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ABSTRACT 

The reaction K- p -+ Aw, as observed in the Lawrence Radiation 

Laboratory's 72-inch hydrogen bubble chamber, has provided over 4600 

examples of w decay. The distribution of pion mom.enta in the decay 

+ - 0 w _.. 1T 1T 1T , of which 4200 examples have been seen, is found to be con-

sistent with C-conservation. With the assumption that thew spin is 1 , the 

pion-momentum distributions predicted by two different decay matrix 

elements are compared with the experimental distributions, as a test for 

final-state interactions. It is also shown that a spin of 3 for the w is 

unlikely. Branching fractions of other decay modes with respect to the 

1T+1T-1To decay mode are.: neutrals, 0.097±0.016; TJ"Y, <0.017; Tj1T 0 , <0.017; 

+- +- +- +-
iT 1T -y, < 0.05; e e , < 0.0003; and f.l. f.l. , < 0.0017. Thew._ 1T 1T branching 

fraction lies between (0.17 ± 0,03)
2 

= 0.029 (coherence between the p and 

the w production amplitudes assumed) and 0. 082 ± 0. 020 (incoherence 

assumed). 
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I. INTRODUCTION 

We present here some measurements of w decay as seen in the re-

aCtion K-p -+- Aw, with incident K- momentum between 1. 2 and 1. 8 BeV /c. 

The decay modes studied provide information on C-conservation, SU{3) 

symmetry and <\>-w mixing, the electromagnetic structure of particles, I-

conservation, and the spin of the w. 

The conservation of C forbids the decays w -+- 1pr 0 and w -+- py, and 

+ - + - 0 also forbids an asymmetry between the 'IT and 'IT in the decay w -+- 'IT 'IT 'IT • 

Measurement of these properties therefore tests C-conservation. According 

to sup) symmetry, the w is a vector meson that is a linear combination of 

w
8

, a member of an octet of vector me sons, and w1 , an SU(3 ). singlet. The 

decay mode w -+- 'I"J"Y bears upon this presumption, called <\>- w mixing. 

The 'IT~ TI:-:- ~ TI + 'TT ~y, :'1"]'\(~. :e_+e:~:,~ and f:i. ti;J.- .dec.ay.mo<:l:es o~ the w have .an intimate 

connection with the electromagnetic structure of mesons. The two -pi decay 

mode is crucial to an understanding of the possible electromagnetic mixing 

between p and w . 

The distribution over the internal-momentum variables in w -+- 'IT+ 'IT- TI
0 

' 

allows us, because of our large amount of data, to look for final-state inter-

actions and to explore the possibility that the w spin is Jp = 3 rather than 

Table II summarizes the decay properties of the w. 
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IL EXPERIMENTAL IDENTIFICATION OF THE REACTION 

Approximately 4 600 events of the reaction 

K-p- Aw 

have been identified in a K exposure of the 72-inch hydrogen bubble chamber. J 

The momentum settings were 1.22, 1. 32, 1.42, 1. 51, 1.60, and 1. 7 0 BeV I c. 

The momentum spread at each momentum was 6o/o, full width at half maxi-

mum (FWHM). Threshold for K- p - Aw is 1.23 BeV I c. Table I sum-

marizes the amount of data at each momentum setting in terms of the number 

of events per millibarn of cross section. 

All events that we consider in this analysis have an identified A-+ p'IT 

decay that appears as a "V" in the chamber. The number of charged prongs 

that emerge from the production vertex depends on how the w decays. The 

w decay modes that are of interest to us are: 

V + zero-prong (Fig. 1) 

w- neutrals 

V +two-prong (Fig. 2) 

+ - 0 
w-+'lT'lT'lT 

+ -
'IT 'IT 'Y 

+ -
'IT 'IT 

1-) + (neutrals) 

L + - o ·'IT"'IT 'IT 

+ -
f.l f.l 

+ -
e e 

I 

,.. 

(( 
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A. A + Neutrals 

The V + zero-prong events in our experiment, including also momentum 

settings of 1.0 and 1.1 BeV/c, have been studied in detail by Wohl, Solmitz, 

and Stevenson. 
1 

We will touch upon the experimental methods concerning 

our use of the data. 

Any V +zero-prong event whose V fits a three-constraint (3C) A decay 

with a chi-squared (X 
2

) less than 30 is called a A event. If an event does 

not fit the (3C) hypothesis then a (1C) hypothesis is tried in which the A 

flight line is not constrained to pass through the production vertex. If the 

(1C) fit has a X 
2 

less than 10 and the A flight line passes within 8 mm of 

the last bubble of the incident track, then the event is accepted as a A 

event. Approximately 3o/o of the good A events were accepted on the basis 

of the ( 1C) criteria. The length of the A path projected onto a horizontal 

plane in the bubble chamber. is required to be greater than 3 mm. This re-

quirement allows us to correct for the fact that some V + zero-prong events 

will be incorrectly called two prongs because the A path is too short. By 

ignoring A 1 s with short path-lengths, we eliminate the uncertainty in the 

scanning bias and make it easy to correct for the number of true (A + neutral) 

events that we discard by this criterion. 

