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ABSTRACT 

Evidence is presented that the long-lived neutral' ·K is heavier 

than the short-lived. 

t'~ ~~~··.~~1 
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· We have performed an experiment to measure the sign of 

m
1 

- m
2 

using the method suggested by Camerini et al. 
1 

We find K~ 
0 

to be heavier than K
1

. Our statistical confidence level depends on the 

unresolved Fermi-Yang - type (F-Y) ambiguity that .exists at present 

in the Kl\! (strangeness S = + 1) phase shifts in isotopic spin state 

I '= 0. F solution (large positive p 3/ 2 phase shift) is the correct 

solution, we obtain Monte Carlo betting odds of 45 to 1 for m 2 > m 1 , 

assuming jm
1

- m 2 j = 0.57 -r
1

-
1

. Ifinsteadthe Y solution (large 

If the 

positive P1 phase shift) is correct, our betting odds for m 2 > m 1 are 
2 

5 to 1. 
2 

We have not resolved the F-Y ambiguity. 
3 

The experiment uses 6040 K
0 

mesons produced in the Alvarez 

72-in. hydrogen bubble chamber via the reactions 

- 0 
;r + p- /',. + K (4771 events) (1) 

and 

- 0 0 0 
iT +p-2: +K ,2: -!l.+y(1269events), (2) 

where the /',. decays visibly via/',.- p + ;r This is the same sample 

of K
0 

we used in a: previous experiment to determine jm
1 

- m
2

j by 

means of secondary hyperon production, 
4 

except that in the present 

experiment we discard K
0 

with momentum greater than 600 MeV/c, 

because of present lack of information on the I= 1, KN (S = - 1) scat-

tering amplitudes above 600 MeV/c. 

The predicted K
0 

direction from reaction (1) is known to within 

about ± 0. 5 deg; that from reaction (2) is known to within about ±20 de g. 

In the case of reaction (1), we scan along this predicted direction, with-

in a cone ±5 deg wide; for reaction (2), we scan within the entire volume 
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downstream from the vertex .. We look for elastic scatters 

. 0 
K + p- K 1 + P, neutral 

(3) 

where the final K~ is detected by its visible decay K~ - rr + rr- (double-

vee events). There is no cutoff on the length of the recoil proton. We 

find 23 double-vee events with initial K
0 ~omentum PK < 600 MeV/c; 

these are summarized in Table I. Six similar events with PK > 600 MeV/c 

are not used. Our demand for a visible A decay gives us essentially 

100o/o detection efficiency for finding double-vee events. There are no 

ambiguous events and no background. 

We also find 13 single-vee events corresponding to K
0 

pro-

duction via reaction (1), with a visible A decay, and with an associated 

recoil proton from elastic K-p scattering without a subsequent visibie 

0 
K 1 decay. For single -vee events we impose a 1. 5-cm minimum-length 

cutoff on the recoil proton, thus reducing our background due to random 

proton recoils to an estimated 0.2 events. The absence of a visible K~ 

decay can correspond either to K~- 2 rr
0 

or to K~ leaving the chamber 

without decaying. This ambiguity leads to a washing out of information 

on the sign of m
1 

- m 2 , and we therefore do not use these 13 events in 

determining m
1 

- m 2 . We do include them in tests (described below) of .,. 

the predictions made by the various sets o£ phase shifts. 

For a K
0 

produced at t = 0 with c. n'l. momentum -:-'lk, the proba-

bility P(x)dx that an elastic scatter of type (3) will occur at proper 

time t in lab distance interval dx and with c. m. scattering angle e 

(of the outgoing K with respect to the incident direction) in differential 

solid angle dr2 is given by 

P(x)dx = -} TJ(t)l(t, G, k)ndxd~ . (4) 

5~-;;: 
'L~"·./· ., 
>\/<.,.1r:<-:C.. 
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Here n is the number of protons per unit volume, and x lies between 

