Lawrence Berkeley National Laboratory
LBL Dissertations

Title
SIGN OF THE K~0 - Kg| MASS DIFFERENCE

Permalink

bttgs:géescholarshiQ.orgéucéitem401d5v3dd

Author
Meisner, Gerald Warren.

Publication Date
1966-07-22

Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/01d5v3dm
https://escholarship.org
http://www.cdlib.org/

UCRL-17007

University of California

Ernest O. Lawrence
Radiation Laboratory

0

> MASS DIFFERENCE

SIGN OF THE K1° _K

- )
TWO-WEEK LOAN COPY '

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545

\- | _J

Berkeley, California




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Special Thesis

. UCRL-17007
”\".

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

AEC Contract No, W-7405-eng-48

SIGN OF THE Kio - KZO MASS DIFFERENCE -

Gerald Warren Meisner
(Ph., D. Thesis)

July 22, 1966

Y



<

-iii-

SIGN OF THE K,° - K,% MASS DIFFERENCE
“"Contents
Abstract .
1 Introduction |,
I1. Theory , .
III. Experimental Procedure

A. The Beam
B. Scanning

1. AKO Production. .
2. EOKO Production.
C. Data Processing
IV, Analysis and Resuits
A. Scattering Amplitudes
1. General Remarks

2. Restrictions on KN Amplitudes |,

3. Comparison of Observed and Predicted Counts

B. Time Distribution, Likelihood Function,
and Monte Carlo Results
V. Discussion .

Acknowledgments

Footnotes and References

11
11
11

18

18
20
24

33
44
45
46



>+ I

‘m

-y -
(

0 0

1 2

Gerald Warren Meisner
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ABSTRACT
We have performed an experiment to measure the sign of

- m, by following the time development of K -p elastic scat-

1 2 0 neutral
ters., We find K2 to be heavier than K1 . Our statistical confidence
level depends on the unresolved Fermi-Yang=~type . (F-Y) ambiguity
that exists at present in the KN (strangeness S = +1) phase shifts in

isotopic-spin state I = 0. If the F solution (large positive p3/‘2 phase

shift) is correct, we obtain Monte Carlo betting odds of 45 to 4 for

m2>m1, assuming Imi - mzl = 0.57 Ty - If instead the Y solution

(large positive pi/2 phase shift) is correct, our betting odds for

m2>m.1 are 5 to 4. We have not resolved the F-Y ambiguity.
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I. INTRODUCTION

The .magnitude of the Kio-K 0 mass difference, {m1 - mzl
has been established to be about C.6 T (Ref 1= 3x10 -° eV/ 2 or
= 10 -11 m, Or =10 -38 grams!}, with the assumption that 'ri—O 88x10" 10

sec, Few experiments have been designed to measure the sign of the
difference', although several methods have been proposed.

Kobzarov and Okun' suggested measuring the Kio amplitude re-
0 beam passing through two regenerators of different

2
“materials separated by a fixed gap, and then reversing the relative

generated by a K

- . pA .
position of the two slabs and repeating the measurements™; Jovanovich
et al, 3 tried this method and found evidence that K 0 is heavier than

K 0 A different method, utilizing interference effec.t s.between the

firj;a.l state of tAhe original and regenerated Kio, was proposed by
Piccioni et al °, who recently used the method and presented evidence
that K, ” is heavier than K *. A third method, and the one we used,
was advanced by Camerini, Fry, and Gaidos. 5 In this method, one
starts with neutral K's of known strangeness and detects the time de-
velopment of elastic scatters followed by Kio decays. 6 Since we per-
formed our experiment in a hydrogen bubble chamber, we must rely on
knowledge of elastic scattering amplitudes in the KN and KN channels.
Unfortunately, there is a Fermi-Yang-type amb1gu1ty in the KN phase
shifts in isotopic -spin state I = 0 at the momentum of the kaons
(0< PK< 600 MeV/c) used in this experiment. We discuss consequences
of this ambiguity in Sec. IV, '

' , In Sec. II we present some theoretical consequences of the
KO-RO' mixing scheme postulated by Gell -Mann and Paisg; in Sec, III
* we discuss the beam set-up, scanning procedures, and data processing;
in Sec, IV we present resulté from the analysis of our data; and in

"Sec, V we discuss our conclusions,

TE
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II. THEORY

0

In 1955 Gell-Mann and }?ais8 postulated that the K- 1—{-0 system e

was not to be thought of as two one-component systems; rather, the

KO and R-O should be considered as two components of a single system, -
Thus, one should write the probability amplitude d,JK o.f the neutral K

system as a superposition of amplitudes of KO and KO, cigenstates of

the strong-interaction Hamiltonian:

o) = 2 1K) + b 1Ry

where |al 2 and |b]| 2 are the probabilities of observing a KO and a2 K
respectively. Since the KO and Roare each other's antiparticles, they
must have identical masses and lifetimes. 9 However, experimenters
have measured two distiﬁct lifetimes10 for the neutral K system and a
* distinct mass di‘fference"1 between the two decay eigenstates, Labeling
the two eigenstates Kio and KZO, adopting a conventional choice of
phase, and neglecting CP non-conservation, E we can write these decay

eigenstates as linear combinations of the degenerate KO and RO:

/ O =00 0 0 =0\ =
‘K1%=<1K>+|K))N~2_ ;1K) = (1KY - RO/ (1)
Assuming that the time development of the decay eigenstates is gov-
erned11 by the factor exp(-imt-At/2) in the particles rest frame, where
m 1is the mass of the particle and X\ is the decay rate, we can write

&

the probability amplitude for the neutral K system at time t,

which at t = 0 was pure K%, as
0 . 0 . ‘ '
JZ¢K= IK, ") exp(-im, t-\, t/2) +1K,") exp(-im,t-\,t/2). (2)
Using Eq. (2) and projecting out the KO and RO components, we have -

1
their time-dependent amplitudes” 2

Z(KO,\LK) = exp(-im t-)\it/?‘) + éxp(-im t-)\zt/Z) (3a) , =

1
~0 . ‘ .
2(K7, ¢ ) = exp(-1mit-)\1t/2) - exp (-im

2

2t->\2t/z). : ~ (3b)

The absolute squares of Eq. (3) give the unnormalized counting rates of 4
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“ence, one can observe neutral K elastic scatters followed by a K

-3-
KO and EO interactions; these rates are a function of the magnitude of
the mass difference. To get information on the sign of the mass differ-
e ; L 4 OF KZ
decay., If A and A are amrglitudes for elastic K -p and K~ -p scatter-
ing, we can write the amplitude of the neutral K system immediately

following an elastic scatter at time t a,s12

(2372 4(t) = [ ARy e ENY2 L ALKy e TEN 2 ¢ O
- (4)

- -1m1t—)\1t/’2+(

+ [(A-K)e nim, /2

0,

A+A)e 2

If T' is the potential proper time of the K1O from the position of the
elastic scatter to the edge of the fiducial volume, the probability of

their being an elastic scatter at time t followed by a K 0 decay within

1
the fiducial volume is proportional to [1 - exp( —xiT’)]Ii, where

I1 =] A+A]| 2 expl -)\11:) +|A-A] 2 exp( - )\Zt) +2exp[——.§-()\1+ )\Z)t]
~ | (5)
. {‘:(IAIZ-I—Alz)cos[(rhi-mz)t]+ ZImA*Ksin[(mi-mZ)t]}.

