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K+D INTERACTIONS AT 12 GeV /c 

David Arie Lis sauer 

(Ph. D. Thesis) 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 94 720 

May 20, 1971 

ABSTRACT 

We have. studied the following reactions in a deuterium-filled 

bubble chamber exposed to a 12-GeV /c K+ meson beam: 

K+n _. K 0p 163 events (1) 

+ + -Kn-Krrp 6454 events (2) 

+ 0 + -Kn-Krrrrp 865 events (3) 

K+D-+ K+ rr+ rr -D 5834 events ( 4) 

K+D _. K 0rr+D 133 events ( 5) 

We measured the differential cross section for the charge 
) 

exchange reaction K+ n-. K 0p and found that the forward amplitude 

is mainly real, the differential cross section equals that for the 

K-p _. K0n charge exchange reaction, and the differential cross 

section agrees well with the prediction of the Regge pole model of 

Rarita and Schwarzchild. 

+ + -The reaction K n _. K rr p was found to be dominated by. 

* * K (890), K ( 142-0) production. Evidence is presented for the 

existence of: a) a possible enhancement at M(Krr) z 1250 MeV 

with an angular distribution consistent with a spin parity 

p + - * J =0 or1; b)K (1380)resonancewithMz1380MeV, 
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r < 150 MeV, with spin parity 0+ if produced by pion exchange, but. 

p- + - . +. ' 
J = 1 or 2 cannot be ruled out; c) structure in, the K , 'TT system 

at a ma_ss near 1.85 GeV. On:e interpretation of the observation is 
-

p - * . the production by pion exchange -of a J = 3 K resonance at about 
I 

this mass, which interferes strongly with other processes. 

The coherent· reaction K+D-+ K+'TT+ 71' -Dis dominated by a+ 

production. Evidence for structure in the a+ ·region is presented. 

Assuming two resonances are present, the result can be interpreted 

as the mixing of two Jp = 1 + K* states. We have also studied n*++ 

and L produced in the same f~al state. 

The reaction K+·D:.,. K 0'TT + D is dominated by K*.(890) produced 

by v.ector exchange. 
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I. INTRODUCTION 

The SLAC 82" bubble chamber was exposed to an rf-separated 

+ 1 
K meson beam. · Resolution in beam momentum to within 

b. p /p = ± .2% was achieved by using known correlations between 

beam momentum and transverse position in the chamber. Approxi-

mately 500, 000 exposures were taken and analyzed. Experimental 

details and cross section calculations are given in the Appendix. 

The experiment was intended to study in detail both K+ d coherent 

+ 
reactions and K n charge exchange reactions. If it is desired to 

study neutron interactions, the lack of stable free neutrons must be '-

overcome by obtaining data from bound neutrons. Usually the 

deuteron, a system of a loosely bound proton and neutron, is used. 

The problems arising from relative motion of the two nucleons and 

difficulties of analysis and interpretation are discus sed in Chapter II. 

Coherent reactions are of special interest since 'the deuteron is in 

an I = 0 state, and if the reaction is coherent, it will allow only I 

= 0 exchange in the t channel. 

In this paper we report the results of the reactions: 

K+ d-+K0pp 189 events (1) 

+ + -K d-+K 71' pp 6784 events ( 2) 

+ 0 + -K d-+K 71' 11' pp 949 events ( 3) 

+ + + -K d-+K 1T 1T d 5834 events ( 4) 

+ 0 + K d-+K 1T d 133 events (5) 

The elastic charge exchange reaction K+ n-+K 0p offers an 

opportunity for detailed study of the problems of p-A
2 

exchange 

degeneracy and the validity of Regge pole approximation to the 

scattering amplitudes. While this reaction has been studied 

extensively up to 5.5 GeV /c, little has been reported at higher 
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momenta. We have measured the differential cross section for this 

, - -o 
reaction and found it to be equal to that of K p-+K n charge exchange 

reactions, which supports the notion of exchange degeneracy. 

In the nonelastic charge exchange reactions we have found reaction-

.); * * (2) to be dominated by K"'(890) and K (1420) production. K (890) 

production can be described well by an 0. P. E. model proposed by 

G .. Abrams and U. Maor. (21 ) We have found evidence for additional 

structure in the K+1r mass spectrum: 

+ -a) At M(K 1r ):::: 1250 MeV we found evidence for a possible enhance-

ment; if interpreted as a resonance and if pion exchange is assumed, 

spin parity values of Jp = 0+ or 1- are indicated. 

b) At M(K+ 1T -):::: 1380 MeV we found evidence for a resonance with 

r< 150 MeV and Jp = 0 + if produced by pion exchange, but Jp = 1-, 

2 + cann'ot be eliminated. 

+ -c) At M(K 1T ) :::: 1850 MeV there was evidence for a broad mass 

enhancement. The angular distribution requires the presence of 
p 

more than one J state. On the assumption of pion exchange the 

highest Jp 'value required is Jp = 3-. 

We have also determined the intensities for K(1420) decay into 

* * K (890)1T and Kp and found the K (1420) branching ratios to be in 

agreement with SU 
3 

predictions. 

The coherent reaction K+D-+K+7T+1T-D is dominated by low K1r1r 

+ ' 
mass, Q product~on. The Q + has I= 1/2, and spin parity Jp = 1 +. 

+ We show that the Q can be described in terms of two Breit-Wigners. 

The fact that two mesons are produced off the deuteron supports the 

notion of K>'o< mixing. The D1r mass is dominated by n*++ production. 

*++. We show evidence that D 1s not a resonance but probably the 

result of nucleon recombination for the reaction K+ d-+K+ 1T- .6-++n. 
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+ .. . 
We find that the L produced in this reaction is associated with low 

+ D1r mass. 
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II. THE DEUTERON TARGET 

The bubble chamber was filled with deuterium because of the need 

for a pure I = 0 target to study coherent reactions and for a neutron 

target to study charge exchange reactions. The deuteron is a lightly 

bound composite of a proton and a neutron predominantly in the 

S-wave, J spin 1 state. (2 ) The deuteron binding energy is 2.2 MeV; 

thus it can easily break up in a collision into a proton and a neutron. 

Reactions where the deuteron does not break up are called coherent 

and are characterized by steep momentum transfer distributions. 

Reactions where two protons are present in the final state are called 

charge exchange reactions. In this chapter we will discuss (1) some 

important effects which must be considered when using a neutron as 

the target particle and (2) the problems of identifying coherent re-

actions on a deuteron. 
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A. The Hulth~n Wave Function and the Spectator 

Momentum Distribution 

The deuteron is a bound state of a proton and a neutron. The 

nuclear forces binding the nucleon together are presumed to be due 

to the exchange of virtual pions. Solving Schroedinger's equation 

with a suitable potential provides us with a wave function describing 

the radial distribution of the nucleons in the deuteron. Such a 

function was proposed by Hulthen. {3) The function is 

ljJ (r) = N (e-ar -e -!3r )/r 

Using the normalization condition 

f 2 2 ll\J ·( r) l r dr = 1 

we get 
2 

N = 2a!3(a+!3)/(a-!3)2 

where 
r = the separation between the two nucleons, 

-1 . . . 
a = 4.5 MeV = (4.33 fermi) = "\/'2 1-1 Bl 

+ 
1-1 = deuteron reduced mass 1/p. = 1/M 1/M , p n 

!3 = deuteron binding energy :::::2.2 MeV. 

For the value of !3, we use 7 as taken by Gluckstern and Bethe. (
4

) 

Other values of !3 are used in the literature. For example, !3 = 

5.18 is used by Morovcsik. (5) But the features of the expected 

physical distributions ar~ not very sensitive to the· value of !3. 

The Fourier transformations of 4J( r) give us the momentum space 

wave function <j>(p) of the deuteron. 

<j>(p) is calculated to be 

where 

p 2 <j>(p) = cp 2 [ -.....--1---­
(pz + a2) 

f 2 2 
<j> (p)p dp = 1 
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In Fig. 1a we show the curve for the expected nucleon separation 

2 2 . 
r 4; (r) in the deuteron. In Fig.1b we show the expected momentum 

distribution for the nucleons in the deuteron, p
2 

<j>(p). 

Th d d . "b t• 2 2 d e expecte momentum 1str1 u 1on p <j> (p) can be measure 

experimentally to the extent that the impulse approximation is valid 

+ for K d collisions. The assumption here is that the spectator 

nucleon emerges from the deuteron after the collision with the same 

momentum as it had in the' deuteron just before the collision. 

+ 0 + + -For the charge exchange reactions K d _,. K pp, K d _,. K n pp, 

+ 0 + - . and K d _,. K 7T n pp, the slower proton is assumed to be the 

spectator proton and the faster proton the recoil nucleon. For odd 

prong events, events with an invisible spectator, a four -constraint 

fit was made by assigning the invisible spectator a zero initial 

momentum and an error of L!!.p = D. p = 30 MeV /c, D.p = 40 MeV /c. · y X Z 

All events .which fit this hypothesis with chi-square probability 

greater than .1% were accepted. 

In Figs. 2a, b, c, we ·show the spectator momentum distribution 

+ o + +- + o+-for the reactions K d ._ K pp, K d _,. K 1T pp, and K d-+ K 1T 1T pp 

respectively. In all distributions we see fair agreement with 

theoretical predictions for P < 300 MeV /c. The deviation at .low s 

P is attributed to the kinematic fitting procedure which starts the 
s 

spectator momentum at zero. The excess of events with P > 300 
s 

MeV /c can be explained by one or more of the following conjectures: 

(a) double scattering; rescattering of one of the final state 

particles with a spectator nucleon. 

(b) inadequacy of the H11lthen ~ave function. 
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B. Flux Factor, Spectator-Beam Angle, and c. m. Energy 

If an unpolarized deuteron target were to decay spontaneously 

into two nucleons, this decay would be isotropic about any fixed axis 

in the laboratory. In the framework of a spectator model, the 

spectator proton acts just as if it were the result of a decay. The 

isotropy of the spectator is therefor a test of the model. 

There are several reasons why we can expect deviations from 

the above prediction. The statement fails to consider the fact that 

when the target particle is moving against the beam particle, it has 

a greater flux than when it moves away from the beam particle. Since 

the spectator has its momentum vector opposite to the target nucleon, 

this means that we would expect to have more events with cos > 0 than 

with cos< 0. To the first order, one can write the differential cross 

section normalized to the total eros s section as 

dCJ = 
dt 

(J 

0 

2 
~ 
f3(k) 

cose] 

where f3(n), f3(k) are the velocities of the target nucleon and the incom­

ing K+ meson respectively, and e is the angle between the nucleon and 

the beam direction in the laboratory system (b). It is clear that as the 

beam momentum increases this effect becomes very small. At 

12 GeV /c the relationship predicts a forward/backward ratio of 

spectator nucleons averaged over spectator momentum to be 1.01. 

The effect is more important at lower incident momenta a.nd higher 

internal momenta. 

It is also possible that scanning efficiency and measuring efficiency 

and measuring efficiency for short-recoil protons are not uniform. 

In Fig. 3a, b, c we show the angle between the beam and the 

+ 0 + + spectator proton for events in final states K d -+ K pp, K d -+ K 1T 
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+ . + -
and K d-+ K 0 rr rr pp. The angular distributions for all final states are 

consistent with being flat. The small excess of events at cos() = ± 1 is 

. attributed to the fact that heavily dipped tracks (cos() ::::: 0) have smaller 

scanning efficiency. These events will be classified as three-prong 

· events but will be rejected in kinematic fit if the recoil track has too 

large a momentum. 

An important effect arising from the motion of the nucleon in the 

deuteron is the smearing of the c. m. energy distribution. The c. m. 

energy for a 12-GeV /c K+ incident o~ a nucleon is 4.85. If the target 

nucleon has a momentum of 60 MeV /c in the same or opposite direction 

as the beam, the energy changes to 4.4 and 5.2 respectively. This 

energy shift is responsible for the fact that interactions on the neutron 

do not have unique Chew-Low boundaries or Dalitz plot boundaries. 

This smearing effect is important if one wants to study the possibility 

of turnover of differential cross section in the forward direction or 

phenomena which have a strong energy dependence. 
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C. Pauli Exclusion Principle 

After a charge exchange interaction on a neutron there are two 

protons in the final state. The deuteron is a proton-neutron inan 

S-wave (ignoring the small D-wave (ignoring the small D-wave 

component) spin-1 configuration .. In this configuration the spin 

component of the wave function is synunetric, and it is forbidden 

by the Pauli exclusion principle for identical formations; i.e, , two 

protons. Thus we can see that at the limit of no momentum trans-

fer, such charge exchange collisions cannot occur without a spin-

flip on the nucleon. 

The effect of the Pauli exclusion principle on charge exchange 

reactions of a neutron has been calculated for the reaction 

+ 0 (7 8) 
K d - K pp to be ' 

d<T I . 
dt KD-Kopp 

( 1) 

where d<T I d<T I 
dt ' dt 

are the differential cross sections for spin-
nf f 

nonflig and spin-flip on a free neutron. Here H(q) is given by 

--
H(q) = S \jJ~\t) e -iq.r \jJ(r) dr 

where 4(r) is the deuteron wave function and q = p or I q lz ~ , 

where t is the four-momentum transfer squared. · If we use the 

Hulthen wave function to evaluate H(q) we get( 7) 

In Fig. 4a we show the expected value of H(t) as a function of t, and 

1 
in Fig. 4b we plot 1 ~H(t) versus t. From Fig. 4a we note that H(t) 
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is substantially different from zero only for. -t < .1 (GeV/c) 2 and it 

is only in this range that Pauli exclusion is important. We also 

show the initial tangent and a chord to the curve H(t) versus t. 

-5 6t -22t 
They can be approximated by e and e' respectively. 

The derivation of Eq. ( 1) uses the closure approximation to eval-

uate the correlation factor H(t). In an interaction at t = 0, H(t) = 1, 

the final state protons have the same orbitftl angular momenta as 

did the neutron and proton inthe initial state (I = 0). The deuteron 

is in a J = 1, S = 1 state. If there were no spin-flip on the nucleon, 

the total spin of the two protons would still be S = 1, J = 1, L = 0. 

But the Pauli exclusion principle forbids such a state. Therefore 

the spin-nonflip amplitude should vanish at t = 0. For the case 

where there was a spin-flip at the nucleon vertex, when we start an 

unpolarized deuteron, (
3

S 
1
), there are thre~ possible configurations. 

They are .(a) up-up, (b) down-down, and (c) up-down. Clearly (a) 

and (b) after a spin-flip will have an up-dowri configuration which 

can be an S = 0 state, which is allowed. But if the initial state was 

up-down, the final state will be an S = 1 state, and this would not be 

allowed. 

To correct for the deuteron effect, one must know the relative 

size of spin-flip and spin-nonflip cross sections. In practice it is 

necessary to get this ratio from model-dependent predictions. 
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D. Glauber Screening 

If we imagine that the target deuteron is composed of two nucleons 

which are considered to be tiny spheres packed close together, then 

the spheres will line up behind each other part of the time and thus 

reduce the effective cross section. In 1955 Glauber derived the 

expression to explain this effect. The expression is 

+ + + 2 
a(K d) = a(K n) + a(K p) - a{Kp)a{Kn)/4rr(:.; ) 

2 
where (r ) is the average separation between two nucleons. 