0 and X , With X . determined for each event by the fiducial 
max max 

volume. The factor T](t) is an escape correction factor given by 

T]= 1-exp(-i\j_T'), where T 1 0 
is the escape time of the scattered K 1 , 

and is a known function of t for each event. (For most events YJ(t) is 

·approximately 1 except near t ::: tmax = T.) The remaining factor is 

(5) 

"-
1 

and A-2 are the 

Amplitudes f 11 and g 11 correspond 

respectively to non-spin-flip and spin-flip scattering amplitudes for 

K~ p- K~ p; f 12 and g 12 are non-spin-flip and spin-flip amplitudes 

·for K~p- K~p. Thus f 11 = i (f +I), g 11 = i (g +g), f 12 = 1 (f- f), 

and g 12 = i (g- g), where f and g are non-spin-flip and spin-flip 

0 0 - - -0· -0 
amplitudes for K p - K p, and f and g are those for K p - K p. 

One can show that the terms in Eq. (5) that are proportional to 

sin(m
1 

- m 2)t, and hence that give the sign of m
1 

- m
2

, are proportional 

to Im(f,:f + g':-g). For K0 -p scattering we have I= 1, so that f = f
1 

0 (single subscript now refers to !-spin state) and g::: g
1

. For K -p scat-

tering we have both I= 0 and I= 1;. thus, f = i (£
0 

+ £
1

) and 

g = 1 (g
0 

+ g 1). \Ve write f
1 

and g
1 

(where I = 0 or 1) in the partial-wave 

expansion 

f1 = k-
1 ~ [(L+1) Tl, L+ + L TL L-] PL(cos 0) 

L 

gl = k-1 \' r T 
i.J L I, L+ 
L 

T I L- l PLt (cos 0), 
' _j 

(6) 

~~, 

:\/'<:.,;< 
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where the sum is over L = 0, 1, and 2, and L+ and L- rcfc·r.1 to J = L + i 

and L- i~ Expressions analogous to Eq. (6) also hold for. ·fl and g1. 

The phase shifts 6 are given by T = eio sino, with appropriate sub-

scripts. 

To obtain the S = + 1 phase shifts we use the SPD solutions of 

5 Stenger et al. The I= 1 phase shifts are well determined, but the 

·i 

I= 0 phase shifts contain the F-Y ambiguity. To obtain a smooth de-

pendence on k (necessary because each of our events has its own K
0 

momentum), we fit these phase shifts to a two-parameter effective-range 

. k2L + 1 ~ -1 , k2 expans1on cot v = A + ·1 r- The results arc in footnote Ll, 

For S =-1 ampLitudes we draw on several published K- -p interaction ex-

. 7,8,9,10 1'0 0 0 • 1 11 per1ments, on recent ~l-p 1nteract1on rcsu ts, and on parts 

of our own data. The p.:irtia>wave amplitudes are given by 

2L+1-/ . 2L+1- - . 
T = k A (1-ik A), where A is a complex scattering length 

(we suppress indices). We h;;tvc examined a.ll available solutions. (These 

and other details will be published elsewhere.) We describe here three 

sets of solutions which we label T(Tripp), KT (Kim-Tripp) and KT' .. 

Solution Tis solution I of Watson et al. 
8 

Solution KT consists of 

solution I of Kim
10 

for L = 0, I= 1, and solution I of Watson ct al. 
8 

for L = 1 and 2, I= 1. Our preference for Kim's S-wave scattering 

11 
length is based partly on recen~ resu:(.ts of Kadyk et al. for the n.tio 

R= a(K~p.,..K~p)/[a(K~p-.L\ r.+) + 2a(K~p-~0 
r.+)], and partly on our 

own data. 

We test a set. of solutions by comparing the predict~d with the 

observed number of events producecl. by our sample of neutral kaons for 

.. + 
each of the following six cp.tcgories:. charge~exchangc production of K ; 

\;-, 
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-0 
inelastic scattering of K (hyperon production), and forward- ·and 

backward-scattered neutral kaons in double-vee and single-vee events . 

.. In using various sets of scattering amplitudes to make predictions for 

the elastic scattering, we first integrate Eq. (4) over x from zero to 

x for each K0 from reactions (1) and (2) and sum the results. 
max . 