This simple but daring application of the principle of super-
position, a cornerstone of quantum mechanics, leads to unusual results,
some of which are contained in Eqs, (3) and (5). For example, the
absolute square of Eq. (3b) tells us that even though at t = 0 the prob-
ability of observing a E_ZO interaction is zero, at some later time the
probability is finite and varies sinusoidally with a period inversely

1L
Since there appear to be noc AS(strangeness) = 2 transitions al-

proportional to |m,-m
L

_lowed, this increase and decrease of the KO and f{—o amplitudes with

time can take place only because there are intermediate states common
to both particles, the dominant one being 2w, That is, KO and *ZE.O

both appear to decay into two pions with an equal rate {more precisely,
the 27 decay rates from KO and Ko production are consistent with one

another); therefore, since there must be some amplitude for the
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virtual process 2w — KO, there exists the virtual process KO«»ZW«;»KO, y
which can account for the transfer of probability between the two
eigenstates, : .

The phenomenon of energy exchange in a coupled system is not
unusual in physics. The transfer of energy between inductor and capac- «
itor in an L-C circuit is a familiar example. A mechanical example;

a model of which has been built and used by Professor Frank S, Craw-
‘ford, Jr., for pedagogical purposes, consists of two pendula of eciual
length £ coupléd by a spring, as is shown in Fig. 1(a). We discuss in
some detail how'a study ‘of the coupled-pendula problem can helpus
understand the quantum-mechanical KO-I—EO problem.

We label the left pendulum KO and the right pendulum RO, and
measure displacements from equilibrium as ‘indicated. % Since the
vlengths of the pendula are equal, the periods of oscillation will also be
equal if there is no coupling spring. In our quantum mechanical
analog, the Ko and 120 have equal masses; a fortiori, their natural
frequencies w, given by the relation hw = mcz, will also be equal,

Finding the normal modes of the coupled pendula, that is, those
motions which are entirely independent of one another and which will
consequently not transfer energy back and forth, is a straightforward
procedure and is handled in many textbooks on mechanics, 13 (In the
language of quantum mechanics, we want to find the eigenfunctions of
the KO-EO system.) By inspection, we can see that one independent
motion consists of the pendula moving equal distances in opposite direc-
tions. This mode is shown in Fig. 1(b) where the total displacement
x =x%+%%= Xi' This mode will die out with a lifetime characterized
by the spring's inelasticity. The second independent mode, shown in |
Fig. 1(c), consists of the pendula moving in unison without disturbing
O _.%%=xX_. This mode

2 -
will not damp out if we neglect friction from air and from pivots sup-

the spring, so that the net displacement X = X

porting the pendula., It is easy to show that the first mode has a fre-

quency of oscillation w,= N(£/g)+(2k/m), where g equals 32.16
'ft/secz, k is the stiffness coefficient of the spring, and m is the mass

of the pendula, and that the frequency of the second normal mode

I3
A
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The analogy with the quantum mechanical KO- RO system is

G

“clear,. T,hé uncoupled pendula's frequencies represent the masses of
- . the Ko and KO particles, and the inelastic coupling spring represents
the 2w decay mode of the ncutral kaon, We can therefore identify the

eigenfunction . K 0 with the short-lived normal mode shown in Fig, 4(b)

1

" ‘and the KZO (which "lives' about 600 times as long as the Kio) with

_the mode shown in Fig, 4(c). ' Notice that since the stiffness coefficient

~ k is always positive, w, is always greater that w, in our pendulum »

_ 1 ‘ 2 o
~analogy. : _ S T

' To observe the energy transfer from one pendulum to the other,
start with the'KO pendulum displaced from equilibrium, leaving t\hc K
pendulum at rest. The gravitational potential energy of the I—{—O per;\d;x-

lum (proportional to the square of its amplitude) will vary sinusoidall'"y\
with time, with a period of oscillation governed by a beat frequency N
wy = - w )/2 Explicitly, the square of the Ko amplitude

(XY «sin [(w + wz)t/z smz(w t), and a similar expression holds for

(X ) . Since thc frequency d1£ference between the two normal modes

is a function of k, we can insert a stiff (weak) spring in our mechanical
model to show a rapid (slow) energy transfer between the Ko and I_{O

pendula.
The analogy with the quantum mechanical KO- 1—{0 system is
direct, If we initially have a beam of Kg's, at some later time we will

" have a fraction of Ro’s in the beam, the amount being governed by the

fi‘cquency difference (or mass difference) between the K 0 and the KZO.

1

The fraction of Ko and IZO in the beam varies with time in a manner
- -1

1-mzl 0.57 Ty

Abscissas are in units of T, If the kaons have an average momentum

of 500 MeV/c, the maximum buildup of the I_{O component occurs’at a

"show.n in Fig. 2(a) and 2(b), where we assume |m

comfortable experimental distance of 3 cm from the production point

of the KO. We can therefore easily measure the Kio—Kzo mass differ-

ence by this method of producing Ko's with a momentum near 500 MeVé -

(in a medium such as hydrogen) and of looking for the time development

--O,S

of K In accord with the mechanical pendula problem, where the

;::;‘wn‘g
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Fig. 2, Unnormalized counting rate for (é.)?(% inelastic.interactions'and (b)
» K¥p charge-exchanjge reactions from an initial K" beam for
N ' lmi-m2l=0.57'r4'l.
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beat frequency of energy transfer enters as sinz(wbt), we can measure

only the magnitude of the Kio-Kzo mass difference, using this techni-

que of following the development with time of the square of the ampli- S

tude.

To measure the sign of the Kio—Kzo mass difference requires

study of neutral K scattering followed by K, decay. It is also pos-

.
sible to simulate this phenomenon with our coupled pendula system.
"'To understand the analog, remove, in Eq. (4), (A+A) .as a; . - .
14 we thus have, with |R| exp(if) = (A-AY(A+A), the

Kio amplitude proportional to

common factor;

a,= exp(-im PR t/Z + |R| exp [i(0- -m,t) - )\Zt/Z]. : (6)

1
If |R] is close to one, Eq. (6) is very simila:r to Eq. (é‘a), the only.dif -
ference being an additional relative phase shift of 4. All information
about the sign of the mass difference is contained in the interference
term of the absolute square of Eq. (6). This iterm isi.. « cos[(mi-rrxz)t+6],
so that § must be near /2 if we hope to determine the sign of m,-m,.

