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ABSTRACT 

We present angular distributions for production and decay 
.... 

of the quasi-two-body final states Kt. (1236) and. K ... (891)p pro-

duced in K + p interactions at 864,. 969, 1207, 1367, and 1585 

MeV/ c. The analysis of these distributions leads to the fol-

lowing conclusions: (a) Kt. (1236) production near threshold 

is largely via P waves and is, except for coupling constants, 

fairly well approximated at all momenta by the predictions of· 

~.: 

the Stodolsky-Sakurai p-exchange model; (b) K (891)p pro-

duction appears dominated by vector exchange do~n to thres-

hold, and no evidence of significant relative increase in 

pseudoscalar exchange contribution at low energy is seen; 

(c) study of the partial-wave structure of K6 (1236) production 

shows no evidence of resonant behavior at the total crbss 

. s.ection peak near 1200 MeV/c._ 

t Present address: 
tt Present address: 
tttPresent address: 

Ecole Polytechnique, Paris 
Nuclear Physics Laboratory, Oxford, England 
Stanford Linear Accelerator Center, Stanford, 
California 

t Deceased December 1965 
tt Work done under auspices of the U. S. Atomic Energy Commission 
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1. INTRODUCTION 

In a previous paper 
1
)we have discussed cross sections and mass dis­

tributions for K+p inteiactions from 864 to 1585 MeV/c. The dependence of 

the cross sections on rnomentlllll as discussed in that paper is shown in fig. 1. 

The total cross section peak is closely related to the sharp rise of the inelastic 

cross section. Single pion production dominates the inelastic cross section in 
.... 

the momentlllll region of our experiment, and consists almost entirely of K ... (891') 

and b. (1236) production. Thus, K+p reactions bel~w 1600 MeV/c are domina~ed 

by three (quasi-) two-body final states:· 

K+p K+ - p, 

K+p--. Kb. (1236) 

and + * K p-+ K (891)p. 

(1) 

(2) 

(3) 

The small amount of double -pion production observed is also dominated by; a 

quasi-two-body final state, . 

+ * K p _.. K (891)b. (1236) • 

Reaction (1) has been discussed in a previous paper2); there is a smooth 

transition from low-energy isotropy' to high-energy diffraction, with the 

(4) 

. diffractive· behavior being well established by 1207 MeV/c. This paper will 

be devoted to the detailed characteristics of reactions (2)-(4). t! 

2. EXPERIMENTAL ANGULAR DISTRIBUTIONS 

Reactions (2) and (3) proceed through the three single-pion-production 

reactions, 

· tsome further details 
theses, refs. 3)and 41 

. 5' in ref. :1. 

+ 0 + K p-+ K p'IT 

+ + 0 K p-+ K p'IT , 

(5) 

(6) 

on this experiment can be found in two unpublished 
NUlllerical tabulations of much of the data are given 
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and 
+ + + 

K p- K n1T • (7) 

+ • 
The K p system is pure I = 1, and it follows that the .6. and K-·- are produced in 

-reactions (5), (6), and (7) in the ratios 9:2:1 and 2:1:0, respectively. The 

K
0

plT + final state[reaction (5)] is thus richest in resonance production, and will 

be emphasized in the ensuing discussion. The variables with which we describe 

the thr.ee -body final state are a diparticle effective mass, its production angle 

in the overall center-of-mass system, and a pair of decay angles in the 

* diparticle center of mass. Since our data are dominated by .6. and K production, , 

-we will emphasize the NTI and KTI diparticle systems. 

The mass cuts we use are given in Table 1. In addition to making 

0 + + 0 
these cuts, in the K plT and K plT final states at 1207, 1367, and 1585 MeVIc 

)'a< 

it is necessary to separate the .6. from the K • At 1207 and 1367 MeV I c the 
... 

low-KTI-mass half of the Dalitz plot is fairly free of K.,. production. Therefore, 

at these momenta, we restrict ourselves to the region of the Dalitz plot corre-

spending to cos A.NlT >0, where A.NlT is the decay angle defined in fig. 2. At 

1585 MeV I c the K* band lies in the center of the Dalitz plot, and a different 

method for purifying the .6. sample must be used. Applying the mass -conjugation 

technique of Eberhard and Pripstein 
6
), we use events in the upper part of the 

* . * K band to simulate K - production events in the overlap region, and subtract 

them from the sample in the .6. band. This corrects for incoherent K* pro-. -

duction within the .6. band, but not for K-·- -.6. interference, which we have ignored 

for the present purpose. We can estimate the amount of background in the 

1 · th K 0 + · b · h ul f f 1 resonance samp es 1n e plT reaction y us1ng t e res ts o re • For 

the .6. the background is about 20o/o at 864 MeV I c and_:$ 10o/o at the other four 
... 

momenta. The background u~der the K···, mainly due to the tail of the .6., 1s 

-about 40o/o at 1207 MeVIc, 15o/o at 1367 MeVIc, and 10o/o at 1585 MeVIc. 
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2. 1 L\ (1236)-Production Angular Distributions 

The production angular distribution for the K.!l final state is shown in 

fig. 3. We note two prominent features of the data.: near threshold the distri­

butions have a large sin 
2 e component; and, as the total c. m. energy increases, 'l 

there is an increasing asymmetry toward the forward direction. The second 

feature continues smoothly into the high energy region, where the reaction is 

quite peripheral. A more quantitative description of these effects is given by 

the normalized Legendre coefficients, as defined by 

W(cos e) ex: 1 t ~ AP..P.P. (cos e). 
1=1 

(8) 

These coefficients are shown as a function of beam momentum in fig. 4, for 

our data and for other published data 7 , 8). We have included for completeness 

coefficients for the K + -rr0 p and K +'IT+ n final states where available. They add 

little information about L\ production, however; differences from the K
0

-rr+p 

final state probably represent background effects. 

L·et us first consider the even Legendre coefficients. A 2 is large and 

negative near threshold, corresponding in the sin
2 e character of the 864- and 

969-MeV/c data. (Pure sin2 e corresponds to A 2 = - 1.) The sin 2 e component 

requires the presence of P or higher wavest in the final-state KLl system, and 

it is remarkable that it is already s~rong at even the lowest momenta, where 

one might havet::expected that a final-state S wave would be favored by the 

absence of an angular momentum barrier factor. The A 4 coefficient is s~all 

near threshold, and becomes more significant with increasing momentum. 