Oscillatory terms from the integrand then average essentially 

to zero. This fact plus the fact that the potential path is usually large 

0 compared to the mean K
1 

decay path length (the median potential proper 

time is about 15X1o- 10 sec) lead to predictions that are)nsensitive to 

the magnitude and sign of m
1 

- m 2 . We can therefore test the scat

tering amplitudes before using them to determine m 1 - m 2• The results 

are given in Table II. For the solutions T + F and T + Y we obtain 

X 
2

::: 46.7 and 2Q.O, respectively. For KT + F and KT + Y we find X 
2

:: 28.8 

and 15.0, which, although an improvement, is still a poor fit for both 

solutions. 

We have searched for solutions that give better predictions for 

our six mass-independent data. We arbitrarily leave the S::: + 1 solu-

tions untouched, and vary the S::: - 1 amplitudes. Our present best 

solution of this kind we call KT 1 , which is solution KT modified by 

changing the real part of the p 3/ 2 scattering length: from +0.0409 to 

-0.0409, and by changing the P_!.. scattering length from -0.042 
2 

2 . 
+ i0.0092 to -0.1- i0.015. We then obtain X = 10.4 for solution KT 1 +F, 

and 7.0 for KT 1 + Y. When solution KT 1 is compared with the data of 

Watson et al. (replacing T) we find that the major effect is to increase their 

2 
X for dO' /dQ for K- -p elastic scattering at 390 MeV /c from 35 to 53 

2 2 
((X ) = 18), and for charge-exchange scattering from 14 to 25 ((X ) = 9). 
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. We find that it makes very little difference to our subsequent 

time-dependence analysis (to find m
1 

- m
2

) whether we use solutions 

T, KT, or KT 1 • We proceed as follows. For a given event i we form 

a normalized probability distribution function pi {t) = \ (t)\ (t)/J\·(t)\ (t)dt, 

where the integral is from t = 0 to T. and where I. (t) = I(t,G., k.) from 
1 1 1 1 

Eqs. (5) and (6), with a given set of phase shifts and with a choice for 

m
1 

- m
2

. To compare graphically the predicted and observed time distri

butions, we sum p. (t) ·over the Z3 events and plot the result in Fig. 1 
1 

for the four cases corresponding to KT + F and to KT + Y, each with 
l 

-1 . -10 
m 1 - m 2 = + 0.57 and -0.57 (in units of r

1 
, assuming r 1 = 0.88)\10 

sec). 
12 

The observed ti~e distribution exhibits an enhancement in the 

f~.rst 
-10 . 

ZX10 sec and favors negative m
1 

- m 2 . 

To use all of the information, we form a likelihood function 

£(m1 - m 2) by setting t = t. in p. (t) and taking the product over the 
' 1 . 1 

Z3 events, _p = I1 50 p. (t.), for a given set of scattering amplitudes. o\_ 1 1 1 

(The factor 50 is a convenient normalization factor.) The results for 

solutions KT + F and KT + Y are shown in Fig. Z. (Those using KT' 

are very similar and are not shown.) The fact that~ (m
1 

- m
2

) does not 

have its maximum value near the known magnitude lm
1

- m
2 

j:::: 0.57 has 

given us concern. We find that varying the phase shifts or scattering 

lengths within reasonable limits has little effect on the shape of/_(m
1 

- m
2

) •. 

Monte Carlo studies have convinced us that, with only Z3 events, we 

have suffered a reasonable statistical fluctuation; for a 11 true 11 value of 

m 1 - m 2 = - 0. 57 we find that the probability that ~ will have a maximum 

somewhere between m 1 - m
2 

= - 1 and +1 is only about 33o/o. 
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Given the magnitude o =. \ m 1 - m 2 \, we summarize our data 

by giving the likelihood ratio -t (-o)/ 1. (+o) = R(o), which is expected 

to be greater (less) than 1.0 for K~ heavier (lighter) than K~. For 

solutions KT + F and KT + Y we obtain R(0.57) = 95.1 and 7.4 re-

spectively. These likelihood ratios cannot be immediately interpreted 

as statistical "betting odds. 11 To understand their statistical signifi-

cance we use a Monte Carlo (MC) method. We simulate many "experi-

ments" of 23 events each. In each MC experiment, each of the 23 

events has the same values of momentum k., scattering angle 0., and 
l . l 

potential time T. as one of the 23 events of the real experiment, but 
l 

the time of the scatter, t., is chosen according to the a priori 
l 

probability 

13 
function p. (t) for that real event. 

