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The final results of our experiment to measure the sign of the K},-K 3 mass difference are
presented, The sign has been measured by studying the time distribution of scattered neutral
K mesons, using K%s from the reaction K*+d—K"+p+p. We obtain MKL > MKs .

I. INTRODUCTION

The sign of Am, where AmEMKL—MKS, plays an
important role in the phenomenology of CP non-
invariance in neutral K decay. The phase of €,
which is a measure of the extent to which Kg and
K; are not eigenstates of CP, is related to Am
through the equation

arg e~ 2am/Tg=43°,

where contributions from leptonic, 37, and 27
(I=2) final states have been neglected. Tg is the
K decay rate.

Several experiments to determine the sign of Am
have been reported.'™ They yield, with varying
degrees of confidence, a positive sign of Am. The
main feature of these experiments is a measure-
ment of the K3 - 7'~ intensity resulting from the
interference of transmitted and regenerated (or
scattered) K3 mesons. The experimental observa-
tion of such an interference term, together with a
knowledge of the scattering amplitudes, allows the
determination of the sign of Am.

In this experiment we used the method proposed
by Camerini, Fry, and Gaidos.® If a pure K° state
is produced at =0, undergoes nuclear scattering
at time ¢, and then the K3 state is observed to de-
cay at time #/, the intensity of scattering as a func-
tion of ¢ will depend on sin(Amt). Preliminary re-
sults from this experiment® showed that the sign
of Am is positive. Since that time, additional data
have been accumulated and more information con-
cerning scattering amplitudes has become available.
The final results from the experiment, with details
concerning the use of the results of published phase-
shift analyses, are reported here.

II. THEORY

In 1963, Camerini, Fry, and Gaidos® suggested
that the sign of Am could be determined by the
analysis of the time distribution of elastic scatters
of neutral K mesons, followed by their decay via
the short-lived state into the n*7~ mode. To the
statistical accuracy of our experiment, we can ne-
glect the small CP-nonconserving effects and de-
fine
K3 ) =(IK°) + [K°))V2

and
K%)= (IK°) - [K°))/V2,

with the convention CP|K®) = [K°).

Assuming at time £=0 a K° is produced, then

[#(0)) = |K®) = (|K§) + [KT))/V2.

At a later time ¢, the amplitude evolves into
[#(2)) =3 [(IK°) + [K®))e=ivs!

+(|K%) = [R®))e~tet],

where wg ;=M -3%iXgz. As and A are the decay
rates for the short-lived and long-lived decay
modes. If an elastic scatter occurs at time ¢, the
amplitude becomes

Ilp sc(t)> =%[(flK0> +fl]?0>)e-iwst
+(fIK%) -FIK®))e~*ct],

where f and f are the KN and KN scattering ampli-
tudes, respectively. The Ky amplitude at time ¢ is
then given by

1
(K2, L2)) =ﬁ[ (f +F)e st + (f +F)e~wrt].
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This expression explicitly shows the Kg amplitude
as a coherent sum of two parts, each of which has

a simple physical interpretation. The first part is
the original Kg; amplitude after nuclear scattering,
while the second part is a Kg amplitude regenerated
in the scattering from the original K; component.
Experimentally one observes the time distribution
of Kg decays at time ¢/, following the scattering
which occurred at time ¢, given by

F(t,t', am) = | (K |9y (1) Ye st |2, (1)

In the conventional way, we let f=A+A’G.# and
f=B+B'G.ii, where A and B are the non-spin-flip
amplitudes, and A’ and B’ are the spin-flip ampli-
tudes. Then we can rewrite Eq. (1) as

F(t,t', am)=I(t, Am)e st
where

I(t,am)=%[(|A+B|?+|A’ +B’|?)e~ st
+(|JA=B|%+ |A’=B’|?)e" 2!
+2(]A]%2- [B|2+|A’|2= B’|?)e~ P cos(am t)

—4(Im A*B+Im A’*B")e " *sin(Am £))
and (2)
A=3(As+ 1)

In this particular experiment, the neutral K scat-
ters on deuterium, giving rise to four possible elas-
tic reactions. These reactions, with their related
isotopic-spin amplitudes, are listed below; the sub-
script refers to the isotopic spin.

