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SIGN OF THE K ,°-K,° MASS DIFFERENCE*

Gerald W. Meisner, Bevalyn B. Crawford, and Frank S. Crawford, Jr.
Lawrence Radiation Laboratory, University of California, Berkeley, California
(Received 6 July 1966)

Evidence is presented that the long-lived neutral K is heavier than the short-lived.

We have performed an experiment to mea- momentum greater than 600 MeV /¢, because
sure the sign of m,~m, using the method sug- of present lack of information on the I=1 KN
gested by Camerini, Fry, and Gaidos.! We (S = —1) scattering amplitudes above 600 MeV /c.
find K,° to be heavier than K,°. Our statisti- The predicted K° direction from Reaction (1)
cal confidence level depends on the unresolved is known to within about +0.5 deg; that from
Fermi-Yang-type (F-Y) ambiguity that exists Reaction (2) is known to within about +20 deg.
at present in the KN (strangeness S =+1) phase In the case of Reaction (1), we scan along this
shifts in isospin state /=0. If the F solution predicted direction, within a cone 5 deg wide;
(large positive p,,, phase shift) is the correct for Reaction (2), we scan within the entire vol-
solution, we obtain Monte Carlo betting odds ume downstream from the vertex. We look for
of 45 to 1 for m,>m,, assuming Im ~m,| elastic scatters
=0.577,~* If instead the Y solution (large pos-
itive p,, phase shift) is correct, our betting Kneutra1+p _.K10+p’ ®)
odds for m,>m are 5 to 1.2 We have not re-
solved the F-Y ambiguity.? where the final K ,° is detected by its visible

The experiment uses 6040 K° mesons produced decay K ,°=nt+ 7~ (double-vee events). There
in the Alvarez 72-inch hydrogen bubble cham- is no cutoff on the length of the recoil proton.
ber via the reactions We find 23 double-vee events with initial K°

momentum Py < 600 MeV/c.® Our demand for

a visible A decay gives us essentially 100%

and detection efficiency for finding double-vee events.

There are no ambiguous events and no background.
For a K° produced at #=0 with ¢c.m. momen-

T=+p—=A+K° (4771 events) (1)

T=+p=Z%+K° T~ A+y (1269 events), (2)

where the A decays visibly via A—=p+7—. This tum 7k, the probability P(x)dx that an elastic
is the same sample of K° we used in a previ- scatter of type (3) will occur at proper time
ous experiment to determine |m,-m,| by means t in lab distance interval dx and with c.m. scat-
of secondary hyperon production,* except that tering angle 6 (of the outgoing K with respect
in the present experiment we discard K° with to the incident direction) in differential solid
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angle dQ is given by
P(x)dx=3sn()I(t, 6,k )ndxdS. (4)

Here #n is the number of protons per unit vol-
ume, and x lies between 0 and x 5%, With X 1ax
determined for each event by the fiducial vol-
ume. The factor n(f) is an escape correction
factor given by n=1-exp(-x,T’), where T’ is
the escape time of the scattered K,° and is a
known function of / for each event. [For most
events n(f) is approximately 1 except near ¢

= lmaxET-] The remaining factor is

I(t, 6,k)=If,, exp(—iw () +f exp(—iw,t)I?

+ g exp(—iw )+ g exp(—iw,t) ?,  (5)

with w,=m,~3i\, and w,=m,~3i,, Where X,
and 1, are the inverse lifetimes of K ° and K,°.
Amplitudes f,, and g,, correspond, respective-
ly, to spin-nonflip and spin-flip scattering am-
plitudes for K ,°+p =K °+p; f,, and g, are spin-
nonflip and spin-flip amplitudes for K,°+p =K ,°
+p. Thus, f,=3(f+f), 8,,=2(g+8), f,=2(f
-f), and g,,= 3(g-g), where f and g are spin-
nonflip and spin-flip amplitudes for K°+p —K°
+p, and f and g are those for K°+p~K°+p.

To obtain the S = +1 phase shifts we use the
SPD solutions of Stenger et al.® The /=1 phase
shifts are well determined, but the I=0 phase
shifts contain the F-Y ambiguity.