l . 
For a given value of o we generate 

iOOO MC experiments with the ti chosen according to m 1 - m 2 = + 6, 

and 1000 according to m
1 

- m 2 = - o'. For each MC experiment we 
j) 

calculate ~ (m
1 

- m 2) as a function of m·
1 

- m
2 

(for a given set of 

scattering amplitudes). Using the set oramplitudes KT t Y, we find 

that the 1000 MC experiments generated assuming m
1 

- m 2 = - 0. 57 

give five times as many experin<ents with R(0.57) = 7.4 (within a small 

interval 6 R) as do the 1000 experiments generated assuming 

m 1 - m 2 = + 0.57. We therefore assign MC betting odds of 5 to 1 for 

K~ heavier than K~, assuming KT + Y. The corresponding MC betting 

odds using KT + F are 45 to i for K 2 heavier than K
1

• (We obtain 

essentially the same MC betting odds if we use S = - 1 solution KT 1 

instead of KT. ) 

We also use the MC experiments to e stitnate the "goodness of 

fit" in a manner entirely analogous to the 
2 . 

x tests that one can use with 

a larger sample of events. For phase-shift set KT + Y (KT + F) 
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the real experimen.t gives log
10

:( (-0.57) = 9.58 (10.00). The result of 

the MC experiments is that if the hypothesis m 1 - m 2 = - 0.57 is cor

rect, then the most probable value for log
10

;L_ (-0.57) is 9.85 (9.80), 

with 2/3 of the MC experiments giving values between 9.20 and 10.55 

(9.25 and 10.50). Thus the fit of the data to the hypothesis m
1 

- m 2 

= - 0.57 is good. 
. _/} 

Similarly, the real experiment gives log
10

j.,__ (+0.57) 

= 8. 72 (8.02). The MC result is that if the hypothesis m
1 

- m
2 

= + 0.57 
. _p 

is correct, then the most probable value for log
10 
~ (+0.57) is 9.9 (10.2), 

0 

and the probability of getting log 10 ~ (+0.57) as low or lower than our 

observed value of 8. 72 (8.02) is only 0.027 (0.001). Thus the fit is poor 

for the hypothesis m
1 

- m 2 = + 0.57. 

Two other experiments, both based on coherent regeneration, 
' 

have also reported evidence for K~ heavier than K~. 14
• 

15 

We are grateful to Robert L. Golden for his help during the early 

part of the experiment, to Edward A. Romanscan and Thomas H. Strong 

for their help in writing computer programs, and to our scanners and 

measurers, especially Arlene D. Bindloss, for their excellent work. 

It is a pleasure to thank Luis W. Alvarez for his interest and support. 
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01
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01 
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01 
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01 
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Pl..) solution we obtain A
0 

11 
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0 
11 = 

2 
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A 13 = 
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0.05, r 

13 
= 102.0; A 

23 
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23 
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A 25 = 
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25 
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3
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2
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11 

=. - 0. 3 0 , r 11 
0 0 =- 61.0; A 

13 
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Table I. Summar.y of 23 events. t and T are the actual and ·potential 

• .t: h 1 . . . f 1o- 10 p . proper tlmes 1.0r t e e astlc scatters, 1n un1ts o sec, K 1s 

'the K
0 

laboratory momentum in MeV/c, and e is the angle between 

·the incident and outgoing Kin the K-p center of mass. 