In 1966 .Willkins {11 ) derived a modified formula which exhibits 

charge independence. His correction terms became 

a{Kp)a{Kn) - ~. r(Kp)- a(Kn)] 
2
/4rr(r

2
) 

( 1 O) 
Clearly, at our energy a(Kp) ::::: a(Kn) and hence the two formulae 

are identical. 

1 
A value for ( ; 2 ) was calculated considering two nucleons to be 

black spheres with geometrical cross sections 

The correction at our energy is of the order 

a{K+n)a(K+p) [ + + ~ 
-----,-2-- / a (K p) + a (K n) 

4rr ( r ) . 
:::: 4 o/o. 

It is not known how this defect is to be apportioned between the 

various channels, but it seems implausible that the effect would differ 

much from channel to channel; 
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E. Identifying Coherent Deuteron Events 

Events which correspond to those reactions in which the deuteron 

remains intact after the collision are called coherent deuteron 

events. In thl.s experiment we have studied the two coherent 

deuteron- reactions, K+ d-+ Ka,/ d and K+ d-+ K+ ,/ Tr- d. As a result 
I . 

of the low binding energy o~ the deuteron, coherent deuteron 

reactions are characterized by a v-ery steep momentum tra~sfer 

distribution. Since the deuteron must have a minimum momentum 

' 
of 110- MeV /c in order to be detected in the bubble chamber, a good. 

fraction of the coherent events at low momentum transfer will have 

an invisible deuteron. The events with a visible deuteron in the 

final state will generally also make the corresponding one-con~traint 

fit with a proton and neutron in the final state rather than a deuteron; 

i.e._, + o+ + ++-K d -+ K Tr pn and K d -+ K Tr Tr pn. If the event is not 

coherent,- the deuteron breaks up and we would expect to find no 

strong correlation between neutron and proton direction. Further-

more, the invariant mass of the proton and neutron should likewise 

display no sharp enhancement near the deuteron mass. If, however, 

the event is really a coherent event, we would expect the proton and 

neutron directions to be nearly the same. Also, the invariant mass 

of the proton and ne'\,ltron should be enhanced near the deuteron mass. 

In Fig. 5a we show the invariant mass of the p,n in 1-l\.feV bins 

for all events satisfying the hypothesis K+ d- K 0
Tr + pn. The shaded 

region represents the subsample which also fits the four-constraint 

deuteron hypothesis. In Fig. 5b we show the p, n mass for all events 

t . f . h h h . +d + + -sa 1s y1ng t e ypot es1s K -+ K ,Tr Tr pn. 

Tp_e shaded region again represents those events which also fit the 
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+ + + -reaction K D-+ K 7r n D. In both reactions we note that the spike 

full width at half maximum (FWHM}::::: 2MeVnear the minimum p,n 

mass is due entirely to the coherent.events. In Fig. 6a, b we show 

the distribution _in cos8for the reactions K+D -+ K 0n+pn, 

K+ d-+ K+ n + n-pn.(Here 8 is defined as the angle between the proton 

and the neutron in the laboratory frame.) The shaded regions 

correspond to the subsample satisfying the corresponding coherent 

reaction. We note that, as expected, the coherent events are 

concentrated near cos 8 ::::: + 1. 

+ '++- + 0 The final states K D -+ K n 1r pn, K d -+ K npn in the odd-prong 

topologies; i.e., three-prong, one-prong, and a vee, are under-

constrained unless we assign _the spectator proton zero momentum. 

In order to study the reliability of the coherent fits in the odd-prong 

events, we perform this pseudo-one-constraint fit. 

In Fig. 7a we show the invariant mass for all events satisfying 

the hypothesis K+d-+ K+n+n-pn in the three-prong topology. There 
\ 

is a clear enhancement of events at low p, n mass although it is 

somewhat broader in this case (FWHM::::: 7 MeV). The shaded region 

represents events also satisfying the coherent hypothesis. We 

interpret the depletion of events at M(p, n)::::: 1900 MeV as a result of 

the artificial separation of three- and four -prong events. In Fig. 7b 

+ + + -we plot the p,n mass for all neutron recoil events, K d-+ K 1r 1r p n. 
s 

The dip at 1900 MeV disappears. As before, the shaded region 

represents the coherent candidates. To select our coherent sample, 

we remove all events with M(p, n) > 1886 MeV in the- corresponding 

one-consltraint fit. Finally, the three-.prong events also have a back-

+ + + -ground due to T decays; i.e., K -+ 1r 7r n . In order to remove 
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these events, we calculate the three out-going mesons' invariant mass 

assuming that they are all n mesons and remove all events with less 

than M( n, n, n) < 560 MeV. 

'\ ..•.. 
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III. K+ n ELASTIC CHARGE EXCHANGE REACTION 

A. General Features· of the Data 

A total of 189 events satisfying the hypothesis K + D :.+· K 0pp, 

K 0
- rr + Ti'- were found 'i~ both one -prong plus vee and two -prong plus 

vee topologies. All events which fit the seven-constraint multivertex 

fit K+D - K 0pp, K 0
- ,/ rr- with chi-square probability greater than 

.1o/owere accepted as fulfilling this hypothesis. However, for the 

events with two visible prongs plus a vee, the spectator frequently 

is a very short track and therefore is difficult to measure accuretely. 

Although the momentum is adequately determined from range, the 

angles may be mismeasured for tracks of less than a few millimeters 

in length. For this reason a five-constraint multi-vertex fit is also 

performed for the two-prong plus vee- events with short recoil, in 

which the angles of the short recoil are left free. Events which fit 

this special five-constraint hypothesis, but not the seven-constraint 

hypothesis, are also accepted. ·For the reaction K+ d- K 0pp, 52 o/o 

of the events have two visible prootns and 48o/o of the events have 

only one visible proton in the bubble chamber~ The recoil proton is 

taken to be the faster of the two. The spectator momentum d~stribu-

tion is in agreement with the expected distribution for spectator 

momenta, less than 300 MeV /c. The excess of events withP?300 MeV/c 

is attributed to double scattering. · These events have been excluded 

in the data sample. (see Chapter II). 

The eros s section for the· reaction K+ d - K 0pp is 38.2 ± 32 J.Lb 

12 GeV /c. (See Appendix for details.) The corresponding d·oss­

section for the reaction K+n- K 0p is calculated to be 43.5 ± 3.6 J.Lb 

where corrections for the suppression of cross section due to the 
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Pauli principle have been made assuming the cross section is 

dominated by the spin-nonflip amplitude. 

In Fig. 8 we show the cross section for the reaction K+ d-+ K 0pp 

as a function of incident momentum (12). Above 1 GeV /c incident 

momentum, the data ca.n be fitted to a function of the form o-(p) = Ap-n 

where p is the incident momentum. The best fit parameters are 

A= 7.3 ± .2mb, n = 2.1 ± .05 with chi-square 2.4 for fo'ur degrees of 

freedom. 

In Fig. 9 we show the distribution do- for the reaCtion K+D-+ K 0pp. 
dt 

In Fig. 10 we show the distribution ~.I for the charge exchange 
cex . 

reaction K + n -+ K 0p corrected for the Pauli .principle. To apply the 

deuteron correction properly, one must know the relative size of 

spin-flip and spin-nonflip cross sections. The ratio is generally 

unknown, except in the forward direction where the spin-flip cross 

section must vanish. 

The deuteron correction is significant only in the region 

t< .1 (GeV /c)
2

, where the spin-flip term can be assumed to be small. 

Here we have neglected it. A least-squares fit to the data of Fig. 10 

for a function of the form do- = Ae -Bt gives the values for the best 
dt 

fit A= 237 ± 20 and B = 5.6 ± .3 (GeV /c) - 2 with a chi-square value 

of 7.9 for 5 degrees of freedom. 

In order to determine the relative strength of the real and imagin­

+ ary parts of the K n charge exchange amplitude, the forward scatter-

ing intensity obtained in this experiment is compared with the forward 

intensity expected from the imaginary part of the amplitude calculated 

using the optical theorem and isotropic spin conservation. Specifically, 

isotopic spin conservation gives us the relations: 
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+ + 
f(K p-K p) = f 1 , 

+ . + 1 
f(K n - K n) = z (f

1 
+ f

0
) , 

1 
2 

+ + + + + f(K n- K 0p) = f(K p- K p) -f(K n- K n) 

The optical theorem gives us the relations 

f(K+ K+ ) I k (K+p) Im p - p t = 0 = 4TI' CTtot 

( + + ) I k (K+p) Im f K n - K n t = 0 = 4TI' CTtot 

The best values of K+ p cross sectio-ns at present are (9) 

+ CTtot(K p) = 17.3 ± 1.mb, 

+ CTtot(K n) = 17.6 ± 4 mb. 

Using these values, we can predict 

d cex 
_!!._ (Im f) 1 

d t t=O 
= 46 ± 8.2 tJ.b/(GeV jc) 2 

The experimentally extrapolated forward scattering eros s section 

is 237 ± 20 tJ.b/(GeV/c)
2

. Thus we have an indication here that the 

~amplitude is largely real in the forward direction. Using the 

charge exchange data, we get 

I Im f(O) I 2 cex ~ ~ .02 ± .4 . 
. Re f(O) t=o 

The disappearance of .the imaginary part in the forward direction 
. I 

had important theoretical implica~ions for the p, A
2 

exchange 

degeneracy problems. 

The dominance of the real part inK+ n charge exchange amplitude 

has been observed earlier at lower _energies: at 2.3 GeV /c by 

. ( 8) 
Butterworth et al , and later Goldschmidt-Clermont et al 

confirmed it at 3 GeV /C( 
13

). The same has been observed by 

Cline et al at 5.5< 16) GeV /c. 
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B. Regge Pole Formalism 

A considerable amount of work has· been done attempting to 

analyze the high-energy data from the reactions 

- ' 0 
'If p-+ tt n, (1) 

- 0 (2) ttp-+ 11- n, 

K-p-+ K 0p, ( 3) 

+ 
K n-+ K 0p. ( 4) 

When analyzed from the Regge pole phenomenological point of view, 

these reactions are of special interest because they allow a few high-

lying Regge trajectories to be exchanged. 

All reactions have the form pseudo-scalar +nucleon-+ pseudo-

scalar + nucleon. In the t-channel description of the reaction, the 

quantum numbers of exchanged particles are restricted to I= 1, 

J I C = P = ( -1) = ( -1) G. G-parity restricts reaction 1) and reaction 2) 

toG = +1 and G = -1 respectively for the exchanged particles. In 

general we can write the t-channel helicity-nonflip ampltitude as 

A( 'IT-p -+ tt0n) = A -
'IT ' 

A( iT -p -+ 17°n) = A + 
iT' 

. - -o .+ -
A(K p -+ K n)= ~ + Ak , 

+ 0 + -
A(K n-+ K p) = Ak - Ak . 

The amplitude A± = Z A.± where A ± are the contributing Regge 
. ... 1 i 

trajectories. 

From. the factorization theorem we get a relation between the 

amplitudes when they co~nect to a '!T, K at the top vertex 

A.('!T) 
1 

A.(K) - F.(t). 
1 

1 

If SU(3) symmetry is unbroken and if all contributing trajectories are 

!"· ........ 
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octet members, we also have the relations 

F.(t) = F+ = (2/3) 1/2 C = +1 
1 i 

c.= -1, 
1 

where C. is the charge conjugation quantum number defined for the 
1 

neutral member of the SU(3). octet. Similar relations exist for the 

spin-flip amplitude. 

In the Regge pole model, each amplitude is given by the 
' 

expression 

e -i1Tq(t)+ T 
A1. = y." i(.t) ~---­

sin 1ra. ( t) 
1 

where y. = residue function, 
1 

a. = trajectory parameter, 
1 

T = signature. 

a·(t)-1 s 1 

The only well-known trajectory to satisfy the conditions are 

p,A
2 

for the A-, A+ amplitudes, respectively. 

·If one considers the model with only the p. A
2 

trajectories, there 

are some features which cannot be explained. First, the model 

predicts zero polarization for the 1T + p- 1r0n charge exchange reaction. 

(Only one trajectory, the p, can participate.) Experimentally, a 

non-zero polarization is observed. Second, the larg~ difference 

between the charge exchange reactions K+ n- K 0p and K-p- K0n 

over the momentum range of 1 to 5.5 GeV /c cannot be explained by 

using only two trajectories. (K+ n charge exchange is larger than 

K-n charge exchange in this momentum interval.) 

There have been different modifications of the "pure 11 Regge 

pole model in order to fit the data over all energies. A model by 

Rarita and Schwarzchild(i
4

) requires the existence of an additional 
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trajectory, the p', ·in order to fit the data. In Fig. 10, we show their 

prediction for K+n cross section at 12 GeV/c, using the parameters 

they attained by fitting low-energy data. The agreement is reason-

ably good. 

Other attempts to modify t_he Regge pole model have been made 

by adding Regge cuts to the two trajectories p, A
2

. There is no 

unique way of introducing Regge cuts into the theory. In Fig. 10 

we show the prediction of Hartley, Moore and Moriarty( 
15

), using 
' 

Regge trajectories and cuts. The shape of the differential cross. 

section seems to agree with the data, except for absolute normaliza.-

tion. However, in the forward direction the model predicts a cross 

section up to 60 o/o higherthan what we observe. 
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C. , p -A
2 

Exchange Degeneracy 

+ -The differential cross section for the K nand K p charge exchange 

reactions are given by 

~~ (K+ n- Kop) = i I Asl2 + ~ IAR 12 + .J3' Re (X:: AR), 

2 . 2 
~~(K-p- K0

n) = ~I Apl + }\AR\ - J3 Re (A:~ AR). 

,I£ exchange degeneracy holds, then a = a and Re(A ~:~ A ) = 0 
P R P R. 

where the A
2 

trajectory has been call:ed R. In addition, if interference 

term Re(A ~~ A ) is zero, we also have the SU(3) sum rule 
p R 

d<T ( - - 0 1 d<T - 0 3 d<T - 0 - K p - K n) = -2 -- ( TT p - .TT n) +- .- ( TT p - ., n) d t d t . 2 d t ., 

We have already mentioned that at lower energies there seems to 

be a great discrepancy between K+ and K- charge exchange differential 

cross sections. But Cline et al( 16) have noticed that the two c~oss 

sections are already identical at 5.5 GeV /c. In Fig. 11 we show the 

differential cross section for K+ n - K 0p and K-p '-.. K0n at 12 and 

12.3 GeV /c respectively. The data is from Astbury et al (1 
?) . The 

ag~eement between K+ and K- data is very impressive, and it 

supports the notion of exchange degeneracy. Although a complicated 

conspiracy between residues and trajectory parameters could result 

in an accidental equality of K+n, K-p charge exchange differential 

cross section at some value of a and t, it is unlikely that this would 

be maintained over a wide range of s and t values. 