.. 

The even coefficients thus show a large P-wave component near threshold, 

with a transition to higher waves taking place in the region of the cross -section 

peak. 

tin discussing final states of the form A+f'r,. -A+C+~ we use capital letters to 

denote the orbital A-B~:~ state and lower-cas~·Uhers to denote the orbital C-D 

state. 

r 

..... ...,. 
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The odd Legendre coefficients represent interference between waves 

of opposite parity, and should therefore reflect any rapid phase change in a 

single amplitude. From fig. 4 we see that both A 1 and A 3 are smooth and 

monotonic near· 1200 MeV/ c. This apparent lack of any rapid phase change is 

a crucial piece 6f evidence against a resonance in our partial-wave analysis of 

the !<.D. final state, given in Sec. 4 below. 

There is one further feature of the b. -production angular distributions 

that is worth noting, although probably not relevant to the resonance question. 

This is displayed in fig. 5, where we show the two lowest Legendre coefficients 

as a function of the N1r mass. Considering first the K
0

1r + p channel, we see that 

the forward-backward asymmetry A 1 varies dramatically with N1r mass, and 

almost vanishes in the high-mass region. The second Legendre coefficient 

also varies markedly with mass. Such effects cannot result from b. production 

alone, but must result from interference between the b. and a background wave. 

The phase of the b. relative to the background amplitudes then varies with N1r 

mass as expected from the b. Breit-Wigner dependence, giving the effect 

observed. The background amplitude must be of a rather special sort, how­

ever; since in the production angular distribution the decay angles in the N1r c. m. 

have been integrated out, the interfering wave must have the N1r system in a 

p 3/ 2 state, as other .fj states are orthogonal to the p 3/ 2 b.. Since the !<.D. final 

state is almost entirely P-wave near threshold, the background wave must have 

components with both even K-(N1r} orbital angular momentum, to produce the 

effect seen in the A 1 coefficient, and odd orbital angular momentum, to produce 

.·the effect in A
2

• Comparison between the three charge states in fig. 5 provides 

some additional information. The change in the asymmetry coefficient A 1 with 
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0 + . 
increasing mass 1s large and negative for the K TT p final st(l.te. The effect is 

much weaker in the other two charge states, and a positive change with in­

creasing mass is suggested in the K+ TT
0 p final state. We have not attempted to 

introduce into our analysis any background amplitude specifically designed 

to reproduce these effects. 

2. 2 !!. (1236) Decay Angular Distributions 

We describe the decay of the !!. in a coordinate system in the NTT c. m.' 

with the x axis along the direction of the incoming proton a.s seen in the NTT 

c. m., and the z axis along the direction of the normal to the production plane. 

The coordinate system and decay angle·s are illustrated in fig. 6; the decay 

angles .:refer to the nucleon from the !!. decay. 

Fro~ symmetry considerations one can predict some properties of the 

decay angular distribution. First, the entire production and decay process is 

invariant under the parity transformation, or, equivalently, reflection about 

. the !!. production plane. From fig. 6 we see that this corresponds to the 

transformation 

{cos a} {cos a} 
<I> - -<j> (9a)· 

or 

(9b) 

We assume this symmetry in our analysis. A second symmetry is the parity 

inversion of the outgoing nucleon and pion in the NTT c. m., corresponding to 

the transformation 

{ cos a } -+ {-cos a} 
<j> <j> t TT 

(10a) 

or 

(10b) 
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This is a valid symmetry only if the Ntr system is in a state of definite parity. 

Interference between states of opposite parities introduces terms not satisfying 

this symmetry. 

We have parameterized the decay angular distribution with t1e usual 

spin-3/2 density matrix elements 9). To these we have added two functions 

satisfying Eq. (9a) which are odd under parity inversion of the ~ decay and thus 

represent interference of the ~ amplitude with a background amplitude. The 

motivation for these interference terms can be seen in the 864-- and 969-MeV/c 

K
0 

ptr + Dalitz plots (see ref. 
1

}, which exhibit a strong asymmetry favoring 

' high Ktr mass. This asymmetry is conveniently expressed in terms of the 

decay angle >..Ntr' defined in fig. 2, by noting that along a line of fixed M~TT' 

cos >..Ntr varies linearly with M~TT· We define the asymmetry between high 

and low Ktr mass as A=:: (H - L)/ (H + L), where H is the number of events 

with cos >..NTT < 0 (high Ktr mass} and Lis the number of events with cos >..NTT > 0 

(low Ktr mass}. In fig. 7 we show A for our data and for other published low­

momentum data 
7

' 
10

). The effect is quite significant and cannot be produced 
by A production and- incoherent background, but is easily reproduced 

/\by interference between the ~ and a state of even orbital angular momentum 

* in the Ntr system. Unfortunately, above the K (891} threshold, the additional 

complexity of the Dalitz plot makes this type of interference almost impossible 

to establish. Consequently, fig. 7 shows A only for momenta below 1 GeV/c, 

and the interference terms R 1, R
2 

in (11a} below are determined only for such 

momenta. The general form of the decay angular distribution including the 

interference terms is 
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2 
-;:r3 R · 2 2-h 2 R . 2 ri. e P3, -1 Sln Cl' cos '!' - rr . e P3, 1 Sln Cl' cos '!' 

+ R 1 cos a + R 2 sin a cos <j>} (11a) 

or, in the (y,o) system, 

3 {I 2 I ·; 2 W(cos y, o) = 4iT p33 sin y + p11 (1 3 +cos y) 

- ~ Re P3, _1 sin
2 

y cos 2o +~Im P:3,-l sin
2 

y sin 2o 

where 

2 

,)3 

+ R 1 sin y cos o + R 2 sin y sin o}, 

Re P3, -1 
1 

- - 1/4 + p33 - ;:{5 Re p3, _1 , 

I 

Im P3,-1 
2 

= - .J3 Re p31' 

and R
1

, R
2 

have the same definitions in either system. 

