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RESONANCE PRODUCTIONS IN Kp INTERACTIONS 

AT 4.6 GeV/c AND 9 GeV/c 

- 	 Chumin Pu 

Lawrence Radiation Laboratory 
• University of California 
Berkeley, California 94720 

August 10, 1970 

ABSTRACT 

This thesis is a study of the reaction Kp - Kirtp at 9 GeV/c 

and 11.6 GeV/c. The Brookhaven National Laboratory 80-inch hydrogen 

bubble chamber was employed for both experiments. We find that one-pion 

exchange (0PE) plays a very important role in both theK 0L 36  and the 

K 2036  double resonance productions and the low 	36it mass enhance- 

ment in the Kic 
A1236 

 channel. The decay properties of the double reso-

nance channels indicate that OPE dominates over a larger t range in the 

lower energy (4.6 GeV/c) data than in the higher energy (9 GeV/c) data. 

In the smal1Kit mass region [M(Kit) < 1.54 GeV], the contribution from 

the non-pion exchange is not negligible for It' I z 0.05 (GeV/c) 2  at 9 

GeV/c and Jt'I Z 0.3 (GeV/c) 2  at 11.6 GeV/c. It becomes more important 

as ft'j increases. Thus a K:rr scattering analysis can be performed only 

in a region where the It'I values lie below these limits. A mass peak 

at 	1.1 GeV in the Kit mass spectrum is observed in the large It'I 

region {t' 	0.05 (Golf/c) 2 ] in the Ki36 channel at 9 GeV/c. 

Presumably it is produced mainly via non-pion exchange. 

The low 36t mass enhancement can be described by a double periph-

eral model. The dominant mechanism is a Pomeron and a pion (P,3c) double 

'1 

Regge-pole exchange. The model gives good agreement with the data provided 
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that both 	 and -t 	are less than 0.5 (GeV/c) and 

M(Kit) 	1.54 GeV. Problems involved with the extrapolation into the 

small K,t mass region are discussed. The importance of the contribution 

from the extrapolation and its implication to the Kt scattering analysis 

are also investigated. 

11- 
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I. INTRODUCTION 

A large amount of experimental data has been accumulated over the 

last decade, yet by no means is it well understood. At present only 

IV 

	

	 first order experimental facts have been established with little uncer- 

tainty; more detailed results are usually open to individual interpreta- - 

tions. They are quite often model dependent, sometimes even reaction 

dependent. Thus it is preferable to study.many reactions at various 

energies to find out the regularities and the differences among those 

reactions. Then one can try to interpret them in a consistent manner. 

In this thesis we emphasize the general features of the reaction 

Kp -' Ktt.irp at 9 and 16 GeV/c) Similar features are also.observed 
+ 

in the it p experiments in the same energy range. The production of reso-

nance is one of the important topics we discuss here. However due to 

the limitation of the statistical level of the data and the uncertainties 

involved in the data, only the very dominant resonances, 136' 

and K 20  are studied in great detail. Any secondary effects depend 

highly on how one assumes the background. In general the background is 

defined according to one's interest. Here we are mainly concerned with 

the information of the Kit scattering that can possibly be extracted from 

the reaction Kp - K+L36.a We are particularly interested in the 

problems related to the controversial Kit s wave. To obtain a clean sample 

of one-pion exchange, we study the effects of the non-pion exchanges and 

eliminate them from the sample. We furthermore investigate the possible 

contribution of the nonresonant background from the double peripheral 

lb processes that produce the low A it mass enhancement. 	Effects of the 

various backgrounds to the Kit scattering problem are also discussed. In 

+-+ Section II we describe the general features of the reaction K p -' K it it p, 
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namely the resonances production, low mass enhancements, and the periph-

eral nature of the data. Section III discusses the double resonance 

productions,K 04 36, K 2Q6, and some effect from the high-mass 

is that are associated with theK Q  production. Finally, in Section 

IV we discuss both the production and the decay properties of the Kit 

system in the Kitchannel. Appendix I, which is a modification 

lb of a paper to be published in Physical Review, includes a detailed 

discussion of a double peripheral model analysis for the low 	mass 

enhancement. Both the extension in the t variables and the extrapolation 

into the small subenergies are investigated. The experimental details 

and the cross-section calculation are given in Appendix II. 
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II.. GE1'ERAL EEATtJRES OF THE DATA 

The well-known common dominant features in the hadron-hadron colli-

sions leading to the four-body final states at high energy 2  are: 

The peripheral nature, which is characterized by the small momentum 

transfer between the particles in the final state and one of the particles 

in the initial state. 

The resonance productions, which means that the particles in the 

final states are the decay products of some resonance(s) in an inter-

mediate stage. 

The low-mass enhancements that occur near the threshold of a group 

of particles in the final states that has the same set of internal q .uantum 

numbers as one of the particles in the initial state, except possibly the 

spin and parity Y. For meson resonance productions in the kaon or the 

pion-induced reactions, the spin parity of the resonance should be in 

the series O, 1, 2, ..., which is usually called the unnatural parity 

series. The width of enhancements of this type is usually around 0.1 

to 0.4 o€v. 3  

All these features and their general properties are discussed in 

Sections 11-A through II-D. 

Throughout this thesis the exchange model is used to explain the 

various reactions leading to the K it it p final state. To agree on the 

• 	 terminologies and conventions adopted here we consider the reaction 

Kp - KitL 36  as shown in Fig. la. The incident positive kaon, K, 

hits the target proton p with some object "e" exchanged between the K.  inc 

and the p. The proton turns into a 
'36 and the Kn is scattered by 

the virtual object "e" and ends up with two particles Kt and c, which 

0 
may or may not be from a (Kit) resonant intermediate state. To fix our 
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attention we consider the Kit system at the upper vertex. We adopt the 

Gottfried-Jackson frame, a Kt ±est frame with the z axis parallel to 

the K. momentum, p + , and the y axis parallel to the normal to the 
inc Kjnc 

production plane, 

inc 	out n prod 	-) 
p+ 
Kinc 

as shown in Fig. lb. The advantage of using this frame is that the sub-

magnetic quantum state of the orbital angular momentum £ of the system 

is zero (m = 0). For demonstration puiposes we consider both the pseudo-

scalar'(0) exchange--e.g., one-pion exchange--and a vector (1) exchange. 

(i) A Pseudoscalar Exchange: K(0) + e(0) -4 Kt(o) + 1t70) 

The spin parity of the decay products restrict the Kit system to be 

in the natural parity series, i.e., 0, 1, 2 ...... Due to the choice 

of quantixation axis one can further conclude that the Kit system can take 

in = 0 only.. Hence the Kit decay distribution can be expressed in terms 
N 

of a Legendre polynomial j(e) 
n'0 

 aP(cos e). This gives a naive 

formalismf'or virtual Kit scattering. If there is only s wave then 

1(e) = a, the cos e distribution is flat. 	For a pure p wave, e.g., 

K890 , 1(0) 	cos2  e. In this case the spin density matrix elementP40  = 1 

and the rest of the elements vanish. The subscripts 0,0 are the values 

of the submagnetic quantum number m of the K890 . For the case when both 

s and p waves are present, the intensity can be written as 1(e) = a0  + 

a 1  cos 0 + a2  cos2 
 0. The a o 	2 and a terms are the contributions from 

.  

the s wave and the p wave respectively. The a1  term gives the s- and p-

wave-interference effect. Similarly a pure pseudoscalar exchange for 

production will lead to in = ± 1/2 for the 	resonance. Hence 

-4 
xp +  

K0 t 
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any spin density matrix elements p 	with either m = 3 or m 	3mm 

will vanish. By conservation of probability (Tr p =. 1) and a parity 

argument one obtains p1,1 = 
	= 1/2. 

(ii) A Vector Exchange 

We consider the, case that the Kt system has a unique spin 1. In 

the Gottfried-Jackson frame it can take only in = ± 1. Hence we have 

Pil= P 1, _ 1  = 1/2 and the rest of the elements vanish. 

In :  case both 'the pseudoscalar and the vector exchange are present 

for the production of a K resonance of J. = 1, all the submagnetic 

quantum states, 0 and ±. 1, can be occupied. Hence all the independent 

spin density matrix elements p 00, P11  and Re plo  are nonvanishing. 

A. The Triangle Plot for the Final State 

Figure 2 shows the triangle plot, M(Ktt) vs N(pn), for the 9-GeV/c 

data. The mass projections are shown in Fig. 3. In Pig. 3, we observe 

clearA1236  and K 0  bands, which contain about 61% of the events in the 

Ktticp final state! The 	36 band is defined as 1.12-1.32 GeV in pitt  

mass and the K 0  band 0.84-0.94 0ev in Kit mass. Both of these bands 

are close to the kinematical boundary of the triangle plot. Both reso-

nances are essentially produced peripherally. Based on a kinematical 

argument, one finds that inside the K *0  890  band, events with a 'high M(pg + 

*0 + value tend to fall into the low K890 t mass region which is known as the 

Q bump. 3  Similarly, inside the 636 band, events with a high M(Kr) 

value form the low A1236 mass enhancement. 3  Both of these enhancements 

are the subjects of recent discussions in the literature. 3  Another 

interesting point is that both K 0  and K 20  (1.3!--l.5O 0eV) are produced 

together with A1236 in the double resonance productions. About 46% of 



the events in the 1 36 band are in the K*L 	double resonance regions. 

The 4.6-.GeV/c data in Figs. i- and 5 show the same qualitative features 

as described above. 

B. The Kg - 61236 Channel 

1. The E1itz Plot 

The Elitz plots (Fig. 6) and the corresponding mass projections 

(Fig. 7) for the 9-GeV/c data show three distinct features, namely, a 

clear K *0  890  band, a clear K *0  1120  band, and a general low A it mass enhance-

ment. The enhancement is centered near 1.58 GeV in the At mass and with 

a width 	0.35 GeV. This effect not only shows in the high Kit mass 

region but also extends down to the Kit threshold. The small It hi cut 

does not help to remove it from the data. The events in the low 

mass end are mainly associated with the forward cos 6(K+it) values, •hence 

the low Ac mass enhancement production is of a diffractive nature.. 

The angle, e(Kt), is the Gottfried-Jackson angle for the Kit system, 

i.e., the polar angle in the Gottfried-Jackson frame. The 4.6-GeV/c 

data (Figs. 8 and 9) show similar features except that the K 20  resonance 14 

and the At enhancement are much less pronounced. 

2. The Spin Density Matrix Blements for theas a Function of the 

Ktt Mass 

Figures lOa,b,c show the spin density matrix elements p ,' Re p 1' 

and Re p31  for the 236 in the Gottfried-Jackson frame asa function 

of the K+lt_ mass for the 9-0eV/c data. The average values over the whole 

*  
The variable, t

I 

, is defined as t
I 

= ( t - t ),+ 	, -, where t 
inc 

corresponds to the Chew-Low boundary adjacent to the peripheral physical 

region. 
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236 bafld are P3,3 = 0.09±0.01, Re p31  = - 0.05±0.01, and Re p31 = 

0.02±0.01. The deviation of the data points shown in Fig. 10 are less 

than two standard deviations from the average values. There is some 

indication of variations in the spin density matrix elements near the 

neighborhood of K 90  and K 20 . 

For the data from the 4.6-GeV/c experiment, the spin density matrix 

elements for the L 36  as a function of the Ktt mass are shown in Figs. 

lla,b,c. Their average values are p 	= 0.07±0.02, Re p 	= - 0.03±0.02, 3,3 	 3, 

and Re P3, _ 1  = - 0.00±0.01. They agree with the results from the 9-GeV/c 

data. 

The relation p 	+p3,3.  .= 1/2 indicates that P1,1  is considerably 

larger than p33  at both energies. Spin flip amplitude is less important 

than spin non-flip amplitudes. Hence the contribution from pion exchange 

dominates over the contribution from the other possible exchanges, i.e., 

p, A2, A1, and B. 

Spin density matrix elements as a function of the K+it mass are also 

calculated for small It' I regions  (It' I <0.1 (0eV/c) 2  for the 9-0eV/c 

data and It'I <0.3 (0eV/c) 2  for the 1 .6_GeV/c data). The minimum shown 

in the M(Kit) vs P
3,3 

 plots with no .It'I cuts (Figs. 9a and 10a) is no 

longer observed. In general the deviations between the data points are 

reduced to less than 1 or 1-1/2 standard deviations and the values of 

p 	, Re p 	, and Re p 	become very close to zero. 

