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ABSTRACT

We have determined the parameter £ in the decay K% —>no + u+ + v
(K“3) from a'muon polarization measurement carried out with spark
chambers at the Bevatron. The parameter £, which may be complex and
energy dependent, describes phenomenologically the manner in which the
basic weak interaction responsible for the K& —éno + u+ + v decay is
modified by the strong interactions of the K and =n mesons. Because §
is determined by the structure of the K and n mesons, {tis frequently

called a form factor.

The matrix element for Ku3 decay is
G, 0+ " n Bs#0 |+
= v| 35T | -
> ANTA
where G/fé is the weak interaction coupling constant, Ji’éﬂ%o the

strangeness~changing hadronic current, and J{ the leptonic current.
Surmation over the index A is assumed (N = 1,2,3,4). The specific form

of J{ is well known from beté decay and muon decay; the form of

Ji,As¥O is unknown. We can, however, describe it phenomenclogically

using the fact that the whole matrix element must be a scalar. Since J{

has only vector and axial-vector terms; only the vector part of

h,As#0
JA, % can contribute to the K _ matrix element. (The axial-vector

K3
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h, 4570 .
term of J% does not contribute as the K and = have the same

intrinsic parity.) These assumptions restrict its form to:

01 -h,As#0 |+, _ 2 2
(|3 k) = £, (") (e )y + £_(a7)(pp-p )y -
Here p, and p_ are the K and n four-momenta. f+(q2) and f_(q?) are
unknown parameters which may be complex and dependent on the four-

momentum transfer between the K and the n,

2 ( _ )2

In defining the parameters f+(q?) and f_(qe) we have written a

general vector expression; there are two independent four-vectors in
the K-n system, so there are two independent vector terms. The specific
form of the expression is conventional. The direction of the muon

polarization vector in XK decay is directly related to the value of

M3
the parameter g(q?), defined as the ratio of f_(q?)/f+(q?):

6(a°) = £_() /1, ().

We have measured the muon polarization vector in KH decay and thereby

3
determined E.

In the experiment K& mesons from a 500 MeV/c separated beam were
brought to rest in a carbon stopper surrounded by lead-plate spark
chambers to detect the two photons from the no. Muons were stopped in
a magnetic-shielded aluminum-plate spark chamber. The data consist of

' +
3133 events with p-e decays and complete kinematics for K From

H3®
the angular distribution of the decay electrons we determined the
vector giving the polarization and related this measurement to a

determination of the parameter &. The data are statistically consistent

with the assumption that & does not depend on momentum transfer.
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+0.5

s u) + i(-0.3 + 0.5). This

Assuming ¢ constant, our result is & = (-0.9
result is compatible with Im& = O as would be required by time-
reversal invariance. If we analyze the data imposing the constraint
that €& be real we find €& = -0.95 * 0.3. The muon polarization along
the direction predicted by these values for £ is +0.9 * 0.1, in
agreement with the value +1 required by theory. In a calibration
experiment we find the muon longitudinal polarization in the decay

+ +
K -»p +v tobe -1L.0 % 0.1. This result is evidence of the

adequacy of our technique, as the polarization is known to be -1..
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I. INTRODUCTION

The current phenomenological theory of weak interactions success-
fully describes p-decay, a purely-leptonic process, as well as neutron
B-decay and other strangeness-conserving semi-leptonic processes. We
wish to test this description of weak interactions by studying
strangeness-violating semi-leptonic processes. The most readily
available examples of such processes, experimentally, are the Ku3 and
K _ decay modes of the K meson:

e3
)

K—->mn+ + v K
m (u3

and
Kon+e+yvy (Ke3).

This work is a study of the KM decay.

3

The basic idea of weak interaction theory is that the Hamiltonian

for weak interactions is the product of a current with itself:

G .t
H =—JJ, .
LN NN

In this equation G/Jé is the weak interaction coupling constant. The
current J% is a four-vector, with A =1, 2, 3, 4; in the product
J{Jk’ the summation over the index A is assumed. The current Jk is

the sum of a leptonic current, Ji, a strangeness-conserving hadronic

current, Ji’és:o, and a strangeness-violating hadronic current,
' h,As%O.
JA .
_ 4, h,As=0 . _h,As#0
JA = JA + Jk + JA .

Separate terms in the product J{JA describe the different weak

interaction processés. In this theory the leptonic current is a
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combination of vector and axial-vector terms; specifically,
2 - . — . .
= + - + -1
Iy Wvu7%(l 1Y5)¢uﬂwve7h(l irg W, (I-1)

In Eg. I-1, ¥ and We are the muon and electron fields, respectively.
K

$§ and ﬁ; are related to the muon-neutrino and electron-neutrino

i e
fields, ¥, and ¥, by
" e
W = W+7u .
The matrices 7, (AN =1,2,3,4) are the standard 4 X 4 gamma-matrices;

our convention is

0 —oi
7i = P) i=1,2,3
o. o
1
3 0 1 \
74 -
1 0

Here ci(i = 1,2,3) are the 2 X 2 Pauli matrices. The 4 X L matrix 75

is defined by 75 = 717,757,

Experimental studies of both p-decay, for which

1-
¢ 2 s
H = 235757
v oo MA

and semi-leptonic, strangeness-conserving processes with

have established the specific form of the leptonic current as that given

¢

FV:
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by Eg. I-1. In the context of the present theory the same leptonic
current Ji contributes to all leptonic weak interactions. We describe

the strangeness-violating semi-leptonic processes by

H = —G—Jfka;\’AS%O
RN

where the current Ji is given by Eq. I-1.

+
This dissertation describes an experimental study of the Kp decay,

3

+
K+ -+ p+ + v. The Feynman diagram for KM3 is:

We describe the lepton vertex by the current J{, with the weak coupling
constant G/fé; the remainder of the diagram is unknown. We describe

+
phenomenologically the contribution of the K and the 7 to the Kp3

decay Hamiltonian with form factors, parameters to be experimentally
measured. Since the Hamiltonian must be an invariant, the vector and

axial-vector structure of the leptonic current Jﬁ restricts the current

J;}i ,A5£0

to vector and axial-vector terms. TFor KH decay only vector

_ 3
terms are present, as the K and n have the same intrinsic parity. In
the K-n system there are two independent four—vectors,‘the s and K four-

momenta; we write, phenomenologically,



e

(ala2AH) = £ ()(p + 0y + (D) (me - By - (1-2)

Here f+, f_ are form factors; and PgsP  are the K and n four-momenta.
q2 is the square of the four-momentum transfer between the K and the =n':

2
g =(px-p

)= (3, + )"

with pu’Pv the g and v four-momenta. The specific form of Eq. I-2 is

conventional. The current-current formalism excludes any dependence

of the form factors on the remaining scalar, r2 = (pu - pv)e.
Assuming a current-current interaction, and using the currents

- given by Egs. I-1 and I-2, the matrix element for Ku decay becomes

3

Ee ()l ey é(qg)(pK—pﬂ)%]-[ﬁu7>\(l+i75)Uvu] ,  (1-3)

J2

where U“ and Uv are the Dirac spinors for the fields Wu and Wv,
respectively. We define the parameter g(q?) as the ratio of the form

factors:

£ (%)
((e) = =y -
£.(a7)

, N .
In this study of the X _ decay we measure directly the parameter é(q?).

3
With this measurement we test the adequacy of the basic formalism to
describe this strangeness-changing weak process. Additionally we

2
investigate the q -dependence of this parameter; the range of momentum

transfer is large
2 2
Mi<q <(MK-Mﬂ)
relative to that available in purely leptonic or other semi-leptonic

decays, such as muon decay or neutron decay. The principle of time
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reversal can be tested by measuring the phase of £. Time reversal
invariance requires the form factors f+(q2) and f_(q2) to be relatively
real, and consequentlyvthe phase of £ to be 0° or 1800; for all values of
q?. (Final state interactions, which could introduce an imaginary part
to &, have been shown to be negligible.l) By comparing this measurement
decay with the measurements of £ in K°

3 M3
the AL = 1/2 rule, which requires ¢ to be identical for both modes.

+
of £ in Ku decay we can test

The principle of universality of the muon and the electron requires that
the form factors be the same for K . and Ke

K3 3

of & is independent of p-e universality. To test this principle we can

decays. Our determination

compare our measurement of & with the results for & of experiments which

assume p-e universality.
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IT. METHOD
In this experiment we determine the parameter g(q?) by measuring
the muon polarization for completely reconstructed Ku3 events. As
noted by MacDowe112 and by W'erle,3 the two component theory of the
neutrino requires that for a specific kinematic configuration the muon
be completely polarized in some direction. With the lepton current

' +
given by Eq. I-1, the neutrino in a given K“ decay 1s completely left-

3
handed (has helicity -1); since the 5 and K have zero spin, the u, for
the given decay, will itself be fully polarized. In a theoretical

paper Cebibbo and Mza.l«r,symow,ricz)"L observed that the direction of the muon
polarization vector for specified kinematics was a sensitive function of
the parameter §(q2). They suggested the experiment to measure the muon

polarization in completely reconstructed K _ events, and thus directly

M3
measure £. With the matrix element in K“3 decay given by Eq. I-3,
Cabibbo and Maksymowicz derived the relation between §(q2) and the

vector direction of the muon polarization:

-

P = ' (1I-1)

=l

+
where, in the K rest frame,

R = a (6, - @g){% [ -5 + @5, (—E“——m*i)-] -3}

AR
+ w3 x B )m g(a”). (11-2)
Here
mx?
a,(6) =2 =B+ (€% - ) Red(q”)] (11-3)

9
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mK? + 2mKEuReb(Q?) + milb(q?)|2 (II-k4)

o
no
—
U
~
I

and

1e(%) - 1]

2,2 _ .2
max _ "k T "

1t '2mK

In these expressions EL and 5; are the p and = momenta; and Eu, E

E

184 Ev

+
are the energies of the p, n and v in the K rest system. Mps My and

+ S+
mp are the K , ﬁo, and p rest masses. For specified kinematics of

the KM decay the vector muon polarization direction, given by Eq. II-1,

3
is a function only of the parameter §(q2).

In our'experimeﬁt we determined the complete kinematics for K“3
decays from K+ mesons ét rest. For each decay we defined a coordinate
system relevant to that decay, a system to which we referred our

measurement of the vector direction of the muon polarization. From

the calculated kinematics we constructed for each K event thrée

n3
orthogonal axes, longitudinal, transverse, and perpendicular, given by:
A -5 I
€. =
= 3,/I3|
- -
A pﬂxp
A J S (II-5)
T I—-> X—>|
P P“
- - X—}-)—)
2 = P X Px ” Cu
Bl 1B <3
H EL M

In this coordinate system, the muon polarization direction is given by

Eq. II-1, which becomes

P = (A + Afn+ A2 )/E] (I1-6)



where R
L, 2@ 2|
AL=8~_L(¢§)IPH -T[%-EﬁJFBI(EH-m)COS eﬂu} »
I
.
- a,(8)[5, | cos 0, (11-7)
by = [P 113, [mg stn 0, Tm £(a°) (11-8)
a = -ay(e)[p, | sino (11-9)

The functions al(g)band a2(§) are given by Egs. II-3 and IT-4. The
principle of time reversal invariance requires that € be real and,
consequently, that the component of muon polarization transverse to the
decay plane be zero, as shown by Eq. IT-8. The transverse polarization
is proportional tb a guantity like EL’(B; X EL) which is odd under the
operation of time reversal; so that for invariance this term must vanish.
Figure 1 illustrates the coordinate system which we constructed for

each K“ event. The momenta EL and 5; define the plane of the decay; in

3

this plane we defined the axis €_ along SL, and the axis € orthogonal to

L 4
ELvand towards S;. We constructed also the axis @T, transverse to the

KH3 decay plane in the sense 5; X EL. In Fig. 1 we have drawn for

illustration a polarization vector EL and the components (Op)L’ (UH)T,

(Gu)l in this coordinate system (Eq. II-5).
Figure 2 shows the muon polarization direction at various positions

in the K“ Dalitz plot, as predicted by Eq. II-6. The solid and dotted

3 Y
arrows give the polarization directions at the kinematic point for

£ =+1 and ¢ = -1, as measured in the coordinate system shown at the

right. TFor this example we assume £ to be real and independent of q?.




Fig. 1.

XBL6710-5337

Diagram of a Ku3 decay, showing the momenta EL,E;,EL.

We have drawn an arbitrary muon polarization vector
SL, together with its components in the coordinate

system (%L’gT’gl) .
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Kinematic boundary

>
>

N\

& = +1 solid arrows
& =—1 dotted arrows

¢ Assumed to be real
1 1

140+
< 120
(6]
=
~ 100
>
o 80
Q
c
® 60
(&)
=
2 40
X
S 20
2
0
0
Fig. 2.

20 40 o0 80 100 120 140
Muon kinetic energy (MeV)

XBL6710-5336

Predicted direction of the muon polarization vector at

+
various points in the K“ Dalitz plot.

3
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Figure 2 illustrates the increased sensitivity to & of polarization
measurements for events with low ﬂo energy, where the polarization is

largely perpendicular. As defined previously,

q? - ng * mﬁe - emeE
so that high ﬂo energy corresponds to low q2; in this region of the
Dalitz plot the mﬁon polarization is almost purely longitudinal and
| relatively independent of €.
In this experiment we measured the muon polarization vector by

stopping p+'s from Ku decays and observing the direction of the electron

3

in the subsequent decays
+ + —
b —e +v_ +v ..
e K

The differential decay spectrum for a muon with polarization P is given

by5

2
o = B {300 + 20(Be1) + BB [(1) 4 ea(%x-m} :

neglecting terms proportional to the electron mass. In this equation
x is the electron energy, in units of its maximum, ﬁe is a unit vector
in the direction of the decay electron momentum, and the parameter A is
the muon decay rate. The parameters p, £, O are determined by the
specific form of the lepton current, Ji. (¢ used here has no relation
to the form factor in K”‘3 decay, £(q%). The two component neutrino
hypothesis and the V-A structure of the lepton current, as given in

+
Eq. I-1, requires, for p decay,

_ s -3
0—5—);
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£ = +1
Using these experimentally verified values6 for p, ® and £, and inte-

grating the decay spectrum over all possible electron energies, we

find
dw 1 1
m « §(l + §- I?I cos 9) (r1-10)
i
where cos 6 = T%T . ﬁe

Equation IT-10 gives the p decay probability in terms of the direction
of the decay electron, and shows that the‘electron vector direction
preferentially lies along the direction of the muon polarization. In
our experiment we inferred the muon polarization direction from the

observed angular distribution of the decay electrons. As will be

described later, we have verified the analyzing power of our apparatus by

direct experimental measurements.
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ITI. EXPERIMENTAL APPARATUS

A. Bean

Particles produced in a copper or uranium target placed in the
Y , Bevatron external proton beam were mass and momentum analyzed by the
magnet system shown in Fig. 3. We studied the decays of K+ mesons
degraded to rest at the second focus of this secondary-particle beam.
We designed the K% beam to achieve adequate rejection of n+ mesons and
off -momentum particleé contributing to background tracks in the spark
chambers and to false electronic triggers from the counter telescopes.
‘ An additional design criterion was the minimizatién of the total beam
} length and consequently, of the loss of K+‘mesons by decays-in-flight.
We chose the beam momentum to be 500 MeV/c in order to maximize the
yield of stopping K+. We considered as functiohs of beam momentum the
loss of K+ by decay-in-flight and by nuclear interactions or multiple
scattering out of the stopper, while degrading to rest.
As shown in Fig. 3, particles produced in the target at an
angle of 24° to the 5.3 BeV external proton beam passed through an
electrostatic spectrometer and were deflected 60° prior to being brought
to an intermediate focus. Vertical and horizontal collimators at this
first focus defined the mass and momentum acceptances of the beam. A
second defleétion of 60° provided subsequent momentum recombination at
» - the second focus, where the K+ mesons were degraded to rest.
The electrostatic spectrometer deflected particles vertically by
distances inversely proportional to their velocities, thus separating
particles of different mass in the momenfum-defined beam. At the first

+ +
focus the center of the n and K images were separated by 1/2". As
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the pulses from the beam counters be greater than those from minimum-
ionizing particles.