The possibilities of the existence of secondary trajectories like 

p, R' have been suggested. This leads to an interference term of 
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AR +A~:< 
p' 

A' R· 

Assuming that p1
, R! are also exchange degenerate, we get 

which gives a sensitive way to test the existence of daughter trajec-

tories. At our energy, the p 1 , R 1 trajectories are expected to have 

only a sm~ll effect, and a set of two high~r statistics experiments 

would be needed to detect them. 

Strong exchange degeneracy relations imply that in addition to the 

trajectories being equal, ap = aR' the residues are also equal; that is, 

y p = YR. 

If strong exchange degeneracy holds, then the K+ n amplitude is 

purely real. At t = 0 we found 

I 
Im f 12cex 

< .02 ± .04, 
Ref 

t=O 

which means that amplitude is mosqy real. While this is true in the 

forward direction, we cannot determine Im f away from t = 0. The 

approximate validity of strong exchange degeneracy will explain the 

• + 
absence or strong suppression of z"' resonances in the K n direct 

channel, since a purely real amplitude cannot describe a resonance. 

. . 



.. 

-23-

D. Comparison with the Reaction K+ p -+ K 0.6.++ 

The reaction K+p-+ Kl).6.++ is also dominat~d by p, A
2 

exchange. 

In the Regge pole exchange formalism the meson vertices are identical 

in the two reactions, but the baryon vertices are different. On an 

SU(3) classification scheme the nucleons are members of an octet 

while the .6. is a member of a decuplet. Thus SU(3) gives us no 

prediction on the coupling behavior of (pn p)/(p.6.++p)~r (pnA2/(p.~·+A2 ). 

It is of some interest to compare the two reactions and learn about the 

difference between a proton and a .6++ in strong interactions. 

In Fig. 12 we show the cross section for the two reactions 

--K+-d-+ K 0pp and K+p_. K 0.6.++ plotted against K+ beam momentum. The 

eros s sections for both reactions are essentially identical and fit the 

. -n 
function of the form o-(p) = A . The best fit parameters for p>2 . . p 

GeV /c are A = 7.3 ± .2 mb, n = 2.1 ± .05 and A = 7.0 ± .2 mb, 

· n = 2.0 ± .0~ for K+ d-+ K 0pp and K+ -+ K 0 .6.++ respectively. The agree-

ment is remarkable and·would imply that vertex function 

pn p 

pn 

On the other hand, when we look at the reaction K-p -+ K 0 .6.- as 

compiled by Kwan Lai and Louie ( 
18

), it indicates that from 3 -S(GeV /c 

momentum, the cross sections for K-n-+ K 0 .6.- are only 60o/o of 

K+ p -+ K 0 .6.++ This is particularly disturbing in view of the equality 

+ of K p, Kn elastic charge exchange cross sections. Better data at 

higher momenta are needed in K-p -+ K0D- reactions to clarify the 

nature of this discrepancy. 
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IV. '~o K PRODUCTION 

The film has been scanned for all events which have three-

prong or four-prong topologies, both with and without associated 

vee decays. In addition, all four-prongs measured were required 

to have at least one track which stopped in the bubble chamber. 

All events which fit the four- constraint hupothe sis, either 

+ +- + o+- 2 K d-+ K 1T pp or K d -+ K 1T 1T pp with x probability greater 

than 0.1 o/o, were accepted. The spectator proton (here defined 

as the slower proton in the laboratory frame) has a momentum 

distribution in agreement with that expected from the .Hulthen 

wave function for momenta less than 300 MeV/ c. In the subse-

quent analysis, only events with p s < 300 MeV I c are accepted. 

(See Chapter II.) There are 6784 and 949 such events for the re-

+ -+ +- + o+-actions K d-+ K d ·-+ K 1T pp and K D-+ K .1T 1T pp respectively, 

of which 67o/o are three-prong and 33% are four-prong in each 

case. The cross sections for these reactions have been deter-

. + . + -
mined to be 400 ± 8 J.Lb for K D- K 1T pp and 210 ± 20 IJ.b for 

+ 0 + -K d-+ K 1T 1T pp. Here the quoted errors reflect statistical un-

certainties only. Corrections for the invisible K 0 decay modes 

have been included. 

A. + + -General Features of the Reaction K n -+K 1T p 

In Fig. 13 we show the Dalitz plot for the reaction K+n-+K+1T-p. 

The outstanding features include 1) a large low p1r band which we 

* -associate with several N
1

; 2 resonance present in that mass re-
~ . ~ 

gion, 2) a K''' (890) band, 3) a K'" ( 1420) band, 4) a depletion of 

events in the region past the K*(1420) and a wide band of events 
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2 2 at M (K, 1T) :::::: 3.0 (GeV) , 5) a general lack of background; spe-

cifically, there is no indication of a band parallel to the third 

Dalitz plot boundary which would correspond to a Z~:< decaying in 

the elastic channel K+ p. 

2 + -In Fig. 14a we show the Chew- Low plot tK-K~ vs M (K , 1T ) 

for all events in this final state. In Fig. 14b we show the Chew-

. 2 . 
Low plot tK-K1T vs M (K, 1T) for events left after removing the low 

p1T- enhancement [M(p, 1T-) < 18 GeV]. In both figures, K*(890) 

and K~:<(1420) bands are produced mainly at low t. Depletion of 

events past K~:<( 1420) can also be seen. In Fig. 15 we show the 

. 2 - -
Chew-Low plot tp-p1T- vs M (p, 1T ). The low p1T mass enhance-

. -;'"' 

mentis produced primarily at low t, but some N'~/2 production 

can be seen at higher t regions. 

In Fig. 16 we show the p1T- invariant mass plot. No details of 

the structure can be seen inthe mass enhancement, which drops 

off sharply at M(p,1T-):::::: 1.8 GeV. The particle data tables( 19) 
~ -· 

list seven ·N-~/ 2 resonances with masses less than 1.8 GeV, sev-

eral of which could contribute to the low mass enhancement in the 

distribution. Except for the possibility of some structure at 

M(p1T -) :::::: 1.4 GeV which is probably associated with the P 
11 

Roper 

resonance, none of them can be resolved without t cuts. (For 

more detailed analysis of the _N* region, see Section H.) In Fig . 

. + - . . 
_17a we show the M(K , 1T ) mass projection for all events. The 

* * . K (890), K (1420), and the large enhancement at nigher K1T masses 

can be seen. This enhancement is mostly a reflectton of the low 

p1T- mass enhancement. In Fig. 17b we show the K1T mass pro­

jection for events with t' < .2(GeV / c)
2

, where t is defined as the 
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four-momentum transfer between beam kaon and outgoing K1r. 

* ~:< Apart from K ( 890) and K ( 1420), a clear enhancement above 

background can be seen at M(K, 1r) ::::: 1. 8 GeV. 

In Fig. 18 we show the two-dimensional plot, cos e vs M(K, 1r) 

for all events with t 'K-K1r < .2 (GeV I c)
2

. The K* (890) and 

K*(1420) bands stand out clearly. This will ,be discussed later, 

but note also that for the M(K, 1r)::::: 1.8 GeV there are many events 

"" 
with cose < 0; i.e., events which are far away from N""/ reflection. 

In Fig. 19a, b, c, d, e, f we showthat m = 0 spherical harmon­

ics moments ( Y1 °) for all events with t'K-K 1T < .2 (GeV I c)
2

. In 

E:'ig. 29a, b, c, d, e, f we showN( Y
1
°) where N is the number of 

events in a given bin for the same sample of events. The spher-

,ical' harmonics moments are defined as 

where X 
n 

X 
n 

N 

0 is the value of Y1 (cos e) for the nth event. 

rors quoted above are RMS and are given by 

The general features of the distributions are as follows: 

The er-' 

At low k 1T mass S- and P-waves are dominant. In the 

* K ( 1420) region D-wave becomes important, and at M(K, 1r)::::: 1. 75 

GeV, ( Y 5 ~ and (Y 6 °) become important. This suggests the 

presence of an F-wave in that region. A more detaile'd analysis 
I 

will be given as we study the K1r ineas spectrum later on in this 

chapter. 



.. 

-27-

B. + 0 + -General Features of the Reaction K n-K iT iT p 

In Fig. 21 we show the invariant mass of M(K0 iT+iT-). A clear 

K~~( 1420) signal can be seen. There is no low K 0 iT+ iT- mass en­

hancement corresponding to the Q+ produced in non-charge ex­

change reactions. In Fig. 22 we show the piT +iT- invariant mass 

plot. The shaded regions are for events in the D.++ region, and we 

see that they are associated with low piT+ iT- mass. In Fig. 2 3 

we show a two-dimentional plot of M(K0
, iT+) vs M(p, iT-). There 

is a clear enhancement of events which corresponds to the reac-

+ * + * tions K n- K (890) D.0 and K n- K (1420) D. 0
• In Fig. 24 we 

show the ·projections for the K 0 iT+ mass combination and piT 
>'"" ,,,.. 

mass. A clear K'-(890), K'''(1420) signal can be seen in the invari-

ant mass plot. A clear low mass enhancement can be seen in piT 

. 0 * mass corresponding to IS. and low mass N
1

; 2 production. In 

Figs. 25 and 26 we show the two-dimensional plot M(K0
, 1T-) vs 

M(p, iT+) and the invariant mass plot for M(K0
; iT-), M(p, iT+). No 

structure is seen in the M(K0 iT-) mass plot. There is some D.++ 

production, which is associated with the low piT+ iT- invariant mass~ 

In Fig. 27 we show the two-dimensional mass plot M(K0
, iT+) 

vs M(iT +iT-) for this reaction. 
' 

* ~::: Clear K ( 890), K ( 1420) bands 

can be seen in the KiT mass distribution. In the iTiT mass distri-

bution there is an excess of events in the p and f regions, espe-

~:: 

cially in the cross-over region between the p, f, and K bands. In 

Fig. 28 we show the iT+ iT- mass distribution in which a ,clear p 

signal centered at M(iTiT) = 740 MeV can be seen. 
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C .. K*{890) Production in the Reaction K*n .... K+1T- p 

Events referred to here as K~:c{ 890) come from the reaction 

+ ~.< 
K n -+- K { 890) p 

I + --+-K1T 

where all events with K+1T- invariant mass between 840 MeV and 
,,... ~ 

940 MeV are taken as K'''(890) events. In this reaction a total of 

505 K~:c {890) events were found corre spending to a eros s section of 

0 0 * 45 ± 2.5 f.Lb, taking into account the K 1T decay mode of the K (890). 

·, z. 
In Fig. 19a, b we showed the Chew- Low plot tK-K vs M {K, 1r) 

:=!< 
and noted that K {890) is produced primarily at low t. In Fig. 29 

we show the differential cross section, ~f for K*'{890) production. 

The distribution cannot be fitted to a single function of the form 

A 
-Bt 

e . But if we fit the distribution separately in the two regions 

t < .1 {GeV/c)
2 

and t >.1 {GeV/c)
2 

we get the following values: 

t < .1 (GeV/c)
2

, A= 550±15, B = 20±2 with x2 
= 2 for one de­

gree of freedom; t > .1 (GeV/ c)
2

, A = 122, B = 4.5 ± .5, with x2
= 2.3 

for 3 degrees of freedom. 

The steepness of the momentum transfer distribution in the 

forward direction indicates that the reaction is dominated by one-

particle exchange. 
:=!< 

In this reaction t . for K {890) production 
m1n 

is .005 (GeV/c)
2

. There is no substantial difference between 

~f and ~~~ distribution {where t 1 = t-tmin). The turnover in the 

forward direction persists after a correction is made tb compen-

sate for the suppression of the cross section due to Pauli exclusion 

principle. The pion exchange contribution to the cross section is 

expected to go to zero at t = 0. We cannot determine from our 

... 

f,-··2 
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data whether the effect we are seeing is due to Fermi motion of the 

target and peculiarities in the kinematic fitting or to a real effect 

of vanishing cross section at t = 0 . 

)'' 

Decay distribution of K ''(890) 

In Fig. 19a, b we showed the ( Y
1 

°) moments and noted that 
I 

* the region of K (890) is completely dominated by S- and P~waves. 

There are no indications that any higher waves are present. In 

Fig. 30 we show the polar and azimuthal decay angular distribution 

~ 2 
for K"'(890} for events with t' < .2 (GeV /c) . e, <f> are defined as 

the Jackson decay angle for the Krr system. The polar decay an­

gular distribution has a large cos
2

e component, which suggests 

predominance of pseudo- scalar exchange. The distribution is 

peaked in the forward direction, which indicates the presence of 

S-wave in this region. Note also that the asymmetry is not a re­

flection of the N':~/ 2 . This can be seen clearly from the Dalitz 

plot shown in Fig. 13, where the asymmetry extends well beyond 

the N):~/ 2 band. We have fitted the data to a function of the form 

L: a P (case}, where P are the Legendre polynomials of order n. 
n n n · n , 

We obtain a good fit to the data with a x2 
of 18 for 17 degrees of 

freedom. The parameters of the best fit are 

a = 1, 
0 

a
2 

= .89 ± .1. 

The azimuthal decay distribution is not isotropic, which indicates 

the presence of some non-pseudo- scaler contribution to the exchange 

process even at low t. 

:;:c 
Assuming the K (890) region-is dominated by P wave, the den-

sity matrix elements are given by( 3?) 
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W( (} A.) = 1 [ 
3 

( 1 ) + 3 
( 3 1 ) cos 2e cos ''t' 41T 2 - ~ 0 2 p 0 0 -

3 p_
1

_1 sin
2e cos 2<j> - 3 ~ Rep 

10 
sin

2e cos<!>]. 

+ -In Fig. 3a, b, c we show the density matrix element p 
0 0

, CJ 
1 

, CJ 
1 

are defined as 

-
(J 

1 

at high energy. CJ 
1 

+, CJ 
1 

measure the relative contribution of 

natural·and unnatural parity exchange; (19) From Fig. 31 we 
. ,,... . 

see that K"-(890) is dominated by pion exchange in the forward 

direction, but at large t both vector and pseudo-vector exchange 

become important. 

It is difficult to calculate the absolute phase of the S-wa ve 

. * in the · K (890) region~ However we can get an estimate of the 

S-wave phase shift from the fact that ( Y 
1 
°) goes to zero near 

M(K, 1T)::::: 1 GeV. Assuming P wave has a Breit- Wigner shape 

centered at 890 MeV with a width of 50 MeV, then the P-wave 

phase is 13 ::::: 150° at 1 GeV. Since 
p 

implies that l3 ::::: 60° or 210°. 
s 

Since ( Y 
1
°) is positive shortly after 1 GeV, it is plausible 

to assume that 13 ::::: 60° and is increasing in that region. 
s 

The phase shift analysis performed on the world tape for the 

. + + - ++ K1T mass spectra for the reaction K p ..-. K 1T 6. has shown a 

. "1 ff t 39,44 s1m1 ar e ec .. 
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One-Particle Exchange. Model Prediction 

The steepness of the· four momentum transfer distributions 

::::: ' 
suggests that K (890} production can be described by a one-

particle exchange model. As has been shown, the reaction is dom-

inated by pion exchange. We have used a model suggested by G. S. 

Abrams and V. Maor( 21) to predictthe forward differential eros~ 

section . 