We shall speak of the "Missing Mass" as the invariant mass of the 

system of undetected neutrals recoiling against the A. The identification 

of the reaction K p -.. A (w - neutrals) is achieved by plotting the (Missing 

Mass)
2 

[ (MM/] and observing the number of events that lie above the back

ground in the region of (0.784 BeV)
2 

= 0.615 BeV
2

• This number is dis

cussed in Sec. III. A. Figure 3 displays the (MM)
2 

distributions as a function 

of incident momentum from 1. 0 to 1. 7 Be V /c. The -rr 0 , 11• and w neutral

decay modes can be seen at 0.02, 0.30, and 0.61 BeV2 , respectively. 
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B. A +two-Prongs 

In this topology we find most of the (A + w) events. All V +two-prong 

events are fit to the hypotheses; 

K - +p-'IT 
+ 

+'IT + (A-+ p + Tr -) (1) 

K - +p-+Tr + 
+'IT + (~o_. (A-+ P +'IT-)+ "Y) (2) 

- + - 0 + (A__. P +'IT-) (3) K +p-+'IT +'IT +'IT 

K +p-+Tr - + p + (Ko + --+'IT + 'IT (4) 

K +p--+Tr - + p + 'ITO + (Ko + --+'IT + 'IT ) (5) 

+ (Ko + - (6) K +p-'IT + 'IT + n + -+'IT + 'IT ). 

Other hypotheses, related to specific decay modes of thew, are tried. 

These will be discussed in Sec. III. 

The fitting of V +two-prongs to hypotheses (1) through (6) is done in 

two steps. First, the neutral V direction is taken to be the line connecting 

the primary vertex to the vertex of the V, and the V is fit to the two hypothe-

1 - 0 + -ses, h.-+ p + 'IT and K
1 

--+ 'IT + 'IT These are three -constraint ·nts. If 

X 
2 

(A) is less than 20, reaction hypotheses (1), (2), and (3) are tried; and 

if X 
2 (K~) is less than 2.0, reaction hypotheses (4), (5) and (6) are tried. If 

2 2. . 
X (A} and X (K0

) are each less than 20, all the produchon hypotheses (1) 

through (6) are tried; in this case, if a low chi-squared (less than 10 times 

the number of constraints) is obtained for some production process for both 

interpretations of the V, the event is classified as ambiguous between A 

and R 0 production. The percentage of ambiguous events varied from 1.2o/o 

at 1.2 BeV I c to 2. 5o/o at 1. 7 BeV I c. We believe that most of these ambiguous 

,. 
1', 

• 

,. 

events are A events because: ; 

1. It is easier for a A decay to "fake' 1 a K~ decay than vice versa, 

because most K~ decayfragments have a transverse momentun{ 

that exceeds the rest-frame momentum of the A decay fragments. 

More than 90o/o of the K1' s decay in just this way. 
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2. There are roughly twice as many A 1 s as K0 1 s to begin with 

(see Table I). 

Let us now consider the unambiguous A events. Events that simul-

taneously fit reactions (1) and (3) are less than 1o/o of the total number of 

A +two-prongs. 
+ -Consequently the ATI TI events can be cleanly separated 

'" - + - 0 from the ATI TI TI events. The task of separating reaction (2) from 

reaction (3) is not so simple. Although in both reactions a single neutral 

particle is missing, the y ray and the A of (2) are constrained to have the 

~ 0 mass while no similar constraint exists for the TI 0 and A of reaction (3). 

Consequently reaction (2) is a two-constraint fit and reaction (3) is a one-

constraint fit. Reaction (1) is a four-constraint fit. If our measurement 

errors were properly estimated and were free from systematic errors, the 

mean value of chi-squared would be equal to the number of the constraint 

class. Actually our errors are underestimated so that this equality does 

not hold in general. 

+ - 0 The selection criteria for our ATI TI TI sample were 

2 
X (A3TI) ~ 10 and, 

.. 
2 1 2 .. 

and, X (A3TI) ~ 2 X' (~2TI) 

2 
X (A 3TI) ~ 

1 2 
4 X (A2TI). 

The reaction K- + p -+A + (w -+ TI + TI- '!To) is identified by means of the 

peak at 780 MeV in the three-pion mass spectrum M(TI + TI- TID). Figure 4 

displays this spectrum for all incident momenta. 
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A. 1T+1T-1T 0 Decay Mode 
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We discuss here those aspects of the w decay that should be unrelated 

to thew-production process, namely, the population of the Dalitz plot for the 

1T +, 1T-, and 1T
0 decay fragments. Here x and y are defined in the usual way 

T _ - T+ 
X= 

r{3Q 

where T+, T_, and T
0 

are the kinetic energies of the pions in the three-pion 

rest frame and Q is the sum of the kinetic energies of all three pions. 

Figure 5(a) displays the Dalitz plot for 5 658 events that fall in the 7 50-

to 815-MeV peak region. Figure 5(b) is a similar plot for 2 978 events in 

both control regions, 685 to 7 50 MeV and 815 to 880 MeV. 

1. Comparison of Data with Simplest Matrix Element 

We compare the density of points on the Dalitz plot with predictions of .. 
PG --the simplest matrix element for the T = 0, three-pion P.ecay of a J = 1 

meson, namely, 

Here, e_1 , £.z• and e_3 are the pion momenta in the w rest system. The 

Dalitz plot is folded about the y axis (valid if C is conserved) and divided 

into nine sectors and ten radial zones as indicated in Fig. 5(c). The sectors 

each subtend an angle of twenty degrees. The zones are determined by the 

contour lines of equal intervals of lrv.lz ''I from 0.1 to 0.9 

The numbers of events per subsector in the peak region and the control 

regions are determined. From Fig. 4 we estimate that there are 1 450 back-

ground events in the peak region. If we assume that the behavior of the 

(, 
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background events is similar to the average behavior of the events in the 

adjacent control regions then a background subtraction can be made on the 

peak-region events. However we have some misgivings that this assumption 

is, in general, a valid one. Nevertheless we make it. The number of events 

per subsector in the control regions is first multiplied by the ratio of total 

background events to total control-region events and then subtracted from the 

number of peak-region events per subsector. The resulting number of w 

events in each subsector is then divided by the area of that subsector. The 

unit of area that we used 1s 900 times the unit of area in Dalitz variables 

(x, y). The results are summarized in Fig. 6(a), where the data are grouped 

according to zone number. Sectors of similar shape are given similar sym-

bols in this plot, i.e., no symbols for sectors (1), (6), and (7), open circles 

for sectors (2), (5), and (8), and exes, for sectors (3), (4), and (9). 