The variation of the spin density matrix elements for the 
436 

reso-

nance as a function of the Kit mass is small. This implies that the produc- 

tion of theresonance, at least in the small It'I region, is rather 
-1236,  

independent of whether the Kir 	36 final is dominated by the 
K*0A36 

double resonance production or the low 	mass enhancements.
236-14  



C. The K 0 tp Channel 

The Dalitz Plot 

The Dalitz plot for the K 07cp channel for 9-GeV/c data (Fig. 12) 

with the corresponding mass projections (Fig. 13)  show both the 	36 

resonance and the Q bump. Note that there are two interesting parallelisms 

between the Kt 	and the K 0 tp final states: 1) Both y's are 

produced close to the physical boundaries of the triangle plot, one near 

each of the two axes. 2) They both show similar structures in the.Dalitz 

plots: strong resonance band(s) parallel to the horizontal axis and a 

low mass enhancement with a width, " 0.35 GeV, along the vertical axis. 

The Qbump isa complex phenomenon that has been discussed in earlier 

publications.3b Here we only point out that, it has.two dominant decay 

* +  
modes, K890ic and p

0 
K+ , which interfere with each other, and that at both 

energies it is centered near 1.30GeV with a width 	0.35 GeV. 

Figures li-i- and 15 show the K 0itp Dalitz plot and the p and90 

mass prOjections for the 4.6GeV/c data. They show., similar q .ualitative 

features as the 9-GeV/c data. Detailed discussions of the Q bump from 

the 4.6-GeV/c data.we're given in an earlier publication.3b 

Spin Density Matrix Elements, p,,  for K890 as a Function of the 

pt Mass 

Figures 16a,b,c show the 'spin density matrix elements 

and p11  for the K890  resonance as a function of the pt mass for the 

9-GeV/c data. They agree with the average values over the whole K 890  

band, i.e., p = 0.68±0.02; Re P 1,0  = - 0.09±0.01; and c 1, _ 1  = - 0.03±0.02. 

Similarly, Fig. 17a,b,c shows the spin density matrix elements of 
* + for the 4.6-GeV/c data. 

the K890  resonance as a ftnction of the pit mass,. The average values 

are P0,0 = 0470±0.04, Re P1,0  = - 0.12±0.02, and p11  = - 0.03±0.03, 
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which agree with results from the 9-GeV/c data. As with the events in 

the i36 band, these are produced mainly via pion exchange since p 00  

is large. The variation of the spin density matrix of K 890  as a function 

of pt mass is small. Hence the K 90  events are produced in a way rather 

independent of the intermediate states, i.e., 	936 double resonance 

and Qp state where 	-p 

D. The K 207rp Channel 

Figure 18 shows the Dalitz plot for the K 20 tp channel at 9 GeV/c 14 

and Figs. 19a  and b show the corresponding mass projections, M(pic) and 

M(K 20 ). The ]Jalitz plot has a structure similar to that of the 

channel. There is some indication of the low mass enhancement in the 

mass centered around 1.720 GeV near the mass where the 11 L meson" 

was observed. 5  

• For completeness' sake the Dalitz plot for the K 20 tp channel at 14 

4.6 GeV/c and the corresponding mass projections are shown in Figs. 20 

and 21 respectively. 
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III. DOUBLE RESONANCE PRODUCTIONS 

It is well known that the decay properties of a resonance produced 

in a production experiment give not only the information about the reso-

nance itself but also the composition of its helicity states in the t 

channel, which is directly related to the helicity states exchanged (in 

the t channel). 1  The double resonance productions afford a chance to 

double-check what has been exchanged in the t channel. Hence to obtain 

the information about the production mechanisms, double resonance channels 

become more favorable to analyze. This section includes the analysis of 

*0 ++ 	 *0 ++ the K890A 236  and the K120& 236 channels and some possible higher-mass 

I = 3/2 baryonic resonance productions. Due to the limitation of the 

statistics of our data, only the Kg 0L 36  channel is studied in great 

detail. 

*0 ++ 
A. The K 923 Channe1 

In Sections II.B.2 and II.C.2 we learned that both &236 and K 90  

are produced predominantly via pion exchange. Assumption of simple one-

pion exchange gives p00  = 1 for the K 90  and p11  = 1/2 for 	and 

that the rest of the spin density matrix elements vanish. The discrepan-

des between the results from the ideal simple one-pion exchange model 

and the data can be accounted for by the following effects: 

Processes other than K890  resonance productions, e.g., a Kit s wave 

production and the double peripheral process mentioned earlier (see Fig. 

22a). 

The K 90  resonance production via nonpion exchange (see Fig. 22b). 

Absorption effects. 

In the following two subsections we study the It'I distribution for differ-

ent 0(Kit) angular regions and the decay properties a .  a function t'. 
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1. 	Distribution 

Figure 23a shows the It'l distribution for all the events in the 

K 90  region from the 9-GeV/c 'data. In order to demonstrate that for K 90  

production there are contributing mechanisms other than one-pion exchange, 

we plot the it't distribution with cos e(Ktt) < - 0.5 (Fig. 23b), 

cos G(Kit) 	0.5 (Fig. 23c), and - 0.5 	cos e(K) < 0.5 (Fig. 23d). 

Different structures in itt J distribution are observed for the two sym-

metrical polar regions. In Fig. 23b there is a break in slope near 

= 0.05 (GeV/c) 2 . The two slopes are a =3l.2±l2. (GeV/c 2  and 

a = 7.1±3.1 (Gev/c) -2 . In Fig. 23c the data points, are well fitted to 

a straight line with a slope a = 14.4±1.8 (aev/cY 2 . The slope in Fig. 

23c is a = 10 .9±3. 2  (0eV c) . For pure single resonance production 

the It'I distributions from the events in two symmetrical polar regions 

should be the same provided that there are only single exchange diagrams 

such as those shown in Fig. 22b contributing. The different structures 

of It'I distributions in Figs. 23b and c indicate that even in the K 890  

resonance region, there are non-negligible contributioná from other 

processes, e.g., the double peripheral exchange process shown in Fig. 

22a or a Kit s wave. The change of the slope in Fig. 23b  is partly due 

to the non-pion exchange. More evidence and discussions of these points 

is given in the study of the decay distributions and the spin density 

matrix elements for the two resonances. The It'l distributions for the 

K 906  channel from the 1l..6-GeV/c data are shown in Fig. 24-. Due to 

the limited statistics, it is not certain whether there is a break shown 

in the slope for this data. The slope a in each distribution in Fig. 24 

is less than that of the corresponding distribution from the 9-0eV/c 

data. 
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2. Decay Properties of the KQ go  

a. Decay Angular Distribution 

Figures 23 and 26 are the cos e(K) vs p(Kic) scatter plots and 

the cos e(K.) and the 	projections for events wider the J.t' I 
cuts, it' I < 0.10 (GeV/c) 2, and 0.10 	It' I < 10.0 (GeV/c) 2 . The cutoff, 

It'l < 10.0 (GeV) 2, is applied to eliminate the events produced by the 

nonperipheral process. The scatter plot for It'i <0.10 (GeV/c) (Fig. 

27a) shows that there is a large forward-backward asymmetry in cos e (K) 

for any reiman-Yang angle 	 interval and that events are roughly 

uniformly populated in cp(Kr) for a cos e(K) interval. For It' 

0.10 (GeV/c) 2, the events are more or less populated at two opposite 

corners on the scatter plot as shown in Fig. 27b.and the Treiman-Yang 

angulardistribution is not flat for any cos O(Kt) values. These very 

different patterns are clearly seen in the scatter plots which reveal 

the features of the correlation effects. Based on the assumption of a. 

unique spin 1, for the events in the K 0  region, by qualitative arguments 

one finds, from Fig. 23, that in both it' I regions the average Re p 10  is 

important and has to take negative values. The contribution to Re p 10  

is not due to the interference of the 	resonance with a backgroundgo  

of the phase space trpe, since the possible background from the phase 

space is negligible, especially for the small It' I region (see Figs. 6 

and 8). The causes for the different correlation patterns shown in the 

scatter plots (Fig. 27a and b) are not well understood at present but 

what is clear however is that they must be different to give different 

correlation patterns. In Figs. 26a and c, we observe that the difference 

between the cos d(Kic) distributions in the K 90  band with different 

It' I cuts is striking. For It' I < 0.1 (GeV/c) 2, it is very much like 
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cos2  e(K)., whereas for Jt'J ? 0.1 (GeV/c) 2; it is consistent with 

being flat. The curve in Fig. 26a is the result of a least-squares fit 

to the Igendre polynomial, E aP[cos e(K)]. The coefficients of 

the polynomial fits in the K 0  region are given in Table I. 

The cos e(K) vs 	scatter plots and their projections for 

the -i. 6-GeV/c data are shown in Figs. 27 and 28.. They show the same 

qualitative . features as the 9-GeV/c data. 

b. Spin Density Matrix (Pt) and the Expansion E a cos e(K) 

In analyzing the Kit system one may take two different points of 

view. 1) Assume a unique spin 1 for the events in the K 90  region and 

calculate the spin density matrix elements p mm 1 . Then study the composi-

tion of the helicity states exchanged in, the t-channel. 2) Assume it 

exchange and consider the incoming K+ as being scattered by a virtual 

pion. One then does 'a partial-wave-type analysis. This point of view 

is proper when there is more than one Kit partial wave occurring. 

We adopt both points of view in turn and study the spin density 

matrix (p,) as well as the cos e(K+11) power series expansion as a 

function of It'I. 

(1) 2'_and 

Figures 29a,b,c show the p 00, p1 	and Re p10  for the K890  as a 

nction of Jt'J for the 9-0eV/c data; p 00  is about 0.8 in the forward 

direction and drops down to 	0 -35 for It' I > 0.2 (0ev/c)2; Jp1,1I 

is less than 0.1 with a possible change of sign near the very forward 

direction and at It'I 	0.2 (GeV/c) 2 .. Re p10  is about -0.2 for all 

I t'J values, except in the very forward direction where it vanishes. 
The latter fac.t reflects theazimuthal symmetry of the Kit decay about 

the incoming K+ beam in the very forward direction. One may puzzle why 
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POO does not decrease much near it' I = 0.05 (GeV/c) 2  where there is an 

essential change in the slope of Jt'J distribution. The explanation is 

that since p00  is determined purely by the cos e(K) distribution, even 

if the cos e(K) vs cp(Kt) scatter plots show q .uite different correla-

tion patterns for the different It'i regions the cos projections 

may still resemble each other. 

• Figure 30 shows c 	(see Ref: 5) as a function 

of iti. a1  corresponds to the contributions from the natural and the 

unnatural parity series to the helicity state 1 exchanged in the t channel. 

Figure 30 indicates that both contributions increase as it' I increases. 

They are of the same order for •It'j 	0.2 (GeV/c) 2 . In the forward 

direction they do not quite vanish. Due to the limitation of the statis-

tics of our data, we cannot evaluate aI with finer it' I intervals, there-

fore we cannot test whether they really vanish in the very forward direc-

tion or not. Figures 31 and 32 show the spin density matrix elements 

and 2cYI  as a function of Itl for the 	from the reaction Kp -4 

89061236 at 4.6 GeV/c. In general they agree with the results from 

the 9-GeV/c data except for the following exceptions: 1) as a function 

of It'l, the p00  from the 4.6-GeV/c data (Fig. 31a) drops slower than 

that from the 9-GeV/c data (Fig. 29a); 2) the aI  for the 1 .6GeV/c data 

(Fig. 32) are relatively smaller than the a for the 9-GeV/c data. 

The above discussion indicates that the contribution of one-pon 

exchange extends farther out in t and that the vector and the pseudovector 

exchange are less important at lower energy. 

(2) za cos n e(K 
+ - 

rr ) Expansion 

Figure 33 shows the results from the fits of a second-order polynomial 

in cos G(Kit), n0 a cos e(Kit), to the 9-GeV/c data, excluding the 

CM 

V 
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very forward polar region [cos e(Kt) > 0.51. This cut eliminates most 

of the contribution from the double peripheral, processes. The fit is 

normalized to the number of events in each JthI  interval. If we assume 

pure pseudoscalar exchange, then a2  and a0  indicate the contributions 

from the Kit p- and s-wave intensities respectively and a 1  the interference 

between the p wave and the s wave. However, if in addition there is a 

vector exchange, then its sin2  O(Kit) decay distribution added to the 

cos2  e(K) decay distribution from the pseudoscalar exchange can fake 

an a term. We observe a drops more slowly than a 1  or a2 . a0/a2  is 

approximately equal to 1/8 for t' I <.0.05 (GeV/c) 2, which gives the 

ratio of the contributions from the possible s wave to the p wave. For 

I t'J 	0.15 (GeV/c) 2, (a/a2) and (a/a1) gradually increase and presumably 

the non-pion exchanges become more important in this region. This mdi-

cates that in analyzing KiT scattering the sample must be restricted to 

very small t!I values, say less tha 0.05 (GeV/c) 2  at.9 0eV/c. 