. The model uses an evasive Reggeized one-pion exchange mod-

el which smoothly reduces to the Born term at the pion pole. The 

Born term for OPE for the process a +b-+ c +d is calculated to be 

(J 
0 

where (Jo = p 
0 0 

~~I is the natural parity contribution to the ex­

change process. 

· 2 2 . 2 I 
q = [s- (rna- mb) ] [ s - (rna + mb) ] 4s, 

· a -
2 

= [ t - ( m - m ) 
2

] [ t - (m + m ) 2 ] I 4m 2 , 
c . a c a c c 

The coupling constant is G
2 = (g

2
K K*l 4iT) (g

2
- /4iT). To Regge-

iT pniT . 

ize this expression the pion p~opagator 1lt-miT 2 is replaced by, 

where 

1 + e -iiTd' 
iTO:'(O) 2 sin iTO:' 

s-u 
_.__--==:-:~=-==~-:-':-:----'--..... ( 28) ' 

0 

. 2 
0:' = 0:' 1(0) (t - m ) 0:' 1(0) = 1. iT 

In Fig. 32 we show the natural parity contribution to the differ-

ential eros s section p
0 0 

~~ I Kn-+ K~:<(S 9 0)p' The differential 
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cross section has been corrected in the forward direction to com-

pensate for the suppression in production due to the Pauli exclusion 
I 

principle. The correction was made assuming 100o/o spin-flip ampli-

tude. The curve plotted in Fig. 32 is an absolute prediction of the 

Abrams-Maor model. It fits the data fairly well, both in shape and 

in absolute normalization. 

D. + -M(K, 'IT} Between 1 and 1.3 GeV 

In Fig. 17 we showed the K\r- mass distribution for all events 

in the reaction K+n ~ K+'!T- p. We noted that there are a large num-

~( ~i( 

ber of events in the region between the K (890) and K (1420) re-

gions. When the sample is restricted to eve'nts with t < .1 (GeV/c)
2 

(see Fig. 33), a sharp spike is seen at M(K, 'IT)::::: 1250 MeV. The 

statistical significance of the peak is critically dependent on the way 

in which the background is determined in this region. The whole 

region between 1 and 1.3 GeV is dominated by S-wave, but some P­

wave is needed to explain the angular distribution. (See ( Y 1°) mo­

ments shown in Fig. 19.) If the enhancement we observe at 1250 

MeV corresponds to a specific resonant state, the angular distribu­

tion is consistent with the Jp = 0 +or 1- produced for an enhance-

(22) * ment in this region. In a compilation by Dodd et al. a K res-

+ onance at M(K , 'IT) = 1250 MeV was indicated, which is in fair agree-

ment with our observations. Other enhancements in this region have 

. >i' * (24} 
been reported: a K (1080) by De Bare et al. and a K (1160) by 

Crennell et al. (
23

) We have found some indication of structure in 

both these regions, but the statistical significance of any peak in 

these two regions is marginal in the present experiment. 
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E. 
~~ 

K ( 1420) Region 

Evidence for an additional resonance. + -In the K 1T mass dis-

tribution (see Fig. 17) we observe an unusually broad signal from 
. ' . 

1.3 to 1.5 GeV which appears at first sight to be due to the K'''(1420) 

with fitted para~eters M = 1413 ± 5 MeV and r = 143 ± 12 MeV. We 

~l< 
note, however, that the character of the K (1420) decay angular 

distribution changes sharply at 1.4 GeV. Figure 34 shows the cose, 

<j> distributions in (K+, 1T -) mass regi~ns, wheree, <j> are the Jackson 

decay angles for the K1T system. The distribution in cose for the 

high-mass region, 1.4 to 1.5 GeV, is just the angular distribution 

p + ' 
expected from the decay of a J = 2 resonance produced by pion 

exchange. There is no evidence for a significant asym.rrietry, and 

the distribution may be fitted with D-waves with a substantial S-

wave background. The cos e distribution for the low-mass region, 

1.3 to 1.4 GeV, however (see Fig. 34a), requir_es no powers of cos e.· 

greater than 2 to achieve an excellent fit. The parameters for the 

fits to the angular distributions in Legendre polynomials 1: a P (cosB) 
. n n n 

are as follows: In the M(K,1T) region between 1.3-f.4 GeV (a
1
/a

0
) 

'' 2 
= .36±.11 (a

2
/a

0
) = .76± .12 with X ::: 17.8 for 17 degrees of free-

dom. In the M(K, 1T) region between 1.4-1.5 GeV (a
1
/a

0
) = .09 ± .1, 

( a 2/ a ) = 2 ± .1 (a 3/ a ) = - • 0 5 ± .15 and (a 4/ a ) = 1.18 ± . 1 7 with 
0 0 ' 0 . 

2 X = 10 for 15 degrees of freedom. 

In order to demonstrate the inconsistency of the angular distribu-

tions in the two mass regions, we have tried to fit the theoretical an-

gular distribution expected from the fit to the entire region; 1.3 to 

1.5 GeV, renormalized to the actual number of events in each re- · 

gion, to the observed angular distributions. This fit has a confidence 
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level of 0.0005 in the 1.3- to 1.4-GeV region and 0.0001 in the 1.4-

to 1.5-GeV region; thus, the two angular· distributions are clearly 

inconsistent with being flat both mass regions (see Fig. 34). 

We have considered the effect of the low (p, 'IT-) mass enhance­

ment on the angular distributions. The low M(p, 'IT-) band on the 
..... 

Dalitz plot (Fig. 13) appears to be modulated by the K ..... (890) and 

~:: 
K ( 1420) bands. There is some evidence indicating superposition 

.... . * . * .C>f N"''( 1520) and N ( 1680) in the K ( 1420) band. The excess of 
:>',< ~:: - ' .. 

events in the overlap of the K (1420) band with the N (1520) and 

~~ 
the N (1680) can be seen on the Dalitz .plot in Fig. 13. If we sub-

- * tract the events attributable to these two N 1s, the character of the 

. K'IT angular distributions is not significantly changed, although the 

forward peak in the 1.3- to 1.4-GeV region is slightly reduced and 

a small backward asymmetry is introduced into the angular distri-

bution in the 1.4- to 1.5-GeV region. 

As an alternate way of presenting the data, we plot the K'IT mass 

distribution for two regions of cos f) (see Fig .. 34): Ieos f) l >. 7 (polar 

region), and Ieos f) l < . 7 (equatorial region). In the ~olar region the 

::::: 
"K (1420) peak'' is fitted with parameters· M.= 1439±5 MeV and 

+13 r = 105 _
12 

MeV, while in the equatorial region the parameters are 

+6 +5 M = 1373 _
5 

MeV and r = 150 _
14 

MeV. This large (66-MeV) shift 
.... ' 

in the central value of the ''K ..... ( 1420)'' with decay angle is obvious 

from Figs. 36a and 36b. 

The possibility that a sharp change at 1.4 GeV in the character 

of the exchange mechanism producing a single resonance, produced 

by two different exchange mechanisms, e. g. 'IT and p exchanges, 

would show a decay angular distribution characteristic of the partie-

ular mix of exchange mechanisms, but that distribution is not 
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~xpected to be a function of (K+, 'IT-) mas!'l, as in the case here. 

Other decay modes. In a search for possible alternative decay 

* _modes of the KN(1370), we have studied the charge exchange reac-

tion K+ n - K 0 'IT +'IT~ p in which the K 0 decays visibly in the bubble 

chamber. In the K 0 'IT+ 'IT- mass distribution, shown in Fig. 21, the 

.K*( 1420) signal is particularly clean, and it has been fitted wi~h 

parameters M = 1440±5 MeV and r= 109±24 MeV. These param-

eters are consistent with the parameters obtained for the fit in the 

1 . . th t" K+ K+ -po ar reg1on 1n e reac 1on n- 'IT p. There is thus no ev-

idence for any K 0
'!T +'IT- peak on the low-mass side of the K~:<(1420), 

* and hence the KN (1370) has no strong three-body decay mode and 

probably is not associated with the structure in the Qat about this 

mass. 

Discussion of the Jp = 0 +hypothesis. The main effect observed 

here is the striking change in the character of the decay angular dis-

tribution at a mass of about 1.4 GeV. The distributions in cj>, the de-

cay azimuth in the Jackson frame, are consistent with being flat 

. * throughout the K ( 1420) region, ·as they are expected to be- for pion-

exchange processes. 

If we assume pion exchange and. normalize to the number of ob-

served events in each mass region, we calculate an average of 

356 ± 2 7 S-wave and 19 ± 6 D-wave events in the 1. 3- to 1.4-- GeV re-

gion, and 234±20 S-wave and 191±22 D-wave events in the 1.4- to 

1.5-GeV region. The amount of D-wave in the 1.3- to 1.4-GeV re-

gion is entirely consistent with that expected from the tail of a 

Breit- Wigner centered at 1440 MeV with width 100 MeV. :Although 

' 
the hypothesis of S- and D-waves results in an expected angular 

distribution symmetric about cos e = 0, it is clear from Fig. 34 
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that the data is asymmetric. Aside from the effects of the crossing 

~~ 
N bands, an admixture of as little as 1o/o P-wave to the S- and D-

waves is sufficient to explain the observed asytnmetry in this region 

completely. 

We have also performed a similar analysis on the neighboring 

(K, 'IT} mass regions assuming S- and P-waves in M(K, 'IT} < 1.3 GeV. 

In Fig. 37 the number of S-wave events in each region are plotted 

as a function of K'!T mass. The rise in the S-wave in the region 1.3 

to 1.4 GeV is more than four standard deviations above the level in 

the two neighboring regions. The data thus consistent with a D-wave 

resonance of M = 1439 MeV, 
~:< r z 105 MeV, K (1420} and an S-

wave resonance of M = 1370 MeV, r < 150. 

The apparent absence of a three- body decay mode for K~ ( 1370) 

mentioned above might be taken as evidence favoring the Jp = 0 + 

interpretation since such a resonance cannot decay into three 
' 

pseudo-scalars. 

Discussion of the Jp = 1 hypothesis. The data in the region 

1.3 to 1.4 GeV may also be fitted entirely with S- and P-waves, 

* ignoring any D-wave tail of the K ( 1420), with an average of 24 7 ±40 

S-wave and 128 ± 20 P-wavce events. The asytnmetry in this region 

requires the presence of at least a small admixture of P-waves; 

however, because of the intrinsic ambiguity between a P-wave and 

an S-D interference term, the actual amount of P-wave present is 

unknown. Thus there is no conclusive evidence for a re~onant P­

wave, although this possibility cannot be ruled out. Antich et al. (2 
S) 

p 
have previously suggested the presence of a J = 1 state, or at 

least an increase in the 1 contribution to background, in the vicinity 
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~::: 
of the K (1420). These authors observed an asymmetry in the de-

cay distribution of the K+ 1T- system in the reaction K+ p _. K+ 1T:... ~++ 

at 5.5 GeV /c, from which they inferred the presence of P-wave and 

D-wave interference. In additior;, the presence of ~ large S-wave 

signal in the region of the dominant D-wave has been observed at the 

K*(1420) i~ the similar reaction K+p _. K+'IT- ~++at 9 GeV/c,( 26) and 

at the f 0 in the reaction 1T +p .- 1T +;-~++at 8 GeV/c,( 2 ?) although in 

neither case was there strong evidence for an appreciable P-wave 

amplitude. 

Discussion of the Jp = 2+ hypothesis. If the K~~(1370) were 

Jp = 2 +, its spin density matrix elements have been calculated by 

the method of moments to be (p
00

) = 0.45±0.05, (p
11

) = 0.23±0.02, 

and (Re p
1

_
1

) =- 0.06±0.05. The other spin density matrix el-

p + . 
ements e. g., p

22
, are consistent with zero. As in the J = 0 case, 

the expected angular distribution is symmetric in cos(), and there-

fore a small P-wave background must be invoked to explain the 

asymmetry. The angular distribution, folded about cos() = 0 to elim-

inate the asymmetry, may be fitted with the distribution expected 

from the spin density matrix elements, but the confidence level for 

this fit is less than 5o/o. However, this fit may be markedly im­

proved by the addition of a substantial S-wave background. Further-

more, the expected distribution in the Treiman-Yang angle, <j>, dif-

fers only weakly from isotropy, and within the present statistics, no 

discrimination between the various hypotheses may be made on the 

basis of the distribution. The similarity of the t-distributions in the 

two regions (Figs. 35 a, b) suggests similar production. mechanisms 

and argues to some extent against the substantial vector exchange, 
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which is required to explain the observed angular distribution with 

a Jp = 2 +object. 

K*(1420) Branching Ratios 

A clear K~<( 1420) signal is present in both the K+ n- K\-p 

and Kt.n- K 0 
'l1' + 'l1'- p final states. (See Figs. 17 and 21.) The three­

* body decay of K ( 1420) has limited statistics, but it has the advantage 

of being free from Q+ background which is so overwhelmingly pro-

duced in non-charge exchange reactions. In order to determine the 

three- body to two- body ratio, we have to determine the K*(890)'11'/Kp 

branching ratio of the three- body decay. * The number of K ( 1420) 

resonance events was obtained by fitting the mass spectra to a Breit-

Wigner line shape and a polynomial background. 

* 0 + + -In Fig. 38 we show the K ( 1420) decay Dalitz plot and K 'l1' , 'l1' 'l1' 

~: 
invariant masses for the K (1420)region. The outstanding feature of 

~!< 
the Dalitz plot is the large accumulation of events in the K (890), p 

overlap region. This concentration is a result of the sin2e helicity 

- p * 
angular distribution of the vector mesons decay from a parent J = 2 

meson. 

* Apart from this, there is the possibility of K (890), p interfer-

ence which might enhance or deplete the events in the overlap region. 

With the statistics available in this experiment, we cannot determine 

whether any interference effect is present. 

* To determine the relative amount of K (890), p we have fitted 

~!: 

the decay Dalitz plot of the K (1420) region by a maximum-likeli-

hood method with the following probability density: 
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where 

=Q! 
1 

2 . 2 ' 
~ f I fBw<P) I s1n e pd<J> 

* E is the fraction of K ( 1420) resonance above background, 

~,0!2 . are the. branching fraction of K~:c(890) 'IT, pK respectively 

~:: 
for K ( 1420) resonance decay, 

~,(32 are the brandng fractions of K*(890)'IT, pK for the back-
, .. 

ground under the K'" ( 1420), 

~ ~::: 

fJK*' fJP are the helicity angle of the K (890) and p respectively, 

lfRNI = ; 2 r 2 2r+ • 
(m - m ) +m 

0 

r = r (qfq >2£+ 1 
0 0 

mK* = 890 Mey, r =50 MeV, 

M 
p 

= 760 MeV, r = 130 MeV. 

The value of E was determined from a fit to the three-meson 

mass spectra. The result of the fit was E = .67. 

The values of (3
1

, (3
2 

were determined by fitting the region ad­

-:< 
jacent to the K' (1420) to a background amplitude only, E = 0. 
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The results were 131 = 0.6, 132 = 0.3. Then a fit of the decay Dalitz 

plot was performed to give the following values 

a
1

· = .76± .1, 

Q:'2 =.24±.1. 