For S = -1 amplitudes we draw on several
published K ~-p interaction experiments,”™*°
on recent K,°-p interaction results,'! and on
parts of our own data. We describe here three
sets of solutions which we label T (Tripp),

KT (Kim-Tripp), and KT'. Solution T is Solu-
tion I of Watson, Ferro-Luzzi, and Tripp.?
Solution KT consists of Solution I of Kim'® for
L=0,/=1, and Solution I of Watson, Ferro-
Luzzi, and Tripp,® for L=1 and 2,I=1. Our
preference for Kim’s S-wave scattering length
is based partly on recent results of Kadyk et
al.' for the ratio R=0(K,°+p =K °+p)/[0(K,°
+p~A+7)+ 20(K,°+p ~Z%+ )] and partly

on our own data.

We test a set of solutions by comparing the
predicted with the observed number of events
produced by our sample of neutral kaons for
each of the following six categories: charge-
exchange production of K+, inelastic scatter-
ing of K° (hyperon production), and forward-
scattered and backward-scattered neutral kaons
in double-vee and single-vee events. The fact
that the potential path is usually large compared

with the mean K |° decay path length (the medi-
an potential proper time is about 15x10~1°
sec) leads to predictions that are insensitive
to the magnitude and sign of m,-m,. We can,
therefore, test the scattering amplitudes before
using them to determine m —-m,. For the so-
lutions T+ F and T+ Y we obtain x2=46.7 and
20.0, respectively, with (x?)=6. For KT+ F
and KT +Y we find y%=28.8 and 15.0, which,
although an improvement, is still a poor fit
for both solutions.

We have searched for solutions that give bet-
ter predictions for our six mass-independent
data. We arbitrarily leave the S =+1 solutions
untouched and vary the S = ~1 amplitudes. Our
present best solution of this kind we call KT’,
which is solution KT modified by changing the
real part of the p,,, scattering length from +0.0409
to —0.0409, and by changing the p,, scattering
length from —0.042+:0.0092 to —-0.1-70.015.

We then obtain x%=10.4 for solution KT'+ F
and 7.0 for KT’ +Y.

We find that it makes very little difference
to our subsequent time-dependence analysis
(to find m,-m,) whether we use solutions T,
KT, or KT'. We proceed as follows: For a
given event 7 we form a normalized probabil-
ity distribution function p;(t)=I;(t)n; (t)/[1;(t)
Xn;(t)dt, where the integral is from ¢=0 to
T; and where I;({)=1(, 6, ,k;) from Eq. (5), with
a given set of phase shifts and with a choice
for m —m,. To compare graphically the pre-
dicted and observed time distributions, we sum
p;(t) over the 23 events and plot the result in
Fig. 1 for the four cases corresponding to KT
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FIG. 1. Time distribution of 23 events. (One event
with ¢ >40x 10710 sec 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—m,
=+0.57 and —0.57. The curves are constructed by sum-
ming pi(t) over the 23 events; therefore, a discontinuity
occurs at each time ¢ =T (potential proper time for
ith event). The individual events are shown as vertical
bars. The histogram gives counts per 10~ sec in the
indicated interval. The detection efficiency € () is the
fraction of the 6040 K° mesons having potential time
T>t.
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+ F and to KT +Y, each with m -m,=+0.57 and
—0.57 (in units of 7,7!, assuming 7,=0.88X107!°
sec).’? The observed time distribution exhib-
its an enhancement in the first 2x107° sec

and favors negative m,-m,.

To use all of the information, we form a like-
lihood function £ (m,-m,) by setting {=¢; in p;(¢)
and taking the product over the 23 events, £
=I;50p,(t,), for a given set of scattering am-
plitudes. (The factor 50 is a convenient nor-
malization factor.) The results for solutions
KT+ F and KT + Y are shown in Fig. 2. (Those
using KT’ are very similar and are not shown.)
The fact that £ (m,-m,) does not have its max-
imum value near the known magnitude |m -m,|
~0.57 has given us concern. We find that vary-
ing the phase shifts or scattering lengths with-
in reasonable limits has little effect on the shape
of £ (m,-m,). Monte Carlo studies have con-
vinced us that, with only 23 events, we have
suffered a reasonable statistical fluctuation;
for a “true” value of m,-m,=—-0.57 we find
that the probability that £ will have a maximum
somewhere between m —-m,= -1 and +1 is on-
ly about 33%.