K +p~K+p: 3(A,+A4,), $(A4]+A}),
K°+n-K°+n: A, A},
K°+p-K°+p: B,, B},

K°+n~K°+n: 3(B,+B,), 3(Bj+By).

The development of Eq. (2), however, ignores
any spin and binding effects caused by the deute-
rium target. That is, the impulse approximation
has been assumed to be valid and the scattering
process has been treated as in the free-target case.
Elastic scattering on the whole deuteron is treated
separately in Sec. IV. The isotopic-spin ampli-
tudes, which have been deduced from measure-
ments of K* and K~ scattering by hydrogen and
deuterium (see Sec. IV), are functions of the cen-
ter-of-mass momentum % and the center-of-mass
scattering angle 9, and are parametrized in a stan-
dard partial-wave manner. Accordingly, the KN
non-spin-flip and spin-flip amplitudes are

1
A=y Zl)[(l +1) T, 1 /o +1T%_, /2] P(cOs6)
and

Z
A;':Ezl)[Tlnl/z - TII-I/Z]P§ (COSG),

where I is the isotopic spin, ! is the orbital angular
momentum, P,(cos6) and Pi(cosh) are the Legendre
polynomials and associated Legendre polynomials,
respectively, and T is a partial-wave amplitude.
Similar expressions hold for the KN amplitudes B
and B’. Discussion of the partial-wave amplitudes
used in our analysis is found in Sec. IVA.

III. EXPERIMENTAL PROCEDURE
A. Exposure

The events were obtained from the 30-in. BNL
bubble chamber, filled with deuterium, exposed to
a separated 600-MeV/c K* beam® at the Alternating
Gradient Synchrotron (AGS). In the first part of
the exposure, 250000 pictures were obtained with
an average flux of 13 K* per picture and an equal
number of background tracks. For the second part,
500000 additional pictures were obtained with an
average flux of 25 K* and about two background
tracks per picture. Neutral K mesons were pro-
duced in the K° state via the reaction

K*'+d-K°+p+ps, 3)
where pg is a spectator proton.
B. Scanning and Measuring

The entire exposure was scanned for V’s, regard-
less of origin. Every V found in the scan was mea-
sured together with the most likely (usually the
closest) K° production vertex, and these events
were processed through geometry and kinematics
programs standard to each of the participating
groups of experimenters. All events which fitted
the normal production sequence, K*+d—K°+p +pg,
followed by decay, K°—n*+7~, with an over-all ¥?
probability greater than 0.001, were assumed to be
direct K° production followed by two-body decay.
For the purposes of this experiment, these events
were excluded from further analysis. Approxi-
mately 50 000 such events were found. The only
competing production reactions are

K'+d-=K°+p+1°+pg (4)
and
K'+d—K°+n+m*+pg. (5)

The combined total cross section for such produc-
tion is ~0.1 mb at 600 MeV/c, relative to 6.5 mb
for the reaction (3); (4) is easily distinguished
kinematically, and (5) visually, from (3). Such
productions were eliminated. Each event which
failed the normal sequence was examined on the
scan table with the kinematic information at hand.
If the failure to make the normal fit was due to an
incorrect choice of production vertex or other mis-
measurement, the event was remeasured as nec-
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essary until it could be classified.

Events which fit the decay hypothesis K°—~ 5"+ 7~
with the K° direction unknown (1c¢ fit), but did not
make a 3c fit to any production vertex, were clas-
sified as scattered K candidates.. These were ex-
amined for possible associated proton recoil tracks
using the known direction of flight of the decaying
K?. Each was measured with all possible recoil
proton tracks and production vertices, and fitted
to the sequences

K'+d-K°+p+ps (production),

K°+d—-K°+n+p (breakup), (6)
Ko qtem™ (K2 decay),

and
K*+d-K°+p+pg (production),
K°+d-K°+d (whole deuteron), )
Ko~ gt+m= (K3 decay).

C. Event Selection

To guarantee a sample of data which is free of
time bias, both geometrical and kinematical se-
lection criteria were imposed:

(a) The three vertices (production, recoil, and
decay) had to lie within a cylindrical volume of
30-cm radius and 25-cm height, centered in the
bubble chamber.

(b) The magnitude of the dip angle of the scat-
tered K, of the charged recoil, and of the 7" and
7~ had to be less than 70°.