(11b) 

(12) 

We have determined the density matrix elements and the two interference 

parameters R 1 and R 2 by the maximum-likelihood technique.' At those momenta 
.... 

where the crossing of the K''' band obscures part of the L\ band, we used data 

from restricted regions of the Dalitz plot, as described above. 
' 

• 
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above,,_ 
Thus for momentaAK,,. .threshold, we were obliged to fold the angular 

distributions according to eq. (10) into the ranges 0 ~ (cos a, cos y) ~ 1, 

0 ~ (cp, o) ~ TT, and as mentioned above to drop the interference terms R
1

, R 2 

from the expansions of eq. ( 11 ). At 864 and 96 9 MeV I c and in the K + r/ n 

final state at 1207 MeV I c, where no problems due to Ki.~ production are en-

countered, the full expansion was used. 

0 + In fig. 8 we show the density matrix elements of eq. (11a) for the K 1T p 

final state, as a function of beam momentum, and we give our corresponding 

cos \'and o distributions in figs. 9 and 10, respectively. Results from other 

· t 11 - 16) · 1 d d . f" 8 I f" 11 h h . t· exper1men s . are 1nc u e 1n 1g. • n 1g. we s ow t e var1a 10n 

of the density matr.ix elements with momentum transfer; this, along with the 

production angular distributions, provides in principle a complete description 

of the t:.. production process. The behavior of all density matrix elements, as 

seen in fig 8, is smooth as a function of beam momentum, with no dramatic 

change near 1200 MeV I c. Thus neither in the production nor in the decay 

angular distributions do we see evidence for a resonance in the reaction 

K+p -+ Kt:.. • 

The interference -term coefficients R 1 and R 2 are given in table· 2 for 

the K0 p1r+ final state at 864 and 969 MeVIc. We give values for all events 

and for three regions of M~1T· The most striking feature is the variation of 

R
2 

with N1r mass. This is to be expected from a t:.. -background interference, 

since the t:.. amplitude changes phase rapidly with N1r mass. We conclude tliat 

there is a coherent background amplitude with epen N1r orbital angular momentum. 

Furthermore, this amplitude cannot produce the interference effects seen in 

the production angular distribution, since the interference term it produces 

vanishes when integrated over N1r c. m. decay angles. 
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From the discussions above, we find that the nonresonant background 

in the single-pion-production channel includes coherent components with the 

following properties: 

a) 

b) 

.£ j = p 3/ 2 for the N1T system, and even K- (N1T) orbital angular 

momentum [variation of A 1 with M
2

(N1T)] ; 

for the N1T system and odd K- (N1T) orbital angular 

momentum [variation of A 2 with M
2

(N1T) J f 

c) even .£ for the N1T system (variation in R 2). 

Aside from the aforementioned interference effects, we can summarize 

the KA (1236) angular distribution as follows: The production angular distri-

qutions indicate the presence of large P waves at threshold, with higher waves 

coming in smoothly with momentum and with all odd Legendre coefficients 

increasing monotonically with momentum. The decay angular distributions 

show no marked change with momentum, and deviate only slightly from the 

magnetic dipole p-exchange predictions • 
.. ,,. -

2. 3 The K'''(891) p Final State 

We restrict our K* sample to be in that half of the Dalitz plot away 

from the b. (cos A.K1T <0), within the K1T mass band 840 - 940 MeV. This still 

does not give complete separation from the b. at 1207 and 1367 MeV/ c, but no 

more restrictive cuts can be made without biasing the angular distributions in 

a very complicated way. We find that results using a narrower K1T mass band, 

870 - 910 MeV, are not distinguishable within statistical errors from those 

given here. We will consider events only from the K0 1T + p final state. Besides 

our own data we include for comparison the data of Bettini et al. at 1450 MeV/c8) 

and S. Goldhaber et al. at 1960 MeV/c
11

). 

. .-
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The production angular distributions are given in fig. 12, and the 

corresponding Legendre coefficients in fig. 13. The variation in all the Legendre 

coefficients with momentum is remarkably smooth, with the reaction becoming 

steadily more peripheral with increasing momentum. We describe the decay of 

~:~ . . 
the K in a coordinate system similar to that used for the t:. (fig. 6); the z axis 

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

of the incoming K+ meson as se.en in the Krr c. m. The K~:c decay angular dis-

tribution is given in terms 

- 3 W(cos a, cj>) - 4-:rr 

of the density matrix elements as 9) 

{ 
2 + . 2 . 2 2-" Poo cos a p11 s1n a- p1, _1 s1n a cos '+' 

.fZRe p10 sin 2a cos <1>}, (13) 

where p11 = 1 (1 -z. - p00). In fig. 14 we show these density matrix elements 

as a function of momentum, and in fig. 15 the distributions in cos a and cj> are 

given. The curves correspond to the density matrix elements of fig. 14. 

There is evidently little change in the K* alignment in this momentum region. 

The implications of these data in terms of exchange models are discussed in 

Sec. 3. 

2. 4 * The K (891) t:. (1236) Final State 

As discussed in ref. 
1
), K+ p double pion production near threshold is 

:-:c: 
dominated by the K t:. final state. The major decay modes are produced in 

the reaction 

K +p K+ + -
-+ P'TT 'TT • (14) 

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

We discuss the K,;:t:. final state only in reaction (14). 
~:c . 

In ref. 1 and K t:. final 

state wa~s shown to constitute 65±15% of reaction (14) at 1585 MeV/c; at 1367 

Mev/c resonance production could not be separated from background. 
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'}: 
In fig. 16 we show the K b. c. m. production angular distributions, for 

our data and for those of Chinowsky et al. 
17 

at 1. 96 GeVIc. (The 1. 96-GeVIc· 

+ + - * data are restricted to events with the pTT and K TT masses in the b. and K 

bands; ours have no such cut applied.)· The reaction is remarkably forward-

peaked, even at threshold • 
.,, 

The K'"' and D. density matTix elements (see eqs. (11) and (13)] are given 

in Table 3, along with those fr1om Chinowsky et al. 
17

)at 1. 96 GeV I c and Ferro-

. 18) 
Luzzi et al. at 3 GeVIc. The predictions for single -pion exchange are also 

given. While the higher-momentum data are roughly consistent with single­

pion exchange, our data show substantially less alignment of the K* and D. than 

predicted. 