The coefficients a0 , a1, and a2  for the 4,6-GeV/c data have been 

calculated both with cos O(K) < 0.5 and no cos e(K) cut. The two 

sets of coefficients agree within statistics. Figure 34 shows the coeffi-

dents for the 4.6-GeV/c data with no cut in cos e(Kt). The coefficient 

a2  drops twice as fast as that of the 9-0eV/c data from It'I = 0 to 

0.1 (0eV/c) 2 . The ratios a/a2  and a1/a2  from the .6-GeV/c data 

are larger than those from the 9-0eV/c data by a factor of 6 and 2 respec-

tively. The comparison indicates that in the small momentum transfer 

region, It'I <0.1 (0eV/c) 2, the .6-GeV/c data may have a larger Kit s-

wave contribution (relative to the p wave) than the 9-GeV/c data. 

In conclusion, from the values of the spin density matrix, 
2 	 mm 

and the coefficients in the expansion E a cos 0 , we obtain the n=0 n 
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well-known spin-parity assignment J =1 forK 890  The production 

mechanism is dominated by pion exchange for small t' I values, say 

it t  I < 0.05 (GeV/c) 2  for the 9-GeV/c data and itt I 	0.3 (GeV/c) 2  for 

the 4.6-GeV/c data. The non-pion exchange contributions become gradually 

more important for Itti above those values. 

3. Decay Properties of 

Figures 35 and 36 show the spin density matrix elements of 	
36 

from the 9- and 4.6-GeV/c data, respectively. In both sets of data we 

observe the following: 1) The p 	 is small and increases as It' I3,3 
increases. 2) The Re p 	 is not negligible except possibly in the very

3,1 

forward direction, and it decreases as Jt'J increases. 3) The He 

is not important and essentially agrees with being zero. From these 

observations we conclude that spin nonflip amplitude dominates for small 

I t'l values and that the spin flip amplitudes become gradually important 
for It'J > 0.05 (GeV/c) 2  in the 9-GeV/c data and It'l >0.3 (GeV/c) 2  

in the 4.6-GeV/c data. This agrees with our conclusions based on the 

decay properties of the Kit systenidiscussed in Section III.A..l. 

B. The K 21236  Channel 

1. It'I Distribution 

Figures 37a and b show the It'l distributions for the 9- and 4.6-

GeV/c data, respectively. The slopes are a = 10.3 (GeV/c 2  for the 

9-GeV/c data (Fig. 36a) and a = 6. (GeV/c) 2  for the 4.6-GeV/c data 

(Fig. 36b). No break in slope is observed in the It'I distributions 

even when we restrict our sample to the criterion cos e(K+it_) 0.5. 

This could be due to 1) the Chew-Low boundary, and hence the physical 

region at K 20  is relatively far away from the pion pole as compared 
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with that in lower Kit mass; 2) low statistics. The fact that the slope 

at 9 GeV/c appears to be steeper than that at 4.6 GeV/c could also be 

due to the kinematic effect that the Chew-Low boundary is flatter at 

higher energy. 

2. Decay Angular Distributions and the Legendre Polynomial Expansion 

For the K*0 120  

Figures 38 and 39 show the cos e(Kt) vs p(Kt) scatter plots for 

the events in the K1420L 1236  channel at 9 and 4.6 GeV/c respectively. 

They reveal the same qualitative features as the cos e(K+1T ) vs cp(Kr) 

scatter plots for the K 0J36  events shown in Figs. 27 and 27. 

Figures 40 and ii show the cos 6(Kit) and cp(Kit) projections of 

Figs. 38 and 39 respectively. A Jt'I cut, It'! <0.1 (GeV/c) 2, is imposed 

on Figs. 1 0a and b to eliminate part of the contribution from the non-

pion exchange. The curve shown in Fig. 40a is a. fourth-order Legendre 

polynomial 	a2P2 [cos e(K)]) fit to the data. The coefficients 

a 2  are given in Table I. The Treiman-Yang angular distribution shown 

in Fig. 40b is more or less isotropic. Figures 40c and d show the 

cos e(Kt) and the cp(K) distribution for the events with Jt'f >0.1 

(0eV/c) 2. The cos O(Kit) distribution in the large It'! region (Fig. 40c) 

is much flatter than that in the small It'! region (Fig. 40a). The Treiman-

Yang angular distribution in the large It'! region (Fig. 40d) is no longer 

flat. 

ki 	
The decay angular distributions for the 11.6-GeV/c data (Fig. 41) 

show the same qualitative features as those for the 9-0eV/c data. Due 

to the statistical limitations of the 4.6-GeV/c data we fit the cos O(Kt) 

distribution for all the K 2036  events to the Legendre polynomial 
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aP(cos e(K))]. The result is shown in Fig. 42. The coefficients 

a are given in Table I. 

3. Spin Density Matrix Elements of 1236 

Figures 43 and 44 show the spin density matrix elements ofl236 as 

a function of ItJ. They indicate the same structure as the corresponding 

spin density matrix elements for the 	produced together with the K 0  

at 9 and 4.6 GeV/c (Figs. 37 and 36). 

C. Higher L t S 

The 192o was observed in the Kp - Ktitp at 12.7 GeV/c (Ref. 7) 

by selecting events in the backward O(pit) region, where e(pit) is the 

Jackson angle in pg rest frame. Figures 45 and 46 show the scatter plots, 

M(pi() vs cos e(pt) for the events in the K 90  and the 	regions from1420 

the 9- and 4.6-GeV/c data. In Figs. 41a and 42a.there is some indication 

of higher population of events around 1600 to 2000 MeV in pn mass. This 

could be due to effect of five higher A resonances, namely A1670, A1670' 

A1890' 11910'  and Al 2a  The widths of these resonances are of the 
order of 100 to 300 MeV. Based on Figs. 45b and 46b there is noevidence 

for high A's produced together with the K20. 
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IV. THE Kit SYSTEM IN THE 	 '1236 CHANNEL 

A. Kit Asymme 

Under the assumption of one-pion exchange, the asymmetry, A (F-B)/(i-B), 

for the Kit system reflects the interference effect of different Kit partial. 

waves in a simple way. F and B refer to the forward and the backward events 

ine(K+(). If there is only one partial wave or many partial waves of 

the same parity, the asymmetry is zero. With two partial waves of opposite 

parities the asymmetry is proportional to sin 5 l -" 6 2 cos(1 - 

where 8 and 6 are the decay phase angles for the two partial waves. 

For two nearby resonances 5 1-e 2  may cross 90 deg twice, hence two zeroes 

appear in the M(K+it) vs A plot. The distance between the two zeroes 

measures the spacing of the two resonances. However, one thon1c1 kr 

in mind that this simple picture could be obscured by the presence of 

many Kit partial waves or by the production mechanisms other than pion 

exchange. 

Figure 11.7 shows a plot for forward-backward asymmetry for the Kit 

system as a function of Kit mass from the 9-GeV/c data. We observe that 

just below the K 90  the asymmetry goes to zero very rapidly from a positive 

value and then increases rather smoothly to positive values again for 

higher Kit masses except for a small perturbation on passing the K 20 . 

The large positive asymmetry for M(K it ) 1.54 GeV indicates that the 

K+ goes forward• and the it backward in the Kit rest frame. Here the back-

ward it is associated with the low Ait' mass enhancement. The rapid 

* 
change in asymmetry just below the 1(890 can be attributed to the inter-

ference of the 1(890 with 1) some Kit partial waves of parity opposite to 

that of the K90 ( 	i) or 2) the process that leads to the 

mass enhancement as discussed in Appendix I, or both. Trippe et al., 
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in an analysis of the same four-body reaction at 1.3 GeV/c, deduced an 

s-wave K7c resonance at a mass of - 1.1 GeV and with a width of 

GeV on the basis of an application of the Duerr-Pilkuhn method to an OPE 

model. Also Antich et al. 9  have claimed the existence of a 	= 1 

wave in the neighborhood of the K2 which interferes with the dominant 

= 2 wave to give the observed asymmetry in this region. In addition, 

several K-nucleon experiments leading to three particles in the final 

state have shown indications of the Kit mass peaks in this region. 10  These 

indications were for narrow (P 0.1 0eV) peaks at M(Ktt) = 1.26±0.02 

0eV in the reaction Kp -* K°itp at 3.9 GeV/c, at M(Ktt) = 1.16±0.01 

0eV in the reaction Kn -' K0itn at 3.9 0eV/c, and at 	1.08 GeV in 

0+ 
K + p - K it p at 3.5 and  3.9 GeV/c. These mass peaks may exist in the 

channel and obscure the simple interpretation of the asymmetry. 

We have also studied the asymmetry as a function of t t , and within 

the limited statistics we observe: i) at small jt'I values the variation 

in asymmetry at the K 20  resembles that at the K 90, and 2) at large 

I t'j values both these rapid variations in asymmetry are reduced. 

Discussion of the M(Kg) vs asymmetry plot for the 4.6-GeV/c data 

was given in an earlier report. 	It shows the same qualitative features 

as that from the 9-0eV/c data (Fig. 47) except that the 9-0eV/c data 

have better statistics and wider range in Kit mass spectrum. 

B. Itt I Distributions 

Fiire 48a shows the It'I distribution for the events with M(}) < 

1.54 GeV. The data are not consistent with one or even two exponential 

dependences. In order to investigate the production mechanism of the 

Kit system we study the structure of the It'I distribution as a function 

V 
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of cos G(Kt) as we did for the K890  events. Figure 1 8b shows the t' f 
distribution for the events with M(Kc) < 1.51 GeV and cos 6(Kt) < 

0.5. The straight lines represent the results of a least-squares fit 

to the data for two functions of the form eat. We observe a very steep 

forward peak with slope a = 23.6±5.2 (GeV/c) 	for itt I < 0.05 (GeV/c) , 

and a flatter distribution with slope a = 9.5±2.0 (GeV/c) 2  for itt I 
0.05 (GeV/c) 2 , In contrast to this structure, the t' distribution for 

the events in the forward cos e region (Fig. 8c) appears quite different. 

The data in Fig. 48c are fitted well by a single slope, •a = 13.5±1.2 

(GeV/c 2  for It'l <0.3 (0eV/c) 2 . We shall associate this sharp 

forward peak with pion exchange. The lesser slope is due to the partici-

pation of non-pion exchanges (e.g., A1, By  p, and A2 ). Evidence for this 

assignment will be presented in the next few sections. 

Figure 48d shows the It'I distrIbution for the events with M(Ktt) 

1.54 GeV. The relativeflatness of the.slope, a = 4.4±0.5 (GeV/c) 2, can 

be qualitatively understood in two ways. One is that the high Kc mass 

region is relatively far away from the pion pole. -The other is due to 
a(t) 

the factor (s/s) 	in the Regge amplitude. Here a(t) is the exchanged 

pion trajectory and t is the square of the four-momentum transfer from the 

target proton to the outgoing A++. For the low Kit mass region where a 

single exchange diagram (Fig. 22b) dominates, s = (total energy) 2  is 

about (1.25)2 (0ev) 2 . For the high Kit mass regions where the double 

exchange diagram (Fig. 22a) dominates, s = s(Ait) which is about (1.58)2 

(GeV) 2 . Therefore, due to the s-dependence factor the slope in the ItJ 

distribution for events with M(Kit) 1.54 0eV should be smaller than 

that for the events with M(Kit) < 1.54 0eV by a factor 	2a' In(4.25/1.58)2  

!.. Here we have used the linear form for the tra3ectory a = a(t - 
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and have set a' = 1 (GeV/c 2 . The slopes in the jt'J distributions 

should differ by a factor of the same order. Figure 48e is an enlarge-

ment of the small It' I region of Fig. 48b. The same phenomena were 

observed when we restricted the sample to events in the K 0  band in 

Section III.A, which represents about 33% of the events with M(K() < 

1.54 GeV. This supports the assumption that the production mechanisms 

for the events with M(Kt) < 1.51 GeV/c are the same as those for the 

*o ++ events in the K890A double resonance region. Figures 49a,b,c show 

the It'I distribution from the 4.6-GeV/c data with no cos e(K) cut, 

cos O(Kt) < 0.5, and cos O(Kt() > 0.5 respectively. There is no 

indication of a break in slope in the .It'I distributions in Fig. 49b. 