(¢) The K° momentum from the K3 - n*7~ fit had
to be greater than 200 MeV/c and less than 600
MeV/c.

(d) The projected length of the charged recoil had

- to be greater than 0.2 cm.

(e) The projected distance from the recoil vertex
to the K2 decay had to be greater than 0.1 cm.

(f) The distance from production to recoil vertex
had to be greater than 0.6 cm.

(g) The length from K° production to recoil ver-
tex had to be less than 20 cm.

Possible time biases at short neutral track
lengths {cuts (e) and (f)] and small scattering angle
[cut (d)] were investigated by varying these cuts
and looking for shifts in the results. None were
found.

Since we observe K¢ -~ 7" +7~, the sample of Kg
should have a lifetime in agreement with the known
K lifetime. A maximum-likelihood analysis of our
total sample of 175 events yields a lifetime of
(0.80+0.07)x1071° sec, in agreement with the pres
ent world average of (0.862 +0.006)x10~1° sec.”

D. Event Classification

Two classes of K scatters are expected in deute-

rium: those events where the scatter occurs on
one nucleon with the other nucleon as a spectator
[sequence (6)], and those events where the whole
deuteron recoils [sequence (7)]. Nearly every event
that fitted the whole-deuteron sequence also fitted
the breakup sequence. In spite of this fitting over-
lap, we were able clearly to isolate the whole-deu-
teron events, and can demonstrate a reasonable
good division of the remaining events into neutron
and proton scatters.

1. Whole-Deutevon Scatters

In Fig. 1 the cosine of the space angle between the
two nucleons, from the fit to the breakup reaction,
is plotted. To the extent that one can neglect the
variation of cross section with center-of-mass
energy, one expects the orientation of the spectator
nucleon to be approximately random. Then the
cosine of the angle between the outgoing target nu-
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FIG. 1. Plot of the distribution in the cosine of the
space angle (interval 0.1) between the two nucleons in
the fit to the breakup reaction. Deuteron events are
classified as those having cos6,, > 0.98. These 56 events
are also shown in the inset.
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cleon and the spectator nucleon would be isotropic
for those events where the deuteron breaks up. On
the other hand, for an event where the deuteron re-
mains whole, the momentum transfer of the neutral
K is along the direction of the charged recoil, and
in the fit to the breakup reaction the neutron would
be forced to line up along the proton. We have clas-
sified as whole-deuteron events those in Fig. 1
having cos#6,,>0.98. There are 56 such events
which include approximately one true breakup re-
action. These whole-deuteron events are analyzed
in Sec. VB.

2. Neutvon and Proton Scatters

There now remains the division of breakup scat-
ters into neutron and proton events. Figure 2 is a
scatter plot of the fitted neutron vs fitted proton
momentum for the 133 events remaining after the
deuteron scatters have been removed. For most
of the data, the distinction between target and spec-
tator nucleon is clear. However, to increase the
reliability of the separation, additional selection
criteria have been imposed. All scatters where
the magnitude of the difference in momenta of the
outgoing nucleons is less than 30 MeV/c have been
removed. This amounts to 11 events in the 45° band
of Fig. 2. Also, three events where both outgoing
nucleons had momenta greater than 300 MeV/c have
been cut. The remaining breakup events were then
classified by assuming the scatter occurred on the
nucleon with the higher momentum. With this sep-
aration procedure, we found 78 scatters on pro-
tons and 41 scatters on neutrons.

700 -~ T T T T T

(¢,

o

[e]
T

|

Neutron Momentum (MeV/c)
S
o
T

100}

1 1 T I
100 300 500 700

Proton Momentum (MeV/c)

FIG. 2. Scatter plot of proton momentum versus neu-
tron momentum in the laboratory for the reaction
KOKY+d— (EOKY +p +n.

4

When the spectator momentum distributions are
compared with the Hulthén wave-function pre-
dictions, reasonable agreement is found, as
shown in Figs. 3(a) and 3(b).