As an afterthought, we questioned the method (described above) 1n 

which a single ratio of total background events to total control events was 

used to correct the different zones and sectors for background. Therefore, 

we made ten M(rr + rr -rro) histograms (similar to Fig. 4) corresponding to those 

events that fell in the ten radial zones illustrated in Fig. 5(c). From these 

curves we determined ten corresponding ratios of background to control 

events. Even though these ratios varied little from zone to zone, they were 

used 1n correcting for the background in the subsequent analysis. 

.. . ? ·. 2 ~ 3 . 
From the work of Gelfand ;et all.. _·.and.ArmenterG>s etal., 'the w1dth of the 

.' 4 
~:is knowh;to .be .. 12 ± 2 CM-eV •.. Thus the. d:epliy is neither. electrorn.agrietiC)fior 

weak, and hence isotopic spin is conserved in the decay. This conservation 

requires the matrix element to be totally antisymmetric with respect to the 

interchange of any pair of pions. Subsectors of similar shape should have 
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the same number of events. To within statistical uncertainty the data agree 

with this requirement. 

Figure 6(b) displays the difference in number of events per unit area 

N (x > 0) - N (x < 0) for each subsector of the Dalitz plot. This difference 

should be zero if C is conserved. Later we shall discuss possible violattons 

of I and C in the data. For the moment we assume both I and C to be con-

served. 

We add sectors (1), (6), and (7) together; (2), (5), and (8) together; and 

(3), (4), and (9) together. The results are plotted in Fig. 7. The solid 

curves, labelled 1-, are the theoretical curves of I h[ 1
2 

normalized to the 

total number of w' s, vs the distance from the center of the Dalitz plot. The 

value of each curve at the center of the Dalitz plot is N /V, where N is w w 

the total number of w events and V is the integral of IY}1I 2 
/ l1'1l1 2

max·over 

sectors (1), (2), and (3) of the Dalitz plot. The chi-squared fits to the theo-

retical curves are 4.9, 8.4, and 10.7 for sectors (1) + (6) + (7), (2)+(5)+(8), 

and (3) + (4) + (9), respectively. The combined chi-squared value is 24.0 

(29 is expected). The probability of our getting a fit worse than this is 72.9%--

this we refer to as the confidence level of the fit. 

2. Test for Final-State Interactions 

Even though the fit to the simplest matrix element is excellent, we have 

tried fitting the data to matrix elements of the form 

l]t)\2 2 2 2 I 
1
2 rr) =F(M12 , M 23 , M 31 ) g 1 X £_2 , where Mij is the effective mass of the 

two-pion system containing pions i and j. 

F= 

where 

1 
--~2~----.-2~ .. ----------------+ cyclic, 
(M23 - mp,) + imp r p (M23 ) 

{M 2 -4 2 
23 m1T 

m2 _4m 2 
p . 1T 

} 

3/2 

r po 



" 
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constant= 100 MeV 

m = 750 MeV. 
p 
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5 
Such a form was suggested by Gell-Mann to account for the virtual 

decay w-+ p + TI. + -The largest value of M (TI 1T ) is 642 MeV at y = 0, and 

100 MeV away from the p pole at y = -0.263. The dashed curves of Fig. 7 

[labelled 1- (pTI)] give X 
2 

values of 8.2, 5.4, 9.4 for sectors (1) + (6) + (7), 

(2) + (5) + (8), and (3) + (4) + (9), respectively. 
2 

The total X is 22.9 when, as 

before, the expected value is 29. 

The fit, as before, is excellent--it has a confidence level of 78.0o/o. 

Therefore, on the basis of these data it is not possible to distinguish between 

the two forms of the matrix element, 1 or 1- (p1T). 

3. Can the Spin of the w Be 3 ? 

Zemach
6 

has shown that the qualitative features of the three-pion 

Dalitz plot recur when the angular momentum is increased by two units. We 

have compared the data to Jp = 3 - matrix elements of the form 

lf71!
2 

= -~k \f 1 (M~ 3 )[T(11Q)]ijk + cyclic\
2 

lJ 

where T (11 Q) is the traceless, symmetric third-rank tensor whose i_jic th 

element is 

where i, J, and k run from 1 to 3 and 

q = piX p2. - - -
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The term f 1 (M~3 ) is a scalar function. 

1111 12 ~ q 
2 { i (I fi 12 

p ~ + I £21 2 Pi + I £31 2 
p;) 

Two different forms of f have been used; in the first, f equals a con-

The terms f 2 and 

f 3 are formed by cyclic permutation. The first form is the simplest form 

of the matrix element. The second form represents an attempt to account 

for a possible final- state interaction between two of the pions in a (Jp = 1 -) 

final state. 

The two predictions for the density of points on the Dalitz plot, shown 

in Fig. 7 ,;-are fubeUedd-:-~;and~ 3- (p;rr}; respectively" 

Neither form of the (Jp = 3 -) matrix elements fits the data. Total chi-squared 

values are 207 and 99, respectively. Unlike the Jp = 2± matrix elements 

that give vanishing density at the center regardless of the form factors, the 

(Jp = 3 -) matrix elements could accidentally have just the right form factors 

to give a good fit to the observed data. It is, therefore, difficult to justify a 

definitive statement that the spin is not 3-- -it just seems unlikely. The broad 

width of 12 MeV for the w would be independent evidence against Jp = 3-. 