This can be due to two reasons:. 1) The one-pion exchange dominates in 

a wider t range and the non-pion exchanges are less important in the data 

at 4.6 GeV/c than the data at 9 GeV/c. (See the conclusion Section 

III.A.2b(1).) 2) To see a fine effect such asa break in slope one needs 

data with good statistics. The 4.6-GeV/c data do not have sufficiently 

good statistics. For cos e(Kt) 	0.5, the It'I distribution (Fig. 49c) 

cannot be fitted to the form e at'. 

C. Decay Distributions 

1. M(Ktt) vs cos O(Ki() and M(K) vs 

Figures 50a and 50b show the M(Kic) vs cos e(K() scatter plots 

for It'I < 0.1 (0eV/c) 2  and It I 	0.1 (GeV/c) 2  respectively. We 

observe the following. 

1) For M(K) >.1.5 0eV, events tend to concentrate in the very foard 

e(K) region for small It' I values. 

2) In both It'I regions, the K 20  is not well separated in the forward 

e(K) region from the events that produce the low 	mass enhancement. 
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3) The K 0  band shows distinctly in both It t ! regions. For It'! <0.1 

(GeV/c) it is cosine-square-like but with an asymmetry in favor of the 

forward e(Kic); for It'! 	0.1 (GeV/c) 2  it agrees with being uniform 

in cos 

) Between the two well-known K*ts, there is no distinct feature in the 

forward O(Kc) region. But for cos 	< 0, there is some popula- 

tion of events separated from both K*Is centered near 1.1 GeV with a width 

of 	0.1 GeV in Fig. 50b. 

5) In the small t' region (Fig. 50a), there is a clear indication that 

the mean value of the K 90  mass shifts from a lower value in the forward 

region to a higher value in the backward region in O(Kr). 

Figures 51a and b show M(Kr) vs p(Kc) plots for It'! < 0.1 (0eV/c) 2  

and for It'! 	0.1 (GeV/c) 2  respectively. An asymmetry in favor of zero 

degree in cp(Kr) shows for all values of the Kt mass in both plots. This 

asymmetry becomes more pronounced as M(K+lr ) increases, but decreases as 

It'l is reduced. Since the high Kt mass region is mainly associated with 

the low 	mass enhancement (discussed in Appendix I), hence the double 

peripheral processes yielding the latter can be an important source of 

the asymmetry even in the K
* 
 's production region. The absorption effect 

and the Regge cuts may also contribute to the asymmetry, but it is very 

difficult to state quantitatively how much each contributes. 

Figures 52 and 53 show M(Kit) vs cos e(K) and M(Kit) vs cp(Ktt) 

plots for the 4.6-GeV/c data. Comparing these plots with the corresponding 

plots at 9 GeV/c we observe the following. 

1) Events from the 4.6-GeV/c data are not so much in favor of the forward 

e(K) values and zero degree in cp(Kit) as those from the 9-0eV/c data. 

This fact implies that the diffractive-type process that produces the 
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++ - 
low A it mass enhancement is not so prominent at lower energy as at .higher 

energy. 

There is no clear indication of any mass enhancements in between the 

well-known K*?s shown in the 4.6-GeV/c data. 

The same kind of K 90  mass shift observed in the 9-GeV/c data (Fig. 

50a) also shows in the small It'I region at 4.6 GeV/c as shown in Fig. 

52a. 

2. () Moments 

In order to study the contribution from different angular momentum 

states, we calculate the (Y) moments in the K+it mass intervals along 

the '36 band in the triangle plots as shown in .Figs. 2 and 11. (Y) is 

defined by 

NJ  

= 

where N is the total number of events in the Jth Kic mass interval and 

6.,cpi  are the values of 0 and cp for the ith event in that mass interval. 

- 0 and cp are defined in the Gottfried-Jackson frame of the K + it system. 

Figures 54 and 55 show the moments () as a function of Ktt mass 

for the 9- and 4.6-GeV/c data, where L 6 and M = 0,1. In order to 

eliminate a large part of the contribution from the non-pion exchange we 

make a It' I cut for the 9-GeV/c data, namely It' < 0.1 (0eV/c) 2 . Due 

to the low statistics level of the 4.6-GeV/c data and the fact that the 

non-pion exchange is not important at this energy, we extend the It'I 

cut to It'j < 0.3 (0eV/c) 2 . The following observations are made: 

1) Below K11+20, the higher partial waves (X > 2) are not important as 

comparedwith s and p waves. 

'I 
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There is a dominantp-wave effect near K 90  shown in Figs. 54b and 

55b and some indication of a d-wae effect near K10  shown in Figs. 54d 

and 55d. 

In Figs. 5a and 55a, there is an enhancement of (Y)near K890 . 

This indicates the interference effect of the s and the p waves. 

D. Mass Shift of 
*0 

 

Figure 56 shows the Kt mass distributions for the 9-GeV/c data in 

different cos e(K) regions with It'.I < 0.1 (GeV/c) 2 . These mass 

distributions show quite different shapes and mean locations for the 

*0 	 +- 	.. 	 +- events in the K890  region. In the very forward e(K ) region, cos e(K 	) > 

0.85 (Fig. 56a), the signal-to-background ratio is small and hard to define. 

For 0 cos e(K) < 0.85 (Fig. 56b), the K 0  signal is very sharp and 

the background is very small. The mean value of the signal is close to 

890 MeV. In the backward &(Kit) region (Fig. 56c), the signal-to-background 

ratio is small again. The mean value of the bump in the K 90  region appears 

to be at least 15 or 20 MeV above 890 MeV in the Kyr mass. 

Figure 57 shows the Ktr mass distributions for the 4.6-GeV/c data 

with jt'f < 0.07 (GeV/c) 2  and the same cos e(K) cuts as those shown 

in Fig. 56. They show the same qualitative features as the 9-0eV/c data. 

Figure 58 shows the combined distributions of Figs. 5 6 and 57. With 

higher statistics in Fig. 58, all the features mentioned in the first 

paragraph become more pronounced. The implications of the changes indi-

cated in three different angular regions are complicated. 

1) The mean value of the mass peak in the backward region shifts a non-

negligible amount above the nominal value of the K 90  mass. 11  Since the 

double peripheral processes leading to the 	enhancement produce events 

Predominantly in the forward 0 region, except possibly near Kit threshold, 
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this upward mass shift in the backward region should be due to the inter-

ference between a p-wave K 90 and some process(es) other than the mentioned 

double peripheral processes. In terms of Kt partial waves, one can esti-

mate the highest order of the partial waves from 	moments. From the 

discussion given in the last section, we learned that in the X3t mass region 

below K 20, the partial waves with £ 1 is not important as compared 

with p wave and s wave • Therefore the mass shift should be mainly due 

to the interference of an s wave with the dominant p-wave K890 . Since 

Kit s wave can couple to it only and one-pion exchange dominates the small 

It'I region, one should expect that the mass shift and the apparent width 

of the K 90  changes as a function of Itt . I. 

2) There is a large excess of events in the forward e(K) region (e > 0). 

The effect of the low A A mass enhancement, which is also in favor of 

small Jt'J values, is unseparable from the contribution of K 90  production 

in the forward 0 region. This may be part of. the reason why there is 

considerable excess of events there (Figs. 78a and b). 

At this stage, the first problem we should solve is to find a clean 

reaction to determine accurately the mass and the width of the K 	12  90 .  

Secondly, we need to understand the effect of the double peripheral 

process(es) (as shown in Fig. 22a) on the small Kt mass region. Then 

finally we can do a partial-wave analysis for the Kt system in an inelastic 

reaction like K+p 	K+1t.  

E. Kt Mass Spectra 	 . 

Figure 59a shows the K 3t mass distribution for all our events in 

the KitA channel at 9 GeV/c; Fig. 59b  with It' I < 0.1 (GeV/c )2,  and 

Fig. 59c with t'I 0.1 (GeV/c) 2 . The shaded histograms have the cut 

cos e(K) < 0.5, in order to reduce the contribution from the low-mass 
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enhancement. We make the following observations. 

i) In both the unshaded and the shaded histograms in Fig. 59b [It'I < 0.1 

/ 2 
(aeV/ c) ] the background between the two well-known K s is very large in 

* comparison with that part of the mass spectrum above.the K 1 40 . Since 

an s-wave Kit system can couple only topion exchange and the region 

It'l <0.1 (GeV/c) 2  is dominated by pion exchange, it may be reasonable 

to associate at least part of this plateau with an s-wave Kit system. 

Whether the various mass peaks reported in the KitN channel 1°  have any 

relevance to this high plateau is not very clear at present. 

2) In the unshaded histogram in Fig. 59 [It' I 	0.1 (0eV/c )2] the back- 
ground between the two K

* 5 appears to join smoothly with the mass spectrum 

in the high Kit mass region. In addition, a small mass peak is seen at a 

mass of about 1.1 GeV, where a change in the decay angular distribution 

is also observed, as mentioned in the preceding section. This mass peak 

at 1.1 0eV shows more prominently in the shaded histogram in Fig. 59c, 

where the effects of the low-mass A it enhancement have been reduced. 

This could be the same enhancement as those in the 1080 to 1160-MeV region 

mentioned in Ref. lOa,c, but present statistics do not permit a definitive 

statement. Since this enhancement appears only for It'I 	0.10 (0eV/c) , 

it is presumably produced by a non-pion-exchange mechanism. The shaded 

histogram in Fig. 59b  shows a greater number of events in the plateau 

than in the region above the K 20, but the effect is somewhat reduced 

in Fig. 59c. Since the plateau in Fig. 59c, where pion exchange is very 

suppre.ssed, cannot be due to s wave, and there is an indication of a 

narrow mass peak at 1.1 0eV here, possible higher spin (J 1) resonances 

in this region may be the explanation. To improve the statistics we 

extend the It'J cut down to It'I = 0.05 (GeV/c) 2  where a break in the 
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slope of the It'l distribution occurs. Figure 60 shows the M(Ktt) distri-

bution with it'I 	0. 	(GeV/c) 2  and cos e(K) <0. Note that the 

signal at 1.1 GeV is considerably enhanced. By an eyeball estimation 

the signal-to-background ratio is about 1 1 and the signal itself is 

roughly a four-standard-deviation effect relative to the background. 

3) All the discussions given above agree with the assignment of the 

forward t' peak as due to pion exchange, and the region with lesser slope 

as due to the participation of non-pion exchanges. We note that Trippe 

et al. 8  in their OPE analysis of this Kt mass region have used data with 

ItI as large as 0.5 (0eV/c) 2  at 7.3 GeV/c, which, on the basis of the 

present work, must contain considerable contributions from non- pion- exchange 

mechanisms that cannot lead to s-wave Kt scattering. 

The Kr mass spectra for the 1 .6-GeV/c data under differe±ft t' 

cuts are shown in Fig. 61. The mass spectrum in the small Jt'i region 

(Fig. 58b) qualitatively agrees with Fig. 56b. However, there is no 

statistically significant mass enhancement near 1100 MeV observed in the 

high t' I region (Fig. 61c). This seems not surprising because the non- 

pion-exchange is not very important even at ft' I 	0.6 (GeV/c) 2  [p00  0.5 

at Jt'I 	0.6 (GeV/c) 2  for the K890  as shown in Fig. 31a]. 

F. Conclusions 

We conclude: 

	

+ 	+-++ 
1. Pion exchange appears to dominate the reaction K p .- K it 

at 9 GeV/c for It' I < 0.1 (0eV/c) 2, but non-pion exchanges become important 

for jt'J 	0.1 (0eV/c) 2 . This has been demonstrated in studies of the 

t' distributions, the decay angular distributions of the Kit system, and 

the spin-density matrix elements. For the 4.6_GeV/c data, one-pion exchange 

dominates over a relatively larger Jt'J region [It'J 	0.3 or 0.14 (GéV/c)21. 
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The well-known asymmetry in the Kit decay angular distribution 

is due to the interference of the dominant resonant waveE for the 

and K2b with background terms. We note that the observed asymmetries 

in the K 90  and K120  region require an even-parity background term near 

the K 90  and an odd-parity background term under the K 20  (p wave?). 