* + + -In comparing the K ( 1420) produced in the reactions K n- K :rr p 

+ 0 + -and K n- K 'IT 'IT p, we must avoid the problems caused by the sec-

* + -ond object observed on the low side of the K ( 1420) in the K 'IT p 

final state. To this end we have calculated the branching ratios in 

two ways. One, we restricted our events to the region above 1400 

+ - 0 + -MeV in both the K 'IT p and K 'IT 'IT p final states. Thus we elimina-

ted most of the events associated with the second object at low K'!T 

mass. Two, ignoring the object at 1370 MeV, we evaluated the 

:Ia< 
branching ratios of all events in the K ( 1420) peaks. 

The three- body to two- body branching ratio is given by the fol-

lowing equations: 

9/4 fK* + 9/3 fk 'IT p 

3/2 fk'!T 

where fK*Tr, fKp, fK'!T are the observed branching ratios. The 

fractions 9/4, 9/3, and 3/2 are the Clebsch-Gordan coefficients. 

The results obtained are 

M > 1.4 

M <1.4 

K'ITTr/all 

.47 ± .025 

.40 ± .03 . 68±.04 

The branching ratios K*(890)/K obtained in this experiment are 

lower in magnitude than results obtained in recent experiments by 

__ , . 
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Bishop et al. (28) and Bassompierre et al. (29); they reported a ratio 

of R(K\r/Kp) = .93 ± .1.1 and .9 ± .2, respectively. Another exper­

iment done by Aguilar-Benitz(JO) et al. on the charge-symmetric 

reaction K- p _. K-1/ n, K0 
'IT \r- obtained a ratio R(K::l<'TT/Kp )= .44 ± .09. 

We note that our results are consistent with the prediction of un­

broken SU(3) symmetry.( 3 i) ·The ratio K'TT: Kp is expected to be 50: 

16: 7. Our results are 50: 33: 4.· 

F. 
. + -

Interference Effects at M(K , 'IT )::::: 1.85 GeV 

From the Dalitz plot (Fig. 13) and the scatter plot of cose vs 

M(K+, 'TT-)· (Fig. 18) we see that in addition to the K~-<(890), the 

_ K~:<( 1420), and the low mass enhancement, there is additional struc-

· ture at-· 

In the scatter plot, the structure is a concentration of events in 

the region -.8 <cos e <- .2 at this mass region. In Fig. 17b we 

l:lhow the M(K+, 'TT-} mass projection for events with t' < .2 (GeV/c)2 . 

. * * . Besides the K (890) and K (1420), ·a clear broad enhancement is seen 

+ - . 
at M(K , 'IT ) ::::: 1.85 GeV. 

In Fig. 20 we show a ·distribution of N ( Y 
2
°) as a function of 

. 2 
M(K,'TT) mass for all events witht' < .2 (GeV/c) . In the region 

M(K+, 'IT-)::::: 1.85 GeV we observe a substantial increase in the values 

These increases occur over a mass range of 

about 150 MeV. In addition, N ( Y 6> begins to show sig,nificant non­

zero value at this mass region. There is no evidence for an appre-

ciabie deviation from zero by N ( Y/) where £ > 6 for K'TT masses 

< 2 GeV. Thus, if we consider only waves with j.:::; 3, these sharp 
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increases are most naturally attributed to the interference of a rap-

idly increasing F-wave amplitude at a Krr mass value of about 1.85 

GeV, with waves of opposite parity; e. g., S- and D-waves. 

Since the existence ofF-wave in this mass region appears to be 

necessary, we may further investigate this effect with a judicious cut, 

on the angular distribution to enhance the F-wave signal. Since I Y 3° 1
2 

has zeroes at cose = 0 and cose = ±; 775 and reaches maximum at 

cos e = ± 45 and cos e = ± 1, we have divided the data into four regions 

in cos e as follows: a) cos e < . 775, b) 0 < cos e < . 775, c) -. 775 

< cose < 0, d) -1 < cos e < -. 775. The resulting distributions are 

shown in Figs. 40a, b, c, d. The outstanding feature of this distribu-

tion is a mass enhancement at M(K, 1r)::::: 1.85 GeV with a width of 300 

MeV I c in Fig. 40c. In Fig. 39 we show the cose distribution for the 

four mass regions of M(K, 1r): a) 1.5- 1.6 GeV, b) 1.6- 1. 75 GeV, 

c) 1.75-2 GeV, d) 2-2.25 GeV. The change in angular distribution 

across this mass region is striking. The smooth curve in each 

figure is the result of a fit to the sum of Legendre polynomials up to 
Nmax 

the sixth order; i.e., rf:o a P (cos()), where N = 6. n n max 
2 

The X 

and resulting parameters are shown in Table I. With the present 

statistical accuracy we cannot determine with precision the relative 

amounts of each wave present. 

It should be noted that in the angular distributions of Fig. 39, the 

large forward peak is a consequence of the strong production of low-

* mass N 1 s. It might appear that some or all of this contribution 

should be considered as a background to K1T scattering which ought to 

be subtracted out. However, the duality picture, as applied by Chew 

and Pignotti, (41) regards scattering in this reaction as dual to N~' 

and argues against such a subtraction. Since extrapolation to the 

.~ ..• 
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pion pole should in principle give th~ correct K'TT scattering distribu-

tion, we have examined the t-dependence of the ratio of the forward 

peak to the remainder of the angular distribution in this K'TT mass re-

gion.. We find that there is no significant variation of this ratio with 

t,', for It' I< 0.2 (GeV/c)
2

, consistent with the view that the angular 

distributions _of Fig. 39 in fact represent K'TT scattering. 

We have also fitted the angular distribution of Fig. 39c by using 

only the region cose < 0. 7 to a sum of Legendre polynomials, and 

have found excellent agreement with the results of the fit to the entire 
( 

distribution; i.e., the forward peak is reasonably well reproduced. 

However this truncated distribution may also be fitted with reasonable 

x2 
with a sum of Legendre polynomials only up to the fourth ordei:.; 

i.e., no F-wave is required. In this case, however, the predicted 

forward peak if:) only about one-fourth of the observed peak, and thus 

the bulk of the events in this forward peak would not reflect K'TT scat-

tering.- Such a view would contradict the notion of duality discus sed 

above. 

It must be emphasized thaL if the L meson, as seen in a reaction 

like K+ p- K:\. +'IT- p, is in fact produced by a\iiffraction process, as 

is generally supposed (and hence has unnatural spin-parity), then the 

enhancement observed in this charge-exchange reaction cannot be the 

. (32) 
L meson. Preliminary results from a study· of the K+d reaction 

at 9 GeV / c showing an effect similar to the one observed here have 

been reported by the Purdue- Davis collaboration. (42) 

In conclusion we have observed a rapid change in the K'TT scatter-

ing angular distribution in the mass region around 1.85 GeV. This 

effect can be most simply interpreted in terms of a rapid increase of 

an F-wave amplitude, which interfere with several other waves 
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present. p - * If interpreted as a resonance, this J = 3 K could belong 

to the same SU(3) octet as the g-meson. Because of the strong inter-

ference effects observed in this experiment we cannot obtain precise 

values for the mass and width. 

·TABLE I 

1.5-1.6 GeV 1.6-1. 75 GeV 1. 75-2GeV 2-2.25 GeV 

(A1/AO) 2.21 ± .04 1.25± .12 1. 73 ± .07 2.2 ± .06 

(A2/AO) 2.84 ± .07 2.27 ± .11 2.62 ± .08 2.99 ± .07 

(A3/AO) 2.63 ± .09 1.18 ± .19 2.76± .10 3.02 ± .08 

(A4/AO) 1.89 ± .11 . 99 ± .06 1.64 ± .12 2.29 ± .10 

(A5/AO) 1.00 ± .10 . 04 ± .17 . 94 ± .10 1.46 ± .09 

(A6/AO) .26 ± .10 .29 ± .219 .72 ± .11 .46 ± .10 

x2
/DOF 25/13 15/13 10/13 20/13 

G. C . . •th K+ . K+ - .6..++ omEar1son w1 · E _. Tt Reactions 

There have been a large number of bubble chamber experiments 

which studied the reaction K+ p - K+ 1T-.6..++. (26) The reaction has the 

same general properties we found in the reaction K+ n _. K+ 1T-P· 

Apart from the difference in coupling constant for the exchange 

particle at the baryon vertex, the two reactions are identical. There 
'>~ ....... 

is, however, an important difference: the ratio of the K'-(890)/K'"(1420) 

production eros s sections. 

* . K (890) 
'>!< 

K (1420) 
1 . 'K+ . R :::::: 1n n reachons; 

>}: 
K (1420) 

. ....., . K+ t• 
'""'J 1n p reac 1ons. 

But there is an important kinematical distinction between the two 

reactions which we believe can explain some of the difference. 

__ , 
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In Fig. 41 we show the Chew-Low boundary for the reactions 

a) K+p-+ K+1r- .6.++, where the mass 'of .6.++ is taken as,1240 MeV. The 

accessible region for the two reactions is. nearly the same as low K1r 

mass, but as we go to higher mass the difference becomes very 

pronounced. Since the dominant exchange in the production of K*' s m 

these charge exchange reactions is pseudo-scalar, this difference 

has 'an important effect on the cross-section. To illustrate this 

point, we took the events in the K+ rt -+ K+ 7T-p channel and separated 

them into events produced with t accessible to the K+ p-+ K+ 7T- .6.++ 

l;'eaction and events with inaccessible t. (See Fig. 42.) It is clear 

that at low K1r mass the .difference is insignificant, but as we go to 

higher mass this difference becomes increasingly important. We 

note that if we restrict ourselves to events in the accessible t region, 

>~ * . * ~-
the K (890)/K (1420) ratio is in good agreement with the K (890)/ 

* * ++ . K (890)/K (1420) ratio found in .6. reactions. Since cross section 

* . 
for K 0 production tends to fall off rapidly with increasing energies 

. and usually are produced in the low-t region, the neutron target 

seems to be better than the proton for a search for mesons in the 

high-mass regions. 

~:~ + + -
H. N Production in the Reaction K n -+ K JT p 

The p1r + + -invariant mass distribution in the reaction K n -+ K 7T p 

is dominated by low mass, M(p7T -) < 1.8 GeV. (See Fig. 16.) In 

2 -Fig. 15 we show the Chew-Low plot tK-K vs M (p7T ) and note a 

large low mass p1r- band produced primarily at low t but extending 

to higher t values as well. In order to study possible structure in 

the p1r mass enhancement we plot M(p, 7T -) for three different t' 

regions: (see Fig. 43) a) t' < .1(GeV /c)
2

, b) .1 (GeV /c) 
2 < t' 

\ 

<. 4(GeV /c) 2 , c) t > .4(GeV /c) 2 . 
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The low-t' region is dominated by a low PTT enhancement centered 

at M(p, Tr -) ~ 1340 MeV; this is well below the first known I= 1/2 isobar. 

A similar effect has been seen in a Tr+P experiment at 8 and 16 GeV/c. (
33

) 

As t' increases, the average value of M(p, Tr -) increases. At large t' 

we can see a separation between N* 1 /
2 

(1550) and N* 
1

/
2

(1668). 

To study the decay angular distribution for the pTT system we 

plot in Fig. 44 the Y
1 
° moments of PTT decay. We note that the 

angular distribution -changes rapidly across the low pTT enhancement. 

For M(p, Tr -) < 1.8 GeV, only S-P waves are necessary to describe 

the data. But at M(p, ,Tr -) > 1.8 GeV higher waves become important. 

The PTT- mass peak at 1. 3 Ge V cannot be attributed to ~ 0 production. 

Using the isotropic spin relation and the result of the K+ p-+ K 0 A ++ 

( 45) 
experiment at 12.7 GeV /c , we estimate the cross section for the 

reaction 

K+n-+ K+Ao 

I_PTT 

in the region of interest (t'< .2 (GeV /c) 2) to be 4-5 JJ.b, which can 

explain only 70 of the peak's several hundred events. 

- . 
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V. COHERENT PRODUCTION OF K \r +TT-. 

A. Selection of Events, K+ rr+ Ambiguity 

The film has been scanned for all events which have three-prong or 

four-prong topologies. The three-prong events have assigned to them 

a particle of zero momentum in the initial approximation to the kine-

+ + + -
matic fit. For the deuteron hypothesis K d-K TT TT this missing 

recoil deuteron has. momenta errors of b.p = b.p = 40 MeV /c and 
X y 

b.p = SO MeV /c assigned to it in the initial approximation. These 
z 

errors reflect the fact that a deuteron momentum less than 110 MeV /c 

does not leave a visible track in the bubble chamber. 

+ + + -A total of 5834 events satisfying the hypothesis K d - K rr rr d 

found in both three- and four-prong topologies. The treatment of 

invisible deuteron in the three -prong events and the problem identify-

ing coh_erent events are discussed in Chapter II. All coherent events 

with x2 
confidence level greater than .1 o/o were accepted. 

At high incident momenta, this reaction has a disadvantage: it is 

often difficult to determine the correct premutation of masses among 

the outgoing positive meson tracks. At our energy, 57o/o of the four-

prong events and 75% of the three-prong events remain ambiguous 

after kinematic fitting. We point out that the typical momentum of the 

outgoing meson tracks in 3 to 4 GeV /c; thus, ionization information 

is of no help in resolving this ambiguity. 

The ambiguous events can be separated into two categories. The 

class of events where the chi-square difference between the two 

ambiguous hypotheses is large, defined here as I X 
1 

- X 
2 

I> 3, or 

small, I x
1 

- X 2 I <3. The events with large x 
2 

difference constitute 

22 o/o of the four -prong events and 11 o/o of the three -prong events. The 

remaining 35o/o of the four-prong events and 64o/o of the three-prong 



-48-

events hav~ chi-square difference smallerJthan three. For the 

events with the large x2 
difference, selecting the events with lower 

x2 
chooses the right interpretation for nearly all events. 

+ + -In Fig. 45a, b we show the D1r and the K 1T mass plots for 

unambiguous 'events. + By and large these events correspond to 1T 

mesons with fairly low laboratory momenta. In view of the fact 

that the D is very slow in the laboratory system, as required by 

the low momentum transfer for cohe:(ent events, it follows that 

+ these events correspond to low D1r masses. The mass is dominated 

* * by K (890) production, but there is also a clear K (1420) signal. 

In Fig. 46a, we show the mass plot for the events with x2 
difference 

greater than three. Note that the average D1r+ mass has shifted 

to a higher mass, as expecte·d. In Fig. 46b, we show the two­

dimensional plot M
1 

(K
1 

+, 1T -) vs. M
2 

(K
2 

+, 1T -), where the subscripts 

1 and 2 refe-r to the accepted and rejected hypotheses respectively. 

In Fig. 46c, d we show the M(K+, 1T -) projections of both selected 

and rejected hypotheses. We note that the sample of selected 

~~ 
events is dominated by K (890) production while only a small 

* K (890) signal occurs in the rejected events. These come mostly 

from the overlap region, for which bot~ interpretations give a 

* 2 K (890). Thus large X difference provides a good selection 

criterion. 