4. Test of C-Conservation in w _. rr + rr -rro Decay 

+ -It has been suggested that the apparent CP violation of K
2 

- rr rr decay, 

a ( I6.S I = 1) transition, might be explained by introduction into the Hamil-

tonian of an interaction which conserves parity and strangeness, but violates 

C. 
7 

For I6.S I = 0 transitions, as in w and T] decay, this interaction could 

'( 
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become large enough to be observed along with strong or electromagnetic 

interactions. Lee~ proposed that the matrix element for w decay might be of 

the form /77 = (£_
1 

X£_
2

) (A+ Beici>B r sinB), where r is the distance from the 

center of the Dalitz plot and f3 is the angle, measured clockwise from the 

point of maximum momentum for the 1r?. The term cpB is a measure of final

state interactions, and A and B are positive real numbers whose ratio B/ A 

-2 
could be, according to Lee, as large as 10 . This is a very small effect to 

be observed even with 4200 w decays. Nevertheless, we fitted our data to 

this form of matrix element. The fit, which was excellent, gave 

B/ A = 0.11 ± 0. 09, and cpB = 3 ± 6 radians (i. e. , any cpB gives a good fit. ) 

The fit is completely consistent with B = 0. Figure 6(b) shows this· fit compar·ed 

to the data. The confidence level is 66o/o (chi-squared is 171, and 179 is ex-

pected). As we suspected, with our data we are unable to detect such a small 

I -2 
effect as B A~ 10 . 

B. Neutral-Decay Mode 

Figure 3 showsc'the ·neutr~al decay of'th~ w. · In· Fig. 8, 

the 12351 A zero-prong events at incident momenta 1.4, 1.5, 1.6, and 1.7 

BeV/c have been combined to produce a (Missing-Mass)
2 

distribution. Only 

events with a projected length greater than 3 mm were plotted. The smooth 

curve drawn above the background curve in the w region contains 3 59 events. 

Severalindependerit estimates averaging 348 ±55, were made on the basis of 

similar curves. The main uncertainty in this number, which has been in:-

eluded in the stated error, is in our estimate of the shape of the background 

curve. This number can be converted into a cross section for 

K-p-+ (w- neutral)+ (A-+ pn-) averaged over the momentum distribution of 

the 1.4, 1.5, 1.6, and 1.7 BeV/c data; it is 0.061±0.010 mb. The number 

contains corrections for: 
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(a) Scanning efficiency (3o/o}, 

(b) Number of A's that decay with a projected path length less than 

3 mm (5.5%), 

(c) Measurement failures that were not included in the sample (3o/o}, 

(d) A escape ( 1. 5o/o), 

(e) Dalitz decays at production vertex (1.2;5 %). 

From a curve similar to Fig. 4 we obtain K-p- (w - rr +'IT -'!To) + (A- p'IT -) 

events with a A path length greater than 2 mm at momenta of 1.4, 1. 5, 1.6, 

and 1. 7 BeV /c. The fiducial volume of the chamber was slightly different for 

the V + zero-prongs and the V + two-prongs. This number is converted to a 

cross section of 0.63 ± 0.04 mb (averaged over momenta from 1.4 to 1. 7 BeV /c) 

for K-+p- (w- TI+TI-TI 0 ) +(A- pTI-). 

The branching ratio of neutrals to + - 0 'IT 'IT 1T i£ 

c. + -w - 'IT 'IT Decay Mode 

This mode of decay violates !-conservation. It has been discussed 

theoretically by many authors 9 and examined experimentally by others. 
10 

The reactions 

(7) 

dominate the topology of reaction ( 1) and make the identification of the reaction 

- + -
K + p - A+ (w - TI + TI ) ( 8) 

difficult. Consequently we look only at type (1) events that could not be re-

action (7). The unshaded region of Fig. 9 shows that portion of the 

K-p- ATI+'IT- Dalitz plot for 1.5 BeV/c in which we search for w- 'IT+'IT-. To 

increase our statistical accuracy, we combine all incident momenta together. 

± 
At each momentum, as at 1. 5 BeV / c, we require that the A 'IT mass be 

-·-
greater than 1490 MeV, a value which is four half-widths of the y'''(1382) 

,, 
• 
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from 1382 MeV. Figure 1Q(.~)displa.:ysth:e M
2

(rr+rr-) histogram for 3887 events 

that satisfy the above criteria. 

We first examine the possibility that the narrow peak near the w mass 

lo'' might be a statistical fluctuation. The curve of Fig. 10(a) is the "least-

square" solution to a single p __.. rr + rr- resonance superimposed upon a smooth 

background. The p amplitude has the form 

m 3/2 r 1/2 
A = p p 

P (m 
2 

- M
2

) - im r 
p p p 

r = r p pO 

m 
_P 

M ( 

M
2 

- 4mrr 
2 

2 2 
m - 4m p 1T 

+ -where M is the invariant mass of the rr rr system. The mass m and 
p 

width r pO of the p were allowed to vary along with three parameters repre-

senting the parabolic background. The fit, with m = 762 ±4 MeV and 
p 

r pO = 105 ± 13 MeV, is very poor. Chi-squared is 103.4 when 60 is expected. 