Although we cannot ascertain quantitatively the contribution from the 

background terms such as 1) an important partial wave of opposite parity, 
* 	 ++- to the dominant K resonance, 2) the low-mass A it enhancement, and 3) 

any other possible source of background, we emphasize the importance of 

accounting for the various origins of this asymmetry in any analysis of 

Kit scattering. 

A fact which is closely related to the asymmetry is that we 

observe a mass shift between the K 90  events in the forward region (cos e 
0) and those in the background region (cos 0 < 0). This together with 

the (Y) moments for the Kit system indicates a strong Kit s wave near K 90 . 

The effect of 	is difficult to estimate. Due to these interference 
* 	 * effects with K890, the determination of the mass and width for K890  

becomes nontrivial. A reasonable place to study the properties of 
890 

would be reactions like Kp - K°itp and Kn - K°itn where the 

production is dominated by vector exchange except in the very forward 

direction and the diffractive-type process likeA it enhancement in the 

K+it 	is suppressed. 
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Table I. Coefficients of 	a2P(cos e) for the K Q(. and 

TheK3901236  channel at9 ::/

c 	

with a.tI <0.1 (GeV/c) 2  

1.0 0.73±0o6 1.33±0.06 	. 	 . 	. . 	
. 

1.0 0.70±0.07 1.31±0.06 -0.09±0.09 

1.0 0.69±0.07 1.3±0.O8 -0.08±0.10 0.06±0.11 

The K 9036  channel at .6. GeV/c with I tJ< 0.07 .(GeV/c )2 
a 	a1 	 a2 	 a3 	 a1  

1.0 0.65±0.12 1.53±0.10 	 . 

1.0 o6±o.1 	1.53±0.10 -0.01±0.17 

1.0 O.64±O.14 1.57±0.14 	0.01±0.18 0.10±0.19 

The K 20L 36  channel at 9 GeV/c with itt I < 0.1 (GeV/c) 2  

a 	a1 	 a2 	 a3 	 a 	 a5 	 a6  

1.0 0.63±0.09 1.90±0.09 0.20±0.11 1.23±0.13 

1.0 0.68±o.10 2.06±0.08 0.18±0.14 1.35±0.12 0.1±0.13 

1.0 0.67±0.10 2.14±0.10 0.21±0.16 1.68±0.16 0.20±0.14 0.59±0.15 

The K 2036  channel at .6 GeV/c with no Itti cut 	. 

a 	a1 	 a2 	 a3 	 a) 	 a5 	 a6  

1.0 0.14±0.15 1.01±0.19 0.01±0.22 0.66±0.3 

1.0 o.16±o.1 	1.02±0.19 0.07±0.23 0.67±0,23 0.25±0.28 

1.0 0.16±0.16 1.08±0.19 0.12±0.23 0.66±0.26 0.29±0.28 -0.18±0.32 
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+  MOL ANALYSIS OF THE REACTION - D 9- 	 / 

KpKr 1236 AT9GeV1c 

Chumin Fu 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 94720 

ABSTRACT 

Using a double Regge-pole-exchange model, we studied the low 
++  r - 	 i 	 + - ++ mass enhancement n the reaction K +

- p K 	236 at 9 GeV/c. 
We found that P and 11 double exchange dominate the process. In gen-

eral the model agrees with the data in the region where M(K+1T) 1.54 

GeV and tKK < 0.5 (GeV/c) 2  and -t< 0.5 (GeV/c) 2 . The possibility 

of extending the model into the large t region and problems involved in 

the extrapolation of the model to the KiT threshold are investigated. 

The importance of the contribution from the double peripheral process 

in low M(K+lr) region and its implications to the analysis for the Kt 

system are discussed 

A. 

MEN 

I. INTRODUCTION 

The general features of the reaction 

K-" K 9-,rA 36  at 9GeV/c were discussed 

in an earlier communication. In this paper 

we study the reaction in the high Kin mass re-

gion (M(K+1r_) 1.54 GeV) on the basis of a 

double Regge- pole- exchange model. The ad-

vantage of this model is that it has the same 

simple form as a single Regge-pole-exchange 

model and theoretically the Regge parameters 

(except the coupling at the internal vertex) used 

here can be wholly taken from those that were 

determined by the data from two-body or quasi-

two-body final states. As a known fact, a 

double-Regge-pole model can usually describe 

the data of the three-body or quasi-three-body 

final states at high energies fairly well. How-

ever, in applying the model, there are still 

some unsolved problems; namely, 

1) The commonly used Regge parameters 

'Modified version of paper to be published in Pl 

are known only to their order of magnitude. 

The exact values are not well determined. 

Hence when one finds that the fits of the model 

to the data are insensitive to the variation of 

the parameters, one cannot distinguish whether 

it is due to the effect of a collective change of 

the many. Regge parameters or due to an in-

complete study of the data. Poor statistics of 

the data and unclean samples could also con-

tribute to the sources of uncertainties. 

There is no evidence for Toller angular 

dependence at the internal vertex. By the 

same argument given in 1) above, it is not 

clear at all whether or not there should be a 

Toiler angular dependence for the Reggeon-

Reggeon-particle coupling. 

How far in momentum transfer variables 

(t's)a peripheral model can extend is not well 

known. 

Granted that the duality is a valid concept, 2  
ysicál Review. 
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how would one extrapolate the model to small 

suhinvariant energies (sTs)?  Would the extrap-

olation be insensitive to the variation of Regge 

parameters also? Answers to these questions 

are not known either. 

With an attempt to understand these prob-

lems we analyze our data in an exhaustive 

manner. The method and the results of the 

analysis are presented in Secs. U and III. 

Section IV discusses the extrapolation of the 

model to small subinvariant energies. Sec-

tion V gives our conclusions. 

This experiment was carried out in the 

Brookhaven National Laboratory 80-inch hydro-

gen bubble chamber, which was exposed to a 

9-GeV/c rf-separated 	beam at the AGS. 

The details of the experiments, the measure-

ments, and the kinematical fitting procedures 

are described in Ref. 1 and the Ref. 5 therein. 

II. THE MODEL AND THE METHOD 
OF ANALYSIS 

A. The Model 

There are many multiperipheralmodels and 

the phenomenological analyses of the data dis-

cussed in the literature. 3 ' 4  Here we adopt the 

one given in Ref. 3c. Consider Fig. Ia, a di-

agram for the reaction a + b- I + 2 + 3. The 

invariant amplitude is 

1 a1(t1) 
A(s, s, S 2  t 1  t2 )n 13 1 (t 4 ) 1 (t 1 )(----_) 

S 2  a2 (t 2 ) 
x l3 2 (t 2 ) 2 (t 2 )(—)  

where s, s,s 
2' 

 and t 1  and t 2  are as indicated 

in Fig. Ia. 

21-12 	2 	2 
s 	

s- t2 - n-i + t 1  (m4- ma_  t 1 )(m 3 - t 1 - t) 

and s is obtained by interchanging the sub-

scripts I and 2. The Toller angle, u, is de-

fined by 

Pa XPi.  PbXP2 
cos u = 

1) a iH pb )<1)2  

in the rest frame of the particle 3. The 

are the Regge trajectories exchanged and 

-iTTa 
i 
 (t.) 

i 

	

- 	sin 7rcs 
i 
 (t.) 

i 

The Ps are the residue function. The s. 'a 

	

1 	 10 
are the energy scale constants. 

For the reaction K+ p  _ K+36, the 

allowable exchange pairs (cr 1 ,a 2 ) are (P,r), 

(P, A 1 ), (p. ir),  (p, A2 ), (p, A 1) and (u, p). Con-

sider the (P, ir) pair only and further assume 

that P is a fixed pole with an intercept I in the 

Chew-Frautachi plot. After squaring Eq. (1) 

and some simplifications one obtains an inten-

sit y 

2 
'yt1 	2 2 2a(t) 

	

I = N e 	 (s I ) (—) 	f(u, t t ) 

	

0 	1-cosirair 2 
	0 

t ) 	S 	. 	1 2 

(2) 
where n = (t -m 2 ) and N is a normalization 

IT 	ir2 	ir 	.0 
con8tant. This equation is the same as that 

given in Ref. 3e provided that we set f(u, t 1 , t 2 ) 

to be constant. 

Since Pomeranchu.kon is not well under-

stood at present and there are five exchange 

pairs other than (P,ir) also allowed, for K+ir  mass 

between 1.54 and 2.8 GeV it is reasonable to 

	

replace (a1) 
2 
 by 	2c in Eq. (2), where c is 

a constant parameter. 

Using the notations indicated in Fig. Ib, 

we rewrite Eq. (2) as 

yt 	(ira)2C 	 s ZaTr
KK  1N e 	 a. ) (—) 

	

0 	1-cosita 
t 
 (t p)( nit 	a 

i 	 0 

	

X f(u,t,t), 	 (3a) 

which is to be used in this analysis. We as-

sume that f takes the form 

2 
f = [I+a(t 	m 

2 
 )cosul , 	(3b) ir 

where a is a constant parameter. Equation 

(3b) is purely empirical. It has the property 

that f has no Toller angular dependence at 

t
p 
 = 0, which is required on a theoretical 

	

basis. 	In this analysis, there are five 
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parameters involved, i. e.,, , a', c, s 0  and 

a. Two cases are considered, namely 

Case I: 	a z 0, 

Case II: a is a free parameter. 

B. The Method of Anajysis 

In comparing the data with the theoretical 

calculations we follow the procedures below: 

Generate Monte Carlo events for the 
+-++ 

K nA 	final states with a variable mass 

for the A 
1 
236 given by a Breit-Wigner distri-

bution. 
6 

 

Assign to each Monte Carlo event a weight 

according to Eq. (3a). 

Compare the various distributions from 

the Monte-Carlo events with those from the 

data, and vary the parameters in Eq. (3a) until 

we obtain the best fit for all those distributions 

considered. The goodness of the fit is deter-

mined by a x 2  calculation. 

In order to investigate the problems 

stated in the introduction, we choose to study 

the following three samples with M(K 4 ir) >1.54 

GeV: 

Sample A: tK+K+  and tA++ < 1.0 (GeV/c) 2  

(511 events). 

Sample B: _tK+K+  and -t++ < 0.5 (GeV/0 2  

(287 events). 

Sample C: tK+K+  and 	< 0.3 (GeV/0 2  

(115 events). 

The N0  is determined by normalizing to 

sample B the Monte Carlo events with the same 

kinematic cuts as those imposed on sample B. 

The parameters 'f ,  a', c, s o , and a are ob-

tained by comparing the distributions of 12 

variables from the events in sample B with 

those from the corresponding Monte Carlo 

events [three invariant masses, 

ir ), and M(K
+++ 

 ), four four-momentum 

transfers, -t KK , -t p , -tK 
r  , and -t plr , and 

+ 
five angular variables, cos 9(K ii ), 4(K ir 

cos 6(++1r_), 4ir), and uJ. The 0 and 4,  
are the Jackson angle and the Treiman- Yang 

angle for a two-particle composite. If the 

model is valid and the parameters obtained 

are correct, then one should expect good agree-

ments between the various distributions from 

the Monte Carlo events and those from the data 

in a t region where the t cuts are smaller than 

what sample B has. Furthermore one can also 

test the validity of the model in a large t re-

gion by extending the t cuts imposed on the 

data and the Monte Carlo events. These are 

the motivations for studying samples C and A. 

In principle one should compare the model 

with the data in different noninclusive t inter-

vals. Due to the statistical limitations of our 

data, we can only choose the t criteria as we 

described earlier. 

III. RESULTS 

Various values for the parameters in Eq. 

(3a) have been tried; the best values obtained 

are 

Case I: a = 0, y = 4 (GeV/c) 2 , a 	1.2 

(GeV/c)2, s = 1.0 (GeV) 2 , and c = 

 Tr 

 0.85 

Case II: a = 0.015, y = 3.2 (GeV/c) 2 , 

& = 1.12 (GeV/c) 2 , s = 1.0 (GeV) 2 , and Tr 

c = 0.85. 

A. The Distributions of the Various 
Kinematic Variables 

For each variable the distributions are to 

be presented in the order of Samples A, B, and 

C. The corresponding distributions from the 

Monte Carlo events are shown in solid lines 

for case I and long dash lines for case II. 

Figure 2 shows the A 
1236  mass distribu-

tions. Here we check whether the Monte Carlo 

events generated for the K Tr
A 4236 final state 

indeed have a pir  mass distribution similar to 

that of the samples. Comparing the data with 

the curve shown in Fig. 2b, we obtain a 

x 2  =16.4 and a confidence level = 12.6% with 

14 degrees of freedom. (We consider M 0 , F0 , 

and a as parameters in the Breit-Wigner dis-

tribution discussed in Ref. 6. The curves 
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corresponding to case I and case II are very 

close, therefore only the'result of case I is 

shown in Fig. 2.) 