IV. SCATTERING AMPLITUDES

A. General

The laboratory momentum spectrum of the inci-
dent neutral K’s for the breakup events is shown

.in Fig. 4(a), with the corresponding plot for the

whole-deuteron scatters shown in Fig. 4(b). The
scattering amplitudes of K° and K° on neutrons
and protons in the momentum region between 200
and 600 MeV/c have been deduced, assuming
charge independence, from K* and K~ scattering
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FIG. 3. (a) Spectator neutron momentum distribution
for 78 proton scatters, (b) Spectator proton momentum
distribution for 41 neutron scatters. The momenta are
in the laboratory system and the solid curves are the
normalized Hulthén distributions.
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data in hydrogen and deuterium.®~'® Scattering
amplitudes for each event have been constructed
from the isotopic-spin amplitudes as given in
Sec. II. The center-of-mass momentum and scat-
tering angle for each event were computed with
the assumption that the momentum of the target
nucleon before interaction was equal in magnitude
but opposite in direction to the spectator nucleon.

B. K-Nucleon Amplitudes

The K* -nucleon interaction has been investigated
in detail and has been found to be predominantly
elastic at momenta up to 800 MeV/c. Therefore
one parametrizes the KN I=0 and /=1 partial-wave
amplitudes, 7Y, in the standard form:

o205 1

J= 2Z ’
where I is the isotopic spin, J =1+ 3%, and &/ is the
phase shift which contains the momentum-depen-
dence.

The I=1 KN amplitude, determined from K*p
scattering data, ® can be well described by a dom-
inant S-wave amplitude. Constructive interference
between this amplitude and the Coulomb amplitude
has been observed at the low momenta. Therefore
we parametrize the I=1 KN elastic scattering by a
negative S-wave phase shift, 8}, which decreases

T 1 T
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(b)
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FIG. 4. Momentum distribution of K %’s incident at the
scattering vertex: (a) for 119 breakup events and (b) for
56 whole-deuteron events.

linearly with increasing incident-K center-of-mass
momentum. Figure 5 shows the experimental data
that exist on 6;, with the solid curve representing
the above linear approximation. .
The I=0 KN amplitude, in the momentum regio
from 230 to 800 MeV/c, has been investigated by
Slater et al.® and by Stenger et al.,® and at 600
MeV/c by Ray et al.'® Stenger e? al. studied K*n
elastic and charge-exchange scattering (mixtures
of =0 and /=1) with a phase-shift analysis which
used fixed /=1 amplitudes determined from K*p
data. Good solutions were found with S and P, or
S, P, and D waves, for the I=0 amplitude. The
SP and SPD solutions contain a Fermi-Yang am-
biguity; the SPa and SPDa Fermi solutions are
characterized by dominant p,,, phase shifts, and
the SPb and SPDb Yang solutions have dominant
P, ;, phase shifts. This Fermi-Yang ambiguity was
resolved by Ray ef al.'® in a measurement of the
recoil-proton golarization in the reaction K*+n— K°
+p at an incident K* laboratory momentum of 600
MeV/c. The SPb and SPDb (Yang-type) solutions
were highly favored. These solutions were also
favored in an over-all fit to existing K™p and K%p
data.!” In our analysis, we use SPDb as the pre-
ferred solution, although the exclusion of D waves
has an almost indiscernible effect. We have pa-
rametrized the /=0 SPDb phase shifts as a power
series in &, the center-of-mass momentum, and
have included terms up to k%, This parametriza-
tion is shown in Fig. 6 as a solid curve, along with
the experimentally determined points from the

Lab Momentum (MeV/c)

100 300 500 700
! 1 T T T ! T
-40F —
-30} —
0
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2
o-20f .
e
—ooo i
-10F -
| | | 1
0 0.5 1.0 16 20

c.m. Momentum (F™)

FIG. 5. I=1K -nucleon S-wave phase-shift parametri-
zation, The data are from Ref. 8.
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SPDb solution.
C. K-Nucleon Amplitudes

Unlike the K-nucleon reaction, the K-nucleon
interaction is highly inelastic over the entire mo-
mentum region of interest. At the lower momen-
tum region, K™p interactions have been studied by
Humphrey and Ross, ! Sakitt et al.,'* and Kim,!®
A multichannel analysis on available experimental
data for all channels of K™p and K%p interactions,
in the K~ laboratory momentum range 0 to 550
MeV/c, was performed by Kim'® using the effective-
range parametrization of Ross and Shaw.!®* More
recently, Armenteros ef al.'* have studied K™p in-
teractions in the momentum region 430 to 800
MeV/c.