The confidence''level (the probability of our getting a fit worse than this) is 

0.04%. We reject the possibility that this is a statistical fluctuation. We 
,,, 

have explored and ruled out the possibility that the y''' (1660) could have pro-

duced a peak in the w region by its projection on the M
2 

(rr+rr-) axis. Nor 

could coherent interference between p and background improve the fit ap-

preciably. 

+ -The next possibility is that we are observing the decay w __.. rr rr , a 

mode that many authors have commented on. 9 '
10 

Here we are faced with the 

problem of p-w interference in the quantum-mechanical sense; that is, the 

p and w amplitudes lead to the same two-pion final state. The processes 

producing the final states may cause these amplitudes to add coherently, in-

coherently, or partly coherently. The mass distributions of any process in 
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which the amplitudes are partly coherent can be represented by a linear sum 

of a completely coherent distribution and a completely incoherent one. There-

fore, because our statistics are limited, we consider only the two extreme 

possibilities--complete coherence and complete incoherence--realizing that 

the truth must lie somewhere bet.ween. 

1. Complete Coherence 

The curve in Fig. 10(b) shows the best-fit solution to the hypothesis of 

complete coherence. Chi-squared is 81.1 when 60 is expected. The confidence 

level is 3. 7o/o. Two parameters, f and <j>, are used to represent the relative 

magnitude and phase of the two superposed amplitudes for p -+ rr + rr- and 

+ -w-+rr rr 

m (Mm2p2- 4-m4m~ 2-2 ·)3/2 
where rp = r pO ~ " 

r 
w 

m 
w 

= r wO lVf 

4 2 
mrr 

4 2 mrr 

Again three parameters are used to express the approximate form of the back-

ground (shown as a dashed line in Fig. 10b). Here, mp' rpO' mw' andrwO have been 

fixed at 750, 100, 782, and 9 MeV, respectively. Finally a resolution func-

tion of 10-MeV FWHM is folded into the theoretical curve. 

To convert the value of f into a branching ratio, we must correct for 

the number of (w -+ rr + 1T -) events that were excluded by not considering those 

events of topology similar to (7). The result of this correction yields 
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We quote the error in this strange way because we find that it is the amplitude 

f, not f
2

, that is gaus sianly distributed. Figure 11 shows a contour map of 

chi-squared plotted in terms of the real and imaginary parts of feicp. A see-

ond scale gives directly the amplitude r 1/2 ( + -) . . f M 1/2 w -+ 1T 1T 1n un1ts o eV . 

The heavy ellipse-like contours marked for chi-squared values of 1, 4, and 9 

correspond respectively to 1, 2, and 3 standard deviations from the best value 

of r
1

/
2

(w-+ 1T+1T-) = (0.25 MeV)
1

/
2 

and cp = 0.81 radians. The dashed circle 

is the theoretical prediction by Coleman et al. 9 of r 1/
2

(w-+1T+1T-)=(0.09 MeV) 1/
2 

[ + - I + - o -2J or r(w-+TI 1r) r(w-+TI 1T 1r) = 1.1X10 . The main contribution to this 

calculated rate comes from the diagrams that are possible if an octet of 

scalar mesons exists. This latter postulate is made in order to provide a 

specific mechanism for octet dominance in the eightfold way. If such terms 

are not included in their calculation a negligible rate of + -r ( w - 1T 1T ) = o . o o o.z 

MeV is predicted. 

2. Complete Incoherence 

The second of the two extreme possibilities is that p and w are in-· 

coherent. This is perhaps closer to the truth because the data come from 

all incident momenta, from all momentum transfers, and from all decay 

angles. The best-fit solution, shown in Fig. 10(c), gives r(w-+ 1T + 1r~) 

Jr. + - 0 -2 f.L,(W-+1T 1T 1T) = (8.2±2.0)X10 . Chi-squared is 79.5 when 60 is expected; 

the confidence level is 4. 7o/o. In this latter solution we allowed the p mass 

to vary rather than fixing it at 750 MeV. The best-fit value is m = 7 40 ± 7 
p 

MeV. The mass of the w has been fixed at 782 MeV with a width r wO = 9 MeV. 

The resolution function of 10-MeV width has been folded into all curves. 

Finally, we note the compilation that Lutjens and Steinberger 
11 

made 

at a time when less than a quarter of our data was published. 
12 

They place 

an upper limit of [r(w-+1T+1T-)=0.07 MeV]/r(w-+1T+1T-1T 0 ) = 0.8X10-
2 

with 90o/o 
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confidence. The number of 
+ - 0 w -+ iT iT iT events that they compared with 

their iT+ iT- mass spectrum was 3541, of which 234 were from our data. 

+ - 0 (This number should properly have been 342. ) The number of w -+ iT iT iT 

in our experiment that should be compared with our iTiT spectrum is 2330. 

+ - 0 [We have 4208 (w -+ iT iT iT ) events. The correction for elimination of 

~:< + -
Y (1385) from our iT iT spectrum gives 4208/1.81 = 2330.] Perhaps it would 

be prudent to keep an open mind to other hypotheses that might explain our 

data. We feel that the enhancement in the w region is not a statistical 

fluctuation. If it is a phenomenon that is unrelated to w decay and if it 

does not interfere with the p meson, it would have its mass centered at 

about 789 MeV with a width of r ::::! 20 MeV. The production-angle distribu-

tion in the p region does not differ significantly from that in the w region. 