Figure 3a, b, and c shows the KT mass 

spectra for samples A, B, and C respectively 

The short-dash lines are the extrapolations of 

the model calculations to the region where 

M(K+ir)< 1540 MeV. Discussions of the ex-

trapolation are given in Sec. IV. In Fig. 3b 

the two curves are close in the region where 

M(Ki) Z 1700 MeV. Below 1700 MeV in the 

mass two curves start to deviate. The 

deviation between the solid and the long dash 

lines become larger for sample A and smaller 

for sample B. This seerns,to be a general 

trend shown also in the other distributions we 

discuss later 

Figures 4a, b, and c and Figs. 4d, e, and 

f show the 	mass distributions and the 
+++ K 	mass distributions. In Fig. 4athe data 

peak at around 1500 MeV, where there are 

three I = 112 baryonic resonances, P 11 , D 1 , 

and S11. 8 The calculated curves peak at 

about 80 MeV above 1500 MeV. However, in 

Figs. 4b and c the curves agree with the data. 

The curves from the model shift their peak by 

80 MeV in the 	mass from Fig. 4a to Figs. 

4b and c, yet the data do not show such an ap-

parent change. This indicates that the model 

may very well apply to small t regions (e. g., 

samples B and C) but does not apply to the 

large t regions (e.g., sample A). Similar dis-

agreements also show some of the distribu-

tions from sample A discussed in the following 

paragraphs. In Fig. 4d the dashed curve 

agrees with the data better than the solid curve, 

but it is, not so obvious in Figs. 4e and f. 

Figures 5 and 6 show the distributions of 

_tKK and -t x, and tK and -t. Except 
for _t 	in Fig. 6e and f, in general the model 

(for both case I and case II) agrees well with 

the data. 

Figure 7 shows the decay angular distri-

butions for the K+r system in its rest frame. 

The cos 0 distribution (Figs. 7a, b, and c) are 

plotted from 0 to 1.0 since there are no events 

from the data and the model in the backward re-

gion. As the t cuts decrease, the events are 

populated even in a smaller forward region 

[e.g., cos0(Kr)0.7 for both _tKK  and -t PA 

less than 0.3 (GeV/c) 21. The Treiman- Yang 

angular distribution (Figs. 72, f, and g) be-

comes flatter as t decreases. This indicates
PA  

that the Treiman- Yang angular distribution 

tends to agree with the well-known prediction of 

single-pion particle exchange in the limit of very 

small -t . 9 The solid curve and the dashed 
p 

curve show considerable discrepancy in Fig. 7d 

(sample A). Otherwise, for both case I and 

case II the model agrees with the data rather 

well. 

Figure 8 shows the distributions of the cosO 
++ -  and 4 for the 	ir system. •Again a large dis- 

crepancy between the curves is observed in 

large t regions (Figs. 8a and d). Figure 9 

shows the Toller angular distributions. The 

model agrees with the data fairly well for 

Sample B, but does not agree with the data in 

both the large t region (sample A) and the small 

t region (sample C). The dash-dot lines in Fig. 

9 represent the phase space which is normal-

ized to each sample. It strongly peaks near 

= 180 deg. Atu = 180 deg, the two particles 

in the initial state and the three particles in the 

final state lie in the same plane. As t cuts de-

crease,, the phase space curve is getting closer 

to the results of the model and the data points. 

The x2  values of the various distributions 

for sample B are given in Table I. Table I 

indicates: 

1) Over all the kinematical variables studied 

the confidence level of case II is more uniform 

than that of case I. Consi'dertlie latter if one 

happens to choose to fit the distributions of 

M(Kir), M(K+), -t, and _tK  one may 

claim very good agreement between the model 

and the data. On the other hand if one chooses 

the variables MA+(),  -t KK , -t pi , and the 
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Toiler angle, w, one may considr that the 

model is a failure. The results could be even 

worse if only some of the distribution from 

sample A were considered. 

2) The agreement between the model and the 

data is poor for the distributions of -t 	, -t KK pit 
and w. 

B. A Quantitative Analysis 

Comparison of the number of events from 

the model and the phase space with the data 

under different kinematical criteria is shown in 

Table II. The normalization was described in 

Sec. IIB. 

We observe the following: 

Comparing the numbers from the data and 

those from the phase space, one can easily see 

the peripheral nature of the data. 

For M(K+ir) 4540 MeV, the number of 

events from the data agrees with the result of 

the model for both case I and case II. The mod-

el completely disagrees with the data in the low 

mass region [M(K+ir) < 1540 MeV] as we 

expect (because of the strong K resonance 

productions). One important point to note is 

that the predictions of case I and case II dis-

agree in this Kir mass region also. 

IV. EXTRAPOLATION OF THE MODEL 
TO SMALL SUBENERGIES 

In this section we discuss: (a) the impor-
tance of the contribution from the extrapolation, 

the reliability of the extrapolation with the 

present knowledge of Regge parameters, and 

the ISoSpin Structure of the Kit system on 

the basis of (p, it) exchange in the model. 

(a) In order to demonstrate the contribu-

tion from the double peripheral process by ex-

trapolaton, in Figs. lOa, b, and c we plot the 

complete K+it mass spectra under the t cuts, 
_tKK and -t 	less than 1.0 (GeV/c) 2 , 0.5 2 PA 
(GeV/c), and 0.3 (GeV/c) 2  respectively. The 

curves shown in Figs. iOa, b, and c are the 

same as those shown in Figs. 3a, b and c. 

The extrapolation of the model to the small Kit 

mass region as shown by the dashed curves in 

Fig. 10 does not describe the data in the K 90  
resonance region, not in a crude average sense. 

This seems to be in favor of Harari postulate 1°  
that Pomeranchu.kon exchange is responsible for 

the background only. The double peripheral pro-

cess would contribute at least 30 to 60% of the 

background in the low Kit mass regior 

[M(K+r) < 4540 MeV]. D.ue to the e KK  factor 
in Eq. (3a), the model yields a large intensity 

in the forward B(Krr) region even in the low Kit 

mass region (except near the Kit threshold). 

This contributes to part of the well-known 

forward-backward asymmetry in the Kit system 1  

Ignoring the isospin structures, calculations 

involving a p-*ave K 90  and a d-wave Kj 420  

with a coherent and an incoherent double periph-

eral process with (P, it) exchange have been 

tried. They do not produce some of the impor-

tant features in Kit asymmetry as a function of 

Kit mass. Since the contribution from the ex-

trapolation to the background is large and yet it 

cannot account for all the background beside the 

two well-established K's, one may ask whether 

the double peripheral process or the K res-

onance productions can be isolated from the 

data in order to obtain a relatively clean sample. 

The answer to this question is no, because both 

processes are dominated by pion exchange and 

in favor of small -t 
p 

(b) In Table II the numbers of events in the 

low Kit mass region from the extrapolation of 

the model differ by about 30% between case I 

and II. This is a typical fluctuation, introduced 

to a certain extent by the uncertainties of the 

parameters used in Eq. (3a). With the present 

knowledge about Regge parameters and the sta-

tistical level of the data, one cannot determine 

how much each exchange pair (discussed in 

Sec. hA) contributes, or whether one should 

try to find a better new model. Hence at the 

present stage the extrapolation of the model can 
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only offer a qualitative description for the data. 

(c) In order to determine the isospin of 

the A
++ 

 Tt enhancement, we compare the A++ r 

mass spectrum from both Ko ro ++ A and 
+. -   ++ K r A final states as shown in Fig. Ii. We 

note that for the reactions K + p -  K OTr
OA ++ and 

K p K ii A , the initial channel has a 

unique isospin state, namely I = 1, I z 
= 1. Con-

servation of I and I .  requires I = 3/2 for the 

system and I = 3/2 or i/a for the 

system. Since there is no excess of events 

near 1.58 GeV in the M(A++r0)  plot (Fig. ha) 

and the Clebsch-Gordan coefficients for an 

I = 3/2 (AlT) system predict a ratio of 9:2 for 

the intensity of the A r 0 .  and A
++ r - 

 states, 

the A1T low-mass enhancement is predomi-

nantly I = i/Z. This isospin assignment is in 

favor of an I = 0 object exchanged at the 
+ + 
i n out K K 	vertex. Among all the allowed ex 

 
change pairs (see Sec. hA) the P is the only 

candidate with I = 0. 

In fact we obtain C 0.85, which is close 

to unity, in this analysis. This agrees with the 

assumption that P is the dominant object ex-

changed at the K+ K+ vertex. Comparing (P, ii) 

and (F, A 1 ), if one assuming ce Tr  and aA  have 

the same slope, then A 4  would be a lower tra-

jectory and its pole is farther away from the 

physical region than the pion pole. Hence the 

contribution of A 4  is less important than that of 

it. If one assumes 11 and A 4  degeneracy then 

there should be no essential difference whether 

(P, A 1) is included or not in addition to (F, it). 

The comparison of the model and the data also 

indicates that our (P, 11) assumption is rather 

good at least in the region where -t 	andKK 
are small. These arguments justify the as-

sumption that the (P, it) exchange pair dominates 

the double peripheral process. Then one can 

further study the upper part of the diagram in 

Fig. lb as a K
+
. scattered by a virtual pion 

+- producing the K 11 final state with P cx- 	
12 

changed in the t channel. By iso spin cr05 sing 
+- 	~ - for the reaction K it -Kit viaanl0object 

exchanged in the t channel, the I = 3/2 and 

I = i/z parts of the amplitude are in 1:2 ratio. 

The implications of this is that we cannot ne- 

glect the I = 3/2 component in doing analysis 

for the Kit system in low Kit mass region. 

Whether the Kit asymmetry can be explained by 
including the I = 3/2 component is completely 

unclear. 

V. CONCLUSIONS 

(P, it) exchange dominates the reaction 

K+p 
-  K+irA36 at 9 GeV/c for M(K+ir)  1540 

MeV. In general the model agrees with the 

data fairly well for .  tKX < 0.5 (GeV/c) 2  and 

_tpA< 0.5 (GeV/c) 2 . The validity of the model 

above these t cuts is definitely in doubt. 

The introduction of an empirical Toiler 

angular dependence at the internal vertex helps 

to improve the condifence level to be more uni-

form over the distribution of all the variables 

considered except that the fit to the Toller an-

gular distributions itself has not been improved 

much. In the small t region, the Toller angu-

lar distribution (as shown in Fig. 9c) indicates 

a large discrepancy between the model and the 

data. Further investigation on Toller angular 

dependence is necessary. 

With the present knowledge of the Regge 

parameters determined by the data from two-

body final states, the many possibilities of the 

exchange pairs, and the statistical limitation 

of our data, the values of the Regge param-

eters we used are subject to considerably large 

uncertainties. However, this should not affect 

the conclusion that the contribution from the ex-

trapolation is large. By comparing the data 

with the result from the extrapolation to small 

Kit mass region, we find that the latter agrees 

with Harari's postulate that Pomeran exchange 

is responsible for the background only. 
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FIGURE CAPTIONS 

Fig. 1. A double-Regge-pole- exchange diagram  for (a) a reaction 

a + b- I + 2 + 3 and (b) .the reactions K+p  K.A36. 

Fig. 2. Mass distributions for A 
36 

 (20 to 1320 MeV) for 

samples (a) A, (b) B, and (c) C. The solid curves show the diMribu-

tions for Monte Carlo events. 

Fig. 3. K+11  mass distributions for samples (a) A, (b) B, and (c) C. 

The solid and the long-dash curves correspond to cases I and II re-

spectively. The short-dash curves are the extrapolation of the cases 

I and II. 
++- 

Fig. 4. A ir mass distributions for samples (a) A, (b) B, and (c) C, 

and K++  mass distributions for samples (d) A, (e) B, and (f) C. 

The solid and the long-dash curves, the results from the model, bear 

the same. neaning as those,S own inFig. 3. 

Fig. 5.tK+K+  distributions for samples (a) A, (b) B, and (c) C, 

and -t 	distributions for samples (d) A, (e) B, and (f) C. The 

curves bear the same meaning as those shown in Fig. 4. 

Fig. 6. -t 
K+1r 	

distributxns for samples (d) A, (e) B, and (f) C. 

The curves bear the same meaning as those shown in Fig. 4. 