The counters forming the decay-particle telescope are shown in
Fig. 5, a vertical cross section of the apparatus. In this figure the
K+ beam is directed out of the page. With the counter TS in anti-
coincidence the telescope T2-T3-Th selected particles leaving the
K+ stopping region which came to rest in the chamber between T4 and
T5. The water Cerenkov counter, C“, was used as a veto against fast
decay particles, including u+ from the decay K& —9u+ + v and
" electrons from the decay K+ ->ﬂo + e+ + v; most of these particles were
also excluded by the range requirement imposed by T5.

To be considered an acceptable K+ event, the decay-particle signal
had to come 6 to 4b nanoseconds following the signal of a stopping K.
The minimum allowed time between a K-stop and the K-decay was chosen
to insure a rejection of better than 250/1 against K+ decays-in-flight
and other prompt events. We measured the rejection factor by allowing
n+ mesons to trigger the beam telescope. For this measurement ﬂ+
scattered through the decay-particle telescope were then a source of
prompt events; we observed the number of events as a function of the
time delay between beam and decay-particle sighals. With the require-
ment that the decay signal be delayed 6 to 44 nanoseconds following
the KSTOP signal, the logic corresponding to an acceptable K+ decay

was:

KDECAY

STOP)

(K (good decay) (III-1)

delayed

[

(s1-52-53-84-C5-85) - (T2-13-14. T . T5) )0
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MAGNETIC SHIEL
T’// D\\\\’" SPARK CHAMBER TO
//’CONVERT 7 RAYS
e ——
f i
= 4
Ts
! C.H,0 =
L CERENKOVE =

[ KAON
sCy SC1 ISTOPPER
SCq
EGRADER =
J T3
i
DULES ' )
a8 MOt | /3 MODULES
>lg | 0.94 gem? Pb

LUCITE FRAMES

0 10 20 30

e, 1

cm

XBLE7B-3621-A

6

Fig. 5. Vertical cross-section of the apparatus.
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This coincidence represented the criterion for an electronic trigger.
The events selected by the scintillafion counters were recorded
on film by photographing tracks left in spark chambers arranged as
shown in Fig. 5. In order to determine completely the kinematics for
each KH3 decay we observed the track of a stopping u+ and the tracks

. o)
of electron showers from conversion of gamma rays. The n produced

decay itself decayed within lO_16 seconds to two gamma rays:

+
K :
Lovves

e +v+v (ITI-2)

in the K
in the u3

=
+
[

To measufe the muon polarization, we observed the track of the bositron
from the subsequent u-e decay. The five particles we detected with
spark chambers are underlined in Eq. III-2. Two aluminum plate
chambers, each with two gaps, were embedded in the beam telescope
between counters S3 and Sk. These chambers indicated the track of the
K+ before stopping, alding in the reconstruction of the K# decay
position within the carbon stopper. To observe the gamma-ray showers
we used three 36-gap chambers surrounding the stopping region as shown
in Fig. 5, a vertical cross-section. All the chambers seen in Fig. 5
were square, with the exception of the upper and lower shower chambers,
whose lengths along the beam axis equalled that of the side shower
chamber. The plates of the three chambers used to detect gamma rays
coﬁsisted of sheets of lead each 048 mm thick and sandwiched betweén
two 0.3 mm aluminum sheets. To insure rejection of charged particles

entering the shower chambers, the two plates in each chamber closest
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to the K+ stopping region were thin aluminum sheets, and were used in
anti-coincidence.

We used three Y-gap spark chambers, labeled SCl, SC2, SC3 in
Fig. 5, to measure the direction of the charged particle fraom the K+
decay. These thin plate aluminum chambers were placed directly after
the counter T2 in the decay-particle telescope to reduce the effect of
scattering, which would distort the measurement of the initial decay
direction.

The coincidence criteria for an acceptable event required the u+
from a Ku3 decay to stop between counters T4 and T5. As shown in
Fig. 5, these counters were embedded in a 36-gap aluminum plate spark
chamber. Between counters T4 and T5 was a 28-gap spark chamber module
whose total thickness was 9.9 grams/cm? of aluminum. This 28-gap module
had three sections: a section of 17 plates, each 1/16" thick, centered
between two sections of 6 plates, each plate 1/32" thick. Ahead of
counter T4 and beyond counter TS5 were modules with 4 gaps; the 5 plates
ahead of Th were each 1/32" thick, while the 5 plate beyond TS5 were each
1/16" thick. With this 36-gap spark chamber we measured the range of
»decay and the direction of the electron momentum in

3

the subsequent p-~e decay. We enclosed the entire chamber in a magnetic

the muon from Ku

shield to reduce precession of the muon and consequent depolarization.
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C. Experimental Technique

The requirement that the charged particle from the K+ decay stop
between counters T4 and TS5 imposed a restriction on its range. We
placed a degrader in the decay particle counter telescope ahead of counter
T3 to define this range acceptance. We changed this degrader to study
K+ decay particles with different range. Table I lists the degrader

+
used to obtain data for various K decay modes.

Table I. Degrader conditions.

Events Degrader Decay particle K.E. Spectrum accepted
' (direct path)
KH3 (degrader a) 1" Al u& ' | 61-8; MeV
K 5 (degrader )  3/8" Al W 52-73 MeV
K, 2 3/4" a1 7 108.6 MeV
K 1" Al +21/8" cu ot 151.7 MeV

We studied Ku decays under two degrader conditions; 83 percent of

3

our K _ events were obtained with degrader a, 1" of aluminum. With this

3

+
degrader the range criterion for a direct path from the K decay
+
position selected p with kinetic energy between 61 and 81 MeV. We

+
chose this window in the u spectrum to exclude from the K“ data much

3
of the background from both K , decays (K+ s+ 7°), for which

+ +
T+ = 108.6 MeV, and t' decays (K —-n + L + 7°), where the end point

+
of the n spectrum is 53.2 MeV. Additional KH3 data were taken with

3/8" aluminum degrader. To aid in our analysis of the Ku data we

3

. . + + +
studied events with the u from K , decays (K —~pu + v) and the <

u2



-23-

from K312 decays (K+ —>ﬂ+ * no). The different amounts of degrader
placed in the decay-particle telescope for these studies are given
in Table I.

We triggered the spark chambers upon the electronic signal of an
acceptable K+ decay as defined by Eq. IIi-l. This coincidence signal
was blocked during the time between pulses Qf the Bevatron; additionally
we imposed a minimum delay between event triggers of 250 milliseconds
to allow the apparatus to recover. For each event we recorded

photographically the tracks in 9 spark chambers: & beam chambers, 3

‘shower chambers, 3 decay-particle tracking chambers, and the range

chamber. With the exception of the range chamber all the spark chambers
were fired promptly with the coincidence signa;; the total delay from
the time of a K+-stop po the presence of voltage on the spark chamber
plates was 340 nanoseconds. We delayed the trigger signal to the

rahge chamber for 3.5,micrbseconds. The u+, stopped.between counters
™4 and T5, decayed with a lifetime of 2.2 microseconds; with our delay
in triggering this chamber we observed the electron track in 80 percent
of the u-e decays. In order to maintain both the muon track and the
track of the decay electron for as long as 3.5 microseconds we limited
the DC clearing voltage on the range spark chamber to 6.6 volts. On
the 8 chambers triggered promptly we applied between 30 and 40 volts to
clear residual tracks. In a background stuay we obtained some data

of KH3 events for which the range ghamber was fired promptly; for

these events the trigger delay time on all the chambers was 340 nano-
seconds and the clearing voltage was 40 volts. All the spark chambers

were filled with neon, purified through a closed-circuit recirculation
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system. The view of the apparatus given by Fig. 5 corresponded to that
seen by the camera. Not shown in this figure are the mirrors mounted
on the apparatus to permit stereo reconstruction of tracks from two 900
views of each chamber. Mirrors viewing the upper and lower shower
chambers limited the closeness of the range chamber to the K+ stopping
region. Lucite lenses were attached to the spark chambers to allow
observation of sparks regardless of their depth within the quules.

In addition to spark chamber tracks of particles, we recorded on
film with each event fiducial lamps mounted on the apparatus and
bright grid lines defining the position of the data. We were careful
to put many reference points on the film in order to simplify its
subsequent automatic computer-scanning. For each photograph we 1lit
numeral lamps giving the event number; this number was displayed as
well by a row of binary-coded lights, to be computer-scanned. A
second row of binary-coded lights gave digitized information about
the event: whether or not a particle was detected by counter S1 in
the beam telescope within 20 nanosecondé of the K+ decay, and whether
or not the counter S5 detected a particle within the full time interval
allowed for a K+- decay trigger. We digitized also for each event the
ti@e between the K-stop signal and the signal of the K decay, and
displayed this information with binary-coded lights. The flashea
lamps and all 18 views of the spark chambers were recorded on a 24 mm X
36 mn frame of Tri-X film, using a lens opening of f8.

Figure 6 is a typical Ku event. The lower half of the figure

3

is a view of the apparatus similar to that given by the vertical

cross section of Fig. 5. The shower chambers are on the right of Fig. 6,
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Fig., 6. A typical K 3 event, As described in the text, the lower
M

half of this figure corresponds to the view of the apparatus

given by Fig. 5.

On the left is the image of the range

chamber, showing the p+ track as well as the e’ track

from a p-e decay,

showers are on the right,

The images of two gamma-ray
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while the range chamber, with stopping muon and decay-electron tracks,
"is on the left. The muon track in the range chamber does not appear to
be colinear with its track in the chambers SCl, SC2, SC3; the imagés of
these tracks were reflected by different mirrors. The upper half of

Fig. 6 consists of images of the chambers as seen from above.
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IV. ANALYSIS PROCEDURE

A. Selection of Events

' +
We scanned a total of 80,000 pictures, candidates for Ku events,

3

with SPASS, the automatic computer-scanning system developed by Deutsch

at MIT.7

With thié system we measured the position of tracks in all
spark chambers except the range chamber. In the scan of the gamma-ray
chambers we measﬁred the blackening associated with each shower in
addition to its converéion point. For each event we obtained as well
the digitized information from the lamps. Using information from the
SPASS scanning we selected 10,000 events to be hand-scanned for p-e
decays on the SCAMP machine at LRL. On SCAMP we measured the direction
of the incoming u+ track in the range qhamber, the position of the u+
stop, and the vector direction of the decay electron. We selected for
reconstruction as KH3 events a further restricted sample, using
information from both the SPASS and the‘SCAMP scannings. The criteria
imposed based on the SPASS measurements were:

1. Two gamma-ray showers were unambiguously stereo-reconstructed,
‘with conversion points not in the first two gaps of the
chambers.

2. DNo pulse in coincidence with the muon was observed in the
cup-shaped counter S5 which surrounded thevK+ stopping
position, shielding the decay point from the shower chambers.

3. The reconsfructed position of the K+ stdp must have been in

the carbon stopper.within the box of counters.

4. ©Neither of the two showers measured was at an edge of the

chambers.
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5. The opening angle of the two gamma rays was greater than 650.
6. The event did not satisfy KTr2 kiﬁematics. From the initial
charged particle direction and the directions of each gamma ray
rélative to the K-stop position we calculated the gamma-ray o
directions in' the ﬂo center of mass, assuming the event to

be a Kﬂ2 decay, and the quantity &:

® = Ri - RS

Here Ri, Ré are the gamma-ray directions as transformed to the

postulated no rest system. X . kinematics requires that

72
® = -1; our criterion for acceptance of the event was that
5 > -0.9.
7. The line-of-flight of the charged decay particle as measured
in the thin chambers SCl, SC2, SC3 did not have a kink. We
required that ﬁloﬁe > 0.998, where ﬁl and ﬁg are the particle
directions calculated from tracks in SClL and SC2, and in SC2
and SC3.
8. The distance of closest approach of the calculated K+ line-of-
flight to the decay particle line-of-flight was less than 1.0 cm. .
We took as the K+ stopping position the point on the muon
line-of-flight closest to the incident K+ line-of-flight.
We used the hand scanning on SCAMP to select events with the following
characteristics:
1. The scanner observed in the range chamber tracks of a muon
entering and stoﬁping and of an electron from the subsequent
u;e decay. Events without such tracks were rejected. In

about 2 percent of the data (otherwise acceptable as K“ events ),

3
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the scanner was uncertain whether or not the tracks corresponded
to those of a muon and its decay electron. After a rescan

by the author, we considered most of these events (51 pictures)
to have acceptable range-chamber tracks. Events with both
tracks extending from the u-e vertex to the front of the

range chamber were measured twice, assuming one track and then
the other to be the pf; we selected that assigmment which

best matched the line-of-flight measurement on SPASS from the
chambers SCl, SC2, SC3. For each event we calculated the
distance at the degrader between the u+ line-of-flight measured
from SCl; 5C2, SC3 and the line-of-flight seen in the range
chémﬁer. If this disténce was greater than 6 cm, the event

was remeasured by the author; 1 ﬁércent of the total data
(otherwise acéeptable as KH3 events) were in this category,

of which 4 events (0.1 percent) were rejected by the rescan.

2. The scanner agreed with SPASS that there were exactly two
gamma-ray showers and that neither gamma ray converted in the
first two gaps of its chamber.

3. The electron decay direction was not within a forward cone
about the initial muon direction. We rejected all events
unless ﬁe . ﬁu < 0.9.

4, The pn-e vertex position was not in. the counter ™. To avoid
depolarization due to the u+ stopping in plastic scintillator,
the experimenter rescanned all events whose vertex was
measured to be within 1 gap of Th.

After the selection based on both the SPASS and the SCAMP measurements
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the remaining 3549 events were analyzed as candidates for K“ decays.