We use the multichannel solution of Kim in the
region 100 to 430 MeV/c, and the parametrization
of Armenteros et al. in the region 430 to 600 MeV/c.
Each of these regions is discussed in detail below.

1. 100 to 430 MeV/c

In this region the scattering amplitudes are
dominated by two-body final states, and this fea-
ture allows the use of the multichannel effective-
range formalism in determining the scattering
amplitudes. In this formalism, the partial-wave
amplitude, T, is generalized to a transition ma-
trix, 7, whose elements 7,, correspond to a scat-

.
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ror M ¢ +-
o 1 1 1 4 1 1
P waves
T T T T T T T
60 R
(72 - -
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FiG. 6, I=0 K -nucleon phase-shift parametrization,
The data are from Ref. 10.

[F°N

tering amplitude from the:initial state » to the
final state m. Elastic scattering corresponds to
the 7'}, matrix element. The transition matrix is
written in terms of a real, symmetric matrix 9,
as

T}’ =p”1/2(5m}’ _ p21+ 1y=1 p“ 1/2 ,

where p'*2 is a diagonal phase-space matrix with
elements k"2, k. is the center-of-mass mo-
mentum of the mth channel-and /,, is the orbital
angular momentum in that channel. In the effective-
range theory, the matrix I is expanded about the
EN threshold (E,), so that for an energy E we

have

M (E) =] (E,) + 3®][FA(E) - R¥(E,)].

In the approximation used by Kim, ® was taken to
be an energy-independent diagonal matrix of effec-
tive ranges with the property that the elements

- 1-21
(Rnn"clnynn ’

TABLE I. Results of the multichannel effective-range
analysis of Ref, 18, M, is the M-matrix element for
isospin I, and » and m are the initial and final channels.
@RI is the channel effective range. ay and b, are the real
and imaginary parts of the D% scattering length, and E, ,
I, and Ty are the parameters of the Dg resonance, Mis
in units of F¥* 1 and R is'in F,

Sy Py Py
MYy 0.00=0.02 17.5+16.4 10.9£0.9
My,  -1.11+£0.04  -10.6% 4.5 —1.4%0.2
Mm% 2.04+0,10  —11,4% 4.8 5.6+ 0.5
MLy  -3.60£0.02  —18.1% 0.7 5.2%1.0
Mis —2.86+0,03 7.2+ 1,1 -13.8x1.6
Mia 2.08%0.07 4,7+ 04 -11.9%1.6
My,  -1.40%0.06 -0.3+ 1.1 -15.8%0.9
M 1.81£0.04 —6.8% 1.0 =13.6%0.2
IMi,  -2.31£0.11 —-3.4% 1.3 -16.3£2.0
Ry 0.54%0.08
®%y  -0.89%0.31 oo
Rl -0.13+0,07 oo —-0.66%0.20
®Ly  -0.78%0.23 oo 0.27%0.05
®L,  -1.22+0.45 .ee 0.31+0.13
D} D}

(zero effective range) (Breit-Wigner resonance)
ay 0.006+ 0,003 FS E, 1518.8+0.7 MeV
by 0.002+0.001 F° r 16.2+1,0 MeV

Ty 0.45T" MeV 2

3We have used I'y =0,45T in our analysis.
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where C,,=1 for S waves, C,,=-3 for P waves,
and y,, are the fitted ranges.

Since the I=0 scattering has ‘two channels, the
KN and Z7, and the I=1 scattering has three chan-
nels, the KN, Zr, and A, the S-wave scattering
is described by nine matrix elements and five
effective ranges. The .P-wave scattering is not
large ‘enough to yield a meaningful range except
in the case of I=1, P;,. Thus, there are only
nine P,,, matrix elements, while the P;, has nine
matrix elements plus three effective ranges. The
D-wave resonant state A(1520) is parametrized
by a Breit-Wigner form. Table I lists the param-
eters, extracted from the work of Kim,'® which
were used in our analysis.