Fig. 7. Cos 0 (K+1()  distHlmtions for samples (a) A, (b) B, and (c) 

C and Kr) distributions for samples (d) A, (e) B, and (c) C. 

and c(Kir) are the Jackson angle and the Treiman- Yang 

angle for the Kr system. The curves bear the same meaning as 

those shown in Fig. 4. 

Fig. 8. Cos 0(ir) distributions for samples (a) A, (b) B, and (c) C 

and 4i (+n) distributions for samples (d) A, (e) B, and (f) C. 
++- 	 ++- 

0 
( 
A iT ) and 4 (A ii ) are the Jackson angle and the Treiman- Yang 

angle for the A ir system. The curves bear the same meaning as 

those shown in Fig. 4. 



- 

Fig. 9. Toiler angular distributions for samples (a) A, (b) B, and 

(c) C. The solid and the long-dash curves bear the same meaning as 

those shown in Fig. 4. The dash-dot curve indicates the phase space 

normalized to each sample. 

Fig. 10 K+rr  mass distHbutions with t(KfFK+)  and  _t(p+)  less 

than (a) 1.0 GeV/c) 2 , (b) 0.5 (GeV/c) 2 ,. and (c) 0.3 (GeV/c) 2 . The 

solid and the dashed curves bear the same meaning as those shown in 
Fig.3. 
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Table I. x 2 values for sample B. a  

Distribution 
2 b Confidence 

b Confidence 
. d. f. level(%) _• d. f. ievel(%) 

M(Kr) 8.1 44 88.3 46.1 13 17.1 

18.3 41 7.3 15.2 10 12.5 
M(K+t+) 8.7 9 46.4 10.8 8 21.5 

_tKK 20.8 6 0.2 44.4 5 4.4 

-t PA 3.8 3 27.9 3.5 .2 17.7 

_tKIT  5.9 5 31.5 6.1 4 19.1 

-t 20.3 7 0.5 12.9 6 4.5 piT 	
+ 

Cos 0 (K ii ) 22.2 12 3.5 12.9 44 29.4 

23.3 47 14.1 19.6 16 23.9 
Cos O(++i) 32.3 15 . 	0.6 19.3 . 	14 45.3 

4(Air) 28.2 12 0.8 	. 18.0 . 	11 11.5 

Toiler angle w 29.1 10 1.2 15.8 9 7.0 

a 
See Ref. 6. 

bDegrees of freedom. 

Table II. Comparison of the number of events from the model.and the phase space with 
the data under different kinematical criteria. 

M(K+ir) 	1540 MeV . M(Kir) < 1540 MeV 

tKK and -t 
PA 

tKK and -t -tand 	t A 
Sample A Sample B Sample C 

<1.0 (GeV/c) 2  <0.5 '(GeV/c) 2  <0.3 (GeV/c) 2  

Data 	 541 . 	287 115 1804 1375 953 

Case I 	 536 . 	287 427 327 .307 251 

Case II 	. 	500 287 432 . 461 404 318 

Phase space 	1805 287 54 2565 . 	824 330 
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APPENDIX II 

EXPERIMENTAL DETAILS AND THE CROSS SECTION FOR THE REACTION 

+ 	- 
Kp-3K + ,t + p AT9GeV/c 

A. Experimental Details 

The experiments were carrièd,out in the Brookhaven National Laboratory 

80-inch hydrogen bubble chamber exposed to a k.6-GeV/c and a 9-GeV/c rf-

separated 	beam at the Alternating Gradient Synchrotron (AGS). There 

were about 30,000 and 200,000 exposures taken for, the 4.6- and 9-GeV/c 

experiments respectively. The events from both experiments were measured 

on the Lawrence Radiation Laboratory Flying-Spot Digitizer (FSD) and 

remeasurements were carried out on the conventional digitizing machine 

(Franckenstein). 

1. Kp at 4.6 GeV/c 

The K beam momentum was 4600±40 MeV at the entrance to the bubble 

chamber. .A beamtrack was defined as one with a measuredmomentum within., 

three standard deviations of 1600 MeV, 1 e 3meas)2 + 	beam 2  

The np 	was the measured error of the momentum and Ap 	= ± 	MeV. meas 	 beam 

For a beam track event, the coordinates of the main vertex (x ) y,z) 

were constrained to lie inside the interaction fiducial volume: 

- 63.8 - O.48z 	x 	38.53 + 0.0345z cm, 

- 9.5 - 0.209z 0 i9i y0 	25.0 cm, and 

-3.0z 
0 	

66.0 cm. 

The K+  beam is approximately parallel to the x direction. For .events 

with an associated v 	4.  he decay vertex (x,y,z) is further restricted 

to lie within a decay fiducial volume: 
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• 	-63.8 - 	x 	51.5 cm, 

	

- 25.0 y 
	

25.0cm, and 

5.0 z 60.0 cm .  

If an event failed to satisfy the above criteria it was rejected. 

Other sources of rejects, were: frame number errors, unreadable data boxes, 

immeasurable tracks due to chamber distortion, film damage, etc. To accept 

an event, ,two criteria had to be satisfied: The X 2  of the fit had to be 

within the 1% confidence level, and the observed ionization had to be 

consistent with the fitted momentum and the mass assiment for.each 

track. . The geometric reconstruction and the kinematical fitting of the 

events were performed through the program PACKAGE. To analyze the accepted 

events, the program CHAOS was used at various stages: calculating the 

kinematical variables interested, selecting events under particular 

kinematic criteria, and making histograms and scatter plots, etc. 

2. Kp at 9 GeV/c 

The 9-GeV/c experiment consists of two runs with about 100,000 expo-

sures for each. The K+  beam momentum at the entrance to the chamber was 

9000±65 MeV for the first run and 8950±65 MeV for the second rim. A 

beam track was defined as one with a measured momentum within three 

standard deviations of 9000 and 8950 MeV respectively for the two runs. 

The interaction fiducial volume was defined as  

- 100.0 x0  100.0 cm, 

- 40.0 y0  40.0 cm, and 

-3.0z 	66.0cm. 
0 

For these events with a flVtt,  a decay fiducial volume was defined 

for the decay vertex (x,y,z) as 	 ' 	. . 
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- 9O.Ox0 5O.Ocm, 

-23.Oy0 23.Octn,and 

0.0z50.0cm. 

The reject and acceptance criteria for the, events were the same as those 

described in the preceding section for the 4.6-GeV/c experiment. The 

geometric reconstruction and the kinematical fitting of the events were 

performed through SIOUX and the data analysis by CHAOS. 

B. The Cross Section for the Reaction Kp -4  Kititp at 9 GeV/c 

Normalizing to the .K+p  total cross section, the cross section for 

the reaction 

+ 	++ 
K p -4 K it

- 
 it p at 9 GeV/c .. 	 . 	 ( 11-1) 

can be written as 

a=cy 	, 	 (11-2). T N T 

where a
T  is the Kp total cross section at 9 GeV/c, and NT  and N are the 

total number of events and the number of events fitted as K+it + final 

state in an unbiased sample. To determine the cross section of the 

reaction (11-1), we rescanned three rolls of film and fitted those four-

prong and four-prong-with-a-"V" events. Comparing the events from the 

rescan with the results of the first scan and the old measurements, we 

found 2211 events in gross total, of which 182 events were newly found 

and 120 events were found with a possible wrong event type assighment  

in the old (the first and the second) measurements. The latter included 

all the four-prong and four- prong- wi th- a- "V" events that were not fitted 	. . 

and some six-prong and two-prong events that might be assigned wrong. 

The results of the three measurements are suimxiarized in the following 

table. 
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Results of the measurements for the events of. event type 140•a 

Failed in K jt it p 	iC-fits and Accepted 
geometrical 

-C-fits 	MM events 	events 	reconstruction 

(FsD) 	 54 	375 	29 	 26 

2nd measurement  
(FsD) 	 20 49 69 203 

3rd measurement 	
26 138 164 71 

(Franckenstein) 

Results after 	
100 three measurements  562 662 74 

aEvent type 40 refers to four-prong events with no sudden change of 

curvatureof any track. 

After the third measurement we found that among the 40's there are 

17 rejects and 23 events that do not fit as Kit it p 4C-fits or iC-fits 

but have a missing mass less than 300 MeV. There were 21 events of the 

latter category after the second FD measurement. But from the third 

(Franckenstein) measurement, 10 of them remain in the same category, 

another 10 of them either are fitted as iC-fits or have a missing mass 

greater than 300 MeV, and one of them is fitted as the Kit itp final 

state. 

Events from other topologies, e.g., -I--prong-with-a-"V" and 4-prong 

with one of the tracks decaying, may also fit as the Kit tp final state 

because of wrong assignment of V or that K + or it 
+
decay. There were 120 

events of this category remeasured in the third (Franckenstein) measure-

ment; 4 of them were fitted as the Ki(irp final state, li- of them failed 

the geometrical reconstruction, and 102 of them were fitted as final states 

other than the Kit itp final state. 



Based on the above information we found the cross section in the 

following steps: 

i) There were 100 + 562 + 23 + 74 + 17 = 776 "40 1 s" of which 100 events 

were KtT+p 1.C-fits, 17 events were rejects, and 23 + 74 = 97 events 

were unresolved. 

We assumed that rejects .were independent of topology. Based on the 

reject rate of 11.0's, we corrected the total numberas 

1T = 2211 - 2211 x 	2162.6 . 	 (11-3) 
777 

The number of Kg itp 4C-fits was equal to 

N = 100 + 711. X 	+ 23 X 	± 11. + 111. x 	116.8 . 	( 11-4) 

contribution from 40's 	contribution from non-40's 

We assumed that the errors in N and NT  were purely statistical. 

Based on NT = 2162.6±11.6.11., N = 116.8±10.8, and aT = 17.3±0.2 mb,we 

found that the cross section for the reaction Kp -3  K7ritp at 9 GeV/c 

was 

a =0.9±0.18 mb  

The Kp total cross section at 9 0eV/c, a, was estimated from the existing 

data points between 8GeV/c and 10 GeV/c in Ref. 13. 

Based on a total of 7555 events of the Kit icp final state in the 

whole experiment, one finds that this cross section corresponds to approxi-

mately 8 events/p.b. 

The error of the cross section given in (11-5) is quite large because 

both N and NT  are small numbers and their statistical error is large. An 

alternative method for reducing the error of the cross section is to use 

the information available in a larger sample and assume that the correc-

tion made in (11-3) and (11-4) is true even for the larger sample. 
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Consider an unbiased sample and let N and NT  be the total number of events 

before and after the correction, N 0  and N)0  be the number of 40's before 

and after the correction, and N' and N be the number of the K c  jt+p  

fits before and after the correction. Write 

NT = N(1 + CT) 	and 	N = N'(l + c) .• 	 (11-6) 

From (II3)  and (11_4) we obtain 

CT =
17 	 (Il-ia) 777  

74 	121 7-4. 	5.65 
102 	 N' 

7)4 
T T(72 .  ± 100 	 Il-Tb 

The last step of Eq. (li-Tb)  was to replace N' by 100, since 7.67 events 

is the correction for N' =100. By treating the numerator and denominator 

of each fraction in Eq. (11-7) as independent numbers and considering 

the statistical errOr in each independent number, we obtain the error 

in C and 	namely LC = 0 .137 and nC = 0.005. Re-express Eq. (u-i) 

as 
IN  

a = aT 	: 	= ( 	
aT 	: 	 (n-8) 

From a large unbiased sample, we found that N )0  = 33891 and •N' = 3690. 

Substitute these numbers in the first factor in Eq. (11-8) and use 

N10  = 776 and N = 2211 (found in the three rolls rescanned) in the 

second factor in (11-8). We obtain 

a
3

3690 
) X 22fl X 17.3  x 	0.79 mb 

	

Neglect the error introduced by 
' iijiarge sample 

x 	
rolls rescanned 

and consider the error introduced by aT,  C, and. CT  only; we obtain 

Zii = 0.09 mb. Therefore the cross section for the 	channel at 9 

GeV/c is 
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a = 0.79±0.09 nib 	. 	 (11-9) 

Comparing this result with what we obtained earlier (based on three 

rolls of film), we found that the values of the cross section, a, in the 

two cases are comparable and within errors they are consistent. The new -• 

error given in Eq.. (11-9) has been reduced by a factor of 2 as compared 

with the old result [Eq.. (11-5)]. 

For a total of 7555 K ' ititp C-fits we found that the cross section 

given in Eq. (11-9) corresponds to approximately 9.6 events/rib. 