3

The procedures in reconstructing the data in terms of K _ kinematics

|J‘3 '

are described in the next section. Following this analysis our final

data sample consisted of 3133 completely-reconstructed K“ events with k4

3

observed u-e decays.
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B. Reconstruction of the K Kinematics

u3

For each event we had the following data:
1. Range of the charged particle originating from the K+ decay.
2. Direction-of-motion of the charged particle originating from
the K+ decay.
3. Position of the xt decay.
4. ©Positions of the points where two gamma rays produce showers
by conversion. |
5. The number of sparks associated with each gamma-ray shower.
We calculated the energy of the charged particle, assuming it to be a
muon, from its stopping éosition in the range chamber. We based this
calculation on comparisons of measured range with the prediéted range
of particles with known energy: ﬂ+ from Kﬁ

+
and o from the K“ decay

2
mode. We took the K+ decay position as that pdint along the line-

2

+
of -flight of the track in SCl, SC2, and SC3 closest to the K line-of-
flight as measured by two spark chambers in the beam. From the K+
decay position and the gamma-ray conversion points we determined the

unit vectors € 5 pointing in the direction of éach gamma, ray.

71’ Sy

With the measured quantities Eu, EL, the kinematics

NP
of the decay was not uniquely determined. In general there were two
solutions compatible with_the data, corresponding to different momenta
of the x°. The ambigulty was removed by measuring the energy of the two
gamma rays. The two kinematical solutions had different gamma-ray
energies; with a rough measurement of the gamma-ray energies we were

able to choose between the solutions.

In Appendix A we derive the formula used to determine the
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kinematically predicted gamma-ray energies. About 18.7 percent of

the events fell outside the boundary‘of the Dalitz plot and did not

have a kinematic solutioﬁ for the gamma-ray energies. For each of these
events we calculated the change in the measured gamma-ray opening

angle necessary to put the event onto the nearest edge of the Dalitz
plot. If this éhange was less than 30, it was made and the gamma-ray
energies found; otherwise the event was rejected. With this selection

5 percent of the data were eliminated.

In order to measure the gamma-ray energy and its expected error
from the spark count, we used a relation derived from a study of
showers of known energy in K312 data. For Kﬂ2 events we knew the 7°
energy and direction-of-motion; we could calculate each gamma-ray
energy from the position in the apparatus where a shower was produced
by conversion. For the Kﬂ2 events we compared each calculated gamma-
ray energy with the measured number of sparks associated with its
shower. For this data we made a least-square fit to find the dependence
of the observéd gamma-ray energy, EObS, upon the measured spark count.
We made a similar fit to find the expected uncertainty, SEObS, in
the gamma-ray energy as a function of the measured spark count.

In the reconstruction of Ku3 events we compared each of the two
kinematically predicted pairs of gamma-ray energies with the energies
determined from the spark counts. For each kinematically predicted o

pair of energies we calculated the chi-square:

obs k1n 2 bs kln 2

X; = . (Iv-1)
J aEgPs 6Eobs
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obs obs
' J

Here E OF are the experimentally derived gamma energy and its

uncertainty, and Ejkln is the energy predicted by kinematics. The

index j(j = 1,2) references the two choices for the gamma energies.
!We selected that pair of gamma energies with the lower c?iréquare.

A study of Kﬂ2 data was used to set an upper limit for the chi-
square. The energy of each gamma ray in a Kn2 decay is uniquely
predicted from the observed kinématics. Using the known energies

ki

n
El and E2

by Eq. IV-1. We noted that value of the chi-square above which were

kln, we calculated for the Kﬂé events the chi-square giveh

£ hi-sq f 10 f K
he chi-square of 10 percent o MF??jeWE u3

chi-square was greater than this value were rejected. Th@s’selection

data. K . events whose smaller

reduced the ddta by 8.4 percent.

By finding the gamma-ray energies we arrived at a compiete solﬁtion
of the X 3 kinematics. To gompletely specify the positidn“in the
K ‘ :
+ .
Dalitz plot of the K decay-at-rest we need to know two variables, say

TM and Tﬂo. The muon kinetic energy we knew from its range; the pion

kinetic energy we determined by finding the gamma-ray energies:

-

it 7l 7a .
- Ih order to analyze fhe muon polarization it was-necessary to define fof“
eacﬂ»evént'a coordinate system with axes corresponding to the
orientation of the K-decay configuration rathgr than‘to direcfions in
the iéb.'Knowing the muén'and pion momenta, EL and'i;, we constructed
-three orthogonél axes: a longitudinal axis, alohg the muon momentum,

a transverse axis out of the decay plane (in the sense 5;'X ﬁl), and

a pérpendicular axis =- in the decay plane towards the pion momentum.

¢

-+
For each K event we constructed this .coordinate system, defined

u3
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by Eq. II-5, and shown in Fig. 1. From the ﬁeasurement of the
laboratory diréction of the electron in the p-e decay we calculated
the electron direction relative to the K-decay corrdinate system
(Eq. II—5). The solution of the Kﬁ3 kinematics and the calculation of

the electron decay direction in this coordinate system completed the

reconstruction of the event.

wE

oz
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C. Muon Polarization Analysis

1. Measurement of Polarization Components in K+ Rest Frame
We measure the muon polarization by studying the angular
distribution of the electroﬁ direction in the u-e decays. In u+
decay the vector direction ﬁe of the eléctron momentum is preferentially

directed along the polarization direction of the muon. The angular

distribution has the form:

dw = §(1 + 3 x )dx (Iv-2)

where Pn is the component of the muon polarization along an exis fi, and
x = P *fi. The decay probability, dw, is normalized to 1. Since the

e
form of the probability function is known, we analyze the data with

the méximum likelihood method to determine the muon polarization

components. This likelihood has the form8

N :
L(7y) = T 2(B,x) | (1v-3)

The likelihood L, a function of the assumed muon polarization component
Pn’ is defined as the product over the N total KM3 events of the

normalized probability distribution, f, defined in each event:

P
f(Pn,xi) = ETJIQZY (1 + 3-9- xi). (TV-4)

Equation IV-4 is equivalent to Eq. IV-2 with the addition of the
normalization factorxc. .This parameter corrects for a dependence of
the expérimental detection efficiency of p-e decays upon the vector
direction of the decay electron. x, = ('f)e'ﬁ)i is the cosine of the
electron direction along the fi axis for the ith event. The most

probable value of the polarization Pn is that which maximizes the
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likelihood function L(Pn). For a sufficiently large sample of
events the shape of L(Pn) is Gaussian; the customary estimate of
the error is that applicable to a Gaussian distribution. Specifically,

using the maximum likelihood method we find from the data the result:

Pg where L(Pn) maximized

-1/2

AP (1 standard deviation) where L(Pz t AP ) = e L(Pz).

For each event we have measured the electron decay direction in the
‘coordinate system of longitudinal, transverse, and perpendicular axes
given by Eq. IT-5. The apparatus was an equally efficient detector
for p-e decays for all electron directions except vector direcfions
continuing along the muon track. Because of this effect no events
were accepted in which the electron decay direction was within a small
cone about the longitudinal axis. As shown in Appendix B, the normali-

zation factor c needed to correct the likelihood for this cut is:

[

P
c(PL) (1L + cos 90) {l - EE (L - cos GO)J
(IV-5)

C(PT) = c(Pi) =1 +cos 6.
ﬁere 90 is the half angle of the cone about the longitudinal axis
(cos o, = 0.9). P, Pp, P| refer to assumed longitudinal, transverse,
and perpendicular polarization components. The likelihood functions

for these components then take the form

L(p) = ilrjrl { [1.9(1 - %PL)} [1 + zé(ﬁe-eL)J} (Iv-6)
L(Py) = El {(1.9)'1 [1 + -Z—T(ﬁe'eT)J} (1v-7)
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ve) - 1 oY 2]} (1v-8)

i=1

refer to the coordinate system (Eq. II-5) defined
for each event.

As discussed in a later section, we calibrated directly the
analyzing power of our gpparatus by measuring the longitudinal polari-
zation of muon +rom the decay K& —>u+ + v. The measured polarization
agreed with the expec£ed value of -1. In Section V-A we discuss
this calibration as well as possible sources of depolarization in

the K data.
U3
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2. Determination of ¢
We determined the parameter £ directly from the observed electron
angular distributions in the p-e decays. We sassumed that the muon in

each KH event was fully polarized in a direction given by Eq. I1-6.

3
With the kinematics‘complétely reconstructed, we defined a normalized
probability distribution as in Eq. IV-2, taking the axis fi to be the
predicted direction of the muon pdlarization, Gu. This direction, for
each event, is a function of the specific kinematics as well as the
value of the parameter £. The magnitude of the polarization, Pn’
along this diréction we took to be 1. We constructed the likelihood

function, depending only on &, as the product over all the events of

the separate probability distributions:

==

1 1. .
20 - 1 ey 1 B0, (1v-9)

i
The muon polarization direction is given by Eq. II-6 as a vector in

the coordinate system (@L, e, @l) defined by the K-decay; ﬁe is the

T
observed direction of the decay electron in this system, and Gu is a
unit vector along the predicted éirection of polarization,'?. Both
the electron and the polarization directions are specific to each
evenﬁ as reconstructed. As shown in Appendix B, the normalization
factor c(t&) for the ith event has the form

ci(g) = (1L + cos 90)[1 - % (1 - cos 90)[§e'8u(€)]i]

As in Eq. IV-5, cos 90 is the maximum acceptable value of ﬁe.gL in
the data; we have taken cos 60 = 0.9. Our result for & is that value

which maximizes the likelihood function, Eq. IV-9. The uncertainty
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in this determination we found by noting the values of £ for which

the likelihood function was reduced from.its maximum by a specified
factor. We made the likelihood analysis for various assumptions

about £: ¢ real and constant, &€ complex and constént, or £ real

but energy-dependent. Consequently the likelihood L (¢) was a function
of 1 or 2 parameters. Table II gives the value of the 1ikelihood,

with respect to its maximum, used to determine the uncertainty in

the measurement of &. It should be emphasized that the appropriate
limits of uncertainty for a two parameter likelihood are markedly

greater than those appropriate for a one parameter likelihood.8

Table II. Calculation of uncertainty limits in a likelihood analysis.

Number of likelihood Value of L/L™®* at limit of:
parameters 1 std. deviation 2 std. deviations
1 _ e-O.S e-2
5 e-l.lu , o~3-10

Having determined the parameter € from the polarization data, we

re-analyzed the Ku events to measure the magnitude of the muon

3
polarization along the predicted direction, o“. We constructed a
one~parameter likelihood function'similar to that used to find &.

(Eq. IV-9) This likelihood is

N
L(P)= T = E,P [% + = [P -ﬁu(g)]é] (Iv-10)
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with
ci(g,P) = (1 + cos 60)[:1 - g(l - cos )[@e.gu(g)]i:].

The likelihood is a function of the magnitude P of the muon polarization;
given £, we maximized the likelihood to determine P. The uncertainty
in the measurement of P was found by calculating values of

L(P)/L ™ as in Table II.
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V. KNOWN SOURCES OF ERROR

A. Uncertainties in Analysis of K“ Events

3

Each event of our final KH data sample provides a separate

3
measurement of g(qg). For each event with specified kinematics we
determine the parameter §(q?) by correlating the vector direction of
the electron momentum in p~e decay with the predicted muon polarization
direction. The likelihood analysis gives as our result for £ that
value most compatible with the individﬁal measurements of & from each
event. With this method of determining £ it is not necessary to know
the dependence of the detection efficiency upon the position of the
event in the Ku3 Dalitz plot. Since the measurement of & is made for
each event, the result for all the data is independent of their Dalitz
plot distribution.

Using a Monte Carlo analysis, we studied the effect of the
measurement uncertainties on reconstruction of K _ events. We

M3

generated by computer a large artifical sample of Ku3 events with

p-e decays as predicted for a given value of the parameter &, and
sele&ted those events which would have been detected by the apparatus.
For each artificial evéent we changed randomly the kinematical
quantities by small amounts to simulate the effect of the measurement
errors on the actual K events. We reconstructed and analyzed these

M3

Monte Carlo events in a manner identical to that used for the Ku3 data.
We found that the result for £ was insensitive to the presence of our
known measurement uncertainties. In particular, both the 30 to 50%

uncertainty in the gamma-ray energy measurements and the *3 MeV error

+
in the p energy had little effect on the kinematic reconstruction
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and negligible effect on the determination of &.
In one of many Monte Carlo studies, we generated 12,000 artificial
K _, events with kinematical quantities as expected for £ = -0.95

M3

(real and constant). We chose this value of £ as it is the result

3
artificial data sample gave £ = -0.95 +* 0.17. We then generated

of the analysis of the 3133 actual Ku events. The analysis of this

another sample of 12,000 artificial events with the same input value

of €. TFor each event we changed randomly the muon energy and the

gamma-ray energies to simulate the effect of the measurement uncertain-

ties on the actﬁal data. The analysis of this sample gave £ = -0.91 £ O.17.
The artificial data in these two Monte Carlo studies are\statistically
independent of each other. These studies show that the presence of
measﬁrement uncertainties has no significant effect on the determination

of €, as there is an expected statistical uncertainty of £ 0.17 in the
result for & from each data sample. This conclusion is valid as well

data, where the expected statistical uncertainty in

for the actual K
K3 Pl

£ is * 0.3.

The reconstruction of the n° vector momentum was the most difficult
step in establishing the kinematics of each Ku3 event. We used the
gamma-ray energies, estimated from the shower spark counts, to choose
between two predicted values of the x° momentum. As discussed above,
we found by Monte Carlo studies that the presence of our measurement i
uncertainties in the gamma-ray energies had no significant effect on
the determination of §. Additionally, we studied the acﬁual Ku3 data

. . o ‘
to see whether or not events with incorrectly chosen n~ momentum were

present in an amount which significantly biased our result for £.
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Faulty no reconstruction leads to two systematic effects, dependent
on the direction-of-motion and on the energy of the no. If the wrong
© solution is chosen, a faulty K-decay coordinate system (Bq. II-5)
will be constructed. The incorrect 7 energy will lead to a further
error in the prediction of the muon polarization direction as a
function of &. We separated the actual KH3 data into batches with
the two possible no vector directions close to each other, or not
close, and with the two possible ﬂo energies nearly identical or
different. We determined from each of these samples values for ¢
statistically consistent with each other and with the result for & from
all the data. There was no evidence for the presence of a systematic
error due to incorrect solutions of the n° reconstruction.