2. 430 fo 600 MeV/c

The K-nucleon amplitudes in this momentum
region were taken from the analysis of Armenteros
et al.** who studied the two-body final states from
430 to 800 MeV/c. The authors performed an en-
ergy-dependent partial-wave analysis and found
their parametrization connected continuously to
results at both higher and lower energies. Their
result is that the KN channel, between 430 and
600 MeV/c, can be adequately described by S-
and P-wave nonresonant amplitudes of the form

ri=aj +b](p-0.6),

where p is the laboratory momentum of the kaon
in GeV/c, and a and b are complex parameters.
The D-wave sstate A(1520) was assumed to be a
Breit-Wigner form. Table II lists the parameters
of interest extracted from Ref. 14.

D. Scattered K‘; Intensity Distribution

The result of this experiment depends on con-
structive interference between the scattered and
regenerated K amplitudes in the time interval
7s to 4715, where 75 is the K lifetime. The main
characteristics of the scattering amplitudes are
listed below:

(a) The S waves dominate ‘and the spin-flip am-

plitudes are small compared to non-spin-flip am-
plitudes.

(b) The K°N amplitudes (B) are predominantly
imaginary and positive.

(¢) The K°N amplitudes (A) are predominantly
real and negative. '

(d) The K°N cross sections are larger than those
of K°N.

Examination of the intensity distribution, Eq. (2),
shows that the term [|A[? — | BJ?] is negative while
the term [-4 Im(A*B)] is positive. These rough
conclusions concerning the signs of these coeffi-
cients are, in fact, true in the laboratory momen-
tum range 200-600 MeV/c for scatters off neu-
trons and protons at nearly all scattering angles.
It is then easy to understand the shape of the time
distribution; the four terms and their resulting
sum are shown in Figs. 7(a) and 7(b) for neutron
scatters at 400 MeV/c and center-of-mass angle
60°. For My, >My. a broad enhancement is ex-
pected in the region 75 to 475, but for MKs >My;
almost complete destructive interference is ex-
pected near ¢=Tg.

V. RESULTS
A. Nucleon Events

For the ith event, which was classified as either
a neutron or proton scatter, we constructed the
scattering amplitudes A;, B;, A}, B, using the
fitted K° momentum and scattering angle and the
general amplitude parametrization described in
the previous section. Then a likelihood function
for the 119 nucleon events was defined by

l I(t,,Am)
Liam)=1T —t+—— |
=N (¢, Am)dt

t‘min

where {; is the time of the scatter of the ¢th event,
N is the number of events, 119, and ™" and #2¥
are the times which correspond to the minimum

and maximum observable distances for that event
in.the:chamber, as determined by the geometrical

TABLE II. Results of the partial-wave analysis of Ref. 14.

Amplitude Rea Ima Reb Imbd
8% 0.19+0.05 0.78+0.02 1.33+£0.48 0.04+0.25
S{ 0.05+ 0,04 :0.38+0,02 0.29+0.50 0.05+0.27
Py 0.17£0.05 0.12+0.03 -=0.48+0.39 0.34+£0.43
P =0.07+0.05 0.05+0.02 ~0.60+0.66 —0.38+0.33
Py 0.27+0.03 -0,11+0.01 0.62+0.33 0.15+0.30
0.07+0.01 -0.13+0.28 0.43+0.08

P} 0.00+0.03
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FIG. 7. (a) Plot of the four terms of Eq. (2) as a func-
tion of time for neutron scatters at 400 MeV/c and cen-
ter-of-mass angle 60°, Contributions from terms con-
taining A’ and B’ are also included in the plot, but the
labels do not include those terms for convenience only.
(b) The sum of the four terms of Eq. (2) for both
My, > My and Mg >My, .

cuts described in Sec. III. The notation I; refers
to the fact that each event was described by differ-
ent scattering amplitudes and therefore a different
intensity function. A plot of the likelihood function
is shown in Fig. 8, with the arrow corresponding
to the accepted value” of |Am |=(0.469+0.015)7g "%,
We observe a maximum at

My, =My =+(0.58+0.12)75 ™%,

in excellent agreement with the known magnitude
of the mass difference. There is a local maximum
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FIG. 8. Plot of the relative likelihood function of
Am=MEK ) —-M(K g) for 119 breakup events. The arrow
shows the accepted value of |Am|.