We can examine the production-angle distribution of the events in the en-

hancement by assuming that the background behaves like the adjoining regions 

and subtracting the distributions in the appropriate proportions. We find that 

the production-angle distribution so obtained resembles the 

K-p-. A + (w -+ iT+ iT- iTo) production-angle distribution. (See Fig. 12. ) 

D. + - 0 Search for w -+ (T] -. iT + iT + iT ) +Neutrals 

Events of this type are kinematically underdetermined, but in general 

fail to fit the overdetermined reactions 

- + -Kp-AiTiT 

0 + -K-p ..... L:: iT iT 

- 1\ + - 0 Kp-+HifiTiTo 

(1) 

(2) 

(3) 

Figure 13(a) is a histogram of the invariant-mass-squared of the system that 

recoils against the A for those events that fail to fit reactions (1), (2), and 

(3). The events are further required to have a missing mass greater than a 

iTo mass. Fewer than 30 events occur above the background in thew-mass 
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re_gion of Fig. 13(a), as indicated by the arrow. Figure 14(b) is a similar 

plot for events with 
2 2 

o(mm) < 6000 MeV (that is, well-measured events). 

- + - 0 . 
Some events of the type K + p -+ A+(w-+ 1T 1T ·.1T ) are expected to have pions 

that scatter or decay in flight in an unobservable fashion and consequently 

fail to fit reaction (3). We estimate that 10 events of this type are in the 

w region of Fig. 13(a). Hence, in our data there are fewer than 20 events of 

the type w -+ 1T + + 1T- + x 0
, where x 0 is a neutral system with effective mass 

+ 0 . 
greater than the mass of the 1r 0

• The decay w- (11- 1T + 1T- + 1T ) + neutrals 

is included in this type. Using the known branching ratio 
13 

r (11-+ 1T + t 1T- + 1r 0 ) 

jr (11-+ all modes) = 0.27 4, we determine that there are fewer than 7 3 events 

of the type w-+ (11-+ all modes) + neutrals. Consequently, 

r(w-11 (all modes)+ neut]/r(w -1r+ + 1r- + 1r 0 )< ((73/4 208) = 1.7X10-
2
]. 

This number is important because it forms the upper limit of (a) the C-

invariance violating decay mode w-+ 11 + 1r 0 , and (b) the electromagnetic 

decay mode w -+ Tl + '(. 

The branching ratio
4 

r(11-+ neut)/r(11- all modes)= 0.67 allows us 

to set an upper limit on· one of the contributions to the neutral-decay mode 

of the w: r[w-(Tt- neut) + neut]/r(w- 1T+ + 1T- + 1r0 ) < 1.1 X 10-
2

. 

Glashow and Sommerfield 
14 

show that if the C -invariance -violating 

W111T coupling-constant were the same as the p1T1T coupling constant, then· 

r-(w-+ 11 + 1r 0 ) = 9.3 MeV. Our experiment places an upper limit of 

(0.017)(8.5 MeV)= 0.14 MeV. Hence the C-nonconserving W111T coupling can 

be compared to the G-conserving p1T1T coupling: G
2

(w11TI(/G
2

(p1T1T) < 1.5X10-z. 

In his Varenna lectures (1964), Glashow
15 

points out that measu~e

ments of w-+ TI'Y• <!>- TI 0 -y, and <j>- 11'{ can provide tests of the <j> - w 

2 mixing theory. His predictions are r(w-+ 11'{);:::: 0.002 (1-5,;) MeV, 

0 2 2 
r(<j>- 1T + -y) ~ 2.1,; MeV, and r(<j>-+ 11 + -y) ~ 0.26(1 + 0.2 E:) MeV, where 
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E' 'is the ratio of the <j>p'IT coupling constant G(<j>p1T) to the wp1T coupling 

constant G(wp1T). The quantity I e: I= I G(<j>p1T)/G(wp1T) I is known to be less 

than 0.2 from the observed rates r(<j>-+311")~ (1/15)r(w-- 311"). Thus 

r(w-- Tl + y) could be zero if e: = +0.2, and could be 0.008 MeV iff= -0.2. 

Both are consistent with our result: of < 0.14 MeV. 

E. + -Search for w -+ 1T + 1T + y 

This mode of decay is harder to identify because events of types (1), 

(2}, and (3) with large measurement errors can simulate it. Therefore we 

select 11 good events, 11 that is, those whose error in the square of the 

missing mass [ o(mm)
2

J is less than 6000 MeV
2

. Histograms of those 

events that are (a) poor fits to (1), (presumably those events are of the type 

K- + p -+A+ 'IT++ 1T- + x 0 ) and (b) have an invariant mass M(Ax0 ) > 1250 MeV 

(a value sufficient to exclude most L: 0 events) are plotted in Fig. 14(a}, (b), 

and (c). Onlyevents with M(1T + 1T-x 0 ) in the w-mas s region (7 50 to 810 MeV) 

are shown in Fig. 14(c). Figures 14(a) and 14(b) are corresponding histo-

grams for events in the Tl region (510 to 580 MeV) and for events between 

the T'l and w regions (580 to 7 50 MeV). We find evidence for 

t- 0 +- 0 0 T'l- 1T t 1T + (x = y) and for Tl-+ 1T + 1T + (x = 1T ) in Fig. 14(a). We 

see evidence also of L: 0 events [see Fig. 14(b)J not excluded by our 

criteria. In Fig. 14(c) we find no evidence for + - 0 w ._. 1T + 1T t (x = y). 

Fewer than 24 w - 1T + 1T- (x 0 = y) events are in the vicinity of zero (mm)
2

. 

From this number we determine that r (w-+ 1T t 1T-y)jr (w ._. 1T t 1T- 'ITO) < 0. 0 5. 

This result supersedes the value 0.032 ± 0.013 reported previously (Shafer 

. 16 2 
et al. ) on a partial sample of the present data. At (mm) = 0 they ob-

served a small narrow peak, which they interpreted as w - 1T + + 1T + y. 