We have tried to purify the double-resonance-production sample at 1585 

MeV I c by considering only events with MKTT> 8 00 MeV, a cut which should have 

reduced the background from 35% to about 10%. No significant change was seen 

either in the production or decay angular distributions. Furthermore, cutting 

out nonperipheral events (cos a < 0. 7) also made no appreciable change in the 

angular distributions. 

We conclude that even at threshold, K* b. production exhibits the 

beginnings of the peripheral character found at higher energy that is associated 

with one -pion exchange. The decay angular distributions in this experiment 

indicate less alignment than expected from a naive application of the 0. P. E. 

mechanism, but evidently the alignment increases very rapidly with incident 

energy, since at 1. 96 GeVIc, barely 400 MeVIc above threshold, the matrix 

elements have already taken on the values from which they deviate little at all 

higher energies that have been studied. 
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, .. 
3. EXCHANGE MODEL DESCRIPTION OF !<.D. AND K.,.N PRODUCTION 

One-particle-exchange models, modified by absorption corrections, 

Reggeization of,the exchanged systems, or a combination of these, have had 

some success in accounting for many of the gross features of inelastic quasi-
''~ ....... 

two-body processes at high energies. Thus K6., K···N, K.,.6. production in high 

energy K+p interactions have commonly been interpreted in terms, respectively, 

of p exchange, wand 7T exchange, and pure 7T exchange. A remarkable aspect 

. of these processes, indicated by the results of the preceding section, is that 

the features;particularly characteristic oft-channel exchanges, namely peri-

pheralism and particular alignment of the outgoing particles, seem to persist 

right down to threshold. It is this observation which we take as justification 

for making some qualitative comparisons between our data and, exchange models 

in spite of the fact that our incident energies are really too low to expect such 

models to have validity. 

3. 1 6. (1236) Production 

The meson-exchange diagram for 6. production is shown in fig. 17. 

The exchanged particle must have I = 1, with normal spin-parity: Jp = 0 +, 1-, 

Stodolsky and Sakurai proposed several years ago that the exchanged 

particle be a p meson and assumed magnetic dipole (M1) coupling to the 6. -p 

vertex19). The corresponding cross section
3
)is given by 

2 2 r; 
d 2d q' ~. gz lEP; mp s -trW +3 = d cos e d ndecay 3 sqm~ 4 7T '4'iT"' m 6. (m2 2 

p 
(15) 

where 

q, q' are the c. m. momenta for the incoming and outgoing two- body 

systems, 

cos 
2 } y 
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s, t are the usual Mandelstam variables, 

2 2 . 2· s = s q q' s ln (), 

E = target proton total energy in the t::. rest system. 
p 

The basic predictions by the model are as follows: 

where b = 
m 

p 

. 2 
W(cos y) = 1 + 3 cos y, 

W(o) = constant, 
. 2 

W(cos e) = sln e 
(mz - t)z 

p 

2qq' 

. 2 
s1n e 

{1-bcose) 

UCRL-19357 

(16a) 

(16b) 

(16c) 

Although eq. (15) assmnes a zero-width t::., we have, for purposes of 

calculation, multiplied by the t::. Breit-Wigner form (eq. (14) of ref. 
1
)]and 

integrated over the N1r mass. 

The experimental cross section for the reaction K+ p -.. Kt::. is plotted 

in fig. 18. Curve (b) is the M1 prediction obtained by integrating eq. {15) 

over e andy. We have taken 

4rr = 90 ' (17) 

. as suggested by Jackson 9 ), and have multiplied the differential cross section 

by 4/3 so as to include all three final states, reactions (5), (6), and (7). The 

disagreement between experiment and theory is substantial. t We also. show 

the ,prediCtiCin ·[(curve (a) J with the product of coupling constants, eq. (17), 

taken to be 450, which gives a good fit near threshold.. This good agreement is, 

of course, just a consequence of the P-wave dominance of both the M1 model 

and the data at threshold. Since these coupling constants are determined by 

tSee ref. Z6)of Bland thesis, ref. 3. 

4' 
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comparison between experiment and theory below 1 GeV/c, where the KA 

cross section is far below any unitarity limit, no -absorption correction is 

necessary. 

The production angular distributions predicted by the model are shown 

in fig. 3, together with our data~ The agreement is fairly good; the model 

predicts largely P-wave production, as already suggested by our analysis of 

the N1r mass distributions in ref. 1. The predicted forward peaking is of 

course due to the presence of the p propagator, and the good agreement with 

experiment at the lower momenta confirms that the exchanged particle is a 

heavy one such as the p meson. At higher momenta the theory is not as peri,.. 

pheral as the data, a defect usually corrected by absorption or Reggeization. 

We now examine the decay angular distributions. In terms of the density 

matrix elements, the magnetic dipole model predicts 

p33 = 3/8 = o. 375 

Re p3, _1 = ...J3/8 = O. 218, 

Re p 31 = 0 ~ 

In fig. 8 ~e see rather good agreement with the M1 predictions, from threshold 

to 12 GeV/c. The small discrepancies that do occur are primarily near threshold; 

·where our data lie. In figs. 9 and 10 the predictions are compared with the 

experimental cos· y and o distributions. The cos y fits are rather good, but the 

details of the o distribution are not reproduced by the model. In fig. 11 we show 

1~. the experimental momentum-transfer depende.nce of the density matrix elements. 

The M 1 model predicts no t-dependence for the density matrix elements, and in 

fact no consistent variation with t is evident in the data. 

We can now make the following observations about the representation 

of the ~ production in terms of a model such as the M1 p exchange model: 
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(a) The .6> spin-density matrix is well approximated by the pre-

dictions of the model at all energies from near threshold to the highest measured 

energies, above 12 GeV. 

(b) At low energies the characteristic P-wave cross -section behavior 

and sin 
2 e production angular distribution predicted by the model are observed 

experimentally. At higher energies, the predictions of eq. (15) fail, as in fact 

they must to preserve unitarity,- with the consequence that the K.6> cross section 

begins to fall rather than keep increasing as predicted, and the angular distri-

bution is more peripheral than predicted, to a degree which becomes greater 

as the energy increases. 