We estimated the frequency and distribution of background tracks
in the shower chambers from pictures taken of KHE decays. There were
no gamma rays associated with KM2 decays, but random tracks in the
shower chambers were occasionally interpreted as being conversion
showers of gamma rays. We assumed these random tracks to Dbe present in

the Ku data with the same frequency and distribution in the chambers

3

as found in the Ku2 data. The selection criteria for K events

13

required that 2 and only 2 showers be observed. Because of the limited
geometrical acceptance of the shower chambers, we detected only one
of the gamma rays for many KH3 decays. With a random track present

in a shower chamber, K _ decays with only one of the 7 gamma rays

M3

detected could be falsely reconstructed as complete Ku3 events. Using

the Monte Carlo analysis, we determined that the presence of these

background tracks did not significantly affect the result for E. We
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generated two samples of artificial K _ events, assuming a value -0.95

M3

for the parameter ¢ (real and constant). These samples were much

larger than the sample of actual XK _ events. To one of the samples

H3
we added data to simulate the presence of background tracks in the
shower chambers. The analysis of 12,000 artificial Ku3 events with
simulated background tracks gave £ = -0.88 * 0.17. The analysis of
a statistically independent sample of 12,000 events without background
tracks gave & = -0.95 * 0.17.

We studied the effect on the result for & of variations in the
criteria used to select KMB

and £ were related for each kinematical configuration, each event

events. Since the muon polarization vector

provided a separate determination of £. For this reason the use of
arbitrarily rigid kinematical selection criteria did not bias the

measurement of €. We analyzed our K“ data repeatedly, using various

3

selection criteria. We found the determination of & insensitive to
changes in the selection criteria.

The determination of € involved a correlation for each K event

M3

between the KM kinematics and the direction of the muon polarization

3
vector, as found from the p-e decay. As described in the following
sections, we measured the muon polarization for samples of K“2 and
of Kjt2 events, with p-e decays in the range chamber. The scanning,
the selection criteria, and the calculation of the muon polarization
were identical for the u-e calibration events as for the Ku3 events.
The u+ in the K“2 decay has a helicity of -1; our measurement,

BL = ~1.0 £ 0.1, is evidence of our ability to observe polarizations

with the apparatus.
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Using the Monte Carlo method described above, we found that a 10%
depolarization of the muon has no observable effect on the measurement

of £€. We generated by computer 12,000 artificial KH events,

3
assuming & real and constant, and equal to -0.95. TFor these events

we generated p-e decays with the muon only 90% polarized along the
direction predicted by &. The énalysis of this artificial data gave

£ = -0.93 £ 0.17. We found &€ = -0.95 * 0.17 from a statistically
independent samplevof 12,000 artificial events, generated with the ﬁuon
fully polarized in the direction predicted by the iﬁput value of &.

After determining & from the'Ku data, we measured the magnitude

3
.of the muon polarization along the direction predicted for each event

by our value of €. The result, discussed in a later section, was
consistent with the absence of depolarization.

Among sources of systematic error in the polarization measurement
was the use of‘pulses from counters Cu and T5 in anticoincidence. We
lost events if the u+ decayed promptly and the decéy electron passed
through eitherfCuvor T5 within the sensitive time of the anticoincidence.
By adding delays to the anti-counters, we found this sensitive time to
be 16 nanoseconds, about 0.7% of the u+ mean life. Using the observed
angular distribution to calculate the number of electrons passing
through each counter, we estimated a total loss of less than 0.5% of
all p-e decays. The effect of this loss was negligible. A more
serious source of error was our inability to observe u-e decays in
cases where the e+ track was in the same direcfion as the track of

+
the u before stopping. As previously described, we eliminated all

events having p-e decays within a forward cone about the muon direction;
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we incorporated this selection into the polarization analysis by
modifying the likelihood normalization. We chose the angle of the
forward cone to more than cover decay directions for which the scanning
efficiency was poor; as with our other selection criteria, the result
is insensitive to variations in this cut-off. Except for this forward
decay loss we considered our detection of u-e decays to be independent
of the e+ direction and energy. Because the e+ decay directions are
broadly distributed about the u+ polarization vector, the determination
of %ha polarization direction is insensitive to measurement errors of
individual e+ tracks. We calculated that our +10° uncertainty in
the e+ decay direction introduced an effective depolarization of less
than 1%. Another source of depolarization was the presence of a
magnetic field in the range chamber, causing the u+ polarization vector
to precess in the interval before the p-e decay. To reduce this
effect, we enclosed the range chamber within an iron shield; as
shown in Appendix D the measured field of less than 200 milligauss

did not cause significant depolarization.

L3
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1. Study of Ku2 Events

As a calibration for the polarization analysis, we measured the
muon polarization in the decay K+ —Su + v (Ku2)' We placed degrader
in the decay-particle telescope sufficient to stop within the'range
chamber muons from the Ku2 decay mode. This degrader eliminated by

range all other XK' decays except K& —1u + e  + v (KeB) and

-+

Kkt e 1 v (Ke2)' The water Cherenkov counter in front of the range

chamber provided a rejection factor of lOO/l against electrons and

insured a pure sample of Ku2 events.

With the exception of the degrader in front of the range chamber,

the apparatus for the KM studies was unchanged from that used to obtain

2

the K data. We scahned for up-e decays a total of 4107 pictures on

M3

SCAMP. We ignored tracks in the shower chambers, but otherwise we used

procedures identical to those used in scanning the Ku film. We found

3
3104 events with visable p-e decays in the range chamber. As with the
K data, we referred the measurements of the electron decay directions

V%

to coordinate systems defined for each event. Since a Ku decay had

2
no defined decay plane but only the single direction along the wmuon
momentum, §L, we constructed for each event orthogonal axes using a

direction'fixed in the apparatus. We defined the coordinate system

(GL, Gaye-b.):

g = e— _ (V-l)
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with § the unit vector vertical in the laboratory frame. We rejected
events in which the decay electron direction was close to the longitu-
dinal axis; as in the selection of KuB events we required:
D, ‘& <0.9 . (v-2)

After this cut our data consisted of 3021 KHQ events with p-e decays.

Figure T shows the observed angular distribution of the electron
decay direction for the. Ku2 events as given in the coordinate system
(EL’ga’gb)' In the decay K —u’ +v (Ku2) the neutrino has helicity
~-1. Sinc¢ the K has zero spin and the muon and ﬁeutrino are emitted
in opposite directions, angular momentum conservation requires that the
muon spin direction also be opposite to its momentum. The lines drawn
in Fig. 7 show the expected distributions of the electron decay direction,
as given by Eq. II-10, for muons with helicity -l1. The normalization

of the expected distributions is based on the 3021 Ku events satisfy-

2

ing Eg. V-2. For purposes of illustration we present in Fig. 7 the data
before this cut. In the polarization analysis we eliminated the events

in the bin of ﬁe-eL

We determine the muon polarization components from the Ku2 data

furthest to the right.

with the maximum likelihood method described previously. The likelihood

function for the longitudinal polarization has the form given by

Eq. IV-6; while for the polarization components along the axis ga’gb’
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the likelihood function takes the form of Eq. IV-7. This method of
polarization analysis is identical to that used to determine the muon
polarization components in the Ku5 decays. The likelihood functiohs
for the KH2 data are shown in Fig. 8; the results for the muon polari-

zation components along the axes (gL’ga’gb) are:

= - + 0.,
PL 1.0 £ 0.1
P = 0.0%0.1
a
= -0. + Ool .
Pb 1

The measurement of the muon longitudinal polarization component is in
agreement with the expected value of -1 for KHE decays. This result
is consistent with the assumption that there was no effective depolari-
zation of the muon by the apparatus or the analysis techniques. The
measurement of the muon polarization componerts along axes %a, €b
investigates possible dependence of the detection efficiency upon the

orientation of the u-e decay plane in the apparatus; the results for

these components is consistent with the absence of such dependence.
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2. Study of Kﬁ2 Events

We investigated further the technique of polarization measurement
with events from the decay mode K+ —>n+ + 1 (Kﬁg)' We increased the
thickness of the degrader placed in the decay-particle telescope so that
ﬂ+ mesons from Kﬁ2 decays stopped in the range chamber. As estimated

in a later sectibn, these KJt events included a background of approx-

2

imately 2% from KH decays, statistically insignificant for the

3

polarization analysis. EBExcept for the additional degrader the apparatus

was identical to that used to obtain the Ku5 data. We did not apply

decays, because now we wanted to study

the test used to eliminate Kﬂ2

Kﬂ:2 events. The selection criteria were otherwise the same as those

used for the Ku5 data. We scanned the data for decay electrons in

the range chamber and reconstructed events as if they were KH decays.

3

We assumed the charged particle was a muon, and calculated its energy
from the observed range through the increased degrader. By assuming

the event to be a Ku decay, we calculated as previously described the

3

o] . srs
it vector momentum from the gamma-ray energies and the shower positions.

We measured the polarization components with respect to the coordinate
system (EL,@T,QL)- described previously, determined for each event

from the kinematics of the hypothesized K“ decay.

3

For the Kﬁ2 events we observed the angular distribution of

electrons from the decay chain:
K+ —>n+ + go
|
- B o+ vV

‘ + )
- e + Vv 4+ vV
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We did not detect the track of the muon, emitted with only L MeV in the
ﬂ+ decay. Since the n+ decay was isotropic in direction, the expected

electron distribution was isotropic. The KJT events, reconstructed

2

and analyzed as K decays, were therefore predicted to show zero muon

B3

polarization.
The distributions of the electron decay directions in the coordi-

nate system (e ) are given in Fig. 9. We have plotted only the

L;eT}e-L
567 K5 events with

~

)
p.° €, <0.9, 5

the standard selection criterion used for all the polarizstion studies.

This cut eliminatedvl7 events from the bin in ﬁe- EL furthest to the

right. The lines drawn in Fig. 9 correspond to an isotropic u-e decay
|
distribution, and are normalized to the 567 events.
Using the maximum likelihood method described previously, we find

the muon polarization components:

= =0,3* 0,2
PL >
P = 0,1 * 0.2
T *
4 = - . .
P[ +0.2 0.2

| -

These results are consistent with the prediction that the electron
angular distributions correspond to decays of unpolarized muons. They
give no evidence for systemstic effects in the analysis procedures

which would cause false polarization measurements.
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B. Presence of Background Events in the KM3 Data

1. Summary of Background Contributions

We considered events other than Ku decays which could be present

3

as background in the data. Such events must pass the selection criteria
described previously. They must have two apparent showers in the gamma-

ray chambers, and a track in the range chamber with an apparent p-e

b3
decay. As will be,

decay vertex. They must be kinematically recoﬁstructable as K
events but fail the kiﬁematic test for a Kﬁ2
described in the following section, we determined experimentally the
actual contamination of our data by events whose frequency of aﬁparent
u-e.decays did not follow the p+ lifetime. We calculéted the expected
contribution'from all sources of background; the details of these
calculations will be presented in subsequent sections..

Ihé backgrounds considered are those due to the following K+
decay modes:
o

+ +
K »n +x

K ox + 0+ O (t')

+ + 0
+
K -x T+ y (Kﬂﬂ7)
+ 0 | +
+ .
K -x e +V (Ke3)

The K112 decay was the‘most serious source of background events in the

K _ data. .For the KnE mode we estimated two sources of background:

M3

X + . R ' ‘
Kﬁ2 decays with a n nuclear interaction in the range chamber, and Kn2

+ +
decays with a n decay-in-flight (=x —>pf + v). In Table III we list

the results of the background calculations. vao sources, K _ decays

e3
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Table III. Results of background calculations.

Source of background Est. fraction Does frequency of
Bkg./K _ events "decays" follow
M3 u* lifetime?
+ + o
K »n + =xn (Kﬂ2)
with 5 decay-in-flight 2.9 x 10°° yes
with n nuclear interaction < 5.3 X 1072 no
K o+ + (1) 5.0 X lO-u yes
+ + o -2
K -1 +n1 +y(Km_[7) 1.4 x 10 yes
+ -
G V(Ké3) 0.8 x 10 2 no

and KTt2 decays with a «' interaction in the range chamber, have "p-e
decays" whose frequency is independent of the time delay on the range
chamber trigger. As discussed in the following section, the analysis of
the prompt data shows that the total contribution of all such backgrounds
is (3 £ 2) percent of the KM3 data. The estimated contribution of
otherrpossiblg backgrounds is less than 5 percent.

We have studied the effect of these backgrounds on our determination

of & by adding these events to Kp events generated in a Monte Carlo

3
analysis. Erom this simulated data our analysis determined a value of
¢ statistically unchanged from the value used to generate the KH3 events.
The primary effect of the presence of these backgrounds was to enlarge
slightly the error limits assigned to & by the likelihood analysis.

A detailed account to justify the numbers given in Table IITI is

contained in Section VB-3. A reader uninterested in these experimental

details should skip to Section VI (Results).
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2. Study of KH Events with Prompt p-e Decay

3
In order to determine experimentally the amount of background
events with charged particles other than muons, we collected a sample
of events with a reduced delay on the range chamber trigger. For the
data used in the polarization analysis we delayed firing the range
chamber for about 1.5 muon lifetimes after the time of the K+ decay.
We chose this delay long enough to observe a large fraction of the
u-e decays, yet not so long that random tracks in the chamber con-
stituted a background. The fractign of stopping muons with an
observed decay in the range chamber was greatly reduced by firing the
chamber promptly. As the apparatus was otherwise unchanged, a
comparison of the fraction of decays observed for prompt and for
delayed trigger measured the amount of contamination of our data by
background events, whose detection was independeﬁ%yof the trigger delay

timé. Events from the KJT2 or Ke decay modes for which an interaction

3
in the range chamber was interpreted as a p-e decay should have
occurred in equal frequency in the two samples of data. The analysis -
of the prompt-trigger eventé allowed a direct calculation of the amount
of such backgrounds.

Table IV shows the comparison between the data with a normal delay

and with a prompt trigger on the range spark-chambers. The delay time .

listed.is the time from the passage of the muon through the chamber to

the fime aftef which the decay electron would not produce a track.

Events were selected as being K . decays using the normal selection

13

criteria. The numbers of K events shown in Table IV reflect all but

u3 .
the final reconstruction test -- that of the chi-square fit of the
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Table IV. Comparison of prompt and delayed Ku data.

3
Data  Length of delay No. of No. Ku3 events Without Fraction of
accepted with u=-e decay p-e K“ events
Kp‘3 events decay wi%h p-e decay
prompt  0.34%0.03 usec 1107 165 gh2 0.149
delayed 3.5 #0.1 pusec 4895 3533 1362 0.722

shower energies to Ku kinematics. For much of the data scanned on

3
SCAMP we did not measure the muon stopping position in the range

chamber if the event had no apparent p-e decay. The final recon-

struction of an event, which reduces the data by about 10 percent, requires
the knowledge of the muon energy. We have made this reconstruction for

all the K“ events in Table IV assuming the ummeasured muon tracks have

3
"a range midway through the chamber, aﬁd then applied the chi-square
test. This final‘selection reduced equally the four samﬁles of K“3
events given in Table IV, and the comparison of the prompt with the
delayed data was unchanged with these new numbers .

From the delay times ahd the muon lifetime we calculated the

expected value of the ratio R:

_ fraction of prompt K3 events with p-e decays
fraction of delayed KM3 events with u-e decays

As described in Appendix C, we find this theoretical value RT to be
0.19 * 0.02, the error coming from the delay length uncertainties.