Subsequently, the addition of more data showed a larger and anomalously 

narrow peak; it vanished when the events in the peak were remeasured. 
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How this peak, much narrower than the resolution function (that vanishes 

) b . . s· ' d' . . 17 upon remeasurement , came a out rema1ns a mystery. . 1nger s pre 1ct1ons 

of this ratio are much smaller than the present limit. 

F. + - + -Search for w _. e e and w -+ p. p. 

Several authors 18 have pointed out the usefulness of a measurement of 

+ - + -the w --. e e and w -+ p. p. decay rates. The experimental measurements to 

date (see Table II) are consistent with (a) the "equivalence" of the electron 

and the muon; (b) no breakdown of quantum electrodynamics; and (c) the 

currently accepted role of thew in the isoscalar nucleon form factor. 

In our ''standard" data-analysis system for V +two-prongs, the 

- + - + -hypotheses K p ._ A + (w --. e e , p. p. ) are not included. (See Sec. II.) 

We must therefore determine what happens to events of the type 

- + + + -K p--. A + (w-+ e e , p. p. ) in our data-analysis system. The program 

FAKE, 19 which generates events of any desired topology, generated events 

- + -of the type K p -+ A+ (w -+ e e ) with a production-angle distribution the 

same as that. of the K- p -+A+ (w -+ 1T + 1T- 1r 0 ) events in our experiment. These 

FAKE-generated events were fitted to the same hypotheses as those to which 

our experimental events were fitted, and 412 out of 484 failed to fit all 

hypotheses. Therefore, we could expect (412/484) of the true 

K-p-+ A + (w _,. e +e-) events in our experiment to be in the sample that we 

call "failing11 events. In our entire sample of V +two-prongs there were 

approximately 2000 ''failing'' events. These were fitted to the hypothesis 

- + - + -K p-+ A e e , and the effective mass of the e e system was plotted for 

2 
those events with X < 20. The resulting histogram is shown in Fig. 15(a). 

- + - . 
Exactly the same procedure was used for the K p --. A + (w-+ p. p. ) events, 

where only 7 9 out of 489 events were expected to be in the "failing" category. 

- + -The result of fitting the hypothesis K p -+ Ap. p. to the failing events is 

shown in Fig. 15(b). 
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The mass spectra of Fig. 15(a) and (b) show no enhancements at the 

w mass and we can therefore set an upper limit on the 
+ -

w -+ e e and 

+ -w-+ f.1 f.1 decay rates. Our mass resolution is about 15 MeV (FWHM), which 

is much narrower than the bin sizes in Fig. 15. We can in fact set an 

upper limit of one w event in each of the distributions of Fig. 15. In our 

experiment there are 4200 events of the type K-p-+ (.1\..--p'IT -) + (w-+ 'IT+ 'IT- 'IT 0 ); 

therefore we find r(w-+ete-)/r(w-+ '!Tt'IT-'ITO) < (1/4200)(484/412) < 0.0003 

and r(w- f.l.+f.l.-)/r(w-- 'IT+ 'IT- 'ITO)< (1/4200)(489/79) < 0.0017. The latest 

20 + - I + - o measurements, by Zdanis et al., are r{w-+ e e ) r(w-+ 'IT 'IT 'IT )~ 0.0001 

and r(w-+ J.ltf.l.-)/r(w-+ 'ITt 'IT- 'ITO)< 0.001. 

We have ignored the possibility that we could see the remaining 15o/o 

- + - ill of the K p -+.1\.. + (w-+ e e ) events and the remaining 84 1o of the 

. - + -
K p-.1\.. + (w-+ p. p. ) events in the sample that passes some "standard" 

hypothesis. We found that consideration of these events was impractical 

because of the large background. 
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IV. SUMMARY 

We have tested C-conservation in three ways. First, we have shown 

r(w-+ T]TT 0 )/r(w-+ TT+TT-TT
0 )< 0.017. Since w-+ T]TT

0 would violate !-conservation 

. 2 
if it took place, we would expect its rate to be of the order of a. times the 

+ - 0 w-+ TT TT TT rate. 

We expect this fraction to be of order a. even if C is violated. Third, we 

+ - 0 have tested the w -+ TT TT TT . Dalitz plot for an asymmetry between the TT+ 

-and TT , and have found it to be zero within the statistical error, which is 

about a few percent. Since such an asymmetry would violate !-conservation, 

we expect it to be of order a.. Thus our tests of C are not very sensitive to 

electromagnetic violations, and we see that testing current theories on C in 

w decay requires a great deal more data. 

We have shown that it would take a very fortuitous combination of form 

factors for the spin of the w to be 3-, and that we do not have enough data to 

test for final-state interactions among the pions, specifically the p coupling. 

In determining the w-+ TT + TT- rate, we were faced with the problem of 

p -w interference. We treated the data in two extreme ways: First we as-

sumed complete coherence in the production of p and w, and second we 

assumed complete incoherence. The first way gave 

+-; +-o r(w-+ TI TT ) r(w-+ TT TT TT ) ::: 0.029; the second gave 0.082. The events in the 

peak at the w mass in the two-pion mass spectrum have a production-angle 

distribution consistent with that of the w. 

Table II presents the decay rates we have measured. 
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Path length (events/ mb) 

V + two -prong events 

A two-prong events 

V + zero-prong eventsa 

A zero-prong eventsa 

-Table I. Path lengths of K 

1.22 1.32 

1230 ± 60 1440 ± 70 

4013 5411 

2,922 3, 798 

3, 721 -

1,808 -

• 

-
particles in our experiment. 