(c) In terms of present approaches to the description of~ pro-

duction, it is highly likely that not only p but also A 2 exchange occurs. Thus 

the large values of the coupling constants are probably not too surprising. 

It is not intended here to suggest that the magnetic dipole p exchange 

model is to be taken as correct in any literal sense, but rather to point out 

that eq. (15) is an approximately valid phenomenological representation of 

_the observed low-energy ~ production, with the choice of coupling constants 

given above. Comparison of our data with another, version of the M1 model, the 

relativistic for:tn :of Jackson and Pilkuhn 9\ is given in ref. 3. 
. . ~ 

3. 2 K*(891) Production 

. + *+ · .. 
It is already known that at higher energies the reachon K p ._. K (891)p' ... 

is dominated by the exchange of a normal spin-parity, isoscalar system, usually 

+ *o • assumed to be the w. Since the reaction K ni ._. K p is know:n, at higher 

energies, to be dominated by pion exchange 
21

), it follows from t-channel isospin 

+ ):~+ 
considerations that some pion exchange is also present in the K p ._. K p 
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process. Indeed, phenomenological fits to experimental data in terms of 

. combinations of pion and w exchange have been made, with some success in re-

presenting production and decay angular distributions, but very little success 

in representing the energy dependence of the cross sections. Both absorptive 

and Regge exchange models predict that the ratio of pion to w exchange should 

be largest at low energy and drop rapidly with increasing energy. If this 

behavior actually occurs, it should exhibit itself at the low energy of the present 

experiment by a much larger fraction of pion exchange relative to vector ex-

change than one finds at high energy. 

If we use the usual angles a and <j>, defined as polar and azimuthal 

angles with respect to the incident K + direction, as seen in the K~~ rest system, 

2 ' 
pseudoscalar exchange leads to pure cos a, corresponding to p00 = 1, and 
. • 2 
vector exchange to pure sin a, with p

00 
= 0. From figs., 14 and 15, it is 

obvious that the data, even just 100 MeV/c above K~~ threshold, exhibit 

dominance by vector exchange. In fact one can hardly establish any signifi­

cant difference between the K)H decay distributions at our lowest momentum 

and those at the highest energies that have been reported (12 GeV). In effect, 

pseudoscalar and pseudovector exchange appear to have essentially the same 

energy dependence, in disagreement with all exchange models. In view of 

this fundamental difference between observation and theoretical expectation, 

and because most of the phenomenological procedures for fitting theory and 

experiment are valid only at higher energies, it does not appear worthwhile 

to give in this paper any more detailed comparison between our data and 

existing theory. Such comparisons are discussed in ref 3. 



-18- UCRL-19357 

4. PARTIAL-WAVE ANALYSIS OF THE K..b. FINAL STATE 

The precise measurements of the total K + p cross section by Cool et al. 
22

) 1 

and Bugg et al. 
23

) showed three structures, the most prominent being a bump 

of ~4mb at 1250 MeV/c. If this is a resonance, it is highly inelastic, with 

an implied elasticity of about 0. 3 for a resonance f~d by an incoming J = 1/2 

wave, and less for higher-J waves. The Kb. final state is a promising candi-

date for the decay of such a resonance, as its cross section maximum occurs 

just above Jhreshold, nearly under the total cross -section bump. In this 

section we examine the Kb. final state for evidence of resonant behavior. 

Ideally in searching for a resonance in the Kb. channel one should 

perform a general partial-wave fit, using all low-order partial waves. How-

ever, without data on the final-state nucleon polarization, such a fit would be 

underconstrained. We can, however, do an analysis using a restricted set 

of waves which is still general enough to reproduce the main features of our 

data. As already noted, the distributions in N1t mass and production angle 

suggest the dominance of P waves near threshold. As discussed in the pre-

ceding section, the magnetic dipole p-exchange model reproduces this 

feature and also fits the angular distributions fairly well. Our minimal set 

of partial waves should therefore include the lowest-order waves of the M1 

model. To allow for complete freedom in the lower partial waves we include 

P 
1
;

2 
and P 3; 2 waves, to be varied independently, and the amplitude M1 1 , · 

defined as the M1 amplitude with its P 
1
;

2 
and P

3
;

2 
components subtracted 

out. This Mi' amplitude represents our approximation to all partial waves 

higher than P 3; 2• These three waves can reproduce most of the features of 

the K 0 rr+p final state. One feature not explained, however, is the apparent 

interference with a non-b. background amplitude exhibited in fig. 7. We 

.t 
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therefore add the simplest background amplitude, s -wave in all particle 

pairs, which we callS 1, (This wave is fed by the incident P i/2 state, and 

p 
has the same J as our Pi wave.) It interferes with the A amplitude to 

give the observed Dalitz plot asymmetry towards high Kn mass discussed 

in Section 1. Finally we include a s 3; 2 :£<.6. final state, coming from an 

·. + 
incident n 3; 2 K p state. This wave is not important in our analysis, but we 

include it because of its a priori attractiveness as a possible candidate for 

a resonant state: the high inelasticity of the proposed resonance might be 

explained by the absence of an angular momentum barrier in the s 3; 2 KA 

final state compare~ \\i th the competing n 3/ 2 elastic final state. 

The partial waves used in our analysis are given in table 4, with 

their corresponding angular distributions. We have also included in the 

table one other low-order partial wave, the S 1; 2 - D 1; 2 transition. The 

coordinate system in which we describe the decay of the NTT system is simi-

lar to that shown in fig. 6, but has as its x axis the direction of the incident 
. ' 

+ ' 
K as seen in the overall c. m. rather than the NTT rest system. The y axis 

is along the cross product of the production normal and the new x axis. We 

now use to describe the ·A decay the angles '{and 5 1 , equivalent to the pre-

viously defined '{and o except for the change in the x and y axes of the 

coordinate system. 