We adopt the value given in (11-9) as the cross section for the 

+ 	+-+ 
reaction K p -' K it it p at 9 GeV/c. 
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FIGURE CAPTIONS 

Fig. 1. (a) The exchange diagram for the reaction Kp -4 Kit36. 

(b) The Gottfried-.Jackson frame for the Kit system. 

Fig. 2. Triangle plot, M(Kit) vs M(pir), for the 9-GeV/c data. 

Fig. 3. (a) M(Ki() and (b) M(pi) projections of Fig. 2. 

Fig. 1. Triangle plot, M(Kt) vs M(pg), for the 1 .6-GeV/c data. 

Fig. 5. (a) M(Kit) and (b) M(n) projections ofFig. . 

Fig. 6. Dalitz plots for the K g 6 channel at 9 GeV/c with (a) no It'I 
cut and (b) It'I < 0.1 (GeV/c) 2 . 

Fig. 7. (a) M(K() and (b)M(At) spectra for the 	channel 

at 9 GeV/c. 

Fig. 8. Dalitz plots for the 	channel at 14.6 GeV/c with (a) no 

It'I ut and (b) It'I < 0.3 (GV/c)2 . 

Fig. 9. (a) M(Ktt) and (b) M(7() spectra for the K A A channel 

at 4.6 GeV/c. 

Fig. 10. M(K) vs (a) P 	(b) Re p31, and (c) Re p31  for the 

in the'~236 channel at 9 GeV/c.. 

Fig. 11. M(K) vs (a) p33, (b) Re p31, and (c) Re P3, _ 1  for the 

in the KA1236  channel at 4.6 0eV/c. 

Fig. 12. Dalitz plots for the K 0  g p channel at 9 0eV/c with (a) no 

cut and (b) It'I <0.3 (0eV/c) 2 . 

Fig. 13. (a) M(pir) and (b) M(Y*o 	spectra for the K 0irp channel 

at 9 0eV/c. 

Fig. 14. Dalitz plots for the K 0 tp channel at 4.6 0eV/c with (a) no - 

Jt'I cut and (b) It'! < 0.3 (0eV/c)2 . 

Fig. 15. (a) M(pr) and (b) M(K 0it) spectra for the K 0 tp channel 

at 4.6 GeV/c. 
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Fig. 16. M(p) vs (a) p00, (b) Rep10, nd (c) p11  for the 	 go 
*0 + 	 / 

in the K890 t p channel at .9 GeV/c. 

Fig. 17.  M(p) vs (a) Po,o, () Re 
•1,0 

 and (c) P 	for the 890 

in the K °  it p channel at 4.6 GeV/c. 	 . 
.890 

Fig. 18. . Dalitz plots for the K 20 p channel at 9 GeV/c with (a) no 

!t'I cut and (b) t' 	0.3 (GeV/c) 2 .. 

Fig. 19. (a) M(p) and (b) M(K2dir)  mass spectra for the K 20 p 

channel at 9 GeV/c. 

Fig. 20. Dalitz plots for the K 20icp channel at !i..6 GeV/c with (a) no 14 

It'I cut and (b) It'I 	0.3 (GeV/c) 2 . 

Fig. 21. (a) M(pt + ) and (b) M(K
*0 	

) mass spectra for the K
*0 + 

1203t
+

1)1.20 t p 

channel at 4.6 GeV/c. 

Fig. 22. (a) A double-Regge-pole-exchange diagram associated with the 

low 	enhancement (for the K+lt + channel). (b) A single-exchange 

diagram for K resonance productions (for the KT 	channel). 

Fig. 23. It' I distributions for the events in the .K 0  region in the 

K 036  channel at 9 GeV/c. (a) All events in the K 0  region, 

(b) cos O(Kc) < - 0.5, (c) cos e(Kr:) 	0.5, and (d) - 0.5 

cos O(Kit) < 0.5. 

Fig. 24. It'I distributions for the events in the K690 1region in the 

36  channel at 11.6 0eV/c. (a) All events in the 	region, K0/ 
	 890 

cos e(K) < —0.5, and (c) cos e(Kt() 	0.. 

Fig. 25. cos e(K) vs p(Ktt) decay angular correlation plots for the 

events in theK 036  channel at 9 GeV/c with (a) It'I <0.1 (0eV/c) 2  

and It'I >0.1 (0eV/c) 2 . 	 . 

Fig. 26. (a) cos e(K) and (b) cp(Ki() projections of Fig. 25a,  and 

cos O(Kit) and (d) p(Kc) projections of Fig. 25b. 
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Fig. 27. cos 	vs 	decay angular correlation plots for the 

events inthe K 036. channel at 4.6 GeV/c with (a) itt I < 0.07 

(GeV/c) 2  and (b) It'I >0.07 (0eV/c) 2 . 

Fig. 28. (a) cos e(K) and (b) p(Kt) projections of Fig. 274, and 

(c) cos e(Kt) and (d) cp(Kt) projections of Fig. 27b. 

Fig. 29. Spin density matrix elements (a) p 0,01(b) 	and (c) Re P1,0  

for the.K 0  as a function of It'I in theK890A1236  cha.nnel at 9 GéV/c. 

Fig 30 The cr for the K 0  as a function It' J in the K 0A 36  channel 

at 9GeV/c. 

Fig. 31. Spin density matrix elements (a) p00, (b) Re c1,0.  and (c) 

for the K 0  as a ftmction of t' in theK 036  channel at 4.6 GeV/c. 

Fig 32 	(a) 2a and (b) 2j for the K 0  as a ft.nction It I in the 

K890& 236 channel at 14.6 GeV/c. 

Fig. 33. The coefficients of the expansion Z a cos 9n(K+) for the 

events in the K 0  region for the 9-GeV/c data with cos e(Kt) < 0.5; 

(a) a0 , (b) a1, and (c) a2 . 

Fig. 34. The coefficients of the expansion 	a cos e'1(K) for the 

events in the K 0  region for the 4.6-GeV/c data with no cut in 

cos e(Kt); (a) a, (b) a1, and (c) a2 . 

Fig. 35. Spin density matrix eiements(ä) p 	, (b) Re P 3, 1, and (c) Re P -1 

for the Kg 036  events from the 9-GeV/c data as a function of itt I. 
Fig. 36. Spin density matrix elements (a) i3,3.  (b) Re P3,1. and (c) Re 

for theK 036  events from the !l-.6-0ev/c data as a function of Jt'. 

Fig. 37. The It'J distributions for the events in the K 20i36 channel 

from (a) the 9-GeV/c and (b) the 4.6-GeV/c data. 

Fig. 38. The cos e(K() vs (Kn) decay angular correlation plots for 

the events in the K 2036  channel at 9GeV/c with (a) It'I <0.1 

(GeV/c) 2  and (b) Itl  >0.1 (0eV/c)2. 



Fig. 39. The cos e(K) vs Ki) decay angular correlation plots for 

the events in the K 2036  channel at 4.6 GeV/c with (a) It'I <0.07 

(GeV/c) 2  and (b) It' I > 0.07 (GeV/c) 2 . 

Fig. 40. (a) The cos O(Ki() and (b) the cp(Kt) projectionsof Fig. 
- 38a and (c) the cos e(K

+ 
 t ) and (a) the cp(K t ) projections of Fig. 

38b. The curve shown in Fig. 40a is a fit to the Legendre polynomial 
4 	 + 

2Z0  aP(cos e(K it)). 

Fig. 41. (a) The cos O(Kt() and (b) the cp(Ki() projections of Fig. 39a, 

and (c) the cos e(Kt() and (a) the cp(Kic) projections of Fig. 39b. 

Fig. 42. The cos e(K) distribution for all the events in the K 2036  

channel at 4.6 GeV/c. 

Fig. 43. Spin density matrix elements for the p ++ 1236 in the K 
*0 ++ 
1420& 36 

channel at 9 GeV/c, (a) p 3,3  (b) Re p31, and (c) Re p 

Fig. 44. Spin density matrix elements for the & 	in the K 	

++31-1 

36 	1420& 236 

channel at 4.6 GeV/c; (a) 	(b) Re p3,] and (c) Rep31 . 

Fig. 45. M(p) vs cos e(p) for the events in (a) the K 0  and (b) the 

K1420  regions from the 9-GeV/c data. 

Fig. 46. M(pc) vs cos e(p) for the events in (a) the K 0  and (b) the 

K 20  regions from the 4.6-GeV/c data. 

Fig. 47. M(Ki) vs the forward-backward asymmetry (F-B)/(F+B) plot for 

the Kit system in the Ktt 	channel at 9 GeV/c. 

Fig. 48. The It'J distributions for the events in the KL 	channel 

at 9 GeV/c with the criteria (a) all events with M(Kic) < 1.54 0eV, 

(b) cos O(Kit) < 0.5 and M(Kit) < 1.54 0ev, (c) cos e(K) 	0.5 

and M(K,t) < 1.54 0eV, and (d) cos O(Kit) 	0.5 and M(K - ) 

1.54 .0eV. Actually most of the events with M(Ktt) > 1.54 0eV are 

in the forward cos e(K) region. (e) The same jt'J distribution 

as Fig. 48a with a large scale. 
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Fig. 49. The It'I distributions for the events in the Ktr 	channel 

at 1+.6 GeV/c with the criteria (a) all the events, (b) cos e(Ki) < 

0.5, and (c) cos e(Kt) 	o.. 

Fig. 50. M(K) vs cos o(K) plots for the events in the 

channel at 9GeV/c with (a) Ithi < 0.1 (Ge\t/c) 2  and (b) t' 	0.1 

Fig. 51. M(KttT) vs p(Kt) plots for the events in the 	channel 

at 9 GeV/c with (a) It'l <0.1 (GeV/c) 2  and (b) Jt'J 	0.1, (GeV/c) 2 . 

Fig. 52. M(Kic) vs cos e(K - ) plots for the events in the 

channel at 4.6 GeV/c with (a) It' I < 0.07 (GeV/c) 2  and (b) It' 

0.07 (GeV/c) 2 . 

Fig. 53. M(K) vs (K) plots for the events in the 	channel 

at 4.6 GeV/c with (a) It'I <0.07 (GeV/c) 2  and (b) It'I ? 0.07 (0eV/c) 2 . 

Fig. 5. M(Kt) vs () and Re (Y) for the Kr systeth in the 

channel at 9 GeV/c with It' I < 0.1 (0eV/c) 2  and with (a) L = 1, 

(b) L = 2, (c) L 	3, (a) L = 1, (e) L •= 5, and (f) L = 6. 

Fig. 55. M(K
+ 	 • t-. 

) vs 	0 and Re 	1 for the K
+ 

Tt- system in the K i 

channel at 4.6 GeV/c with It'I .< 0.3 (GeV/c) 2  and with (a) L = 1 1  

(b) L = 2, (c) L = 3, (d) L = , (e) L = 5, and (f) L = 6. 

Fig. 56. The Kit mass distributions for the 	channel at 9 GeV/c 

with It'I <0.1 (0eV/c) 2  and (a) cos e(K) 	0.8, (b) 0 	cos e(K) 

< 0.85, and (c) cos e(Kt) 

Fig. 57. The K r mass distributions for the K 
+ 

c
- L ++  channel at 4.6 

0eV/c with It'I <0.07 (0eV/c) 2  and (a) cos e(K) 	0.85, (b) 

0 cos O(Kt() < 0.85, and (c) cos O(Ki) 	0. 

Fig. 58. Superpositions of the corresponding Kic mass distributions of 

Figs. 56 and 57, namely, (a) Figs. 56a and 57a, (b) Figs. 56b and 57b, 

and (c) Figs. 56c and 57c. 
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Fig. 59. The K 	mass distributions for the events in the 	channel 

at 9GeV/c with the cuts (a) no It'I cut, (b),It't <0.1 (GeV/c) 2  and 

(c) It'I 	0.1 (GeV/c)2 . The shaded portion of the histogram corre- 

.sponds to the events in the It'J region with cos 6(Kit) < O.. 

Fig.60. The K A mass distributi9n for the events in the 	channel 

at 9GeV/c with jt'I 	0.05 (GeV/c) 2 andèos e(K) <0. 	. 

Fig. 61. The 	mass distrIbutions for the events in the KitAchanne1 

at 4 .6 GeV/c with. the cuts (a) no I' cut, (b) tt'I <.0.07 (GeV/c) 2 , 

and (c) t' 	0.07 (GeV/á) 2 . 	 . 
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