In fact, as will be discussed in Sec. IV, 6 is near ﬁ/Z. This fact plus

the measured value of |m, - mz {. enables us to calculate the expected

time distribution of elastié scatters followed by Kio decay for either
sign of the mass difference. The counting rate for the two cases will
show the greatest difference when t equals one- or three-quarters of
a beat frequency period T. This rate will show an enhancement at

t = ‘—1—T. if m, -m, is negative, but if m, -m,
an enhancement at t = 3/4 T.

is positive, there will be

To demonstrate negative (positive) m,-m, with pendula, one |
should start with an initially displaced KO, wait for one-quarter (three-
quarter) of the period of time necessary for a complete cycle of energy
transfer, and at this point shift the phase of the KO 90 deg with respect
to the I-{O In practice this maneuver would mean that one should delay
the K pendulum for one-quarter of its uncoupled period. A pure K1

mode would then remaing
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1II. EXPERIMENTAL PROCEDURE

During the fall of 1960 and spring of 19614, the Alvarez 72 inch
hydrogen bubble chamber was exposed to a # beam of 1030 and 1470
MeV/c. The beam-transport system, designed and built by Professor
Frank S. Crawford, Jr., has been described previouslyis; we shall
thercf{ore mention only briéfly some of its characteristics, _

A schematic diagram of the beam optics is given in Fig. 3, The
most importaﬁt characteristic cf the beam is its excellent momentum
resolution (the full width at half maximum of the momentum "distribution
‘is ~ 10 MeV/c, | ‘

At 117A0 MeV/c there were £9x104 sets of pictures taken,\}'and
z3x105 triads at 1030 MeV/c. Approximately 17 tracks pexr pi,cturé .

“entered within a chosen fiducial area, The magnetic field strength waq
17.91 kG at the bubble chamber for the higher momentum and 15,70 XG

for the lower,

_ B, Scanning
The film was scanned for associated production events involving

a visible lambda decay:

w4+ p -'A+K0 , A=~p+T (4771 events) : {7a)

0

TI'-"I' X Z +KO’ EO’bA'*'Yn A—D p+'ﬂ' . (1269@\’3!\‘:5) (7b)

These events were measured and analyzed in a manner standard to the
Alvarez group, 16 with a "f‘rankenstein“ used as measuring projector,
When reactions (7) were thoroughly processed, a special scan along
the direction of the missing KO was performed., Scanners searched
aleng the calculated direction of the missingneutral for interactions or
decays that may have been missed in the initial scan, We required no
minimum length of the neutral K since the topology for associated pro-
duction with visible lambda decay, plus a zero-length KO interaction or
- decay, is so striking that such an event would not be missed on the

‘rescan,
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' B ' Collimator
Collimator Magnet I ' |
: ' Len 'OO‘ lLens . Magnet
Slit & beryllium 72-inch hydrogen
j wedge bubble chomber
Torget 3/74-inch cperture
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Bevatron

MU.26415

Fig. 3. Schematic.diagram of the
" beam optics, '
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We consider AKO and EOKO production separately,
1i. A,KO Production
The missing KO direction is known typically to within £0.4 deg

in dip and azimuth, and the missing KO momentum to = 1.5%. We
gcanned along the missing KO direction, using a protractor, and provi- . .
sionally accepted all interaction candidates within £5 deg in azimuth of
the predicted direction. We believe our scanning efficiency is essen-
tially 100%.

2, EOKO Production

The missing KO direction is poorly known (because of the un-
detected y from Zo—v A+y). We rescanned these pictures only for neutral
K interactions followed by a n decay. The pictures are clean {(about
17 beam ™ per picture), and we believe the seco/nd-sca,n efficiency is
100% for these secondary events, The background is negligible, and
there are no spurious or ambiguous events.

We do not use any events where the A produced in association
with the KO in reaction (7) does not decay Qisibly. If we did, we could
guarantee 100% scanning efficiency for K interactions, independent of
time t, only by scanning the entire film many times, As it is, no bias
is introduced if some associated-production events are not detected,
provided we find all K interactions associated with our sample of visible
‘A's from reaction (7). Another reason for demanding visible A's in
" reaction (7) is that we thereby completely eliminaté the possibility of an
ambiguity between two possible production vertices. A third reason is
that the information from the A decay eliminates some kinematical am-

biguities that might otherwise remain.

- . Pl

C. Data Processing

All neutral K interactions of the following types were analyzed:

I
o
+

K+p = A+r
EO+ xt
E++ 'n'o .
! ‘ A +'n++'n'o | _ (.8\3.‘)
stemgnt ' .
A+ 1.'++y s

wemy
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0'+p -kt 4n » '

p p. © (8¢)

K

Kneutral + Kneutral +

Measurements and kinematical analysis of these eveﬁts were done in a
manner similar to that used in the analysis of reactions (7). For those
events which proved to be especially troublesome, .the Alvarez Group
QUEST syst:em17 was used, We use XZ cutoffs, at the 0,3% probability
'level, of 8.6, 11.6, 14,0, and 16.0, for one-, two-, three-, and four-
constraint {its, respectively, .
Reactions of type (8a) were used to measure !mi- mZI'(Ref. 1),
and these plus reactions (8b) are to be used in a test 0of CP, T, a}nd CPT
18 SN
| N\

neutral is detected.by

the visible decay Kio-— 1T+Tf- (double-vee events), are used in the anal-~

ysis for the sign of the Kio - KZO mass difference, There is no cutoff °

invariance as proposed by Crawford.

Reactions (7) plus (8c), in which the final K

" Double-vee event . o \

on the length of the recoil proton, We find 23 double-vee events with

initial Komomentum Ilk<60‘i MeV/c; these are summarized in Table I, =
Six similar events with %’601 MeVlc are not used because of lack of informdtion
onthe I =1, KN(S = -1) Scattering amplitudes above 600 MeV/c, These
events are summarized in Table II, Our demand for a visible A decay. .
gives us essentially 100% detection efficiency for finding double-vee

events, There are no ambiguous events and no background, ’

Sy

e
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Table I,
proper times for the elastic scatters, in units of 10"'0 sec, PK is the Ko lab mo~

13-

Summary of 23 double~vee events,

Here tand T are the actual and potential

mentum in MeV/c, 0 is the angle between the incident and outgoing Ko in the Kop c.m,,
f and"'g'} are the non-spin-flip and sgin amplitudes for elastic Ko-p scattering (solution Y),
K

Tand§ are the same for elastic

-p scattering (solution KT), and w is logiO[SOpi(ti)]

for my-m, = «0.57 Ti~1' KT+ Y.

Event t T i Me T o040 f g 7 g w
528328 0.55 11,74 490.5+ 6,4 .02 ~, 09+,10 LA141,06 ~.01+i,49 -, 26+1,02 0.387
533615 21,63 28.514 600,744.8 ~.33 -, 20+1,10 27 -.09+i,45 -41-1,01 0.239
557391 - 42,79 53,17 322,9%5.5  -,65 -, 20,04 L08+i,00 -,03+1,40 ~.07+4i,00 -, 054
‘562253 0,41 14,43 413,72 7.C  ~.62 o~ 2541,06 L43+1,04 -.05+i,44 -, 141,00 0,737
583074 2,36 4,15 546.6+9.4 -,08 RS LSV E | .49+i,09 -,03+1,49 =.34+i,02 1,182
591424 - 1,95 19,68 563.125,1  -~.94 -.57+i,06 L16+1,03 0 - {4+i,44 -~ 17-1,02 0.617
602450 12,33 16.21 539,424.8 -.96 - 58+1,06 L10+4i,02 ~, 1341 .42 ~10-1,014 0,380
683243 . 14.25 20,94 558,72 7.5 -,97 -, 624108 L10+48,02 ~44+i,414 -, 10+i,01 0.285
694160 0.87 14,08 546,4£8,7 -.,95 ) ~.58+1,06 ..'12+i.02 ~. 434142 -, 121,02 0.903
773436 1.27 9.27 209.5% 1.1 .03 -, 08+i,04 L03+1,00 =.00+i,40 ~, 074,04 0,683
778118 4,27 25.76 260.5¢3,2  -,27 -, 114,03 45~1,00 -,0444,36 -.05+i,00 0.370
826368 13,58 15,94 349,42 7.2 «91 - 29+4i,05 .06+i,00 - 05+4i,41 -.05-1,00 0.422
828583 30,89 57.74 305.34 4,6 -, 47 -, 10+{,04 .05+i.00 ~.0141,40 -,08+1,00 -.068‘
837477 16,46 29.63 408.6+2.4 .39 -, 07+1,08 .04+1,03 .0341,49 -, 45+1,02 0,232
1363048 4,33 8.18 195.643,4 . ~.68 -, 30-1.06 -, 131,04 -.01+i,30 -.02 1,00 0.697