In order to resolve the ambiguity for events with small x2 

difference, we utilize the fact that the K+1T- mass is dominated 

* I * . by K (890) production and, to a lesser extent, by K (1420). We 

,thus select events according to the following criteria, where we 

designate events with M(K +, 1T -) 890 to 940 
~:: 

MeV as K (890) and 

. + . ~ 

M(K ,1T-), (1320-1480) MeV as K"(1420): 

• i 
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a) If one interpretation falls in the K~:\890) band and the other 

does not, we select the former interpretation as the correct one for 

this event. 

b) If one interpretation falls in the K~:c(1420) band and the other 

:::< :::< 
does not fall in either the K (890) band or the K (1420) band, we 

select the former. 

c) If both interpretations fall in the K~\890) band, we select the 

+ -one with M(K rr ) closer to 890 MeV. 

' >:~ 
d) If both interpretations have a K (1420), we select the one with 

+ -M(K rr ) closer to 1420 MeV. 

e) Otherwise, we select the interpretation with M(K+ rr-) closest 

to 890 MeV. 

In Fig. 47a we show the Drr+ invariant mass plot for events selected 

as above. We note that the average value of Drr+ mass has moved 

higher; i.e .. , the ambiguity problem is a strong function of :the ./ 

momentum. Thus as the rr + momentum increases, the ambiguity 

proble~ becomes more serious. 

In Fig. 47b we show the two-dimensional plot M
1

(K+, rr-)vs. 

+ -M
2

(K , rr ). Here again one combination (M
1

) corresponds to the 

accepted interpretation, while the other (M
2

) corresponds to the 

rejected interpretation. In Fig. 47c, d we show the mass projections 

+ -of the K. rr mass for the two hypotheses. Note that the selected 

* * events are dominated by K (890) and to a lesser extent by K (1420) 

production, while, as expected, the rejected events have no K~:~(890) 
:{~ 

or K ( 1420) signal. 

We can estimate the number of mis-assigned events by the size 

of the dip in theM (K rr) distribution. We estimate this mis-assign-
2 ' 

ment to be 15o/o in this subs ample of events. 
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B. General Features of the Data 

h . . f h . . K+D K+ + -D . 331 ± 8 b T e cross sechon or t e reachon -+ n n 1s 1..1. . 

The errors quoted are purely statistical. The error in the cross 

section is dominated by the selection criteria used to separate K rrnd 

and Knnpn final states. We estimate the systematic error to be 30 to 

40 1..1.b. In Fig. 48 we show the Chew-Low plot td-d vs · 
2 . 

M (K, n, n). 

The events are concentrated at low t. In Fig. 49 we show the differen-

tial cross section, d<T I. for all events in the reaction. 
. . . dt 

. · KD-+ KnnD 

-at data can be described by an exponential function of the form e 

The' 

with a = 25 ± 2 (GeV /c)
2

. In Fig. 50 we show the three-meson invari-

+ - . 
ant mass plot M(K, n , n ) for all events in the reaction. The shaded 

. . - + *++ . 
region is for events left after Dn in the D region are removed 

. + 
[ M(D, n ) < 2320 MeV]. The reaction is dominated by low Knn invariant 

mass M(K, n, nf 1.5 GeV, but there are a substantial number of events 

in the L region, 'M(K, n, n) :::::1.7 GeV. 

In Fig. 51 we show the M(K, n, n) invariant mass plot for all events. 

The shaded region represents the four -prong events, events with 

visible detuerons. It is clear that three -prong events, those with an 

invisible deuteron, make an important contribution only in the Q regioh 

but do not make a contribution in the high mass region._ This is 

expected, since three-prorig events are restricted to the very low t 

region t < .015 (GeV /c)
2 

, and the Chew-Low boundary makes the high-

mass region inaccessible to events with such low t. 

In Fig. 52 we show the various two-body invariant ma·ss distribu­

+ -tions. In Fig. 52a we show the K n invariant mass distribution. The 

~::: 

distribution is dominated by K (890). A clear signal can be seen at 

K~l<(1420). In Fig. 52b we show Dn\nvariant mass plot, which is 

-. 
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+ ~:<++ 
dominated by low-mass Drr , D production. In Fig. 52c, d, e, f we 

show the K+ TT+, Drr, DK+, and ·rr+TT- invariant mass distribution. There 

is no distinctive structure in any of these distributions. In particular, 

the Drr- shows no significant D~:<o production. This effect will be 

discussed in more detail in Section Vd. The lack of p signal in the 

+ -TT rr system is partly due to the fact that the low Krrrr mass restricts 

+ -TT rr invariant mass to be low. Since this channel is dominated by low 

Krrrr mass, it restricts -the TTTT mass to be mainly below the p mass. 

A more detailed analysis done in Section V c reveals that there is p 

production in this channel. 

In Fig. 53 we show the two-dimensional plot M
2

(K, rr, rr) vs. 

2 *++ M (D, TT -}. Clear Q +, D bands can be seen. We note that a clear 

concentration of events in the L region ca'n also be seen, especially 

at the overlap region with low Drr + mass. In the next few sections we 

~:<++ 
will discuas Q +, D , and L production in more detail. 

c. + . 
Q Production 

h + + + -. T .E! reaction K D...,.. K TT TT D is dominated by the production of 

low Krrrr mass. (See Fig. 50.} To investigate the possibility of 

structure in the Q region, we p~ot the Krrrr mass distribution with 

*++ *++ D removed. (See Fig. 50.} We note that the removal of the D 

. *++ has little influence on the shape of the Q, but the removal of D has 

a strong effect on the high Krrrr mass region near the L region. In 
~ . 

Fig. 54 we show the K-.-(890), TT distribution. The shaded region 

~:<++ 
corresponds to events with D events removed. Their rexnoval has 

little effect on the distribution. Note that the distribution is inconsist-

ent with a single Breit-Wigner line shape. The mass distribution can 

be fitted to a two Breit-Wigner line shape with the following para-
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meters: rn
1 

= 1240 ± 10 MeV, r
1 

= 180 ± 20 MeV, 

m
2 

= 1360 ± 10 MeV, r z = 2 0 0 ± 2 0 MeV. 

These values are consistent with those observed in high-energy K+ p 

experiments( 34). But we notice that the values for m
1

, m
2 

are lower 

than the one obtained in the K+ p experiments where m
1 

:::::1260 to 1280 

MeV, m
2 

:::::138.0- 1400 MeV. 

Reactions on deuterium are characterized by a steep momentum 

transfer distribution. This effect, coupled with the Chew-Low 

boundary, can have an important effect on the mass of the three 

mesons. If the production differential cross sections differ as a 

function of Kmr mass, it can result in .serious differences between the 

mass spectra observed in K+ d or K+ p experiments. In Fig. 55 we 

show the Krm mass for all even,ts weighted-by the deuteron form 

factor. 1 /H(t). Thus events with low t have a lower weight than events' 

with higher t. This correction takes into account both the differences 

in production differential cross section introduced by deuteron break-

·up and the Chew-Low boundary effect. Weighting the events shows 

that the average KTTTT mass moves higher and is now practically 

identical to the K+ ~ mass spectra in the Q region. Note that weighting 

has a proportionally greater effect on events with large KTTTT mass. 

To investigate the production mechanism as a function of the Q 

mass further, we plot the differential cross section da /dt for events 

in four sections of the Q+ regions: a) M(K, TT, TT) 1-1.2 GeV, b) 

M(K, TT; TT) 1.2-1.3 GeV, c) M(K, TT, TT) 1.3-1.4 GeV, d) M(K, TT, TT) 1.4-1.5 

Gev. The differential cross sections ar.e shown in Fig. 56. A fit of 

the differential eros s section to a function of the form e -Bt yields the 

.• ~ 
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values of B in (GeV /c - 2 for the four regions as follows: a) 

B = 2 9 ± 1. 5, b) B = 2 7. 5 ± 1 . 5, c) B = 2 5 ± 2, d) B = 2 6 ± 2. It 

. appears that the events in the low Krrrr mass regions have slightly 

steeper differential cross sections than those in the higher Krrrr mass 

regions. The same effect has been noticed in K + p experiments. The 

eros s section for Q + production with M(K +, rr +, rr -) 1-1.5 Ge V is 212 

>l:o - + 
± 15 f-Lb; the cross section for the K (890)rr in the Q region is 

150 ± 10 f-Lb. 

The absence of Q+ decay into two mesons, the lack of Q + produc-

tion in charge exchange reactions, and the slope of four -momentum 

-28 
transfer distribution d a G:"e . all suggest that the Q is produced 

dt 

by diffraction dissociation. Thus we expect the Q to belong to the 

. . . - + -
sp1n -par1ty ser1e s 0 , 1 , 2 , etc. 

In order to study the decay angular distributions we restrict 

* ourselves to the subsample of K (890), rr events only. 

In the following paragraphs we will discuss the angular distribu­

tions observed for K*(890), rr events in the following four regions in 

Krrrr mass: a) 1.1. 2 GeV, b) 1.2-1.3 GeV, c) 1.3-1.4 GeV, and d) 1.4-1.5 

GeV. The shaded regions in cosine distributions correspond to the 

sub sample of events in which the K+, rr + ambiguity were resolved on 

the basis of K+, rr- mass, as discussed in Section Va. These 

* ambiguous events are mainly events in the K , p overlap region, 

. + 
events with a fast rr . The curves on the angular distribution plots 

are a result of a fit to the function 

The numerical results of the fit are given in Table II. 



A 

B 

c 

D 

(a1/ao) 

(az/\) 

x2 
/DOF 

(a1/\) 

(az/a o) 

x2 
/DOF 

(a1/ao) 

(az/ao) 

x2 
/DOF 

(a1 /a o) 

(a2/a o) 

x2 
/DOF 

cos 8 
KK 

.52± .07 

1. 72 ± .05 

17/17 

.46 ± .06 

1.5 ± .06 

18/17 

.48 ± .07 

1.39 ± .07 

15/17 

.3 ± .1 

1.4 ± .06 

42/17 
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Table II. 

. 24 ± .06 

. 024± .07 

12/17 

-.35 ± .06 

.4 ± .07 

19/17 

.~7 ± .07 

.53 ± .08 

28/17 

-.6 ± .1 

. 55 ± .1 

25/17 

cos(f3) cos( g) 

.007 ± .05 -. 23 ± .06 

-. 75 ± .07 07 ± .08 

11/17 12/17 

.007 ± .04 -.34 ± .06 

-.88 ± .05 . ~31 ± .08 

15/17 10/17 

-.015± .07 -. 4 ± .07 

-.73 ± .06 .48± .86 

29/17 14/17 

-.07 ± .06 . 45 ± .1 

- . 7 ± .07 .4 ± .11 

35/17 13/17 

' 

Decay analysis. 
' + 

In order to study the dec~y features of the Q 

a function of M(K, 'IT, TI-), we have divided the Q region into four parts: 

a) 1 to 1.2 GeV, b) 1.2 to 1.3 GeV, c) 1.3 to 1.4 GeV, and d) 1.4 to 

1. 5 GeV. In Fig. 55 we show the decay Dalitz plot for each region. 
~;: 

A clear K (890) band can be seen in each region. In regions b, c, and 

d, a concentration of events can also be seen clearly in the p band, 

* especially in the K (890), p overlap region. (See also the mass 

projections.) In Fig. 56 we show the K+ 1T- invariant m~ss distribu-

tion for each of the four regions in M(K, 'IT, 'IT). All distributions are 

~ 
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* dominated by K (890) production. 

In Fig. 57 we show the ,/11- invariant mass plot for each of the 

M(K, 11, 11) regions. Nate that some p signal can be seen as we move 

to higher M(K, 11, 11). Because our selection criteria are biased in 

* . favor of K (890) events, we do not think that this is a good sample of 

events for determining the exact K>:<(890)11/Kp branching ratio of theQ+. 

We have raised the possibility of a KE decay mode of the Q earlier 

(35 • 36). The need forE decay (Jp = 0+) arises when pne compares 

R(Ko11+11°/K+11+11-). E · t 11 t" f 1 · b d h"l xper1men a y, a ra 10 o ·. 1s o serve , w 1 e a 

factor of 2 would be derived from using I-spin relations. The discrep-

ancy can be explained in terms of a K€ decay mode which contributes 

+ + - 0 + 0 to the K 11 11 final state but not to the K 11 11 D events, so we cannot 

compare the two samples in the present experiment. Thus our present 

data cannot support or reject the K€ decay mode of the Q+. 

Angular Distributions. To make a model-independent analysis of 

the spin-parity of the K1111 system as a function of mass, we have 

examined the angular distributions of the following angles. 

a) cosO K, K <j> where (), <j> are defined as the Jackson decay 

angles of K>:<(890). Kine K 

z = K . 
.• :1nc 

Y = K. XK 
me 890 

K. 
1nc 

* X K * in K 890 resti 
rame 

b) cos(JK, K>!< w. here () .1·s d f" d th J k d 1 f Q e 1ne as e ac son eC<l;Y ang e o 

in the Q rest frame. 

K. 
1nc 
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c) cos!3, cj> are the decay angles between the normal to the K 

decay plane and the beam direction in the Q rest frame. 

K. 1nc 

... + ... 
K X 1T 

z = K . ... 1nc 
Y = Q X K. 1nc 

in Q c. m. 

Q X K. 1nc 

..,, 
d) cos£, where !; is defined as the k'''(890) helicity angle in the 

Q rest frame. 

K 

Assuming a given Jp value produced by a 0+ exchange 

(Pomeranchuk exchange), the expected angular distributions are 

shown in Table III. 

Table III 

Jp cos8K, K cos8 * K,K cos!3 cos!; .. 
0 - 1+3 sin28 1+3 sin2 8 cos2 ~ 1 

1+ 2 1 . 26 cos 8 s1n 1 

2 - 2 2 1- 3sin
2

!3 4 )l< 2 
1+3cos 8 1+3 cos 8 

+(9i4+K)sin 12 
. 3+ cos £ 

:1.< • K is a kinematical constant. See Ref. 43. 
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. * We note that by selecting K (890) events we are also including p 

events from the K (890), p overlap region~ These events contribute 

to different angular distributions in a biased fashion, and to determine 

the spin-parity one has to take this effect into account. The angular ' 

+ + distributions are also particularly ·sensitive to the problem of K , n 

ambiguity, and de spite the fact that we believe our selection criteria 

to be good in 90o/o of the events, the misidentified events could lead to 

a bias in the angular distributions. To investigate the effect of p 

contamination in the angular distribution, we have examined the 

. * angular distribution for the subsample of events m the K , p overlap 

region. In the following section we discuss these effects on the 

different angular distributions. 

In Figs. 60 and 61 we show the angular distribution in cos 8K K , 

and <jJ * for the K (890) decay. Cos 8, <jJ are defined as the decay 

angles in the Jackson frame. The cos 8 distributions in all four 

2 
regions in K nn mass have a strong cos 8 component. The forward 

asymmetry exhibited by the distributions could be explained by the 

* contribution of p events from the K , p overlap region. The distribu-

tion throughout the Q region is consistent with being pure 1 +, but we 

cannot exclude some 2 terms. The <jJ distribution shown in Fig. 61 is 

consistent with being flat for the whole Q + region, as expected for a 

p + 
J = 1 + produced by 0 exchange. 