Before carrying out a fit, we consider whether the peak in the K.t. 

cross section can arise from a single Jp state. If so, this might make,a 

* strong case for the existence of a Z , an S = 1 exotic baryon resonance, 

··decaying predominantly into the K.t. final state. In fig. 19 we compare our 

data for reaction (2) at 969 MeV/c with the predictions for the various K.t. 

states given in table 4. We see that the only pure state consistent with the 
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cos e and J cos yjdistrib~tions is the P 3; 2 state, while the 5 1 distribution 

rejects this hypothesis. The same features are present in our data at our other 

three momenta. It is thus clear that a superposition of waves is required to 

fit the data. 

We .have at~empted to fit our data for reaction (5) separately at each 

momentum, using the five amplitudes; S1, S3, P1, P3, and M1 1 • The de-

tailed forms of the amplitudes used and the parameterization of the energy 

dependence are given in ref. 3. The input information was the one -dimensional 

distributions in cos e, cos y, o', and NTT mass, with the sample selected as 

described in section 1. 

No correlations were included, and in particular the variation of the 

angular distributions with NTT mass was ignored. The 5 1 distribution was 

folded at 1207, 1367, and 1585 MeV/c, since the .6. sample was taken from 

only half of the Dalitz plot. The effect in the folded distributions of inter-

ference between .6. and background amplitudes is very difficult to calculate, 

and our analysis neglects this interference at 1207 MeV/c and higher momenta. 

Thus the S1 wave is treated as an incoherent phase-space-like background at 

these momenta. 

The input data and fitted curves are given in figs 20 a-e. The fits 

are quite good. The cross '"Section contribution and phase for each partial 

wave are given in table 5. We have normalized the sum of the cross section 

contributions to the sum of the .6. production and background cross sections as 

II 

* * J given in ref. 1; contributions from K production and .6. -K interference are 

thus excluded. The corresponding partial-wave amplitudes are displayed in 
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fig 21. t The phases of the .KA amplitudes are of course dependent on the N'IT 

. mass. In fitting the data we have evaluated the phase at the mass correspond-

ing to the peak of the N'IT mass distribution, as given in table 1, and we use 

that phase in fig. 21. Since one phase is arbitrary, we take the M1' amplitude 

to be real; it represents a p-exchange background v.h ich should not change 

phase rapidly. The amplitudes are normalized so that the unit circle on 

fig. 21 represents complete absorption of the. appropriate incoming wave: 

CJ = 'IT 'It 
2 

{ S 1 
2 + 2 S 3 

2 + P 1 
2 + 2 P 3 

2 + 2 M 1' 
2 

} • ( 2 9) 

There is an ambiguity in the amplitudes determined by our fit due to the · 

· fact thai only complex "dot products" of amplitudes appear in the calculations; 

all phases could be reversed in sign without changing the fit. The finite 

width of the~, however, allows us to resolve this ambiguity; since if we 

assume that the S1 background term has a fairly constant phase, the ~ 

background relative phase varies in a well-defined way with NiT mass. 

In fig. 21 a totally resonant amplitude would start .at the center of 

the plot, traverse a counterclockwise circle with increasing energy, and 

return to the center. A resonant amplitude superimposed on a constant 

background would follow a circular trajecto:ry which would not necessarily 

pass through the center. 969 and 1367 MeV/ c are respectively about one 

half-width below and above the center of the peak in the total cross section 

as estimated by Cool et al., ·and span the peak in the ~ production cross 

section. One would thus expect a pure resonant amplitude to go through a 

phase change of about 90 deg between 969 and 1367 MeV/c. We see from 
I 

tThe Argand plot given here differs from that in ref. 3 in the following respects: 
final data at 1585 MeV/c have somewhat changed the solutions at that mo:rnenhun, 
and, due to a previous programming error, errors at the other momentahave -
been increased by a factor of ff. 
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fig. 21 that in fact the dominant P1 and P3 amplitudes are nearly stationary 

in this region, over a range in.total c.m. energy of 170 MeV, and the S3 

amplitude is always small. (The total c. m. energies corresponding to the 

five momenta analyzed are: 1730, 1780, 1890, 1960, and 2060 MeV.) Our 

analysis thus shows no substantial resonant component, in any partial-wave 

amplitude in the region of the total cross -section peak. 

A feature of the P3 trajectory in fig. 21 that must be noted is the large 

phase change between 1367 and 1585 MeV/c. This could indicate an uncom­

pleted resonant trajectory, somewhat above the Cool peak and with a very 

large width. More probably it is due to the breakdown of the validity of the 

simple set .of amplitudes that we have chosen. It is a deficiency of the M1 

amplitude that it is less peripheral at higher energies than the data. Our fit 

at 1585 MeV/c is probably compensating for this deficiency in the M1' ampli­

tude by maximizing the 2 P3• M11 term, which giv~s a forward asymmetry. 

It is interesting to note from table 5 that the partial-wave solutions 

at the three lower momenta have P1 and P3 present in about a 1:1 cross­

section ratio, instead of the 1:5 ratio predicted by the magnetic dipole model. 

It is this difference that accounts for the main deviations of the decay angular 

distributions from the magnetic dipole predictions. 

To swnmarize the results of the partial-wave analysis, our simple 

model gives a good representation of the experimental data from 864 to 1367 

MeV/ c, throughout the region of the total cross -section peak. !::. production 

is dominated by the P 1; 2 and P 3; 2 states, in roughly equal amounts near 

threshold and in more nearly the magnetic dipole ratio of 1:5 at higher 

momenta. No rapid phase variation is seen in either of the dominant ampli-

J 
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tudes in the region of the total cross-section peak. Thus, although a small 

re'sonant component in_ either of the p waves cannot be ruled out, the 1200-

MeV /c maximum in the !::. production cross section is clearly not due primarily 

to a single. resonant amplitude. 

5. SUMMARY 

Since single pion production in the K+ p channel is strongly dominated 

··-by the Kt::. and K""N quasi-two-tody final states, with very little nonresonant 

background, our analysis has emphasized resonance production. 

Most of our events can be attributed to the reaction K + p -+ Kt::.. This 

reaction shows· the following features: 

(a) The production near threshold is largely via P waves, as pre­

dieted by the magnetic dipole p -exchange model. · This is indicated by the 

shape of the N1r mass distribution, the rate of rise of the cross section with 

incident momentum, the strong sin 
2 e component in the production angular 

distribution, and the !::. alignment as determined by its decay angular distri-

bution. 