. 1479538 8,34 20,54 597,943, 1 L1 -, 441,34 -.01+i,08 .23+i,814 -, 144,05 0,360
‘17.38296 9.39 46,56 325.024.3 -.61 -, 19+i,04 . ,08+i,00 ~,0%+41,40 ~.07+1,00 0.022
1760182 11,06 16.83 454,8%3.0 .73 - 084,43 L01+i,04 .08+{,56 - 344+i,03 0,484
1815424 24,42 27,09 392.2+4,1 -.83 -, 314,05 L.1041,01 ~06+i,42 -, 091,00 0,215
1867430 3,12 8.65 . 431,315,2 39 -, 064,09 L05+1,03. L03+41,50 - 1741,02 0.902
18826C0 0.85 18,48 491,128.4 =44 =,1344,09 L174,06 -.03+i,48 -,2641,01 0,341
1804143 6.63 32,83 329.5%1.4 -.28 ~.43+1,05 .07+1,01 - 02+1.44 ~,09+1,00 0.i87
1286184 32,01 43,66 274.9+14.4 -.08 -.08+i,03 .03+i.00 -, 00+i,38 -,0641,00 0,061
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‘ Table II. Summary of six double-vee events with
PK.> 601 MeV/c. Labels are as in Table I.

Event ( wt-iO _;I‘O PK(MeV/c) | Cos0
sec) (10 sec) L

1359080  0.12 - 13,86 754.7£14.2 0.10
1449290  9.36 17.54 793.2+ 5.2 0.79
1450126 4,02 12.51 | 644.6x 3.8 -0.74
1483150  10.65 16.94 698.4% 4.5 -0,81
' 1484108  0.25 11,01 810.8+ 4.1 0.81

1815348  8.20 20,13 648.0+ 3.3 -0.95

%
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In those cases where the strange particle produced in reactions
(8) does not decay, background ''reccils'" become a problem. In these
instances, the positive track in reactions (8) is sometimes indistin-
guishable on the scanning table from a proton recoil arising from an
n-p scatter due to neutron background. There are about 900 such can-
didates (i, e.,, about 15% of the missing Ko’s have a random recoil pro-
tor lying within £5 deg). We measure the neutral "track' from the
production point to the recoil and reduce the amount of background by
rejecting recoils that have a neutral differing by more than five stand-

19

ard deviations from the predicted KO direction. The remaining 300 |
events are fitted (one-constraint) to reactions (8).

We accepted 13 single-vee events corr,eSponding‘to KO produc -
tion via reaction (7a) and to subsequent interaction via reaction (8c)

without a subsequent visible Kio decay. Eleven of these are unambiguous

R
AY

from their kinematical fits, and the remaining two are resolved by
using ionization information. The 13 events are summarized in Table
III. For single-vee events we imposed a 1,5-cm minimum length cutoff

on the recoil proton, thus reducing our background due to random pro-
0

ton recoils to an estimated 0.2 evenis. The absence of a visible K1

s

A
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decay can correspohd to either Kio - Zvo 61‘ to KZO leaving the _ .

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

information on the sign of m, - m,, and we therefore do not use these

13 events in determining m, -m,. We do include them in tests

(described below) of the predictions made by the various sets of phase
shifts,

e
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Table III. Summary of thirteen single-vee events, Here t and
T are the actual and potential proper times for the elastic

scatters, P_, is the KO lab momentum, and 6 is the c. m.

scattering aIr{lgle of the outgoing K with respect to the inci-
dent K,
Event t ' | T ) PK o Cos 6
(10~10 sec) (’iO")10 sec) (MeV/c)
532155 4,20 - 20,47 653.3+ 6.9 0.36
585259 3.10 9.82 434.9x 4.0 0.74
702127 3.07 11.17 504.0+ 5,2 0.07
712366 ©3.08 15,88 4256+ 5.0 | -0.30 .
781371 10,62 19.84 314.9% 3.4 0.59
845159 3.14 15.94 328.2+ 4.3 0.67
859384 0.06 5.52 523.0+¢ 9.9 -0.99
1717243 10.79 20,05 340,1+ 3.4 0.57
1722527 11,28 14.90 507.9+ 9.6 0.86
1730398 3.47 42.85 528,0+14.1 .70
1789399 4.30 . 14.99 5395+ 6.1 0.02
1832576 1.49 15.05 568.0+ 8 0.33
1845374 10.63 30.44 349.3+ 6.3 -0.95
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IV. ANALYSIS AND RESULTS

A. Scattering Amplitudes

1. General Remarks

Measuring the sign of the mass difference by the method of
Camerini et al. depends on knowing the scattering amplitudes in the KN
and in the KN channels, Moreover, all information on the sign is lost
unless these two amplitudes (A and A) are mostly relatively imaginary
[see Eq. (5)]. Weare lucky in this respect, Since the KN channel is
highly absorptive at the average momentum of our ks (450 MeV/c),.
the elastic scattering amplitude has a large imaginary component, The
KN amplitude for elastic scattering, on the other hand, has a large
real component, The net result, then, is that the relative phase be-
tween A and A is gldsé to:90 deg. This statement is imprecise, how-
ever, for A is the sum of two noninterfering amplitudes—a non-spin-
flip amplitude f and a spin-flip amplitude g. (A similar statement holds

for T, g, and A.) Thus there are two independent phases—a relative

phase between the non-spin-flip amplitudes { and f and one between
the spin-flipamplitudes g and g. Therefore each coefficient of the |
time-dependent terms in Eq. (5) has two contributions: bone'from the
non-spin-flip amplitudes and the other from the spin-flip amplitudes.
[For example, Im A*X = Im(f*f + g*g).] The relative phases of these
two noninterfering amplitudes, for several sets of solutions (described
below), are shown graphically in Fig. 4, where we plot £, T, g, and g,
"averaged over our 23 double-vee events, . _

For K'O-p scattering we have I = 1, so that £ =-f1 (single super-
script now refers to isospin state) and g = 'g—1 . For Ko-p scattering
’ w; have bothI=0and I=1; th\.fs, f= %—(fgﬁi) and g = %—(go+ gi). With
Tra
partial-wave expansion

= exp(i 611Ji) sinf)I , we write fI and g  (where )l =0 or 1)in the

T, -1 1, I _ |
=k %[(Lu) Try +LTL.] Pplcoso) .