near Am =-2.3 which is completely excluded by
the measurement of the magnitude. We have ana-
lyzed the data with alternate scattering amplitudes,
and have also examined the proton and neutron
samples separately. The results demonstrate that
uncertainties in the amplitudes do not affect the
conclusion of the experiment but do suggest, in
addition to the purely statistical error quoted
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g 1
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FIG. 9. Observed time distribution for 119 breakup
events, Expected distributions for |Am| =0.47Ts'1 are
‘'shown along with the expected distribution correspond-
ing to our likelihood best value of Am =+0,587g"1,



4 DETERMINATION OF THE SIGN OF THE K}-K%. .. 15

above, a possible systematic error in |Am| of
the order of 0.17¢ "%

The data have also been analyzed with the mag-
nitude of the mass difference fixed to its known
value (0.4775 ). Then the normalized intensities
I,(¢,+Am) and I;(¢, -Am) for each event were cal-
culated and added to give the expected time distri-
bution for each choice of the sign of Am. These
curves and the observed data are shown in Fig. 9.
The x* probability for My, >My is 0.52 for 7 de-
grees of freedom, while that for Mg, >My, is less
than 1075, Also shown in Fig. 9 is the expected
yield for Am =+0.587¢ "', which is the value of Am
corresponding to the peak in likelihood function
(Fig. 8). The sample was divided according to
type of scatter (proton or neutron) and into inci-
dent-neutral -K momentum regions. A negative
mass difference is rejected when any of these
cuts are made on the data.

B. Whole-Deuteron Events

Since the amplitudes for Kd and Kd scattering,
in the momentum region of interest, have not
been experimentally determined, we have con-
structed these amplitudes using the known KN and
KN scattering amplitudes. Each deuteron ampli-
tude was taken to be a coherent superposition of
proton and neutron amplitudes, multiplied by the
probability (sticking factor) that the deuteron re-
main bound. The spin-flip amplitudes must be
treated carefully since transitions to the singlet
deuteron state are forbidden. After averaging over
the initial deuteron spin states and summing over
the final state, one finds that the spin-flip terms
enter the intensity distribution multiplied by the
factor Z. Since the data are analyzed using the
method of maximum likelihood, the sticking fac-
tor need not be calculated since it is a multiplica-
tive factor in the intensity function and therefore
cancels in the likelihood function.

A plot of the likelihood function, based upon the
56 deuteron events, is shown in Fig. 10, with the
arrow corresponding to the accepted value of
|am|. We observe a broad peak at Am =+0.75,
We also observe a maximum at Am =+2.6 which
is excluded by the | Am | measurements. While
the deuterium data show that My, >My_, in agree-
ment with the nucleon data, because of the uncer-
tainty in our method of expressing the Kd and Kd
amplitudes, we have not combined the nucleon and
deuteron data in a single likelihood analysis.

VI. CONCLUSIONS

The result of this experiment is that M KL >Mg.
Our result depends only on the broad characteris-
tics (Sec. IVD) concerning the scattering ampli-
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FIG. 10. Plot of the relative likelihood function of
Am =M (Kp)—-M (K g) for 56 whole-deuteron events. The
arrow shows the accepted value of |Am]|.

tudes and is not sensitive to the details of the am-
plitudes. All of these broad characteristics have
been established.?®

The conclusion of this experiment is in agree-
ment with other experiments.?~ In the experi-
ment of Mehlhop et al.,? a neutral-K beam of de-
finite strangeness was produced in a charge-ex-
change reaction. The interference between regen-
erated K3 and K3 produced in the original charge-
exchange reaction was measured. The interfer-
ence between these K3 states depends, first, on
the proper time between production and regenera-
tion, hence on Am, and secondly, on the regenera-
tion phase. By studying K* scattering on the re-
generator, in addition to the K3 interference, the
sign of Am was determined to be positive. Kob-
zarev and Okun®! had proposed a transmission re-
generation method for determining the sign of Am
by observing the interference between coherently
regenerated K} from two different materials. The
intensity as a function of regenerator separation
is sensitive to Am. Such an experiment was done
by Jovanovich et al.® using uranium and carbon
as the regenerator. An optical-model calculation
was necessary to obtain the necessary regenera-
tion phases. Again, Am was found to be positive.
An experiment similar to ours, reported by
Meisner et al.,* also favors My, >My_ , but with
considerably fewer statistics.
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