Event 

528328 

533615 

557391 

562253 

583074 

591424 

602450 

683243 

691160 

7781.18 

826368 

828583 

837477 

1363048 

1479538 

1738296 

1760182 

1815424 

1867430 

1882600 

1884143 

1886184 

t 

0. 55 

21.63 

42.79 

0.41 

2.36 

1. 95 

12.33 

14.25 

0.87 

1. 2 7 

4.27 

13.58 

30.89 

16.46 

4.33 

8.34 

9.39 

11.06 

24.42 

3.12 

0.85 

6.63 

32.01 

T 

11.74 

28.51 

53.17 

11.43 

4.15 

19.68 

16.21 

20.94 

14.08 

9. 2 7 

25.76 

15.94 

57.71 

29.63 

8.18 

20.54 

46.56 

16.83 

27.09 

8.65 

18.48 

32.83 

43.66 

490. 5±6.4 

600. 7±4. 8 

322.9±5.5 

413.7±7.0 

546.6±9.1 

563.1±5.1 

539.1±4.8 

558. 7±7 0 5 

546.4±8. 7 

299.5±1.1 

260.5±3.2 

349.4±7. 2 

305.3±1.6 

408.6±2.4 

195.6±3.4 

597.9±3.1 

325.0±4. 3 

454.8±3.0 

392.2±4.1 

431.3±5.2 

491.1±8.4 

329.5±1.4 

2 74. 9±1.4 

Cos 0 

0.02. 

-0.33 

-0.65 

-0.62 

-0.08 

-0.91 

-0.96 

-0.97 

-0.95 

0. 0.3 

-0.3 7 

-0.91 

-0.17 

0. 3 9 

-0.68 

0. 91 

-0.61 

0.73 

-0.83 

0.39 

-0.14 

-0.28 

-0.08 
~~~7!~f_· 
•.V •,:~:y.;-. 
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Table ii. Comparison of observed with predicted counts m six categories 

for six sets of phase shifts. The only significant discrepancies are in 

categories i v and vi. For a good hypothesis (X 
2

) is 6. 

---------·---·--··-f-~~~.J?,_? .. ~Y~-------------------·--·-
i 11 iii i v v vi X 2 _, 

b 
9+1.3 44+3,5 5 15 10+0.6 3 +0.6 Observed ----

T + y 9.4 45.6 4.3 5.7 8.1 . 9. 6 20.0 

T + F 9.4 45.6 3.4 3.4 8.7 11.9 46.7 

KT + y 9.4 50.8 6.2 7.3 10.8 -12.5 15.0 

KT + F 9.4 50.8 5.3 5.0 11.4 -14.8 28.8 

KT' + y 9.4 43.4 6.9 12.5 -13.2 11.8 7.0 

KT' + F 9.4 43.4 6.2 10.6 13.4 13.5 10.4 

a. The categories are (i) K0p- K+ n, (ii) R0
p- hyperon, (iii) double-

vee events with K scattered forwards (in c. m. ), (iv) double -vee events 

with K scattered backwards, (v) single-vee events with K scattered 

forwards, and (vi) single-vee events with K scattered backwards. 

b. Nonintegers are prorated contributions from six ambiguous events . 



-14- UCRL-16938 

FIGURE CAPTIONS 

Fig. 1. Time distribution of 23 events. 
-10 

(One event with t > 40 X 10 sec 

Fig. 2. 

is not shown.) Labels F and Y on the curves refer to phase-

shift solutions KT + F and KT + Y, with superscripts + and -

referring to m
1

- m 2 = + 0.57 and -0.57. The curves are con

structed by summing p. (t) over the 23 events; therefore a dis
l 

continuity occurs at each time t = T i (potential proper time for 

~h event). The individual events are shown as vertical bars. 

. . f"l-10. . . . . 
The histogram gives GOD;nts per iv . sec .. 1n the 1nd1cated 1nterval. 

The detection efficiency E: (t) is the fraction of the 6040 K0 

mesons having potential time T > t. 
_f) 

Likelihood function,f)m 1 - m 2 ) for 23 events. 

p:::==..'"·'~ 
,;\:-·ll8~ 
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1,.; 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 

this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such emplriyee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