(9) -
I

i G | 1 I 1
g =K %[TL-!-’ TL_] PL (cos 8),

vz

RPN Y
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Fig. 4. Non-spin-flip amplitude f(f) and spin-flip amplitude g(g)
for Kop {K"p) elastic scattering fpr solutions {a) KT + Y,
(b) KT + F, (c) KT'+ Y, and (d) XT'+ F.
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where the sum is over L = O,- 1, and 2, and L+ and L- refer ték‘

J =L+ 1 and to L - % Expressions analogous to Eq. (9) ;159 hold

2 ‘
for T! ana g, N
. 20,21,22 . . g ‘et
The I = 1 KN scattering data is well satisfied with & con-

stant scattering length up to 640 MeV/c, or with a scattering length"plus
effective range up to 810 McV/c, but the I = 0 channel contains a Feri‘n_i—

Yang-type (F-Y) ambiguity, 'Slater et al. 23 studied charge-exchange

_reactions of K' in deuterium at momenta of 230, 330, 377, 530, 642,

and 812 MeV/c, using the closure approximation; Stenger et al, 24

studied the same f{ilm, adding new elastic-scattering data to the charge-
exchange data to obtain a different set of I = 0 phase shifts by means of
the impulse approximation. Both sets of phase shifts agree within

errors, with more p-wave being indicated by the central values of

-Stengyer et al. To get the S = +1 scattering amplitudes, we use the SPD

phase shifts of Stenger et al. To obtain a smooth dependence on k

. 0
[necessary because each of our events has itsown K~ momentum and be-

cause now we can easily change S = +1 scattering amplitudes to deter-
mine their effect on our likelihood function and on cross sections which
are a function of these amplitudes (see Sec., IV A, 3)] we fit the phase

shifts to a two- parameter expansion—. oo
2L+1 _ -1
k cot;«SL = (GL)

Fig. 5. We make no phy51cal mterpretatmn of the values of these

&lkz The results are shown in Table IV and in

parameters; they give good fits to the phase-shift data.
-

2. Restrictions onKN Armplitudes

Low- energy K™ -p experiments by Humphrey and Ross, 25 Kim,26

and Sakitt et al. have vielded S-wave scattering lengths; Watson,
Ferro-Luzzi, and Tripp 28 have analyzed their K -p data from 250 to
513 MeV/c in terms of the zero-effective-range expansion to obtain
scattering lengths for partial waves s, Py Pa and d3 (subscript equals
2J) We look at the ratio

d

0 0 0 +y 0 0’ +
R= o(K, p~K p)/[o(K, p=Ar '+ 20 (K,'p = ="' )]
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Table IV. Parameters G in units of (:t'ermis)ZL+1 and r in
units of (fermis)/‘l-ZL in a fit to the SPD:solution of Stenger
et al, Superscript is isospin, and subscript is twice total

angular momentum J,

Partial waves
0 1 0 - 0 0 0
| S S Pi P3 D3 DS
v ¢ G . 0.04 0, 29 0,141 -0.05 0.06 1.0
- xang type . 0.0 0.5 0.0 102, -65, -320.5
Fermi G 0.04 40.029 -0.30 0.12 0.001 0.15
type T 0.0 0.5 -61. 4.1 0.0 -64,

as a function of momentum for a given KN I =1, S-wave complex scat-
tering length (we have only one KN scattering solution at low energy
since there is no Fermi-Yang ambiguity for S-wave), and compare this

9

dependence with the values of R measured by Kadyk et al, 2 The use-
fulness of this test in sorting out a multitude of solutions in the KN
channel was first pointed out by Biswas, 30 Figure 6 shows the exper-
imental values of R from Kadyk et al. and the value from our data at

the average KO momentum f{rom reactions (7), as well as bands corre-
sponding to central values and standard errors for some of the published
sets of scattering lengths, (The smooth curves in Fig, 6 are taken from
Ka’dyk et al, 29) Humphrey-Ross solution 1 gives results which are con-
sistent with solution I of Watson et al., 28 so it is not used explicitly.
Solution 1 from Sakitt et al,, 27 solution 2 from Humphrey and Ross, and
solution II of Kim26 ;'xre not used as possible sets of amplitudes because
of their poor predictions for R (see Fig., 6)(last solution also has a poor

' xz fit to Kim's own data). We used solution 2 from Sakitt et al, and
solutions I through IV from Watson et al. in our experiment, even

though the upper limit of R, calculated by using these solutions, disé‘gr:e.e:s
with the points of Kadyk et al. by two to three standard deviations ateach
of the four lowest momenta (P-wave appear to be important above about:
350 MeV/c, so we should nottake seriously the discrepancy between the

experimental value of R at ®460 MeV/c and the theoretical predictions

&r’" 5
'{ o sin
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l V 1
} Kadyk etal.
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T
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Fig, 6, Experimental values of R= O'(Kzo p—~K Op)/to( 0p—>A1r+)

+2 a(Kfp—v-Eov+.)] from Kadyk et al.?? and values calculated

for various sets of scattering amplitudes, T refers to gscat-.

tering lengths from Watson et al, 28, K refers to Kim? ,
and S refers to Sakitt et al, 27, Subscripts to T, S, and K-
are solution nnmbers given in the reference, o central
values of R; : regions of uncertainty, (The errors on
solution T4, which overlap those of S,,, are not shown, )

Experimental values cover momentum intervals of about 70
MeV/c, :

gy

KIS



-24-

for R, which are based on bnly S-wave amplitudes), The only solution
in good agreement with the measured values for R is solution I of Kim,
We describe here three sets of solutions which we label T(Tripp),
- KT (Kim-Tripp) and KT'., Solution T is solution ] of Watson et al. 28
Solution KT consists of solution I of Kim26 for L=0, I= 1; and solution
I of Watson et al. for L = 41 and 2, I=1. Our preference for Kim's
S-wave scattering length is based partly on the argument given above

and partly on our own data (see Sec. IV, A.3),

. 3. Comparison of Observed and Predicted Counts

We test a set of solutions by comparing the predicted with the
observed number o.f events produced by our sample of neutral kaons for
each of the following six categories: charge-exchange production of K+;
inelastic scattering of f&o (hyperon production), and forward- and back-
ward-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 Iidt (I1 from Eq. {5)) over t from

zero to tm (=T) for each KO from reactions (7) and sum the results,

ax v _
Oscillatory terms from the integrand then average essentially to zero.