PK- (BeV/c) 

1.42 1. 51 1.60 
--

825 ± 40 5085 ± 200 715±35 

3419 22,641 2,926 

2,225 15,007 1,674 

2,854 18,659 2,463 

1,332 8,382 1,064 

·a The fiducial volume for V + zero-prongs was slightly different from that for V+two-prongs. 

1.69 

1100±55 

5,211 

3,225 

3,683 

1,587 

.. 
N 
"--J 
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c: 
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~ 
L' 
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Table II. Decay modes of the w meson 

Decay mode of w Ratea 

Other experiments 4 

All neutrals 

11'( --+- neutrals 

+ -
1T 1T , complete incoherence assumed 

+ -
&; 1T '( 

+ -e e 

+ -p. jJ. 

complete coherence assumed 

12 MeV 

::::: 0.10 

< 0.008
11 

::::: 0.0001 

< 0.001 

This experiment 

0. 097 ± 0. 016 

< 0. 011 

0.082±0.02 

2 
(0.1.7 ±O.D3) = 0.0.29 

<o.os 

< 0. 017 

< 0. 017 

< 0.0003 

a All fractions represent the absolute rate divided by thew--+- 1T+ 1T-1T 
0 rate. 

.. 
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FIGURE CAPTIONS 

Fig. 1. V + zero-prong event. 

Fig. 2. V + two-prong event. 

Fig. 3. (Missing Mass)
2 

distributions from the reaction K-p- A + (Missing 

Mass) in the form of invisible neutrals. The distributions do not have 

a common normalization. The figure conveys only. the shapes of the 

distributions. 

Fig. 4. Three-pion mass spectrum from K-p- Arr+rr-rr 0 with K momentum 

between 1.2 and 1.8 BeV; 10,242 events. 

Fig. 5. 
+-o - +-o Dalitz plot of the rr rr rr system in K p -+A rr rr rr showing the divi-

sions into sectors and zones as explained in the text. 

(a) Events with the mass of the three -pion system between 7 50 and 815 

MeV. (b) Events with the three-pion mass between 685 and 750 or 

815 and 880 MeV. (c) Division of the Dalitz plot into zones- .. .., 

(separated by contours of I p1X P"2 J
2

) and set:t1brs (s~pa;rated"by equaiJ.;ly 

spaced radial lines). {d) Folding of the Dalitz plot by sectors. 

Fig. 6. {a) Density of points on w- rr+rr-rr 0 Dalitz plot. 

{b) Test of C - conservation in w decay: For each zone the difference, 

in number of events per unit area, between each of the nine 

sectors on one side of the Dalitz plot (x > 0) and their counterpart 

~n the other ,side (x :< 0) has l?een plotted. Sec. III. A explains the curves. 

Fig. 7. Spin and parity of the w. Density of events as a function of the distance 

from the center of the w Dalitz plot. 

Fig. 8. Distribution of (Missing Mass)
2 

from K p- A+ neutrals. K mo-

menta from 1.4 to 1.7 BeV; 12,351 events. 
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Fig. 9. 
+ - - + -

Dalitz plot of the Arr rr system in K p -+ Arr rr for K momentum 

of 1. 5 BeV /c. The unshaded region contains the events used in the 

+ -search for the w -+ rr rr decay. 

2 + - - + -Fig. 10. Histogram of M (rr rr ) for K p -+ Arr rr events that are not 

K-p--+ Y~:(1385) + rr; 1.0 to 1.8 BeV/c; 3887 events. 

(a) The solid curve is the fit to p alone; the phase -space (dashed) 

curve is normalized to the total number of background events. 

The other dashed curve is the background curve (assumed to be 

parabolic). 

(b) The solid curve is the fit to p and w with completely coherent 

amplitudes; the dashed curve is background. 

(c) The solid curve is the fit to p and w with completely incoherent 

Fig. 11. 

amplitudes; the dashed curve is background. 

+ -Chi-squared contours for w -+ rr rr amplitude in K- p -+ Aw; 

K- momenta from 1.2 - 1.8 BeV/c. 

Fig. 12. Comparison of the production-angle distributions of the w decaying 

into rr + rr- rr 0 and the w decaying into rr + rr-. The distributions have been 

normalized to the same total area and background has been subtracted 

in both cases. 

Fig. 13. (a) Histogram of the invariant mass of the system that recoils 

against the A for 1461 events that fail to fit the final states Arr + rr-, 

Arr+rr-rr 0 , and L: 0 rr+rr-. 

(b) Only those 412 events are plotted whose error in (missing mass)
2 

is less than 6000 Mev
2

. 



Fig. 14. 
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2 
Histogram of the (missing mass) for 11 good events' 1 

and ~ 0 1T + 1T -. 

UCRL-16443 

+ -(a) Events with an invariant mass (1T 1T +neutrals) in the 11 region, 

510 to 580 MeV; 

(b) Events between the 11 and w regions, namely, 580 to 7 50 MeV; 

(c) Events in the w mass region, 7 50 to 810 MeV. 

Fig. 15. (a) Distribution of the e + e- invariant mass for the 14 events that 

fail the non-leptonic hypothesis and have 2 - + -
X (K p -+ A e e ) < 2 0. 

The events near zero mass probably come from events of the type 

K-p-+ A+ (1T 0 ~ e +e-y) that fit K-p-+ Ae +e-. 

(b) Distribution of the f.l + f.l- invariant mass for the 25 events that 

fail the non-leptonic hypothesis: and have . X 
2

(K-p-+ Af.L + }-l-) < 20. 
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Z N-5251 

Fig. i 
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Fig. 2 
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MUB-2581 

Fig. 3 
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ratus, method, or process disclosed in this report 
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