With the numbers of Ku events in Table IV the experimental value

. 3
RE is 0.21 * 0.02.

The KH3 events listed in Table IV have been subjected to all the

selection criteria except the final reconstruction fit. We considered
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the correction to RE needed because of the elimination of forward p-e
decays. Assuming a muon longitudinal polarization of +0.8 * 0.1 as
indicated by the analysis, we observed with this cut (93.7 + 0.2) percent
of the p-e decays. Recalculation of the ratio RE with a correction to
the number of decays observed gave a ratio statistically unchanged from
0.21. This ratio remained unchanged when we assumed various amounts of
the decays lost in the forward cone were interpreted by the scanner as
Ku3 events without u-e decays.

By comparing RE‘with‘RT, we measured the presence of a background
whose frequency is independent of the trigger delay time. We assume
this background to occur with equal freqﬁency in the data with delayed
and with prompt triggers on the range chamber. As shown in Appendix C,
thé fraction fB of the observed decays due to such a background is:
Rg - Bp

f = —m—,

B 1-Rg

From the value of RE and RT we find

'fB = 0.03 £ 0.02.
decays,

Sources of these background events include Ke decays and K.JT

3 2

+
with a n interaction in the range chamber. We determine experimentally

that the total contamination of the K _ data from all such backgrounds

#3
is (3 £ 2) percent.
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3. Calculation of Background Contributions

Kn2 events

The decay K+ - ﬁ+ + 50 (an) is the major source of background in

decay mode occurs 12 times more frequently than

the K data. The K
v) ne

3

the 20% of the Ku mode accepted by the range chamber. The upper limit

3

on the n+ kinetic energy, imposed by the anti-coincidence counter at the
end of the range chamber, is 89 MeV, or 20 MeV lower than the u+ energy

in X ,. Pions which decay in flight (x' — ' + v), or which suffer
nuclear interactions in the range chamber, can satisfy the range criterion;

and the initial K% decay could be a background event in the Ku data.

3

decay config-

2

It is entirely possible for K% events to simulate the KM

2 3

uration and to be kinematically reconstructable as K . events. Both the

3

K . and the K“ decay modes produce a ﬂog our apparatus has a grester

12 3

detection efficiency for the n° gamma rays from Kn decays than for

2

those from the actual Kp events in our data. The apparatus is most

3

efficient for events with the #°© direction-of-motion opposite to that
of the charged decay particle; this opfimal configuration for detection

occurs for all the K% decays but for only a portion of the KM decays.

2 3

For all these reasons we consider the K& mode to be, potentially, a

2

serious source of background.
We designed the apparatus to reduce the actual contamination of

the K  data from Kﬂ decays. As shown in Fig. 5, we placed three

M3

thin-plate aluminum spark chambers next to the K+ stopping region. These

2

chambers enabled us to measure the direction of thé charged decay
particle before significant scattering took place. With the measurement
of the gamma-ray conversion points and of the initial charged particle

direction we could test kinematically to determine i1f the event was a
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K In this way we eliminated most of the Kﬁ

e background before

2

the scanning for a p-e decay in the range chamber. For each event we

assumed the charged particle was a n+ from a K&g
Al

the vector directions of each gamma ray into the accompanying =° center-

decay and transformed

of-mass system. We defined the quantity

5=k -k, (V-3)
- where ﬂi, ﬂé are the calculated unit vectors in the directions of the
gamma rays in the n° rest frame, assuming the event to be a K&Q' In
Fig. 10 the distribution in & is plotted for a sample of raw KM3 data
as well as for Kﬂ2 data. In all graphs the actual K&Q events are sharply
peaked at & = -1; the events away from the peak are Ku3 decays as well
as K . decays with fauity measurements of the ﬂ+ direction or of the y

2
shower origins. It should be noted that the obvious Kn2 peak in the

KM3 data is due to events which satisfied tﬁé Kp range requirement--

3

that is events which have n+ decay-in-flight or n+ interactions in the
range chamber. As will be demonstrated, our selection criterion for

the Ku events that & > -0.9 was 95% efficient in eliminating K.Tt

3 2

background events.

a) K . events with x' decay-in-flight

n2

We calculated by Monte Carlo techniques the amount of background in

our data from the'K& decay mode, with associated n+ decay-in-flight.

2

events is given by

The proportion of these background events to the Ku3
N(KigF) Pn2 fgg
L = - = f.f P S = (V-)-l-)
DIF N%Kp3$ & € DIF Fu3 AT
Z 3 B3
s ®3
allowed B Fu3 & B3

L
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Fig. 10. Distribution in the parameter ® for initial samples of Kn2

and Ku data. a) all events. ® is a cosine and can have

3

values -1 to +l. We accepted K“ events if & > -0.9; events

3
in the'Ku3 data with & < -0.9 were considered probable K ,
decays, and were rejected. b) events with & < -0.9. To show

the sharp peaking in &, we expand the first bin (-1.0 < & <-0.9)

of the curves above.
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where Py is the n+ decay-in-flight probability, FHE/Fu3 the ratio of

ne

the decay rate for K& to the rate for Ku and fs the fraction of K&

2 3’ 2

decays with two gamma-ray showers detected. For Ku events we computed .

3

tﬁé n° detection efficiency fz3 as a function of the muon energy, and

H
B

summed in 1 MeV bins over Eu (allowed by the range criteria) the product
of f“3 with the relative differential muon spectrum, AT r .
s P ’ u3/ u3AEu3

In Eg. V-4 fy is the fraction of K , events with acceptable

2

8(.>-0.9), and £, is the fraction with € > 0.998. The parameter e

measures the straightness of the track through the spark chambers SC1.
p

sc2, SC3

€ =95 " Pp3

Here 312, 523 are unit vectors in the directions of the decay particle
determined from the track positions in SCl, SC2 and in SC2, SC3. A
n+ decay-in-flight in these chambers would be eliminated from the data
if e< 0.998. 7

We calculated the no detection efficienéies-fS by Monte Carlo
techniques. We generated in the computer a large samples of events, each
wit@ two éamma rays as from a no decay, and noted the fraction of events
which survived selection criteria reflecting the overall acceptance of
the apparatus. For the Monte Carlo calculation we estimated the
geometrical acceptance and energy-dependent efficiéncy of the lead-plate
sbark chambers for detecting gamma rays. We used the gamma-ray recon-

struction efficiency determined from Kn data--where each gamma ray has

2

a known energy-angle relation. For each artificial event with two
acceptable gamma rays we reconstructed the no and attempted to fit the

event to Ku kinematiés, as in the analysis of the actual data. We

3

found the randomly generated Kn events fit K . kinematics when the

2 u3
| ./
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charged particle was interpreted as a muon with a kinetic energy between

55 and 90 MeV, the acceptance of the range chamber. The calculation of

the Kp efficiencies f23 for various muon energies includes the selection

3
of events with 8, defined by Eq. V-3, greater than -0.9, as required for

the actual K“ data. In generating the K“ events and in calculating

3 3

the muon differential spectrum we assumed the form factor ratio, &, to
be real, energy-independent, and of magnitude -1. The shape of the
nuon spectrum9 and the results of the K

M3

sensitive to changes in the value of &. The results for

Monte Carlo analysis were not
f23 as a function
of muon energy are plotted in Fig. 11; the uppef curve is the fraction of
events generated with reconstructable ﬂo, and the lower curve is this
fraction with the additional requirement that & > -0.9. This lower

curve was used in the evaluation of Eq. V-k.

the

Qur result for the Kn events was fgg = 0.55. We estimated f

2 8,

fraction of K&g events with & > '-0.9, from the observed distribution in
d of K1t2 data shown in Fig. 10. After using curve b of Fig. 11 to

estimate the number of K _ events expected in the Kﬂ

3

5 data, we determined

f6 = 0.055
The direction of a muon from a n+ decay-in-flight before the third

tracking chamber practically coincides in the lab with the initial n+

direction, because of the low muon energy in the decay center-of-mass.

o}
as to decays-in-flight beyond the tracking chambers.

For this reason the factor f_ is applicable to early n+ decays as well

In our calculation of the n+ decay-in-flight probability we followed

the path of the ﬁ+ from the K+ decay point to the anti-counter at the end

of the range chamber. For every position of degréder along this path

we calculated the minimum and maximum muon energies acceptable by the
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Fig. 11. Calculated acceptance for K“3 events, as a function of pu
energy; a) events with ﬂo detected, b) events with .

detected and satisfying d > -0.9.
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raége chamber. Knowing the n+ energy at each position we calculated
’théimuon energy spectrum in the lab from a decay-in-flight. From the
acééptable muon-energy limits we determined the corresponding limits
on;the decay angles in the % rest frame, and consequently the fraction
offdecays-in—flight ylelding a muon stopping in the range chamber; this

factor times the decay-in-flight probability over the distance from the

previous degrader position gave the probability pDIF of an acceptable n+

decay-in-flight. In Table V we list our results for Py for different
regions of the n+ bath. We have combined individual subsections in
listing the values of Ppp for region 4 (from the 3rd tracking chaﬁbér
~ to the range chamber) and for region 5 (the range chamber). Since we
took KH3 data under two separate degrader conditions we have calculated
Php separately for each situation. Data taken under condition b (5/8"
less aluminum) comprised 17% of the events.

Table V also shows the value of fe in each region, the fraction of
the decay-in-flight events with € > 0.998. For regions 2 and 3 we
calculated the acceptable decay-in-flight angles in the lab; and,
assuming the decays uniformly distributed along the n+ path, we found
the expected distribution in €. Over half the decays in these regions
should have been rejected because of a detéctable kink in the observed
track.

Evaluating Eq. V-4, with the K& branching ratios 20.9 and

and K
2 777 T3

3.&%,10 and combining fS'fe.pDIF calculated for each region we find the

proportion of n+ decay-in-flight events to Kp events to be:

3

Forr

1]

3.1 x 1078 , degrader a (1" aluminum)

2.2 x 1072 , degrader b (3/8" aluminum)

1
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Our result for all the Ku3 data is

-2
Fpp = 2:9x 107 .

Table V. Calculation of decay-in-flight probability

region fe fS Pprr

degrader a degrader b

+ .
1. K decay > _

point to SC1 1.0  5.5x10 0.55x107>  0.58x1073
2. SC1 to SC2 0.46 5.5x107°  1.79x1073 1.88x1073
3. SC2 to SC3 0.40 5.5x107° 2.10x1073 2.22x1073
4, sCc3 to Th 1.0 5.5xlo'2 7.3ux10'3 5.93x10'3
5. Th to TS 1.0 5.5x107°  3.32x1073 1.27x1073

We calculated the average muon polarization of these background events

by noting thé ﬁ+ CEnter-of-mass decay angles corresponding to the

minimum and maximum muon energies acceptable by the range chamber. Since
the range of a particle stopping in the chamber must be less than that

of the n+, the range requirement selected those n+ decays with the muon
emitted in center-of-mass directions largely opposite to the ﬂ+ direction-
of -motion. Muons are emitted isotropically in the n+ center-of-mass,

and have a helicity of -1 in this decay frame. Because of the range
chamber acceptance, in the lab system the average muon polarization
components are zero except for the component along the ﬂ+ direction-of-
motion. Only muons in a backward cone about this direction satisfy the
range requirement,. so ip the lab this polarizétion component will be
large and poéitive; For each region along the n+ path, as given in
Table V, we éélculated the limits of acceptable center-of-mass decay

angles, and from these limits found the corresponding muon polarization.
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Using the decay-in-flight probabilities, pDIF’ calculated for each regiéh,
. %

wé then found the average muon longitudinal polarization for all these

background events; our result was PL = +0.7.

b) K_, events with wx-nuclear interaction

T2

Nuclear interaction of the n+ in the range chamber provides an
additional source of background events from the Kjt2 decay mode. If the
ﬂf interacts in the range chamber, with no secondary continuing through
the anti-counter, T5, the Kn2 decay will satisfy the trigger requirements

for the Ku3 data. This decay will be a background event present in the

K data after analysis if it 1s not eliminated by the kinematic test

M3

for KKE: the requirement that & > -0.9. The fraction of such KJT2 events
with respect to actual KH3 events is given by:

(k)

where

P2 fgz

R = I‘n . (V-6)
3 A
f§3 . M3 AR 3 -
. M.
allowed Eu FH3AEH3

In Eq. V-5, pNI is the probability of a ﬁ+ interacting in the 9.9 gr/cm?
aluminum equivalent of the range chamber. The factor f_, is the fraction

e}

of KnE decays that escape the cut, d > 0.9 as shown in the previous
section, f6 = 5.5 x lOnE. The quantity R is the ratio of the probability
of a Kn2 decay with a detectable no to the corresponding probability of
Kﬁ3 decays with detectable 7° and ﬁ+. As defined in Eq. V-6, R was

used in the estimate of the background from n+ decay~in-flight; in the
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previous section we found:

R

43.1 (degrader a)

k1.9 (degrader b)

The kinetic energies of the n+ reaching the counters defining the

range acceptance are as follows:

d der (K
egra ( H3)

a b
T1T at T4 70 MeV 80 Mev

TIt at 5 46 Mev 57 MeV

To calculate the interaction probability pNI we need to know the n+
aluminum inelastic crbss-section at n kinetic energies from 50 to 80

MeV. K&Q decays with subsequent elastic n+-nucleus interactions in the
range chamber (or in degrader before the chamber) will not contribute

to the K%Q background, as the ﬂ+ generally will undergo little‘energy
loss or change of direction, and so will be vetbed by the anticounter.
Using the'availablenmasurementll of the n+ total cross section on carbon,

from 40 to 70 Mev,

dTOT =~ 98 mb
we find for the upper limit
-2
= .
Py = 2.2 x 10

From Eq. V-5, we determine the fractional background to be

-2
=
Fyp € 5.3 x 10

This estimate of the nuclear interaction background from Kﬁ2 decays
is an upper limit, as it includes those interactions. which were actually

vetoed by the anti-counter. Additionally, in the background estimate
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we did not account for the selection of events by the requirement that‘f

the particle stopping in the range chamber have an apparent p-e decay.

A study of events normally eliminated from the K“ data, because of

3
& ~ -1, showed that the KﬁE background events had a percentage of

"u-e decays" half that of the events considered Ku Since the decay-~in-

3"

flight events are expected to be a significant source of K& background,

2
we infer that the hand scanning of the range chamber results in a further
reduction of the m-nuclear interaction background. The decay-in-flight
events have genuine p-e vertices in .the range chamber, and are

indistinguishable from K

u3

n-nucleus events may be rejected because of a multi-track vertex, or

events on the scanning table, while inelastic

simply interpreted as having no visible decay.
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7' Background Calculation

The 1 and ' decays, G S and K oxt+ 04 ﬂo}
occur with branching ratioslo‘ 5.5 and 1.7%, respectively. Although

three times as frequent, the T decay contributes less than the ' wmode

toward background events>in the Ku mode. Both T and T' decays

)
must satisfy the'raﬁge requirement; additionally, a 1 decay must charge
exchange to produce a ﬁo and must have'no charged particle penetrating
the cup counter which shields the shower chambers. We shall estimate
the background contributed by the ' mode and show this contamination,
and hence that from the =< mdde, fo be negligible.