This fact plus the fact that the potential path is usually large compared
- to the mean K 0 decay path length (the median potential proper time is

about 15)‘(10-"l sec) lead to predictions that are insensitive to the mag-

, nitude and sign of m,-m Whereas the expected number of events in

2t

the first two categories listed above is nearly independent of [m,- m

|
1 2
[see Eqs, (15) and (16) and Eqs. (17) and (18)], and the predicted num-
ber of counts for the last four is insensitive to m, - m,, the predictions
are, of course, functions of f, g, I, and g. We can therefore test the

4" mz. Since

‘the expected numbers of double-vee and single-vee events are dependent

scattering amplitudes before using them to determine m

upon interference terms between KN and KN amplitudes, we might ex-
pect the predicted counts to be sensitive to the various sets of KN and
KN solutions, This, in fact, is true, and is also the reason for the

- success of the Biswas ratio R in eliminating some of the many KN

solutions,
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We have 20 double-vee events with momentum less than 600
MeV/c and within the somewhat smaller fiducial volume imposed for the
st.udyl of absolute rates, o

For a KO produced at t = 0 with ¢, m. momentum *k, the prob-
ability P, (x) dx that a double-vee event will occur at proper time t in a
lab-distance interval dx and with c. m, scattering angle 0 (between the

oﬁtgoing kaon and the incident direction) in differential solid angle dQ2 is

. given by

sz(x) dx = 0,685 PKi(X) dx,

where 0.685 is the branching ratio T (Kio-—- 'rr+1r-/1" (Kio» all), and where

. o
PKi(x)dx =%g (t) I, (¢, 6, k)ndx a2, (10)

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) is an escape correction factor given by

£ =1 -eXp(-)\1 T'), where T' is the escape time of the scattered Kio,

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

approximately 1 except near t = T; in the following we set E(t) = 1 for

simplicity, ] Integrating Eq. (10) over Q and over x from zero to X o

for each KO from reactions (7) and summing the results, we get the ex-

“pected number of double-vee events n,,

nzx = 0.685 l'LK1 ,

where
N

- 3 L ,
nK1 = (m/38.4%X10” mb ) ‘121111[110{* TiDi + a (pEi+ yFi)] (11)

where 7, and T are in units of 10'10 sec and where 7 = PK(MeV/c)/

498, 0 is dimensionless, With p = cos8 and with )\1, )\2, and m, - m,

-10 -1
8

in units of 10 ec ~, we have, in units of (cm)",
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. 1 :
G = [IAvEI® = 1607 1gagl Y
A 2 2 2
D = [,[1A-A1" = [£381%4 1g-g1"]dp
. 1 . :
£ = [,0IAI? S &R = s 1g1% T2 1R P
| F = f’ii{ImV(A*X = f3f + g*-g—)]dp, (1.2-)7.
and , \‘
a = | 2[%—( )\1'*' )\2)2 + (m1" n"-z)z‘] -1 \\
1 B | \\
. B= ) AN
Y = Z(mi - mz).

We plot path length of neutral kaons available for reaction (8¢c) where
a Kio subsequently decays in Fig, 7. | |

We have a total of 13 unambiguous single-vee events with a con-
tribution of 1.2 counts from six ambiguous events,

For a Koproduced at t = 0 with c. m, momentun hk, the prob-
ability Piv(x) dx that a single-vee event will occur ‘at proper time t in
lab-distance interval dx and with ¢. m. scattering angle 6 in differential
solid angle dQ is given. by
dx + P

P, (x)dx = [0.315 + 1-£(t)] P )dx,

(x) (x
Ky K2

0

wh’ére 0.315 is the branching ratio I' (K1 - wono)/I"(Kio» all), where

Py (x) dx = 81 £(6) 1, (8,6, k) ndx do,

2

and where

- IA-KIZexp(-)\it) + | A+A| Zexp(-)\zt)+ Zexp(-%-)()\i%- At
' - (13)

X [(|A|Z~ IK!Z) cos{m, -m

1 2)t - 2ImA*A sin(mi-mz)t} .
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Integrating as before and summming only over K's from reaction {7a)
(indicated by a superscript A}, we get the expected number of single-ves

evernts n, fagain setting £{t) = 1 for simplicity]:

-

n, = 0.315n;, +nf ,
iv Ky r(zy
where N~ -
s 3 ‘ . | L.
g T (r/38.1X10” mb }): Z e 4Dyt T,C.+ a(ﬁEi-yFi)] . (14)
- i=1

Events of type (8a) and (8b) having no interference between the
different sirangeness channels, are relatively ins~onsitive to the various
scattering solutions, We have nine unambiguous 5§ = +1 chargé-exchange

,
events from reaction (8a) and 4.3 event prorated from six ambiguous
events in the momentum interval considered. i

- The expected number of charge-exchange events n +n is cal-

K
culated from the expression:
o2 g X . ,
ety = (28.6X107 mb cm) Z oL {15)
Ci=d

Here Li is the potential path over which the ith associated production
kaon is'a X, and o, is the charge-exchange cross section at the mo-
mentum of the ith kaon from reaction (7a), From Eq. (3a) we have

L=£(4'I.")m:t J;)T [exp(-xit)«i— exp(-»)v{-t)-% 2exp(- —;—(Xiﬂxzt) cos(m, -m,)t]dt,
(16)

where T is the potential proper time and 4 'is the potential-path of the

neutral kaonifrom:reaction (7a). With:the assumption of charge irde -

pendence,. the cross section ¢ is given by
. 1,.0 1 0 1
o= 2nf (I3 -£)1% 15 (g - g ) Pap,

Including corrections for ambiguous events, underconstrained
three-body interactions, and scan-table cutoffs, we have a total of 7.7
events in addition to the 41 observed unambiguous hyperon interactions
with Py < 600 MeV/e, |

1

‘,As
5

X

&
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. The expected number of inelastic KO interactions nY,is given by
. 3 . 4 -1 NA o @ _
ny = (28.6X10 mb cm) (Z oiLi.+> 0.663 ‘ ai;i) (17)
' Ti=ta i=1

\S)here' 0.663 is the branching ratio l“V(A->p1r-)/ I(A— all), and where the
first summation is over reaction (7a) and the second is over (7b). See
Sec. IIL B.2.) Here L, in accord with Eq. (3b), is given by
. —_ J ' -1 T . : ’ 1 B X .
L= £(4T) fo fexp(-\ t)+ exp(-\,t)-[2exp(- 5X X, X, )t][cos (m, -m, )t]}dt.
. _ (18)
The inelastic hyperon cross section ¢ is éalculated from conservation

" of probability: !

Uinelastic = 0= Ootal ~ %elastic”

We use the: 0pt1cal theorem to calculate the total cross sectmn
4mk” Im 'i" (G O) the elast1c cross section is given by

total
=an [ !rt 2 185 15)an.

Telastic
We use 12 different sets of KNand KN scattering amplitudes as starting
points in a search for solutions which give better predictions for our six
mass-independent data than do the original solutions. The predictions
- of some .of the starting solutions as well as our data are given in Table
V., None ofthe starting solutions fit our data well, Ié i8 evident that the
‘front-back asylmmetries in the double-vee and single-vee events demand
a sizable interference between even and odd partial waves. If we collect
coefficients of powers of cos@, the scattering amplitude F= A - A, in-
'cluding partial waves through ds; may be written as
KF(u) = (S+Pu+Dp?) + sinf(P'+D'p) (19)

non-spin-flip spin-flip’

where, in terms of the partial-wave amplitudes,




B nd
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s =s=d, ~1.5d,
P =p1+ 2p3
D = 3d,+ 4.5d,
P'=p, - p,
D =

3(d3 - §5).