Given the magnitude 6 = |m —-m,|, we summa-
rize our data by giving the likelihood ratio £ (-6)/
£ +08)=R(6), 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, respectively. These
likelihood ratios cannot be immediately inter-
preted as statistical “betting odds.” To under-
stand their statistical significance we use a
Monte Carlo (MC) method in which we simulate
many “experiments” of 23 events each. This
method gives betting odds of 5 to 1 for K,° heav-
ier than K,°, assuming KT+Y. The correspond-
ing betting odds using KT + F are 45 to 1 for
K, heavier than K ,.

We also use the MC experiments to estimate
the “goodness of fit” in a manner entirely anal-
ogous to the x? tests that one can use with a
larger sample of events. The fit of the data
to the hypothesis m,—m,=—0.57 is good for both
solutions KT + F and KT+Y. The MC result
for the hypothesis m,—m,=+0.57 is that the
probability of getting log£ (+0.57) as low or
lower than our observed value is only 0.027
for solution KT + Y and 0.001 for KT + F. Thus
the fit is poor for the hypothesis m,—m,=+0.57.

Two other experiments, both based on coher-
ent regeneration, have also reported evidence
for K,° heavier than K °. %%
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FIG. 2. Likelihood function £ (m —m,) for 23 events.

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, especial-
ly Arlene D. Bindloss, for their excellent work.
It is a pleasure to thank Luis W. Alvarez for
his interest and support.

*This work was done under the auspices of the U. S.
Atomic Energy Commission.

ly. camerini, W. F. Fry, and J. Gaidos, Nuovo
Cimento 28, 1096 (1963). The recent discovery by
J. H. Christenson, J. W. Cronin, V. L. Fitch, and
R. Turlay, Phys. Rev. Letters 13, 138 (1964), of the
process Klong”'”++77— has a negligible effect on the
present experiment. We therefore use the old-fash-
ioned notation, K1° and K,", and neglect CP nonconser-
vation.

%A preliminary result was given by G. W. Meisner,
R. L. Golden, B. B. Crawford, and F. S. Crawford, Jr.,
in Proceedings of the International Conference on Fun-
damental Aspects of Weak Interactions (Brookhaven
National Laboratory, Upton, New York, 1964), p. 66.
The large betting odds quoted there were based on the
assumption |m—m,l=1.57,71

3The Yang-type phase shifts are favored by SU(3)
invariance, according to R. L. Warnock and G. Frye,
Phys. Rev. 138, B947 (1965).

‘G. W. Meisner, B. B. Crawford, and F. S. Craw-
ford, Jr., Phys. Rev. Letters 16, 278 (1966).

A complete table of events is available in University
of California Radiation Laboratory Report No. UCRL-
16938, 22 June 1966 (unpublished). This report also
contains details of our test of phase shifts and of our
Monte Carlo calculations.

8v. J. Stenger, W. E. Slater, D. H. Stork, H. K.
Ticho, G. Goldhaber, and S. Goldhaber, Phys. Rev.
134, B1111 (1964).

"W. E. Humphrey and R. R. Ross, Phys. Rev. 127,
1305 (1962).

8M. B. Watson, M. Ferro-Luzzi, and R. D. Tripp,
Phys. Rev. 131, 2248 (1963).

9M. Sakitt, T. D. Day, R. G. Glasser, N. Seeman,




VoLUME 17, NUMBER 9

PHYSICAL REVIEW LETTERS

29 AuGusT 1966

J. Friedman, W. E. Humphrey, and R. R. Ross, Phys.
Rev. 139, 719 (1965).

Yyae Kwan Kim, Phys. Rev. Letters 14, 29 (1965).

