An F
7

;
2 

baryon, the N~?:(1920), is alreadyknown. It has isotopic 

spin; .3/2 and decays strongly_ into •rr + N, both .of which are members of 
41 

SU(3) octets. The only irreducible representations in the supermulti-

plet product 

8 X 8 = 1 + 8 + 8 + 10 + 10 + 27 (29) 

.. • 
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that contain an N;/2 are the 10 and the 27. Both of these also contain 

a Y~. 
According to the Chew -Frautschi extention of the concept ofRegge 

42 ~:' 
trajectories to_yarticle phenome-~ology, the N 3; 2 ( 1920) is the recur-

renee of the N;/2 (1-~38). The N;/2 (1238) belongs to the decuplet which 

contains also the Y;(1385), the Zf;
2

(1530}, and the Q-(1675). Since one 

member of the decuplet has a recurrence, the others should also. A 
,,, 

Y;(2065) falls naturally into this scheme as the recurrence of the 

Y~(1385). 
The masses of the isotopic multiplets within an SU(3} supermulti-

43 
plet are related by the formula due to Okubo, 

2 -
m = mo + aY + f3 U(I + 1)- y /4}' (30) 

where Y is the hypercharge. For the members of a decuplet, we have 

I:: 1 + Y/2, so that Eq. (30) reduces tom= a'+ f3'Y, and the mass 

splittings between members are equal. For the decuplet containing the 

N;/2 ( 1238}, agreement between theory and experiment is spectacular; 

if one uses the best values (rather than the nominal ones) for the 

masses, 
5 

the splittings are 146, 147, and 146 MeV, respectively. 

A Chew -Frautschi diagram plots J versus m
2 

The path of a 

trajectory on the plot is determined experimentally by its manifestations 

as particle and (or) resonant states. The N;/2 (1238) and the N;/2 (1920} 

determine one trajectory. To estimate the masses of recurrences, one 

usually assumes that the slopes of neighboring trajectories are equal. 

This method gives, for the other members of the decuplet containing the 
,,, 

N;/2 (1<120), masses of 2020, 2124, and 2232 MeV. The splittings are 

100, 104, and 112 MeV, respectively. It is not possible to have equal 

slopes (versus m
2

) and retain equal spacing (in m). Since the members 

of a supermultiplet are manifestations of a single entity, it is perhaps 

more sophisticated to associate a single trajectory with each super

multiplet, rather than with each multiplet. Splittings from the "super-

trajectory" should then obey the mass :formula. It is not evident how 

the magnitude of the splitting at one occurrence of a super -trajectory 
~~ 

. should be related to that at another. Certainly the finding .of a F 
7 

;
2 

Y 1 

\.' 



-'56-

anywhere in the interval 2000 to 2100 MeV represents a triumph for 

theory. Experimentally, the mass difference 2065-1920 = 145 MeV is 

identical to the splitting in the low -lying decuplet, though if one con1-, 

siders the uncertainties in the mass determinations of the F 
7

/
2 

states, 

it is not clear how meaningful this apparent equality is. 

In exact SU(3 ), the decay of a decuplet into two octets is charac

terizedby a single coupling constant, g 0 . Specific. couplings, such as 
* 44 N
3

; 2 _,. 1T + N, are related to g
0 

by C!ebsch-Gordan coefficients; 

thus, for example, we have 

and 

(N. ~:c N) = go/(2) 1/2 g 3/2'1T 

(y* -KN) = go/(6)1/2 . g 1' 

(31) 

(32) 

The partial widths are proportional to the squares of the coupling con

stants, so that 

(33) 

These relations can be modified with Eq. ( 17) to include the phase -space 

and angular -momentum-barrier effects arising from the mass differ

ences within supermultiplets .. Results of the calculations of the 

N~/2 (1920) a~d the Y~(2065) are given.in Table V. Input to the calcu

lation is r(N;/2 , rrN), which is about 120 MeV. The total width of the 
* 45 N 3; 2 (1920) is about 200 MeV. To the e_~tent that mass differences 

can be neglected, the total width of the Y~(2065) should be the same. 

The results of Table V show that effects of the mass differences do not 

appreciably alter this predicted value. Thus the experimental result, 

about 180 MeV, is in accord .with the theoretical prediction. Finally, 
•'• 

the predicted value of the elasticity' which .is r(Y~' KN) divided by the 

total width, is about 0.2. This is somewhat lower than the experimental 

result, about 0.35. 

The ~. the Y~(1405), and the Y~(1520) should recur as Y~:c, s in the 

mass interval between 1850 and 2150·MeV. The quantum numbers 

(I, LJ) wiUbe (1, F 5; 2 ), (0, n 5; 2 ), and (0, G
7

/
2

), respectively. On 
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Table V. Partial widths, according to exact SU(3) modified for 
phase-space and a_pgular-m2mentum barrier effects, for 
th~ decay _of the N3;2 and Yi members of the 7 /2+ decuplet 
into the 0 meson and 1/2+ baryon .octets. 

Resonance Decay 
q 

(MeV/c) 

N;/2 ( 1920) '!TN 723 

KL: 435 

-·-y; (2065) KN 727 

'ITA 725 

'!TL: 675 

T]L: 525 

K~ 435 

faX 10 (C -G )
2 

.2.0 1/2 

0.5 1/2 

1.9 1/6 

1.9 1/4 

1.6 1/6 

0.8 1/4 

0.5 1/6 

b r 
(MeV) 

120 (input) 

3.0 

150 (of 200) 

38 

57 

32 

24 

10 

161 

a The phase-space and angular-momentum barrier factor [Eq. (17), 

with X = 350 MeV). 

- b The .Clehsch;Gor.dan c-oeffi;dent,:. squa:red. 
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the basis of calculations similar to those of the preceding paragraph, 

the ~ recurrence is expected to be only weakly coupled to the RN 

channel. 
46 

It has been deduced from the experimental re stilts that the 

G 7 ; 2 partial-wave amplitude is present in appreciable magnitude, and 

is probably dominated by the I= 0 state. 

Overall, agreement between. theory and experiment is good, 

especially considering the uncertainties that are present in both ap

proaches. 

D. Summary and Conclusions 

The Legendre -polynomial series expansions of the angular distri

butions clearly display the presence ofF 7 /
2 

and G7 ; 2 
partial waves. 

It is difficult to associate these amplitudes with a peripheral mechanism. 
-·-

It is probable that the F 
7

/ 2 amplitude signifies a Y~ with a mass of 

about 2065 MeV, a width of about 180 MeV, and an elasticity of about 

0.35. If·this is so, then the G
7

;
2 

amplitude is probably dominated by 

the I= 0 state. This interpretation is in accord with theory. It rests 

on the assumption that the coefficient of P
6

(cosB} is dominated by 

interference of the F ?/2 amplitude with the Y~(1815). A judgment as 

to the extent of the validity of this picture must await further information 

about the other 2-body channels. 

.• 
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or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission'' includes any employee or contractor of the Com-. 
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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