Each of the partial-wave amplitudes is the difference between the KN

and the KN partial-wave amplitudes (i,e., s = s corre-

RN~ SKNY |
sponding to the dominant term (TiDi) in the formula for predicted num-
ber of double-vee events [Eq. (11)]. As can be seen from Fig. 8a and
8b, which shows kF(u) at 408 MeV/c for solutions KT + F and KT + Y,
only the spin-flip amplitude helps to explain the front-back asymmetry,
One way to get a Iargér asymmetry is to increa;se P. | Bearing in mind
that the tail of the Y*i(1385) may contribute to the KN i)3/2 amplitude,3i
we modify solution KT by. changing the real part of the p3/2 scattering
length from +0,0409 to -0, 0409, and by changing the pi/Z scattering
length from -0,042 + 10,0092 to -0.1 - 10,015, We label this new solu-
tion KT'. We now find good {fits to our data (xz = 7.0 and 10. 4 for
I«’:T' + Y and KT forl F respectively), This fact is reflected in Fig, 8c

and 8d where therevis morc interference between S and P than in

"Fig., 8a and 8b,

In Fig. 9 we plot S,, P, D, P', and D' f{for various solutions;
this time the partial-wave amplitude s, Py» ©tC. a,ré the sum of the
partial-wave amplitudes from the KN and the KN channels, This sum
corresponds to the important ternd in the expression for the total num-
ber of KZO counts [;erm Tici in Eq. (14)]. Figure 9a shows S, P, D,
P', and D' for KT+ Y. Itis clear that this solution will give more _
counts in the back hemisphere than in the front, since P and D have a
relative phase of = 180 deg and have lengths greater than D' and P,
which are in phase., Solution KT'+ Y, howéver, not only improves the .
ront-batk asymmetry in the double-vee events (counts front/counts |
back = 5/15) as we have seen above, but also improves the front-back
asymmetry evident in the single-vce events where front/back = 10/3, .

Both of these improvements come about because P gets a larger
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negative real part dhg to the changes in the pé/,é ‘land the p /; scat-
tering lengths. ‘

As is evident from Table V, the largest disagreement between
the data and the expected number of counts for our best solutions, KT' +
F and KT' + Y, is the category of single-vee events in which the neu-
tral kaon scatters backward in the K-p ¢. m. This category (¥i) corre-
sponds to protons of large momentum in the lab system., Single-ﬂ*ee
.events with long proton tracks should be free from all scanning biagés.

Since the scanning efficiency for single-vee events is essentially 100

we conclude that the discrepancy is due either to a statistical fluctuation

in this one category or to the use of incorrect scattering amplitudes.

The effect of the various solutions on the KN and KN channels
is shown in columns eight and nine of Table V. Here the number cf
pieces of experimental information used are 99 and 18, respectively,
The KN data used, taken from Watson et al,, 28 are the differential
cross sections for K™ -p elastic and charge-exchange scattering at mo-
menta of 293, 350, 390, 434, and 513 MeV/c, and the total cross sec-
tion for K -p at the same momenta. Inthe KN channel, we use (from
Refs, 20 and 24) the total K+-p cross section and differential K'on
charge exchange and non-charge-exchange cross sections at 355 and
520 MeV/c, When we compare solution KT' with the data of Watson
et al. (KT' replaces T), we find that the major effect is to increase
their \,(2 for do/dQ for K™ -p elastic scattering at 390 MeV/c from 35 to
53 ('(\(2> = 18), and for charge-exchange scattering from 14 to 25

(X% = 9).

B. Time Distribution, Likelihood Function,
and Monte Carlo Results

We find that it makes very little difference to our subsequent

time-dependence analysis (to find m, - mz) whether we use solutions

1
T, KT, or KT', . {For example, the difference between KT and K'T' is
largely in the spin-flip amplitude, which is mostly real relative to the
KN spin-flip amplitude (see Fig. 4).] We proceed as follows. For a

given event i we form a normalized probability distribution function

R
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"
Table V, Observed and prcdicteda counts for our six categorics of events plus the xz'a for this
- 2
experiment ((xz) is 6}, for the KN 5yntcmb ((x") i3 about 95), and for the KN systemc ((\2)
{s about 13}, ’
Cotegory d
T e 111 < : 2 2 2
i ii ii iv v vi {x )!his (\(—) (x7)
exp KN KN
Observed® 944,73 41462 5 15 1040,5 3+0,5 .- - -
T+Y Q,4 45,6 4.3 5.7 8.1 9.6 20,0 143,3 13,9
T+F 9.4 45,6 3.4 3.4 8.7 11,9 46,7 | 15,4
KT+Y 9.4 50,8 6.2 7.3 10.8 12,5 is5.0 142,6
KT+ F %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 7.0 163, 0
KT'+ F 9.4 43,4 6.2 10,6 13.4 13.5 10, 4
a, Y and F refer to the Yang- and Fermi-type phase shifts in the SPD solution of Ref, 24, T refers to solution
1 of Ref, 28, and K refers to solution 1 of Ref, 254,
b, Data taken from Ref, 28,
¢, *Data taken from Refs, 20 and 24,
d, The categories are (i) Kop* K+n, (i} Rop - hyperon, (iii) double.vee events with K scattered forwards
{in e, m, ), {iv) double-vec events with K scattered backwards, {v} single-vee events with K scattered forwaxds,
and (vi) single-vee events with K scattered backwards,
e, Nonintegers are prorated contributions from six ambiguous cvents plus corrections to the data,
{ .
Y
-~

A ey

N
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%tt) = Ii(tjgi(t)/fli(t) §i(t)dt, where the integral: is from T =0 to Ti'
and where .Ii(t) =1(t, Bi, ki) from Egqs.- (5), (9), and {12), with a given
set of scattering amplitudes and with a choice for m, - m,, To com-
pare graphically the predicted and observed time distributions, we

sum pi(t) over the 23 double-vee events and plot the result in Fig, 10

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

-10

m, - m,= +0,57 and -0. 57 (in units of 71'1, assuming 7,= 0.88X10
~sec), The observed time distribution is enhanced in the first 2X10
sec and favors negafive m'i- m,.
We also form a normalized probability-distribution function

q,(t) =(1-.685¢&, (t)]I () +1, (tW/f{0.315 I (8)+1, (t)]§ (t)dt where
I (t)- I (t 0 k. ) from Eq51 (9), (12), and (13), with a g1v¢n set of
sca.ttermg amphtudes and with a choice for m, - m,, ‘We sum, qi(t)

- - over ‘the 13 single-vee events and plot the result in Fig. 11 for the

1

case KT + Y and m = %0,57 'ri' . (The other sets of a"mplitud'es! .