13, A. Kadyk, T. Oren, R. Brower, J. L. Brown,
I. Butterworth, G. Goldhaber, S. Goldhaber, J. Mc-
Naughton, B. C. Shen, and G. H. Trilling, Bull. Am.
Phys. Soc. 11, 37 (1966); J. Kadyk, Bull. Am. Phys.
Soc. 11, 380 (1966).

we take lm—m,l=0.577,7! (assuming 7,=0.88
x10~10 sec) as an average of the results listed in
Ref. 4, plus the more recent results of C. Alff-Stein-

berger, W. Heurr, K. Kleinknecht, C. Rubbia, A. Scri-

bana, J. Steinberger, M. J. Tannenbaum, and K. Tittel,
Phys. Letters 20, 207 (1966); of M. Bott-Bodenhausen,
X. De Bouard, D. G. Cassel, D. Dekkers, R. Felst,
R. Mermod, I. Savin, P. Scharff, M. Vivargent, T. R.
Willitts, and K. Winter, Phys. Letters 20, 212 (1966);
and of R. March, U. Camerini, D. Cline, W. Fry,
W. Fischbein, J. Gaidos, R. Hantman, and R. Stark,
Bull. Am. Phys. Soc. 11, 326 (1966).

337, Jovanovich, T. Fujii, F. Turkot, G. T. Zorn, and
M. Deutsch, Bull. Am. Phys. Soc. 11, 469 (1966).

40. Piccioni et al., Bull. Am. Phys. Soc. 11, 767
(1966).

NEW ¥ DECAY PARAMETERS AND TEST OF Al=3 RULE*

Roger O. Bangerter, Angela Barbaro-Galtieri, J. Peter Berge,
Joseph J. Murray, Frank T. Solmitz, M. Lynn Stevenson, and Robert D. Tripp
Lawrence Radiation Laboratory, University of California, Berkeley, California
(Received 12 July 1966)

New values for the three decay asymmetry parameters in the nonleptonic decays of =
hyperons are presented. The selection rule AI=3 is found to be well satisfied.

Evidence for a mild disagreement with the
selection rule AI=3 in the nonleptonic decay
of © hyperons has existed since 1962.' The
principal source of this disagreement was the
nonmaximal value reported® for the asymmetry
parameter @, in the decay Z,* -~p +7° In this
Letter we present results for the three asym-
metry parameters a,, o, and o_ obtained
from a partial analysis of a large number of
well-polarized =*. These parameters are de-
fined as in Ref. 1; by this convention the hel-

icity of the decay nucleon has the same sign
as o. The new values listed in Table I are con-
sistent with the Al=3 rule.

In the experiment the Lawrence Radiation
Laboratory’s 25-inch hydrogen bubble cham-
ber was exposed to a beam of K~ mesons.
About 15000 examples of the reactions K~ +p
—~ 2% 1 77 have been analyzed to date. The K~
momenta, ranging from 365 to 415 MeV/c,
were chosen to excite YO* (1520) in such a man-
ner that the resonant D,,, amplitude had the

Table I. Asymmetry parameters, lifetimes, and branching fractions % decays.

Least-
This Other squares
experiment experiments Combined AI=73 fit
@ —0.010 £0.043 —0.16 +0.212 —0.017 0,042 —-0.037
a, +0.014 +0.052 —0.03 £0.08P —0.006 +0,043 -0.026
—0.20 £0.242
a, —0.986 £0.072 —0.80£0.18¢ —0.960 £0.067 —0.9996
T_(x101%) 1.58 £0.05d 1.648 £0.023 1.644
1.666 £0.026€ ‘
T+(x101°) 0.794 £0.026d 0.818 £0.015 0.821
0.830 +0.018€
5 +
+ 0.490 =£0.0244 0.473 £0.015 0.489
+ + + e )
stz 0.460 £0.020
+
2See Ref. 1. Psee Ref. 5. CSee Ref. 2. dsee Ref. 6. €See Ref. 7
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