(b) The p-exchange squared coupling constants as determined near 

threshold are about five times as large as expected on theoretical grounds; 

and the cross section rCl.tio for the P 1; 2 and P 3; 2 Kt::.. states, as determined 

from the decay angular distributions, is about 1:1 near threshold, instead of 

1:5 as predicted by the M1 model. 

(c) The !::. decay angular distributions vary little as a function of 

momentum, and are always fairly wel,l approximated by the M1 predictions: 

W(cos y) = 1 + 3 cos 
2 

y, W( o) = isotropic. 

~:~ 

The K production is similar in may respects in the !::. production. 
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,,, 

a) Near threshold the K.,. 1s produced in low partial waves, with 

a rapidly rising cross section. The production angular distributions are 

consistent with vector exchange, which is largely P-wave near threshold. 

b) The decay angular distributions are· characteristic of vector 

exchange, with little change from threshold to the high-energy region. In 

particular, pseudoscalar exchange does not seem to become a more important 

part of the process even at threshold, in disagreement with expectations 

from either absorptive or Regge exchange models. 

Even though t-channel exchange allows a qualitative explanation of all 

phenomena observed in the inelastic reactions, the interest in possible K + p ' '} 

resonances has induced us to study the partial-wave structure of the in-

elastic reactions in more detail. Our partial-wave model for the ~ final 

state has succeeded in fitting our data reasonably well in the region of the 

total cross -section bump, with no evidence at that energy for a resonance 

in the dominant P waves. This is presumably equivalent to the observation 

that the Legendre coefficients for the ~ production angular distribution and 

the density matrix ele:n:ents are smooth functions of momentum. The latter 
; .,,. 

is true for the K'"'N final state, from its threshold just below the total cross-

section maximum up to 2 GeV/c. It,seems unlikely that a conventional 

resonance, with a rapid phase variation in the inelastic amplitude with total 

c. m. energy, could pass these tests undetected. These observations are in 

complete accord with the result of our previous analysis that the structure 

in the total cross section a:r;ises from the superposition of channel cross 

sections that are smooth but have widely separated thresholds1). It may be 

noted that phase -shift analyses of elastic K + p scattering based both on angular 

distributions and on recent polarization measurements give P 3/ 2 and P 1; 2 
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waves with positive and negative phases respectively
2:4). The P 3/ 2 

amplitude becomes increasingly absorptive as a function of incident momentum. 

Although it may be possible to interpret this behavior in terms of a very 

inelastic resonance, our data as discussed above do not give support to such 

an interpretation in the energy range studied here. 
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... 
Table 1. Mass bands used in the analysis oft:,. and K··- production, and the 

experimental peak positions of the M~7T distributions (for cos A.N1r > 0 at 

1207, 1367, and 1585 MeV/c). 

M2 peak N7r ... 
Momentum position t:,. band K .... band 

(MeV/c) (GeV)
2 

(GeV)
2 

(MeV) 

864 (1. 170)
2 

no 
limits 

969 (1. 191)
2 

no 
limits 

1207 (1. 212)
2 

1. 35-1.65 840-940' 

1367 (1. 212)
2 

1 1. 35-1.65 840-940 

1585 (1.210)
2 

1~ 35-1.65 840-940 

.• 

J 
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Table 2. Values of the interference-term coefficients R
1 

and R
2 

for the 

reaction K+p- K 0 pT/ at 864 and 969 MeV/c~ 

Momentum MNTT region R 1 R2 

(MeV/c) (GeV) 

864 all events o. 08 ± o. 02 -0.13±0.02 

864 MNTT< 1. 32 o. 11 ± o. 03 -0. 21 ± o. 03 

864 1. 32 < MNTT<1. 40 o. 06±0. 03 -0.12±0.03 

864 MNTT> 1. 40 o. 06 ± o. 03 -0.06±0.03 

969 all events o. 033 ± o. 014 -0. 066 ± o. 014 

969 MNTT < 1. 36 0.05±0.03 -0. 17 ± 0. 03 

969 1. 36 < MNTT < 1. 45 0.06±0.02 -0. 08 ± o. 02 

969 MNTT> 1. 45 ~0. 01 ± o. 02 o. '03 ± o. 02 
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Table 3. 
* + *o ++ K and~ density matrix elements for the reaction K p- K ~ 

+ + -
- K p1T 1T • 

Momentum 
(GeV/c) 

Poo Re P3, -1 

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

0.43±0.06 -0.01±0.05 -0.06±0.04 0.23±0.04 -0.04±0.04 

~ o. 8 ::::o. 12 

0.04±0.07 

0.02±0.05 

1.367 

1. 585 

1. 96a 

3.0b o. 76±0.05 -0.03±0.03 -0.13±0.02 0.01±0.04 -0.035±0.035 0.07±0.02 

Predictions 
for pion 
exchange 

1 0 0 0 0 0 

a. We give approximate values deduced from angular distributions given in ref. 

17. 

b. Reference 1.8. 

1 
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Table 4. Low-order partial waves for the reaction K+ p ,_ K~ and their corresponding 
distributions in ~ production and decay angles. 

K+ p initial 
state 

D3/2 

pi/2 

p3/2 

5
1/2 

p1/2 

~ final 
state 

5
3/2 

p1/2 

p3/2 

D1/2 

----

p J . 

3/2-

1/2+ 

3/2+ 

1/2-

1/2+ 

Name 

53 

P1 

P3 

D1 

51 

Mil 

Production angular 
distribution 

Isotropic 

Isotropic 

4 
1 - 5 P 2(cos e) 

Isotropic 

Isotropic 

Decay angular distributions 

cos y 6' 

3 2 ' 1 
1 - ';' cos y 1 +?: cos 26' 

3 2 1 + 1 1 - 5 cos y b cos 26 1 

21 2 ' 11 
1+13 cos y 1 +- cos 26' 30 

3 2 
1- 5 cosy 

1 
1- b cos 26 1 

Isotropic Isotropic 

1 + 3 cos
2y Isotropic 

I 
N 
...0 
I 

c 
(") 

~ 
~ 
I 

~ 

...0 
w 
l}l 

-J 



Table 5. Partial-wave solutions for the K~1T +p final state; each double entry gives the cross-

section contribution and the phase, relative to the M1 1 amplitude. 