-m
give similar results.i) Tlfe two curves are not well separated, and
morcover, we have only one event in t.he‘sensitive region 0,5<t<2, SX‘lO'iO
'sec, Itis clear that we lose nothing by not including these events in our
analysis for the sign of the mass difference,
§§ C Several qualitative results can be drawn from the time distribu-
tion of the 23 double-vee events in Fig. 10, One is that the data does
not fit the expected time.distribution (smooth curves) very well-there
are ''too many' Counts at short time, (We discuss below the statistical
significance of this observation.) If we recall the discussion at the end
of Sec. II, we note that a relative abundance of counts in an interval
near 3)(10"10 sec favors my <1mp,. From Sec. II we also learned that
the rate of energy tran.sfer from one mode to another was dependent |
upon the beat frequency of the coupled pendula, or, in the language of
neutral.kaons, upon the mass- difference between the Kio and the K2 .
The fact that there is a large group of counts at a time less than one-
quarter of the beat frequency period (z2.4x10'10 sec) means that our
data ''prefers" KZO heavier than K10 and lm1- mzl larger than that

assumed in the smooth curves in Fig. 10, Another result that can be
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Fig., 10, Time distxi ution of 23 double-vee events, (Orie event

with t>4()><10"1 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 were constructed by summiing p.(t) over
the 23 events; therefore a discontinuity occurs at each time

t = T.(potential proper time for ith event), The individual
events are sho;mx as vertical bars, The histogram gives
counts per 107"" sec in the indicated interval, The detection
efficiency €{t) is the fraction of the 6040 KO mesons having

potential time T >t,
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Fig. 11, Time distribution of 43 single-vee events,  The, curves
correspond to solution KT + ¥, my - m,= +0.,57 7,7 ",
Individual events are shown as vertical bars, The %ﬁ.stogram
gives counts per 1010 sec in the indicated interval,
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drawn from Fig, 10 is that, on the basis of the time distribution alone, -

one cannot differentiate between the two sets of scattering amplitudes

KT +Y and KT + F. »
To use all of the information in the 23 double-vee events, we

form a likelihood functionétf (m, - m,) by setting t =t  in p({t) and -

taking the product over the 23 events, O‘f\? = Ii 50 pi(ti), for a given set

of scattering amplitudes. (The factor 50 is a convenient normalization

factor.) The results for solutions KT + F and KT + ¥ are shown in

Fig., 12. (Those using KT' are very similar and are not shown.) The

fact that (m, ~ mz) does not have its maximum value near the known

1
magnitude |m1~ mzi = 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-o((m - m Monte Carlo studies have con-

).
1 2
vinced us that, with only 23 events, we have suffered a reasonable sta-

tistical fluctuation; for a "true' value of my = m,= -0.57 we find only a

, 2
30% probability that /<will have a maximum somewhere between

nmi- m2= -1 and +1.

We also use the Monte Carlo (MC) method to estimate the
""goodness of fit" (see Fig. 410) in a manner entirely analogous to the
5(‘2 tests that one can use with a larger sample of events, We simulate
many '"experiments! of 23 events each. In each MC experiment, each
of the 23 events has the same values of momentum ki’ scattering angle
Gi, and potential time T].’ as one of the 23 events of the real exper-

iment, but the time of the scatter, t,, is chosen according to the a

32 For scattering

P_r_i_cz_r_i probability function pi(t) for ‘thhat real event,
arjlplitude set KT +Y (KT + F), the real experiment gives logio,

¢“</ (-0.57) = 9.58 (10.00). We generate 1000 MC experiments using

= x0.57. The result of

these sets of amplitudes, accord.ing to m,-m

1
these experiments is that if the hypothesis m

2
- S Bl
then the most probable value for 1og1(V<(-0.57) is 9.85 (9. 80), with

= -0,57 is correct,

two -thirds of the MC experiments giving values between 9,20 and 40,55

(9. 25 and 10. 50). Thus the fit of the data to the hypothesis m,-m

1 2 “
= - 0.57 is good. Similarly, the real experiment gives ].ogioﬁ(w'-O,S'?)

= 8.72(8..02). The MC result is that if the hypothesis m,- m.,= +0,57

1
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is correct, then the most-probable value for logiOX(+O.57) is 9.9

(10.2), and the pfobability of getting logio (+0.57) as low or lower

* than our observed value of 8.72 is only 0.027 (0.004). Thus the fit is ;
poor for the hypothesis m, - m_= +0.57. ’
17 P2
We show the distribution cof Iogio/( 0.57) for solutions KT+Y .
and KT + ¥ in Fig. 13.
Given the magnitude _6 = lmi- mzl, we summarize our data by

yj/
giving the likelihood ratio«* (-6) = R(%), which is expected to be
greater (less) than 1.0 for K 0 heavier (lighter) than Kio. For solu-
tions KT + Fand KT + Y, we obtain R(0.57) = 95.1 and 7.4, respecs-.

tively. These likelihood ratios cannot be immediately interpreted as
statistical ""betting odds.'" To understand their statistical significance
we again use the Monte Carlo method. For a given value of 8§ we gen-
erate 1000 MC experiments with the t chosen according to m =+95,

172

and 1000 accord-to m, -m,= -6, Using the set of amplitudes KT + Y,

we find that among the 1000 MC expemments generated assuming
my - m,= -0.57, there are five times as many experiments with
R(0.57) = 7.4 (within a small interval AR) as there are experiments

gencrated assuming m, - m,= +0.57. We therefore assign MC betting

1

odds of 5to 41 for KZO heavier than Kio,' assuming KT + Y. The cor-

responding MC betting odds involving KT + ¥ are 45 to 1 for K7

heavier than K,. (We obtain essentially the same MC betting odds if
we use the S = .1 solution KT!' instead of KT.)
The distribution of R(0.57) for solution KT + ¥ is shown in Fig.
14, In Fig. 15 we show betting odds (as determined by the above
0

method) as a function of !mi- rnZ! for KZ heavier than K._io for

several sets of scattering amplitudes.,
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Fig, 13, Spectrum of log (rn1 ;-1;1;2) from 1000 Monte Carlo
experiments generatedaoacco ing to several sets of
scattering amplitudes and values of m, -m,: (a) KT +Y,
-0.57; (b) KT+ Y, +0.57; (¢} KT+ F, -6.??; (d) KT+ F,
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V. DISC USSION

Our knowledge of KN and KN scattering amplitudes up to 600
MeV/c is not complete. In particular, we would like to resolve the
Fermi-Yang-type ambiguity in the I = 0, KN channel in order to have
a more complete knowledge of this system and definite betting odds for‘
the sign of the mass difference (see Fig. 15).

To resolve the F-Y ambiguity requires looking at either K+n
or Kop scattering. Measuring the polarization of the recoil proton in
charge-exchange scattering of K" in deuterium or measuring the differ-
ential and total cross sections for the reaction Kzop - K,lop will suf-
fice. Whereas the former method is beset with problems indigenous to
deuterium, the latter method is applicable only if the KN amplitudes
are well known, since the resolution of this ambiguity depends on the
sensitivity of the cross sections to the S = +1 interference terms, Film
from an exposure of the 25-inch hydrogen bubble chamber at Berkeley

to a K 0 beam with a momentum spread from 200 to 500 MeV/c is now

2
being analyzed. Results from this experiment may resolve the Fermi-

Yang ambiguity.
Degenerate second-order-perturbation calculations show that

the sign of the K KZO mass differenée may indicate whether attrac-

tive 21w states 11e above or below the K mass, Some authors feel that
the apparent magnitude and sign of the Kio -‘KZO mass difference along
with the observed K10—> 27 rate necessitates the existence of scalar

mesons with a mass greater than that of the kaon, 33
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