'The maximum n+ kinetic energy in the t' mode is 53%.2 MeV,
5 MeV below the minimum of 58 MeV reiuired for a = tolréach T4. The

;lower. limits in the ﬂ+ energy, imposed by the range criterion, for each

degrader condition are:

degrader min. T % of K3 data taken |
a 68 | 82.8 ’
b 58 17.2

We calculated the contribution to the Kﬁ data of ' decays with the

)
ﬁ+ satisfying the range requirment by straggling or slight uncertaintieé
in the range estimate--such as that due to the uncertainty in thé K+
vstopping position. The observed range of ﬂ+ events in a study of the
Kﬂ2 decay mode fits a Gaussian distribution with a standard deviation

o = 3 MeV. Uéing this value of .0 (an over estimate for data taken
with a Ku3 'degrader) we smeared the theoretical ﬂ+ energy spectrum

t

in < decay:



'
—J
o
. 1
b

%o 1 (8'-E)%/20° ‘é 7
w@) - [ @) = e - (¥-7)
T (o] 21.0
Here E_ is the maximum %' energy (192.8 MeV), and w(E') is the
theoretical n+ spectrum, assumed pure phase space:

8ﬂ2p' Jﬁo- E'
w(B') = 2 . (v-8)

)
2

m \

As noted by Rossilg, the distribution in range of a particle of given

VE - B +
o]

energy is Gaussian, to an accuracy of a few percent; this approximation

is sufficiently precise for our calculation.

15

Recent experiments™ ™ have shown that the ﬂ+ spectrum is not

given by phase space, but more accurately by a linear matrix element of

the form
T
M(T) ~1+a T .1
Tn
. + . . max . . .
with TJT the n kinetic energy, and TTr its maximum. Since
15

~the constant a has been found to be negative, our calculations,

involving the’upper end of the ﬂ+' spectrum, give an overestimate of
the 1' background.

From Eq. V-7 we calculated the tail of the experimental n+
spectrum extending into the range chamber. We found the contribution of

this direct <t' decay to KM data to be very small:

3

_ N{direct t') -k
F'r',direct B N(Ku5) < o
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Fig. 12. Study of 7' mode: a) m differential energy spectrum, on
the left, and the factor PprE for the two degrader conditionms,

shown on the right is the calculated probability of
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an acceptable n decay-in-flight. b) Product of = energy
spectrum and the decay-in-flight factor Porp? for the two

degrader conditions.
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A more serious source of background comes from ' decays in

v

which the ﬂ+ decays-in-flight. The position of these events to actuai

KM3 events is given by
— gt AI}:
2: I * Porp T8 o
P _ N(z'DIF) _ Ty . VQllOWGQQEV ' V-9
T'DIF NK.,) ~ T : AT - (V-9)
(V5] 75 K3 %)
77 == « AR
ST, H
allqwed Eu
- 1 . ] H ] ] .
In Eq. V-9 ; /THB is the ratio of the ' and W3 rates, pDIF is the

probability of a n+ decay-in-flight with the u+ accepted by the range
chamber, and f;f is the ﬁo reconstruction efficiency for ' decays.
In the denominator of Eq. V-9 we sum over muon energies allowed by the
range chamber the product of the calculated ﬁo reconstruction efficiency
differential u+ spectrum. In

for K events, fuB, times the K
33 s H

3 b)
Eg. V-6 we gave this same term in calculating the Kﬂ2 background.
We calculated the decay-in-flight probability, py ., for x
from T' decays as previously described for u+ from the an mode,
By combining the individual probabilities for decay-in-flight, with
muon of éroper range, at each successive degrader along the ﬂ+ path,
we found the overall probability pDIF for an acceptable decay-in-flight.
We determined this.factof as a function.of the initial n+ energy,

rather than at a single point as for Kﬂ the results are plotted for the

05
two degrader conditions in Fig. 12. Also shown in this figure is the n+

energy spectrum, calculated from Eq. V-8, and the product of the

spectrum with the decay-in-flight probability, pDIF'
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Using Monte Carlo techniques we determined the x°  reconstruc-

1

' e T . +
cays, fs . For a given w  energy we

tion efficiency for =

generated +t' decays and mted the fraction of events that passed a

series of reconstruction étages. We repeated the calculations for
various values Tu, between 55 and 85 MeV, of the assumed muon kinetic
energy, observed in the range chamber. We found no significant
dependence of the reconstruction probability upon Tu. In Fig. 13 we
show the results for the efficiency, at successive stages of recon-
struction, as a function of the n+ kinetic energy. The top line
represents the probability of 2 (and only 2) showers being detected;
this calcﬁlation used the same criteria as described previously in the

discussion of the KnE background. The second line from the top

reflects the requirement that the ﬂo be reconstructable so as to

allow the .event to lie on the KM Dalitz plot, while the third line

5
shows the effect of the additional requirement that & > -.09 (the test

1
for KIt2 kinematics). The final efficiency f: is given by the

bottom line, reflecting the requirement that the shower energies

correspond to those predicted by one of the possible Ku kinematical

3

configurations. This test was made in the same manner on the actual
Ku5 data, and is giveﬁ by Eq. IV-1. The stages of reconstruction

reflected in Fig. 13 are the same as used in the calculation of fs

u3’

and shown in Fig. 11; for the Ku events the second and fourth step

3

have no éffect on the efficiency.
"From the results shown in Figs. 11 and 13, and from the

previously mentioned calculation of the K“ acceptance, ﬁe found,

5
With Eq_o V"9,
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Fig. 13. Calculated acceptance for T' events: a) events with two 7's

detected, b) events with reconstructable no, fitting Ku3

kinematics, c) events with & > -0.9, d) events whose shower

energles match those predicted by K ., kinematics.
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F = 2,38 x lOTu , degrader a

DIF
1.61 x 1072 , degrader b

and for all the data,

Nt prp) L b

F_, = X 5x 10 .
T DIF (K )

W
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, a
Knny Backgroun

We calculated the contribution of the decay K+ - ﬂ+ + ﬂo + ¥

to the background in Ku events., The fraction of Kﬁﬁy background

3

events in our data is given by:

events to actual K
CH3
7 _ Fﬁﬂy . A(mxy) (v-10)
Y T A(p3)
K3
with
YE B Y .. TP (v-11)
wy) = Iy ]."mr AETt Tt
allowed Eﬂ 7
' ‘ 8 A3
A = }i T ¢z « AE , (V=12
(13) T e, (v-12)
allowed Eu

The factors given by Eq. V-11 and V-12 are the integrated products of

the charged particle differential rate times the reconstruction efficiency
at the given energy; the sums are over the charged particle energies
allowed by the range chamber. The factor A(u3) was used in the K o

and T' background estimates, where we found:

A(u3) 7.8 x 1072 , degrader a v
(v-13)

8.1 x 1072 , degrader b .

To determine the acceptance A(mmy) we assumed the Kﬁﬁy decay

proceeded purely by inner bremsstrahlung with the wmatrix element given

bylh



: p P .
K +
M~ ) - ; ) LS ) (v-14)

+  +
where Pgs P> pY are the K', 7 , and y four-momenta, respectively, and
e is the photon polarization vector. Fig. 14 shows the ﬂ+ energy
spectrum derived from this matrix element. We used a Monte Carlo

analysis to determine finy’ the no reconstruction efficiency. For
different values of the n+ "energy we generated large samples of events
using the decay distribution which follows from Eq. V-14. These events

were subjected to the same reconstruction criteria used in calculating

the corresponding efficiency for KuB’ fi5 . The result for the factor
£° as a function of the n+ energy is shown in Fig. 15. The upper

Ty
curve gives the fraction of Knny events with two detectable gamma-

ray showers; this curve approaches 55% at high Eﬂ, the value found for

72 7.

events with observable showers were reconstructable as KH5 events, as

the kinematically similar K decay. We found that all the Kﬁﬂ

were the Kﬂ2 events., In this calculation we took as the muon energy
for each event that energy corresponding to the "observed" a range.

Carve b in Fig. 15 reflects the additional requirment on the Kﬁﬂy

events that & > -0.9; this selection eliminates events by increasing

amounts as the decay configuration approaches that of Kﬂg' The final

reguirement, that of goodness-of-fit to KH kinematics is met by all

3

the K events.
Ty
With the results for dery/ n and fim we estimated from
Eq. V-10 the Kﬁﬁy‘ background for the two degrader conditions:

1.48 x 1072 , degrader a

F
Yy

= 1.33 X 1072 , degrader b



-80-

| - T L) 1 1 1 L]
103: T ]
! al .
‘ 10 + ]
- & i )
V -
et ! ]
©
€ | -
P
P - -
€l €
L |d
poRNe
10°F E
l(ib 1 L I i | I
40 50 60 70 80 90 100 110

T+ Kinetic Energy

XBL 685-893

. +
Fig. 14. Calculated n differential energy spectrum in K+ —>n+ + 0+ 4
(inner bremstrahlung only).



-81-

% Events Accepted

0 ' 1 | 1 | 1 ]
60 70 80 90

™+ Kinetic Energy (MeV)

XBL 685-892

Fig. 15. Calculated acceptance for Kﬁny events: a) events with 7°

detected, b) events with & > -0.9.
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or, for all the K data:
u3

ne

F 1.4 x 1072 .

Iy

This estimate is an upper limit, as it does not include the reduction
in Kﬂyy background events by n+ nuclear interactions between the
K+ decay poSition and the range chamber.

From these background events wé expect to observe p-e decays
with the decay electron direction uniformly distributed. Each muon is
fully polarized; but, because of the low muon energy, we do not observe
its momentum direction. Since the decay muon is emitted isotropically,

the decay electrons will also be isotropic, and we measure zero polari-

zation.



&
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Ke3 Background

We estimated the amount of background contributed by the Ke5

o + R .
decay mode, K+ - +e + V. The fraction of such events relative

to the number of Ku events is

3
N(K ) T
= e3. _ . . &3 . Ale?) -
.bj65 = T fCu fr = s (v-15)
13 5
with
i AT
b) e3
A(e3) = Z P70 . 22 . AR . (v-16)
S PeSAEe e

allowed Ee

The acceptance factor for K, 5 events, A(e3), is the product of the

3
ﬁo reconstruction efficiency with the e+ differential spectrum,
summed over the electron energies accepted by the range chamber. The
factor A(p3) is similarly defined, and is given by Eq. V-13. The
Ke5 decay must give a pulse in T4, the counter at the front of the
range chamber, without being vetoed either by the water Cherenkov
counter Cu, or by the counter T5, at the end of the range chamber.
We determined by measurement with the cosmic-ray muons that the
efficiency of the Cherenkov counter was 99.8 percent for particles
with B ~ 1. To allow for the processes in which an et annihilates
in front of the Cherénkov counter, with a subsequent pair production
before T4, we take the fraction f

of Ke events surviving the

c b)
B
Cu veto to be 0.0l. We estimate the fraction fr of events reaching
T4 which are not vetoed by T5 +to be 25 percent.
In Fig. 16 we show the results of a Monte Carlo calculation of

the reconstruction factor fs for K 3 events. We calculated this
e -
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Fig. 16. Calculated acceptance for Ke3 events: a) events with two y's
detected, b) events with reconstructable no, fitting KM3
kinematics, c) events with & > -0.9, 4) events whose shower

energies match those predicted by KM3 kinematics.
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efficiency as a function of the electron energy as well as the energy

assumed for the "muon" in the attempt to reconstruct the event as a

3

K _. The dependence of f: upon the assumed "muon" energy, varied

u3

within the limits imposed by the range criteria, was not significant.

As shown in Fig. 16, Ke events at the low energy end of the electron

3

spectrum are generally not reconstructable as X events, with the

B3

"muon" assumed to have ~ TO MeV kinetic energy. The gamma-ray

showers generated for Ke events with high electron energies are

3
eagily reconstructable into a ﬂo consistent with Ku5 kinematics.
Many of these latter events are eliminated by the criterion that

& > =0.9, the elimination of events with K7r2 kinematics.

Using the differential electron spectrum for vector interaction9
we calculated the acceptance defined by Eq. V-16, summing over all
electron energies fromthe minimum required by T4 +to the end of the

electron spectrum, 228 MeV. The results for both degrader conditions are:

.degradér EeMin A(e3)
a 88 Mev 0.17
b 59 MeV 0.18

A .10 | : A
with PeB/PMB given™ by 1l.U41, we estimated the proportion of Ke3

events, using Eq. V-15, to be

background events to Ku5

Fe5 = T.7 X 1077 , degrader a

7.9 X 1070 , degrader b

or, for all lKu data.,

3

F_ ~0.8x107° .
e’ _
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As with the background Kﬂ2 events (with m-nuclear interaction)
we expect that many Ke5 events are eliminated in the scanning for
p-e decays. Both sources of backgrounds do not have associated p-e
decays in the range chamber, and the frequency of these background
"decays" is independent of the time delay of the range chamber trigger.
Our study of the percentage of events with wp-e decays for different

time delays on the range chamber trigger is a direct experimental measure-

ment of the amount of such backgrounds.



[

87-

VI. RESULTS
+
A. Study of K _ Decay
U3
We obtained 3133 completely reconstructed K . events with observed

K3

p-e decays. The Dalitz plot of these events is shown in Fig. 17, where
for clarity we have grouped the events in bins of 20 and 10 MeV in ©

+
and p kinetic energy, respectively. Our apparatus accepted Ku decays

3
with the u+ kinetic,energy; Tu, equal to 70 £ 20 MeV, but with the full
spectrum of Tﬁ. For given Tu‘the data are strongly peaked toward high
values of Tﬂ, reflectihg the basic interaction structure, given by
Eq. I-3, as well as the increased efficiency of the apparatus in
detecting a 7° of high energy and direction opposite to the u+.

Figure 18 gives the angular distributions of the electron momentum

vector for the up-e decays associated with the 3133 Ku events which

3

satisfy all the selection criteria. These distributions refer to the

~

€ defined by Egq. II-5. For illustration the

coordinate system @L,

€1
data are grouped in bins of 0.1 in the cosines. The lines drawn show
the distributions expected for decays of muons with average polarization
components as found by the likelihood analysis. These lines are

normalized to the total of 3133 events with

N

pe-eL < 0.9.

The events elimihated by this cut wouid have appeared in the bin
fﬁrthest to the right in the top graph. These events have also been
excluded from the lower two graphs. The effect of this selection is
evident in Fig. 18; the loss of events with the electron momentum vector
along EL is reflected by the depletion of events with small cosines

with respect to the axes %€, and él.