1T )t 2 
Cross section (mb), phase (deg) 

Momentum S1 S3 P1 P3-· M1' Sum 
(MeV/c) (mb) (background) 

---

864 5~ 6 0.20 ± 0.06 0.01 ± 0.01 0.44 ± 0.06 0.42 ± 0.05 0.08 ± 0.03 1. 15 
43± 15 120 ±55 -70 ± 17 -51±13 0 

969 4. 7 0.12 ± o. 07 0.04±0.06 0.88 ± 0.10 1.28±0.10 0.25±0.06 2. 57 
18 ± 27 -175±17 -95l9 -68±6 0 

1207 3. 4 0.41 ± 0.16 0.11 ± 0.11 1.17 ± 0.18 1.51±0.16 0.47±0.08 - 3. 68 
178 ± 17 -84 ± 11 -54±7 0 

1367 2. 9 0.23 ± 0.14 0.22±0.10 - 0.47 ± 0.21 1.56±0.23 0.55±0.08 3. 05 
170 ± 22 -89 ± 18 -50± 9 0 

- = 1585 2. 3 0.59±0.11 0.08 ± 0.16 0.10±0.13 o. 7 5 ± 0.20 0.73± .10 2. 30 
.120±50 -62 ± 45 -12 ± 27 0 

.. ~' 

I 
w 
0 
I 

c::: 
() 

::0 
~ 
I 
~ 
-.!:) 

w 
\JI 
-.J 
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FIGURE CAPTIONS 

Fig. 1. · The K + p partial and total cross sections as. functions of beam 

momentum, as given in Ref. 1. 

Fig. 2. Definition of ANTT' the pion decay angle in the NTT c. m. with respect 

to the direction of the outgoing kaoil. 

Fig. 3. D .ff . 1 . f K+ . K0 ++ f 1 erentla cross sectlon or p - t. , at our ive momenta.-

Left-hand scales on each figure refer to da /dn in mb/ sr; right-hand scales 

' 2 
refer to do"/dt in mb/(GeV/c} • The transformation from cos e tot is 

approximate, assuming the t. peak mass values given in Table 1. The dis-

tributions include some background, and so do not integrate exactly to the 

t. -production cross seetions given in Ref. 1. 

Fig. 4. Coefficients in the Legendre expansion of the Kt. production angular 

distribution, da/dn cc 1 + ~= 1A£P£ (cos e). The curves are the predictions 

of the M1 p-exchange modei, described in Sec. 2, normalized at each 

momentum to the number of events on the graph. 

Fig. 5. Variation of the KA Legendre coefficients with MtTT• 

Fig. 6. Coordinate system used in describing the t. decay. The decay angles 

refer to the dire.ction of the decay nucleon. Here n= PK-in X PK-ou/ 

/PK-in X PK-out/· 

Fig. 7. The KNTT Dalitz plot asymmetry coefficient A as a function of beam 

momentum. 

Fig. 8. Density matrix elements for the t. produced in the reaction K + p 

Ko ++ 
- t. The magnetic dipole model predicts p33 = O. 37 5, Re p3, _1 

= 0. 218, andRe p3, 1 = 0. 
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Fig. 9. Distribution in cos y for the t:. ++ decay at our five momenta. As-

suming overall parity conservation, we have folded the distributions. -,._ 

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

2 
model, W(cos y) o: 1 + 3 cos y. 

Fig. 10. D . "b . . f h ++ d f" 1str1 utlons 1n 6 or t e t:. ecay at our 1ve momenta. At 864 

and 969 MeV I c the distributions cover the full range 0 < 6 < 21r; the 

background-interference effect is seen in the sin 6 component. At 1 

highe·r momenta where the K~c is present we show distributions in tkod rr 

The magnetic-dipole model predicts isotropy in 6, as shown by the solid lines. 

Fig. 11. Density matrix elements for t:. decay as a function of the momentum ( 1 

transfer squared t. 

Fig. 12. 
+ ~~ 

Differential cross section for K p-+ K + p. 

~~ 
Fig. 13. Normalized Legendre coefficients for the K · production angular 

. . 

distribution, as a function of beam momentum; da I <irl o: 1 + ~= 1 A_gF _e( cos e)· 

* . + Fig. 14 •. ·Density matrix elements for K production in the reaction K p 

.· ~:ct ~ct 0 + I I 
-+ K p, K -+ K TT , as a function of beam momentum. Here t is in 

·Fig. 15. * . + * * K decay angular distributions for the reaction K p -+ K p, K 

0 + 
- K rr_. 

in fig. 14. 

The curves correspond to the density matrix elements given 

Fig. 16. 
+ ~:c 

Production angular distribution for K p -+ K t:.. 

Fig. 17. Feynman diagram for t:. production by p exchange. 

Fig. 18. Experimental cross sections for K + p-+ K t:. as a function of beam 

momentum, and the predictions of p exchange with M 1 coupling. Curve 

.. 
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(a) represents M 1, (g~ + ptKo/ 4'TT) (g~p + tJ. ++/ 4'TT) - 450. Curve (b) re­

presents Ml, (g
2
+ + 0 /4:rr)(g

2 
+ ++/4:rr) = 90. 

· K p K pp 6 

Fig. 19. N'TT production and decay angular distributions for the reaction 

K+P --. K0 p'TT+ at 969 MeV/c, and the predictions for production in 

· various low-order partial waves. 

Fig. 20. N'TT mass distributions and 6. production and decay angular distri-

butions used as input to the partial wave analysis of the K6. final state, 

and the curves corresponding to the partial wave solutions. (a) for 

864 MeV/c; X 
2 = 35 for 40 d. o. f. (b) For 969 MeV/c; X 

2 = 64 for 

68 d. o. f. 
2 

(c) For 1207 MeV/c; X = 75 for 62 d. o.f. (d) For 1367 

MeV/c; X 
2 = 41 ~or 50 d. o. f. (e) For 1585 MeV/c; X 

2 = 55 for 43 d. o. f. 

Fig. 21. Argand diagrcim for K + p --. K 6.. See text for details. 
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