In Fig. 62 we show the angle case K, K+ which is the Jackson decay 

angle of the Q meson. A pure Jp = 1+ is expected to have an isotropic 

distribution in cos eK, K*. The cos eK, K* is largely isotropic at low 

Knn mass but at high Knn mass has a considerable backward asyrnme-

try. From the shaded region we note that the asymmetry is associated 

with the ambiguous events. This is partly a reflection of the kinematic 
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effect of ambiguous events. Events with fast TT +in the laboratory 

"'' system are also events wit? backward K''' in c. m. We also note that 

p events will similarly tend to give a backward peak in this distribu-

tion. The asymmetry could also result from the presence of a 0 

background, where 0--- 1-0- decay via a P wave andY 
1
° term can 

int~rfere to produce the observed asymmetry. This angle is particu-

larly sensitive to the ambiguity problem, and we do not believe the 

different effect can be separated. 

In Figs. 62 and 64 we show the cosf3 and <P distribution for the 

normal to the KTTTT decay plane. The dist~ibution is strongly sin 
2

13 

. . + 
throughout the Q region. We note that this angle is not 'very sensitive 

to the * + ambiguity problem of K TT, pK decay of Q . Deviations from 

pure sin
2

13 in this angle, especially at high KTTTT mass, are indicative 

of the presence of non 1 + background, probably 0- and/or 2-. With 

present statistics, the relative contribution of each background term 

cannot be determined. The <P distribution is consistent with being flat, 

as expected for an unnatural parity series produced by Pomeranchuk 

exchange. 

'>'"" ' 
In Fig. 65 we show cos£, the helicity decay angle of K ''(890) in the 

Q rest frame. The distribution at low KTTTT mass is consistent with 

being flat. At higher KTTTT mass, the backward asymmetry is due to 

. * the excess of events m the K , p overlap region. 

In conclusion, we note that the Q + produced off deuterium is mainly 

1 +, but some evidence for Jp = 0- and/or 2- background exists in 

this region. The K+, p overlap and K+, TT+ ambiguity problem make it 

p + 
difficult to determine the intensity of the non J = 1 background in 

this region. 

.. 
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Possible interpretations and conclusions. The fact that Q+ is 

produced in coherent reactions confirms its I-spin assignment of 

I = 1/2. The production mechanism is believed to be the diffraction 

type, Pomeranchuk exchange. This is supported by the differential 

-28t 
cross section distribution( d 0" o: e 

dt 
) and spin-parity analysis 

of Q +. The spin-parity of Q + is consistent with being Jp = 1 + with 

-·-
0- and/or 2- background. The Q decays predominantly into K'''(890),.. 

The Kp decay mode is important mainly at high Q regions. 

Extensive work has been done attempting to understand the nature of 

Q. Is it a double peripheral process, a Deck effect; or is it a 

resonance or a cluster of resonances? As for the distinction between 

resonances and Deck effect, the concept of duality, as interpreted by· 

Chew and Pignotti, suggests that they are identical. To explain a 

Deck type enhancement, a resonance must be present in this region. 

In high-ene;gy K+ p' experiments, in particular the 9-GeV /c experiment 

of Alexander et a1(
3

S) .and the 10-GeV /c experiment of Barnham et al 

(
36

), significant structure was seen in the Q mass, which suggests the 

presence of at least two resonances in this region apart from K*(1420). 

' . * We n9te that in our channel the K (1420) contribution calculated from 

K+D _. K 0
,. + D is consistent with being zero, and it cannot account for 

more than 20 to 30 events. A model proposed by G. Goldhaber( 3S) to 

explain the structure in the Q region suggests the presence of two 

interfering resonances in the Q region. The two states must have the 

same spin-parity to show interference effects on the ma,ss plot. The 

quark model predicts the existence of two Jp = 1 + states, 
3

P 
1 

and 

1
P . The physical1+ states can be a mixture of the two quark states 

1 

and can also interfere through a common decay channel (40). If we 
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denote the "unmixed" state as 

K~ JPC = 1++(3P1), 

PC +- 1 
KB: J = 1 ( p 1)' 

the physical states are re~ated to the unmixed state by 

IK~+ ) = IKA) cos<j> + IKB) sin<j>, 

IK~*) =- IK2 sin<j> +I KJ cos<j>, 

where <j> is the mixing angle. 

:::<* 
If the states were unmixed, <j> :=::Q. We would expect only K 1 

to be produced off deuterium. If <j> is large, that is, maximum mixing, 

. ** ·** . + we would expect by both K 
1 

and K 
2 

to be produced in K D inter-

actions, and the mass spectrum is expected to be ·similar to K+ p 

mass spectrum. In this experiment the Kmr mass spectrum is 

consistent with the one seen inK+ p experiments. This supports the 

~l:* 
notion of considerable mixing between the two K quark states. 

~c 

D. D Production 

In Fig. SOb we show the D'IT+ invariant mass distribution where a 

clear low-mass D'IT enhancement can be seen at M(D, Ti) = 2150 MeV, 

r = 150 MeV. We observe that this mass is consistent with the sum of 

++ a nucleon mass and the mass of the b. (1238). In Fig. 58 a we show 

region, [M(D, 'IT)< 2320 Mev]. 

* 

. . * a cos(;} distribution for events in the D 

Here (;} is defined as the Gotfried,..Jackson angle for a D resonance. 

The strong backward peaking is n(')t characteristic of a resonance 

decay, as it requires a large nu:r:nber of partial waves. We concluds 

** . that the D low-mass enhancement is not a well-defined resonance 

but rather a kinematical reflection 0f the reaction desc:dbed, in Fig. 

58b. Ths reaction proceeds in two stages: 1) K+ d- K+'IT- b.{+ n, where 

the neutron is a spectator, and then (p, n) recombine to form a 

deuteron after the b.++ decays. 

In Fig. 59 a, b we show the cos() and <j> decay angular distributions 

.. 

.. 

. ' 
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··- *++ for K-·- (890) recoiling against the D The cos8 angular distributions 

has a strong cos
2

8 component and the <j> distribution is consistent with 

:..'< 
being flat. Both distributions indicate that the K (890) is produced 

predominantly by pion exchange. 

In Fig. 50d we show the Dn mass distribution. There is no 

evidence for strong n*o production. The suppression of n*o produc-

tion can be understood if we assume that the process described in Fig. 

*++ ~ 
58b dominates in D production. A similar diagram producing D "O 

' "11 b d b ' + + + - . w1 e suppresse y the raho of the K TT and K TT elashc scattering 

cross sections. This is the ratio between an exotic and a resonant 

nonexotic channel -- a rather small number. 

In Fig. 60 we show a differential cross section for the events 

+ + - >',< 
K D _.. K TT D , where t is defined in 60a as tD-D and in 60b as tD-D*. 

Both distributions can be fitted to a function of the form Ae -bt, where 

B = 18 ± 2 for tD-D and B = 14 ± 2 for tD-D:o.'<. Note that the value of 

B in Fig 55a is considerably lower than the value calculated for Q 

events (B = 29). 

~<tt 
In Fig. 61 we show the Kn mass recoiling against D We 

>:< ;'< 
observe a strong K (890), K (1420) production and note that the 

* ~:c: 
relative production of K (1420) to K (890) has increased compared to 

allevents. (See Fig. 50a.) 

. . . :>!<++ 
In Fig. 62 we show the Kmr mass assoc1ated w1th D events. 

>:.: 
The overlap between Q and D events is small, but as has already 

been mentioned, the low Dn mass events seem to be associated with 

>:<+t . 
L production. (See Fig 51) The cross section forD production in 

K+D _.. K+n-D*++ is 30 ± 81J.b(D~<t+'_. Dtr+). 
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F.;. L +Production 

In Fig. 53 we showed the two-dimensional correlation plot 

M 2 (K,1T, 1T) vs. M(D, 1T) in which L enhancement was seen to be 

associated mainly with low D1T mass. In Fig. 70 we showed K1T1T 

** [ J events associated with D events M(D, 1T) < 2.32 GeV where a 

clear L signal can be seen. In Fig. 71 we show the K1TTT mass plot for 

events with M(D, 1T)< 3GeV where a clear L signal can be seen. We 

fitted this distribution to a Breit-Wigner with constant background 

and have attained as the best parameter for the fit 

M(K, 1T, 1T) ::::1720 MeV, r::::190 MeV. The concentratr.ation of L levels 

at low Dn mass is not well understood. There are a number of 

possible explanations. One is that at low Dn mass K+ 'IT+ ambiguity is 

minimized. (see Section VA), Thus L, Q are well separated. At 

. + + 
high Dn mass, problems of K 'IT ambiguity are more serious and 

might explain the smearing of the L signal. This is very unlikely as 

the effect is quite pronounced. The effect is probably real, and the 

*++ excess of events at low D1T mass could be a result of the D inter-

ference effect. 

The concentration of L at low Dn mass can be a result of the 

following effect. Assuming L production is dominated by the multi-

pheral diagram described in Fig 66b, the top vertex is dominated by 

K~-<(1420) and the bottom vertex is dominated by 1T+D scattering. The 

deuteron has a higher probability of breaking up as n,.+ mass 

increases. The cross section for coherent L production is propor­

tional to the product of the n+D. cross section and the probability of 

the deuteron staying together. Since both c:ross section and break"'UP 

probability favor low D1T mass, L events are concentrated there. 

It is interesting to note that L± production in the K+p, K-p 

·~ . 
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experiment seem to have a different cross section; L production 

cross section is larger than L +. (32) The cross section for L +, L-

is expected to be the same if L is produced by Pomeranchuk exchange . 

But if on the other hand L production is dominated. by the Deck-type 

mechanism described in Fig. 66b, the difference between the L + and 

L cross sections can be explained in terms of the difference between 

+ + - -
1T p,p p and 1T p, p p elastic scattering. To check this hypothesis, an 

+ -accurate measurement of L , L cross section as a function of 

+ p1r or p1r 1nass respectively is needed. 

L-decay. In Fig. 72 we show the decay Dalitz plot associated with 

the events in L region with low D1r mass, [ M(D, 1T)< 3 GeV J. In 

Fig. 65a we show the K1r invariant mass for these events. Clear 

* * . K (890) and K (1420) bands can be seEm in both plots. In Fig. 65b 

we show the 1T + 1T- mass distribution for these L events. A clear p 

signal can be seen at M( 1T, 1T) z 720 MeV. 
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VI. THE REACTION K+D ....... K 0 1/D 

A total of 133 events satisfying the hypothesis K+D ....... K01/ d, 

K 0 
_:... 'IT+ 'IT-· were found in both one -prong plus vee ( 40o/o) and two -prong 

plus vee ( 60o/o) topolog_ies. All events satisfying the multi vertex seven 

constraint fit with chi-square probability greater than .1 o/o were 

accepted as this hypothesis, provided that the invarjant mass of the 

proton and neutron in the corresponding reaction K+ d ....... K 0111'+ pn is less 

than 1886 MeV. Reliability of coherent fits is discussed in Chapter II, 

Section E. 

In Fig. 73a, b, c we show the invariant mass for D'!T +, DK 0
, K0 '1T + 

systems. No evidence for structure can be seen in either M(D, 1/) or 

M(D, K 0
) invariant mass. In particular, there is no evidence for 

..,_ >:<++' ' D production. rn· Fig. 73c we see a strong K....-(890) signal in the 

K 0
, 'IT+ invariant mass spectrum. There is little if any K*(1420) 

signal in this channel. 

>!< 
The cross section forK (890) production in the reaction 

+ * K D ....... K (890)D as 20 ± 4 J.l. b after correcting for K 0 decay and K0
'1T

0 

-..~.. ...,.. ' 
decay mode of K.,. (890). The K....- ( 1420) cross section is consistent 

* with being zero, and an absolute upper limit for K (1420) production 

cross section is 

neutral decay. 

8 J.Lb correcting for three-body decay mode and K 0 

* This corre sppnds to an upper limit ·of 30 K ( 1420) 

In Fig. 74a we show the differential cross section for the reaction 

~ ~ I KD ....... K>:< 8900 . If we parametrize the momentum transfer 

d. t "b . . h f . 1 f dO" Bt 1 ' f' 1s r1 utlon 1n t e unctlona orm "dt a:e , a east- square 1t to 

to the data points yields the slope B = 17 ± 2 GeV /c) - 2 with x2
= 5 for 

6 degrees of freedom. We note that this slope is not as steep as in 

the coherent reaction K+D-+- Q +D, where B = 28 ± 2. In Fig. 75a, b 

•·. 
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* we show the decay angles for K (890). 8 and cj> are the usual Gotfried-

Jackson decay angles. The density matrix elements are calculated to 

be p
00

' = .15 ± .1, p
1

_
1
= .1 ±.1, p

11 
= .42 ±.OS, which are consistent 

with being pure vector exchange. 
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APPENDIX: EXPERIMENTAL DETAILS AND 
CROSS SECTION CALCULATIONS 

A. Experimental Details 

The experiment was performed at the SLAC 82" bubble chamber. 

The deuterium-filled chamber was exposed to an r-f separated K+ 

meson beam with 12-GeV /c incident momentum. The K- transport. 

beam, was designed by J. Murray and S. Flatte ( 1): Detailed informa-

tion on the beam can be found elsewhere in the literature. A momentum 

resolution of ,6. pj = .2% was achieved by using known correlations 
p 

between beam momentum and transverse position in the bubble chamber. 

Pion contamination was reduced essentially to zero through the use of 

a gas Cerenkov counter. There was a 4. 5% hydrogen contamination in 

the chamber. 

A total of 500, 000 bubble chamber pictures were taken with the 

12-GeV /c K+ beam with ~n average of 7.5 K+ mesons incident/pulse. 

This corresponds to an average of 1. 7 interactions per frame. Thus a 

total of 850, 000 interactions were recorded on film. To reduce the 

measurement load, we restricted the measurement to the following 

topologies, marked by* . 



Event type 

10. One-prong 

1 7. One -.prong + 
vee 

· 20. Two-prong 
·' 

2 7. Two-prong + 
vee 

30. Three-prong 

3 7. Three -prong + 
vee 

40. Four-prong 
Stop 

40. Four -prong 
No stop 

Four-prong+ 
vee 

50. Five-prong 

· 57. Five~prong + 
vee 

60. Six-prong 

6 7. Six-prong + 
vee 

All rest. 

%in 
film 

9.3 

1.1 

22.6 

3.8 

8.2 

1.4 

8.2 

14.8 

4.2 

4.7 

.53 

10.9 

1.5 

8.8 

N.M. = Not measured. 
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Table I. 

No events 
measured 

a 
N.M. 

7874 

a 
N.M. 

30,143 

67,578 

13,698 

50,819 

. a 
N.M. 

31,685 

a N.M. 

. a 
N.M. 

a N.M. 

b ' 
N. R. M. = Not remeasured. 

No events 
remeasured 

. b 
N.R.M. 

1145 

. b 
N.R.M. 

5316 

8033 

2192 

6123 

b N.R.M. 

6182 

. b 
N.R.M. 

. . b 
N.R.M. 

a 
N.M. 

a 
N.M. 

a N.M. 

.. 

! • 



... 