T
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Fig. 17. Dalitz plot of 3133 K|J.3 events.
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Fig. 18. Angular distribution of the electron momentum vector in u-e

decays, from 3133 K:3 events, referred to the axes gL’gT’eJ.’

The lines drawn are normalized to the 3133 events with

Iﬁe‘gL < 0.9. The dip in the lower two graphs for cosines
near zero reflects the loss of events with ﬁe'gL > 0.9,

Because of this cut, the data points are not expected to fit

the solid lines.
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The likelihood functions for the muon polarization components

for all the KH events are shown in Fig. 19. These components are

3

along the longitudinal, trans&erse, and perpendicular axes (EL’ET’EL)
defined for each K+ decay, and given by Eq. II-5. As seen in Fig. 2,
muons from events with high 7° energy are expected to be strongly
polarized in thé longitudinal direction. This prediction agrees with
the result of Fig. 19, an average over the Dalitz plot and hence
heavily weighted toward high Tﬂo' The component of polarization out
of the decay plane is -0.1 * 0.1, consistent with zero and time
reversal invariance, while the perpendicular component is small and
negative as predicted in Fig. 2. Since these components are averages
over the Dalitz plot, they are not expected to form a unit vector;

it 1s for a particular event, with specified kinematics, that the muon
should be fully polarized in some direction. In Table VI we tabulate

+
the results for the p polarization components for all the events and

in separate bins in the 7 kinetic energy.

+
Table VI. Muon polarization components, K _ events.

u3
2
To q \
T ave

(MeV) (MeV)2 Bvents Py, P Py AP

> 76.5 3.7o><1oLL 2258 +0.9  -0.1 -0.2 each * 0.1
46.5-67.5 7.18><1oh 488 +0.8 -0.2 -0.1 each * 0.2
28.5-46.5 : 9.09>qol* 265 +0.8 -0.2 -0.8 each * 0.3
0.0-28.5 11.o<>aol* 122 -0.1 +0.5 -1.1 each * 0.5
all events l+.95><1ol‘L 3133 +0.8 . -0.1 -0.3 each * 0.1




-91-

l 1 | ] | I I T 1 | l | I I | I I T I
+ o, + o
K'—7"+up +v Polarization components
3133 events
.ok o, =-0.27+£0.09 o;=-0.11% 0.09 O‘L=O.83:tO.09—
©
e,
O
o
o
s 4
- 0.5
oL 1 1 1 L

Assumed polarization

XBL6E83-2246

Fig. 19. Likelihood functions for average muon polarization components

+
in 31 K vents.
3133 u3e



_92 -

2
For each bin we list the average value of q , the square of the momentum

transfer to the leptons; in the K+ rest frame:

q2 = ng + mxge - EmﬂoEﬁo.
Most of our data are in the low q? (high © energy) region of the
Dalitz plot. The bins were chosen to give equal accuracy in the
measurement of £&; they are of unequal size, due to the varying
sensitivity of the polarization method over the Dalitz plot. As‘noted
in Table VI for high q? (low Tﬂo) events, we found the u+ strongly
polarized along the perpendicular axis with a small longitudinal
component. For progressively lower bins in q2 this perpendicular
component decreases and the M+ becomes almost fully longitudinally
polarized. This general variation of the polarization components over
the Dalitz plot bompares favorably with that predicted by Eq. II-6
and illustrated in Fig. 2.

We analyzed our data by the maximum likelihood method previously
described to determine the value of the parameter ‘t. For a given value
of & the muon polarization direction is predicted for each completely
reconstructed K“3 event. The solution for € is that value for which
the electron decay directions in all the data best fit the expected
angular distributions about the polarization axes. As discussed in
the Introduction, £ may be complex‘as well as energy-dependent. Figure
20 shows the result of the iikelihood analysis of all the Ku3 events
for & assumed complex but constant. The three contours enclose 40%,
67%, and 96% of the volume under the two-dimensional likelihood function;

the solution given in Table VII uses the middle contour as the limit of

1 standard deviation. We list in Table VII additionally the results
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Fig. 20. Likelihood functions for &, assumed complex and constant,

+ -1.
from 3133 K“3 events. The e L1.14 contour corresponds to
the limit of 1 standard deviation about the most probable

value, Re £ = -0.9, Im £ = -0.3.
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Table VII. Results for complex §&.

2
qave

(MeV)2 Bvents Re & Im £
3.70 x 10% 2258 -1.0 fé'g 0.8 * 0.9
i +0.9 + 0.9
7.18 X 10 488 -2.0 0.8 0.7 _ 1'%
N +1.2 + 0.9
9.09 X 10 265 -0.7 0.9 -0.3 1.0
4 +2.2 + 1.8
11.0 X 10 122 -0.4 1 +0.8 ~ 1.0

+0.5

all events 3133 -0.9 0.5 -0.3 * 0.5

for complex & from data binned in q2. For each bin & is assumed
constant; the errors again correspond to the middle (e-l'lu) contour.
Time reversal invariance requires £ be real; our measurement from all
the data is consistent with Im € = O, as can be seen in Fig. 20. This
conclusion is ﬁnchanged by measuring Im £ in separate bins in q2. In

terms of a phase anglé ¢ defined by

g = [g] &'

we find
[e] = 1.0 £ 0.5
V¢ = (200 % éo)o

with the error assigned from the e-l'lu contour. This result is
consistent with the requirement of time reversal invariance that ¢ be
0° or 180°.

Assuming £ to be real and constant we obtain the results given
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in Table VIII. The errors quoted are those appropriate to a 1

dimensional likelihood.

Table VIII. Results for &, assumed real.

42
(M:§§2 Events Re t (Im £=0) PromAL
3.70 X 10 2258 -0.9 £ 0.6 0.9 *+ 0.1
7.18 x 1oLL 488 ~1.9 tvo.55 0.8 + 0.2
9.09 x 10" 265 0.7 " 8‘g 1.1 % 0.3
11.0 x 10* 122 0.2 " 8'? 1.2 £ 0.4
all events 3133 -0.95 £ 0.3 0.9 £ 0.1

The values for Re £ from different bins in q? are consistent with

each other and with the result for all the data:
Re £ = -0.95 + 0.3 (Im £ = 0).

In Fig. 21 we have plotted our measurements of Re £ as a function of
q?; they do not show any significant dependence of Re & upon q2.
Table VII shows that this conclusion is valid for complex €& as well.
To make this conclusion more quantitative, we express the energy

dependence of §£

£(a%) = £, (1 + A a*/n) (VI-1)

we can analyze the data in a two parameter likelihood to obtain the

constants go and A, assuming & real. Our result is

go = =1.2
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Fig. 21. Results of likelihood analyses for §, assumed real and

constant, from data in four bins of q2.

the data is also shown:

The result for all

£ = -0.95 £ 0.3.
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A = -0.04

with the contours giving the limits of 1 and 2 standard deviations as

shown in Fig. 22. For any value of A less than 0.3 in magnitude, ¢

ﬁust be negative to be compatible with the data. The form of Egq. IV-1

is motivgted by the expressions relatingvthe form factors f+ and f_ to

masses of possible intermediate states:

2
m,
£,(a7) = £,(0) ——— (VI-2)
mi - q
where, 1if mi2 >> q?,
5 2
£,(q7) = £,(0)(1 + A=) (VI-3)
=
2
= £, (0)(1 + A, —4)
mﬂo

here.

: 2
Ai = Mo /m+
so that the expansion VI-3 is good only for
2,2
7\i << mj_[o /q_
. . 2, 2 2
but since the range in g~ is from m to (mK - mnO) we have

A, < 0.2.

Accepting the value of K+ ~ 0, as measured,15 we can write

NEEACS
£(q7) = ——5- = £(0)(1 + A L)
£ (q) m
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Fig. 22. Likelihood function for £, real and energy-dependent, from
3133 Ku3 events. The e—l'lLL and e—3,'lo contours give the

limits of 1 and 2 standard deviations.
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which is Eq. VI-1, with A = A_. Thus we can interpret Fig. 22 as
suggesting there is no large linear q2 dependence in the f_ form
factor. If the A parameter is due to a pole term dependence, the
results in Fig. 22 are invalid for A > 0.2. An analysis of our data
for q2 dependence of the form

2
m

E(qe) = éo B
m + q

gives the result that any values of m greate; than 500 MeV are
equally good; the corresponding values of ﬁo are all ~ -1.0. We find
the lower limit for acceptable m to be ~ 250 MeV.

Given the values of £ listed in Table VIII we analyzed the data
to determine the magnitude of p+ polarization, P

TOTAL

direction predicted for each event. For all the data we found this

along the

component to be + 0.9 £ 0.1, in agreement with the expected value of

+1.0. The results for P from data in separate bins of q2 are
TOTAL

listed in Table VIII; they are consistent with each other and with

the predicted value. We obtain essentially the same values if,

instead of assuming £ to be real, we calculate P using the

TOTAL
results for complex & given in Table VII.
The discussion of this section can be summarized as follows:

with & = [€] eicp, we find |&] = 1.0 £ 0.5, ¢ = (200 = 30)°; for .

2 2 , .
t(q”) = e(0)(1 + 2 ¢ /mﬂog), we have £(0) = -1.0, A -0.04, the errors
given by the contours of Fig. 22; and for & real and constant, our

result is £ = -0.95 * 0.3.
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B. Measurement of X' Mean Life

We determined the K& mean life for each of the Qecay modes, KH3,
KH2’ and Kn2' For each event the observed time between the K+ stop
and the subsequent decay signal was displayed by a row of bihary-
coded lights and recorded on film with the spark chamber tracks. We
used a delay-time to pulse-height converter with an analog-to-digital
converter to digitize the observed K-decay time. The time distribution

of the 3133 Ku events is shown in Fig. 23. Zero time is at the

3

right of the figure. Also shown are the Kﬂ 5

data and half the K
2 3

data. During some of the K ., runs the display control for the binary

p2
lights failed to store certain bit configurations; these data are not
included in the analysis.

We calibrated the time digitizer by delaying the K-decay signal
and allowing the system to be triggered by pions in the beam which
scatter towards the range chamber. We found the calibration to be

1 channel = (2.2 * 0.2) nsec.
To keep our measurement of the mean life free from the resolving-time
effect of the apparatus we limited the data to events from channel 20
through channel 8, as shown in Fig. 23.

We calculated the lifetimes and their uncertainties from the data
in Fig. 21 using the meﬁhod of Peierls.16 In this analysis the mean
life T is the solution to the equation

; * (27 1) L=0
where T is the time during which data are taken and s is the observed

mean life
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Lt

all decays th
~ no. of chays E t, = time of 1™ decay.

Following the procedure of Peierls:L6 we have found the uncertainty in

the mean life, At, to be given by

'1/2

B [ S(1-e"1/7)2 }
i b a(-e™ "y pr1-e /7 (1 + %)]

AT

with

2
-T/T(2S. -5 + ﬁ
T T

)

a =.s(§ - 2)+e

b=2[s -1+ e'T/T(T+ T -8)].

Table IX gives our results for the Ku K ., and KnEAlifetimes. Each .

37 w2

Table IX. Results of measurements of K+ mean life.

Decay Mode Events Mean life (channels) (nsec)
Ku3 1635 6.0 £ 0.5. 13.2 £+ 1.6

+ »
Ku2 773 6.6 £ 0.7 4.5 = 2.0
K5 278 6.3 + 1.2 ;3.9 + 2.9
combined result 6.2 £ 0.4 13.5 £ 1.5

of these measurements is consistent with each other, as expected for
the lifetimes of different decay modes of the same particle. If we
lump together the three measurements of the K+ mean life, we have

T = (13.5 * 1.5) nsec, in reasonable agreement with the acceptedlo
value, T = (12.34 % 0.05) nsec

We investigated the possibility of a dependence of the parameter
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3 decay. We divided the Ku3 data into

two samples according to the observed decay time of each event and

+
¢ on the proper time of the Ku

analyzed each sample to determine £, assumed real and constant. We

found ¢ = -0.8 + 0.4 from K _ decays occurring promptly (in channels

M3

25 through 20) and £ = -1.0 * 0.4 from K _ at longer times (channels

H3
19 through 1). These results are consistent with the assumption that

£ is independent of the decay time.
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VII. DISCUSSION

In a study of the muon polarization direction for completely
reconstructed K;3 decays we measure the form factor g(q?). Assuming
¢ to be real and independent of qe, we find

£ = -0.95 £ 0.3.
Since the direction of the u+ polarization vector is predicted as a
function of g(q?) for each event of specified kinematics, the
experiment allows a determination of the q2 dependence. Our measurement
of the muon polarization is directly sensitive also to the presence of
an imaginary part of £, corresponding to the violation of time-
reversal invariance, as we determine the polarization component out of
the decay plane. The fesults indicate that the form factor §(q2) is
real and constant, within limits given in the previous section.

We find the magnitude of the u+ polarization along the direction
predicted by our result for £ to be 0.9 £ 0.1. This value confirms
the prediction of the two-component neutrino theory that the muon be
fully polarized along some direction, and is in good agreement with

the description of K _ decay given by Eq. I-3. Background events in

K3

the K.“3 data or systematic errors in the reconstruction of events
reduce the apparent magnitude of the muon polarization; our measurement
suggests that these effects are small.
. 2\ . + .
Previous measurements of &(q ) in K and K° decay are summarized

in the review article of Lee and Wu.l5

We list these results for ¢
in Table X, which is copied from the review article. Recently
published experiments to determine €& which are not included in this

review'are listed in Table XI. Two measurements of a single component



Table X. SUMMARY OF MEASUREMENTS OF §

S

.- Source

. Experiment £ Values
: . - 4141
Callahan et al. (17) ' gpectrum Re ¢ - 0.0 oo
[Imgl = 0.0%1.0
‘ : _ +0.9
Muon longitudinal polarization| Re § = ~0.7
- -3.3
+1.4
[lmgl = 0.5
-0.5

Kt/ Kot branching ratio

#° spectrum and xu angular
correlation

Muou total polarization
{s1(u))=0.0410.35

- Combined results from above

experiments :

Forlm g¢= 0O
Re ¢ = +40.401+ 0,40
or =+=698+0.40

For lm¢= 0 .
Re ¢ = 40.72+£0.37

Reg = —1.4%1.8
Img = +1.6%1.3

‘Ret =40.34+0.24

+0.57
Im¢ = 0.09
-0.87

Table X - (continued)

-4

Source Experiment E Values
Bisietal (18] | u*spectrum mtg = 0
Re ¢ > 3.3
Ko bran'ching ratio Im ¢ = 0
Re ¢ = 0.610.5
or -7.3+£0.5
or Im ¢ = 3.5+0.50
Re ¢ =—-0.75+0.5
Jensen et al. ;'(19) p*and x® spectra and angular | Re ¢ = —1.241.0
. correlations 0<|Im g| <2.4
at 909, confidence level
Giacomelli et al. (20} p* spectrum For Im ¢= 0
Re ¢ = 40.740.5
Broivn et al.;(2l: gt and #° spectra and angular | For Im ¢= 0
’ correlations Re ¢ = +1.841.6
Cutts et al.i(22: p* spectrum and Py For Reg= 0
0.8<Im £<2.6
ForIm¢= 0
0.2<Re t<1.4
' Smirnitski & Pgf (longitudinal polarization) | For Im ¢= 0
Weissenberg (23) |1 : Ret =42
Groves et al. (24) |~ spectrum ForImg= O
Re ¢ = 0
Borreani et al..'(25) P} (longitudinal polarization) | For Im ¢= 0
+2.4

Re ¢ = 1,2
: -1.8

Bartlett et al, (26)
For K° decay

(s1(u))=+40.02£0.07

Im¢ =+40.14+0.35,
assuming Re §=0

-G0T-



Table XI. Recent measurements of ¢ in K" and X° decay -

Source

Bisler et al.>!