-69-

The events were scanned and roughly digitized on a road-making 

table at a rate of about 14-15 events per hour. The events were then 

measured on the FSD (Flying Spot Digitizer}, which is a rap~d auto-

matic film plane digitizer. It has a measuring rate of about 100-120 

events per hour. Remeasurements were carried out on the conven-

tional digitizing machine, Frankenstein. We measured 50o/o of the 

film in order to study possible biases. Details on the number of 

eve,nts measured and remeasured are given in Table. I. 

The events wel"e then subjected to the kinematical fitting program 

SIOUX. To be accepted at this stage, events had to have a confidence 

level greater than .1 o/o. Stopping tracks were required to be either a 

proton or a deuteron. The treatment of. invisible spectators and the 

reliability of the deuteron fits· are discussed in Chapter II. 

Remeasurements were carried out on 50o/o of the film. All events 

which failed kinematic reconstruction. and events which failed 4c fits 

but had missing momenta for visible tracks of less than 1 Gev/c were 

candiates for remeasurement.. The number of remeasured events 

contributed to each channel is less than 1 Oo/o, and the distributions do 

not seem to indicate any gross systematic bias. 

B. Cross Section Calculations 

The cross section for a particular channel can be expressed as 

expressed as 

where 

. + .. 
CT(K D-+ x} = 

N 
X 

N (total} 
0' total, 

+ I 0' = total K .D cross section at 12 GeV. c, 
total 

N - number of events in the channel, 
X 

N = total number of interactions in film. 
total 

. ' 

0' total has been determined from measurement by Galbraith et al (9} 
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·to be 3 3 . 9 ± . 3 . 

In order to determine N ; the number of events in a given channel, 
X 

we'have· to d~termine scanning efficiencies, measurement efficiencies, 

and K 0 escape probability whenever we have a: K 0 in the final state. 

Scanning efficiencies were determined by a ~special rescan on a 

sample of rolls c?mparing the number of events found in scan and 

rescari. The results are sho\vn·in Table I. The measurement of 

efficiencies were determined by comparing events failing geometric 

reconstruction with those passing. The results of measurement 

efficiencies are given in Table I. 

Table I 

ET Scan eff. Meas. eff; Eff. f<n event to pass system 

17 8 7 .5o/o 81.5% 71.5% 

27 84.5% 77.5% '/ 85.5% 

30 91 % 83.5% 76 % 

37 89.5% 7·6. o/o 68 % 

40 87~5% 87.5% 76.5% 

47 89 % 73 % 65 % 

The total number of events in the film was determined by counting 

the number of i~teractions on a subsample of the film and comparing 

it to the total number of events scanned in the subsample and then 

renormalizing the total number of interactions. 

The total number of interactions in the subsample was 7845 events. 

The total number of scanned events in the subsample was 2067 events. 

The total number of recorded events was 222, 850, which corresponds 



. . 
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to a total of 746, 700 interactions in the film. 

Escape probability for each K 0 event has been weighted according 

to the probability that a K 0 of the observed momentu~ and production 

, angle decays within the chosen fiducial volume. K 0 events have also 

been corrected for K
1 

and K
2 

decays. 

All cross sections have been corrected for hydrogen contamination 

in the chamber. No corrections to the eros s sections were made 

due to Glauber screening. But the effect is expected to be small . 
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FIGURE CAPTIONS 

Fig. 1. (a} Radial Separation of the nucleons in the deuteron. (b) 

Momentum distribution of nucleons in the deuteron. Predicted 

by Hulth_en wave function. 

Fig. 2. Spectator momentum distributions for the reactions (a} 

+ o + +- + a+-K d-+ K ·pp, (b) K d-+ K 'IT pp, (c) K d-+ K 'IT 'IT pp. The curve 

is a theoretical prediction normalized to number of events. 

Fig. 3 . . Case_, the angle between the beam and the spectator, for the 

+ o + +- + o+-reactions (a} K d-+ K pp, (b) K d-+K 'IT pp, (c) K d-+K 11' 11' pp. 

Fig. 4. (a} The deuteron form factor [H(t} vs. t]. (b) The correction 

factor for the spin-nonflip amplitude [ 1/1 -H(t} vs. t]. 

Fig. 5. M(p, n} for events with a visible proton in the reactions (a} 

+ + + + + -K d-+ K 0
1r pn and (b) K d -+ K 'IT 'IT pn. The shaded region 

corresponds to events satisfying the corresponding coherent 

reaction.· 

Fig. 6. Case, the angle between two outgoing nucleons, 'for events 

' + + with a visible proton in the reactions (a) K d -+ K 01r pn and (b) 

+ + + -K d -+ K 'IT 'IT pn. The shaded region corresponds to events 

satisfying the corresponding coherent hypothesis. 

.. + + + -
Fig. 7. M(p, n} for the reaction (a} K d.- K ,r 'IT (p}n and (b) 

+· . + +' -
K d.- K 'IT 'IT p n. (Proton momentum less than neutron 

s 

momentum.} The shaded region corresponds to coherent events. 

Fig. 8. Cross section vs. incident momentum for the reaction 

K+ d-+ K 0 pp. 

Fig. 9. do/dt vs. t for the reaction K\r- K 0 pp. 

Fig. 10. d o/dt vs. t for the reaction K +n -+ K 0 p: The smooth curves 

are predictions of models by Hartley et al. and Rarita and 

.. 
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Schwarzchild, and a result of a fit by a function of the form 

d cr = Aebt. 
dt 

Fig. 11. d a/dt vs. t for the charge exchange reactions K + n-+ K 0 p and 

K-p ~ K~n 

Fig. 12. Cross section vs. incident momentum for the reactions 

+ 0 + 0 ++ K d -+ K pp and K p - K D.. 

2 - 2 + - . 
Fig. 13. Dalitz plot, M (p, 'lT ) vs. M (K , 'lT ) for the reaction 

+ + -K n- K -rr p. 

2 + - . 
Fig. 14. Chew-Low plot, tK-K-rr vs. M (K , -rr ) for the reaction 

+ + - * K n -+ K 'lT p (a) all events, (b) N events removed. 

2 -Fig. 15. Chew-Lot plot, t vs. M (p 'lT ) for the reaction p-p-rr-

+ + -K n-+ K -rr p. 

6 - . + + +-Fig. 1 . M(p, -rr ) for the reaction K n-+ K n-+ K -rr p. 

Fig. 17. M(K+,-rr-) for the reaction K+n -+ K+-rr~p: (a) all events, (b) 
\ 

events with t' < . 2(GeV /c)
2

. 

Fig. 18. M(K+, -rr -) vs. cose for events with t 1 <. 2(GeV /c2) in the 

+ + -reaction K n- K 'lT p. 

Fig. 19. M(K+,-rr-) vs. (Y/) for events with t' <.2(GeV/c)
2 

in the 

+ + -reaction K n-+ K 'lT p. 

+ - 0 .. 2 
Fig. 20. M(K , -rr ) vs. N (Yp_) for events with t' < 2 (GeV /c) in the 

+ + -reaction K n-+ K -rr p. 

o+- + o+-Fig. 21. M(K , 'lT , -rr ) for the reaction K n -+ K _-rr -rr p . 

. +- + o+- . 
Fig. 22. M(p, -rr , -rr ) for the reaction K n-+ K -rr -rr p. The shaded 

• d • h A++ • . reg1on correspon s to events 1n t e u. reg1on. 
. . . + 

Fig. 23. The scatter plot M(K0
, 'lT ) vs. M(p, 'lT -) for the reaction 

+ 0 + - . 
K n- K -rr -rr p. 

o+ - + o+-Fig. 24. (a) M(K , -rr ), (b) M(P ,'IT ) for the reaction K n-+ K -rr -rr p. 
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Fig. 25 ~ Scatter plot M(K?rr -) vs. M(p, rr +) for the reaction 

+ 0 + -K n-+ K rr rr P· 

0 - + h . K+ K 0 + -Fig. 26. (a) M(K , rr ), (b) M(p, rr ) fort e reachon n-+ rr rr p. 

Fig. 27. Scatter pl~t M(K 0,rr+) vs. M(rr+,rr-) for the reaction 

+ 0 + -K n-+ K rr rr p. 

Fig. 28. 

Fig. 29. 

+ - . K+ K 0 + -M( rr , rr ) for the reaction n -+ rr rr P· 

+ * d o/dt vs. t for the reaction K d ...... K 890 PP· 

Fig. 30. K~~(890) decay angular distribution: (a) cose, (b) cj>. 

* . 1 Fig. 31. K (890) density matnx e ements vs. t: (a) Poo vs. t, (b) 
+ 

0' 
1 

vs. t, (c) a
1

- vs. t. 

dCT + * Fig. 32. p00 d t v_s. t for the reaction K n-+ K 890p. 

Fig. 33. M(K+,rr-) for events with t < .1 (GeV/c)
2 

for the reaction 

+ + -K n-+ K rr p. 

Fig. 34. Decay angular distributions for M(K+, rr -) at I, 1.3 - 1.4 GeV: 

(a) case, (c) cj> and at II, 1.4- 1..5 GeV, (b) cose, (d) cj>. 

I + -Fig. 35. dO' dt vs. t for M(K ,rr ) in(a) 1.3- 1.4 GeV, (b) 1.4- 1.5 

GeV. 

Fig. 36. M(K+, rr-) for events with t' <. 2 (GeV/c) 2 and (a) 

.7< jcosj< 1, (b) jcosj< .7. 

Fig. 37 S-wave events as a function of K+rr- mass for the reaction 

+ + -K n-+ K rr p. 

* 0 + + -Fig. 38 (a) K (1420) decay Dalitz plot, (b) M(K , rr ), (c) M(tr , TT ). 

. + -
Fig. 39. Decay angles for M(K , TT ) mass regions: (a) 1.5- 1.6 GeV, 

(b) 1.6- 1.75 GeV, (c) 1.75- 2 GeV, (d) 2-2.25GeV. 

+ - . 2 . ' 
Fig. 40. M(K , rr ) for events with t'< .2 (GeV /c) and cosO: (a) 

. . 

cose>. 776, (b) 0< cos 0 < . 775, (c) ,. . 775 < cosO< o, 

(d) -1< cosO< -.775. 

.. ' 
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Fig. 41. 
+ + - . 

Chew-Low boundary for. the reaction K n - K n. p and 

K+p_K+n- 6.++(1240) at'12GeV/c. 

Fig. 42. M(K+, n~): (a) t accessible to 6.++ reaction, (b) t inaccessible 

A++ t• to ~ reac 1on. 
. - + + -

Fig. 43. M(p, n ) for the reaction K n- K 1T p: 

(a) t <.1 (GeV /c) 2 
p-pn 

2 
(b) .1< t < .4, (c) t > .4 (GeV /c) . 

· p-pn p-pn 

Fig. 44. 

Fig. 45. 

0 - + + -(Yi. )moments vs. M(p,n ) for the reaction K n-+K n p. 

M(D, n +), M(K+. n -) fo.r unambiguous events in the reaction 

KD-+ KnnD 

Fig. 46. For ambiguous events with x2 difference greater than 3: 

(a) + - + -Dn for selected events, (b) M
1 

(K, 1T ) vs. M
2

(K , n ), 

. + - + -
(c) M

1
(K , 1T ),(d) M

2
(K , n ). 

Fig. 47. For a subsample of ambiguous events with x2 difference 

. + + -
less than 3: (a) Dn for selected events, (b) M

1 
(K , n ) , vs. 

+ - + - + -M
2

(K , 8 ), (c) M
1
(K , n ), (d) M

2 
(K , n ). 

Fig. 48. 

Fig. 49. 
\ 

Fig. 50. 

Fig. 51. 

2 + + -Chew-Lot plot, tD-D vs. M (K , n ,.n ) for the reaction 

d CI /dt vs. t for the reaction KD - KnnD. 

* M(K, n, n) shaded events with D out. 

M(K, n, n) shaded events with four -prong topology. 

Fig. 52. Two-body invariant masses for the reaction KD-+ KnnD: 

+ - + + + -(a) M(K ,n ), (b) M(D,n ), (c) M(K ,n ), (d) M(D,'II' ), (e) 

+ + -M(D, K ), (£) M('ll' , n ) . 

. 2 + + _·. + ' 
Fig. 53. Scatter plot M (K , 'II' , n ) vs. M(D, n ) for the reaction 

KD-+KnnD. 

Fig. 54. 
* ' . ' * 

M(K (890), 1T), the shaded region has the D out. 
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l 
Fig. 55. M(K, rr, ,\-)weighted by 1/H(q). 

Fig. 56. do/dt vs. t for M(K, rr, rr) mass regions: (a) 1.0 - 1/2 GeV, 

(b) 1.2- 1.3 GeV, (c) 1.3- 1.4 GeV, (d) 1.4- 1.5 GeV. 

Fig. 57. Decay Dalitz plot for M(K, rr, rr) regions (a), (b), (c), (d). 

Fig. 58. M(K+, rr) for events in M(K, rr, rr) regions (a), (b), (c), (d). 

Fig. 59. M( rr +, rr -) for e~ents in M(K, rr, rr) regions (a), (b), (c), (d). 

* . * Fig. 60. K (890) decay angle eKK* forK (890) events in M(K, 'IT, 'IT) 

regions (a), (b), (c), (d). 

* ~ ·· ' · ·Fig. 61. <j>, K (890) decay angle, for K "(890) events in M(K, 'IT, rr) 

regions ( a) , (b) , ( c) , (d) . 

* * Fig. 62. K (890) decay angle~. K for M(K (890), rr) regions (a), 

(b),. (c), (d). 

Fig. 63; 
. * 

13 normal to Krrrr decay plane for M(K 890)rr): (a), (b), (c), 

(d). 

* >:< Fig.· 64. <P, normal decay angle of 1 for K (890) events in M(K 890, rr) 

regions (a), (b), (c), (d). 

Fig: 65. * / Cos ( ~), K (890) helicity decay angle in the Q rest frame for 

"~ M(K 890,rr) regions (a),(b), (c), (d). 

Fig. 66. 
>:<++ 

(a) Cos 8; Jackson decay angle for D , (b) Feynman 

d . d ·b· · n*++ d t· 1agram escr1 1ng pro uc 1on. -

Fig. * * 67. K (890) decay angular distribution forK (890) events 

·1· · t n*++ reco1 mg aga1ns 

*++ 
Fig. 68. do/dt vs. t for D events (a) tD-D, (b) t

0
_D*. 

Fig. 69. M(K+ -) ·1· . D>H+ , rr reco1 1ng aga1nst 

Fig. 70. M(K, rr, 'IT) associated with n*++. 

Fig. 71. + -M(K, rr, rr) for events with M(D , rr ) < 3 GeV. 

Fig. 72. (a) L decay Dalitz plot. + - + -(b) M(K, rr ), (c) M(rr, 'IT) for L 

.. 
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events, L with (D·r/) < 3 GeV. 

Fig. 73. Two-body invariant mass for the reaction KD-+K0·r/D: 

+ ' +' 
(a) M(D,rr ), (b) M(D,K0

), (c) M(K0 ,rr ). 

I . + * Fig. 74. d<T dt vs. t for the react1on K D-+ K 
890

n. 

·- Fig. 75. Cos 8, <j> for K:.:c(890) decay in the reaction KD-+ K*
890

D. 

.. 
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