28

Carpenter et al.

Auerbach et al.
Young et al.3o
Bettels et al.3

This experiment

29

1

32

Decay

~

A

=

=

~

=

Experimént

Dalitz plot distributions
Dalitz plot distributions

+
4 perpendicular polarization

.+ . .
g transverse polarization

+
p total polarization

+
u total polarization

or:

Result for £, assumed

constant

Re ~0.5 %
Re 1.2 =
Re -1.2 %
Im ~-0.01%
Re -1.0 %
Re -0.95%
Re & = -0.9 ©
Im -0.3 %

0.9,Im¢
0.8,Imt
0.5,Im¢
0.07,Ret
0.3,Im¢

0.3,Im¢

O O
=W

in

i

]}

2.3

- %T—
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29,30

+ . ,
of u polarization in KZ decay have recently been reported.

3

These results for £ from Kp experiments, as given in Table XI, are

consistent with the results of this experiment, in agreement with the
.|.

requirement of the AT = 1/2 rule that £ be the same in K and K° decay.

: +
Previous determinations of g(q?) in K“ decay are primarily from

3

studies of the Dalitz plot distributions or from measurements of the

+ +
ratio of the rates K K _:
u3/ e3

+
I'(K —>J-(O+p,++v)

R =
F(K& S V)

(VII-1)

These experiments are insensitive to the presence of Im £, and their
determination of the reai part of & is strongly affected by possible
q?-dependences. In practice it is necessary in these experiments to
assume £ to be real and constant. The measurement of & from the ratio
R, Eq. VII-1, requires the further assumption of u-e universality,
under which principle the form factors in Ke

and K“ decay are

3 3
identical at identical values of q2. The determination of §(q2) from
the measurement of the direction of the muon polarization vector for
events of specified kinematics is independent of these assumptions.
This experiment has the further advantage that g(q2) is found independently
from each completely-reconstructed Ku3 event. For this reason our
results are not sensitive to systematic effects in selecting the
event; we were able to apply strong.criteria to assure a pure sample
of data.
In Table X the measurement of £ with the smallest quoted uncertainty

is that reported by Callshan et al.;l7 their result of & = +0.34 % 0.24

is in disagreement with our measurement. The value for & given by
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17

Callshan et al. is a combined result for separate expériments from

the same data sample. As seen in Table X, the number quoted for ¢

is derived primarily from a measurement of the K . Dalitz plot

3

distribution (no spectrum and n-u angular correlations) and a measure-

ment of the parameter R (Eq. VII-1) from the observed Kll and K,

3 3

decay rates. Both these methods of determining & have experimental
difficulties not encountered in the muon polarization-method. The
methods of Callahan et al.l7 require an accurate knowledge of the

experimental detection efficiency as a function of the K 3 kinematics.

v

By contrast, in the polarization experiment & is determined from
each event rather than from the data, collectively, and so is

independent of the Ku detection efficiency. One does need to know

3

the detection efficiency for u-e decays =-- the analyzing power of
the apparatus -- but one can calibrate the apparatus directly with
K . events.

u2

The measurements of Callahan et al.l7 and similar experiments

require far more serious corrections to the data than those needed
in polarization experiménts. To give an example, the Kﬁg decay mode

+ + (o] . + . . . .
(K »xn + n ) with a © decay-in-flight is a serious source of

+ :
background in all K“ experiments; with the p continuing along the ﬂ+

3

direction~-of-motion, the event is kinematically indistinguishable from

a K _ decay. In our analysis we simply eliminate from the K

13 u3

all events with kinematics resembling that of a KjT2 decay. Certainly

data

we lose some K“ events in this way, but we do not bias our result

3

for €. The Ku branching ratio and Dalitz plot measurements require

3

a correction for data lost in such a manner as well as an accurate
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calculation of the remaining background contamination. To calculate
background contributions accurately one again needs to know detection
efficiencies with precision.

In Table XI we give the result of a recent experiment by Bettels

et al.,3l in which the polarization method is used to determine §£.
This result, £ = -1.0 £ 0.3, is in good agreement with our measurement.
31

The apparatus used by Bettels et.al. was completely different from

. . -4
our spark chamber apparatus. In their experiment Ku decays were

3

observed in a heavy liquid bubble chamber. Due to the presence of
a strong magnetic field in the chamber, only that component of

polarization parallel to the field could be measured. For each K

M3

event with subsequent p-e decay they observed the direction of the
decay electron momentum with respect to the magnetic field direction.

The data sample of Bettels et al.3l consists of 6QOO X _ events,

M3

compared to the 3133 events in our experiment. With a magnetic field
they lose polarization information; consequently the uncertainty
guoted in the result for £ is the same in both experiments.

33

Stiening haé suggested an explanation of the discrepancy between

the values of £ determined from muon polarization experiments and
from the Kp3/Ke3 branching ratio measurements. We have remarked that
the determination of & from Eg. VII-1 requires the assumption of

p=e universality -~ the assumption that the form factors in K _ and

b3
33

K . decay are identical. Stiening~~ notes that if one allows

e3
universality to be violated, the measurement of € from the two methods
can be made compatible. The amount of violation of universality

required is not ruled out by present tests of universality in strange-
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particle decays. Even with universality violation, however, there
remains the disagreement between the polarization experiments and the

experiments measuring the»Ku3 Dalitz plot distributiions.
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APPENDICES

A. Solution of K Kinematics

5%

We calculate the possible solutions of the kinematics to the decay
K> ﬂo + u+ + vy with the subsequent decay-in-flight ﬂo -7 + 7. We
observe the K decay at rest at a known position and measure the direction

and range of the charged decay particle, as well as the positions of the

gamma, ray conversion points. As shown in Fig. 24, we define the quantities:

gp = unit vector in the direction of the charged particle,
El’ Eg = unit vector in the directions of the gamma rays,
voo= cos-l(ﬁl°£2) = opening angle of the gamma rays (defined
< 180°),

-1,~ ~
el = COos ( l'pu) )

=1,~ ~
8, = cos (kg-p“) s
EH’ P = +total energy and momentum of the charged decay particle.

Al]l these quantities are experimentally determined.
Applying conservation of momentum to K decay gives the

M3

following equations
= + + . -
Py =P tP, P, | (A-1)
and

p =k +k, . (A-2)

Here Py pﬂ, pu, pv are the four-momenta of the K+, no, u+ and v;

and k., k., are the four -momenta of the gamma rays. From Eg. (A-2)

172

we obtain
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XBL 686-1050

a) Diagram of a KﬁB decays b) the decay with measured

Fig. 24.
parameters indicated.
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2
m

7
BB = 3liccos 1) (a-3)

. . +
where E = |k, .|, while from Eq.(A-1), evaluating p, in the K
1,2 1,2 K

rest frame,

mk(Eu+El+E2) =W+ EH(E1+E2) - lill(El cos 8, +E, cos 92) ,

(A-4)
W= %(mi + mi + mﬁ)

Combining equations(A-3)and(A-4), we find:

o (mk-Eu+]§L]cos Ol)(mk—EEflﬁLlcos )

. )-%
2 2
_ (W-mkE“) : [(W-mkEp) ” 2mﬁ (1- cos V) J

2(mk-E“+]§L]cos Gl)

(4-5)

2
m

2 2El(1-cos V)

Equation.@r5)gives the two possible pairs of gamma-ray energies consis-

tent with Ku kinematics, corresponding to the two possible signs in

)
the numerator of the expression for El. All the variables are defined
in Eq. (A-5) and are experimentally measured. For each pair of gamma

energies‘the corresponding complete solution to the K kinematics
- =

u3
. > -
follows d}rectly as, Eﬂ = El + E2 and pﬂ = kl + k2 .
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B. Calculation of Likelihood Normalizations

The likelihood function used in determining the parameter ¢

has the form:

==

L(e) =

1

£(€,x.)
1 1

il

where the product is taken over N events of the normalized p-e

decay distribution function

1 P
f(E,Xi) =5 (1 + 3 Xi)
i
Here xi = [ﬁe-Gu(g)]i, and P is the magnitude of the muon polarization
along its predicted direction GH. The normalization constant cy is

obtained from the condition

+1

jr f(&,x)E(x)dx = 1

-1

The function E(i) represents the experimental efficiency of the
apparatus in detecting up-e decays. We had difficulty in observing
thevdecay if the electron direction ﬁé cbntinued along the direction
of the incident muon, ﬁu. Because of this ineffiéiency we impoéed a
cut in the data, eliminating all events with the electron decay within
a forward cone about ﬁp. Oufside,this cone we took the efficiency

E(x) to be unity. The normalization integral then becomes
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] fE,x)dx = -é? ) [ f(t,cos ©)sinededy = 1
all x outside all ©,9 outside
cone about ﬁu cone about ﬁu

Figure 25 shows the space over which the normalization integral is to
be made. The Z axis is the polarization direction, Gu, and the &
and § axes are chosen such that the muon direction ﬁu lies in the

yz 7plane. We define

©
1l

-1 .
cos (ﬁ“ 2)

[<»)
Il

half angle of cone about ﬁ“

Events with ﬁe'ﬁ“ > cos Go were excluded from the data, We integrate
the probability distribution over all decay distributions outside this

cone. This distribution function is:

f(t, cos 0) = %(l + % cos 9)

which, in a coordinate system about ﬁu:

8! =
2y

x' =%
becomes

1 P . : . : 1
f = E[l + 3(Cos 92 cos ©' - sin 92 sin @' sin @')],
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XBL 686-1049

Fig. 25. Calculation of likelihood normalizations.
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so that the normalization condition is

2. b1
1 1 P . ! . PR '
5 J[ J[ E[l + 3(cos 9200s o] sin 92 sin o' sin ¢')]
0 e

sin ©'de'de' =1 (B-1)
Solving Eq. (B-1) for the normalization factor c, we find

P cos 92
¢ = (1 + cos GO)[l -— (1 - cos GO)]. (B-2)

In the analysis for the parameter £ we assume the muon to be fully
polarized (P = 1), and observe the distribution of the electron decay
direction with respect to the predicted polarization directions, Gu(é).

In this case we have
ci(g) = (1 + cos Qo)[l - %(l - cos Go)(ﬁe-ﬁu(é))i].

Having found & we use the likelihood to measure the magnitude P of

polarization along the predicted direction. From Eq. (B-2) we then have
: P
Ci(P) = (1 + cos GO)[l - g(l - cos Go)(ﬁe GM(E))i]

In determining the average muon polarization components in the K-decay

rest frame we define for each event orthogonal axes @L, ?T @l . For
L)

the longitudinal component,
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so that

P
ci(PL) = (1 + cos GO)[l - gé(l - cos 90)].

The transverse and perpendicular axes are orthogonal to the muon

direction,
cos ©
and we have

Ci(PT) = ci(gL) = (1 + cos 90)




C. Comparison of Prompt/Delayed KHB Data

We studied KH events, observing the u+ and its subsequent

3
decay, provided the p-e decay came within a given time from the
initial K+ decay. We obtained data from two different values of this
waiting period: the KHB data subjected to the polarization analysié,
for which we observed u-e decays up to a time td, and a smaller
amount of "prompt" data, with decays observed to time tp. The
fraction of muons which decay within a time t is given by

where T is the muon lifetime. Defining R as the ratio of the
fraction of decays in the prompt data to the fraction of decays in

the delayed data, we have

50 the predicted value of R is

R_ = (C—l)

The data consists of events with u~e decays and events without decays,

"stops" as called by the scanner. From the observed number of events,

D D,
- (o) ) )

we calculate



2

[
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where Dp’sp are the numbers of decay events and of "stops" in the

prompt data; D S are the corresponding numbers for the delayed data.

d}
In addition to these numbers of true Ku3 events, there may be back-
grounds which can be interpreted as KHB events with p-e decays.
From sources such as K decays with a n+ interaction in the range

2
chamber, the frequency of these background events will be independent
of the time allowed for the u-e decay, but proportional to the number
of actual Ku3 events. If we define B as the number of events in

the delayed data due to such backgrounds, then the experimental value

of R is

5l [
o e

D_+5 +S +B
Dp+Sp+B<D s

which reduces with Eq. (C-2) to:

From the observed value RE and the theoretical wvalue RlIl calculated

with Eq. (C-1), we can calculate fB’ the fraction of background

"decays" in the delayed KH5 data.
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D. Depolarization by a Magnetic Field

Our method of measuring muon polarization required that the
magnetic field be small in the region of the pu-e decays. We delayed
firing the range chamber for 3.5 usec, about 1-1/2 muon lifetimes, so ”
that thé decay electron track would be frequeﬁtly observed. For each
event we did not know.the time after the muon came to rest that the
decay took place. Significant procession of the muon spin during the
time the apparatus was sensiéive to a decay would have affected the
polérization measurement. We enclosed the range chamber in a double
walled iron box to reduce the magnetic field in the decay region. The
residual field was less than 200 milligauss. |

To estimate the actualbdepolarization in our data due to the
magnetic field, consider a muon at time t=0 with polarization of;magnituae
PO along soméaxis. . The spin is processed with frequency @ so

that at time t +the observed polarization P will be

v
]

P cos Qt ,
O .

where 9]

wola x Eﬁ;wo = 8.51 x lOu radians/gauss-sec.
If we measure the muon polarization by observing all decays from time

t=0 to’ t=tl then

ty '
f cos Ot e-t/T at
0 , , T

P = PO : .tl A
[Tt &
40 _T

which becomes
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e_tl/T(cos QT sin Qtl)

o (l-e_tl/T)(l+Q2 72

The muon lifetime, T, 1s 2.2 psecxjand tl was 3.5 psec. The fraction
of remaining polarizatiﬁn, P/PO, as a function of a magnetic field
transverse to the polarization direction'is shown in Fig. 26. We
measured all components‘of thelfield.throughout the decay region under
‘magnet and accelerator conditions similar to those during the data
collection. The largest component observed Was less than 200 milligauss,
a value iﬁdicated by the arrow in Fig. 26. From magnetic fields of

this magnitude there is no significant depolarization.



Pobserved Y, P~true

Fig. 26.
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LEGAL NOTICE

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

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

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

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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