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ABSTRACT
We have studied the decay K+ + 7% + ﬁ+ + v (KU3) in a Spark
chamber experiment at the Bevatron. The data consist of 3133 events
.with ﬁ~e decays and'completé kinematics for K+u3. We determined the
muon polarization vector from_the angular distribution of the decay
electrons and related this measurement to a determination of the vec-
tor form'fact;r ratio, £ = f_/f+. The data'are‘statistically consis~

" tent with the assumption that £ does not depend on momentum transfer.
' +0.5
-0.4

If we analyze theé data imposing the constraint that £ be real, we find

Assuming £ constant, our Yesult is £ = (-0.9 } + i (-0.3 * 0.5).

£ = -0.95  0.3. The muon polarization along the direction predicted
by these values for § is 0.9 * 0.1. In a calibration exberiment we
find the muon ldngifudinal polarizafion in the decéy K% -> U+ + v to be.

-1.0 *+ 0.1.



I. INTRODUCTION-

The currentrphenoménologicél theory of weak interactions success-
fully describes p-decay, a purely-leptonic process, as well as neutron
g-decay and other strangeness-conserving semi—leﬁtonic‘processes. We
wish to test this description of weak interactions by studying strange-

ness-violating semi-leptonic processes. The most readily available

examples of such processes, experimentaliy, are the Ku3 and Ke3 decay
modes of the K meson:

K » 74+p+y (Kﬂ3)"
and

K—>1r>A+e+\) (Ke3).
This work is a study of the Ku3 decay.

The matrix element for Ku3 decay is

G/o + Q* h,As#0] + '

—r u v|J J. O’ K

J2 A A :

o ' . R , h,As#0

where G/v2 is the weak interaction coupling constant, Jk' the

2

strangeness-changing hadronic current, and JA the leptonic current.

Summation over the index ) is assumed (A =1,2,3,4). The specific

form of J)\2 is well known from beta decay and muon decay; the form of

" h,As#0
J b
A

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

is unknown. We can, however, describe it phenomenologically

J)\2 has only vector and axial-vector terms, only the vector part of

ithS¥9 can contribute to the K

term of th’AS¢O

J matrix element. {(The axial-vector

u3

does not contribute as the K and 7 have the same



intrinsic parity.) These assumptions réstrict its form to:
oy, h,As#0, + ” o,
= 4 - - .
'€ EN k") £,@aP pprp ), + £ (@) (ppp ), (1)

Here py and p_ are the K and 7 four-momenta. f+(q2) and f (q2) are un-
"known parameters which may bé complex and dependent on the four-momentum
transfer between the K and the 7, |
q2  = (pg - p)? .

In de?ining the parameters f+(q2) and f_(q?) we have written a general
veétor expression; there are two independent four-vectors in the K-7
system, so there are two independent vector terms. The specific form
of the expréssion is conventional.

We define the parameter.g(q2) ésAthe ratio of the two vector form
factors:
£_(q2)

£,.(q?)

it

£(q?)
In this study of the K:3 decaybwe measure directly the parameter_g(qZ).
With this measurement we test the adequacy of the basic formalism to
describe this strangeness—changing weak procéss. Additionally we in-
vestigate the g2-dependence of this parameter; the range of momentum

transfer is large
M2 < g2 < (M, ~M)2
M, <4 L = M)
relative to that available in purely leptonic or other semi~-leptonic

decays, such as muon decay or neutron decay;' The principle of time

reversal can be tested by measuring the phase of £. Time reversal




invariance requires the form factérs f+(q2) and f (q?) to be relatively
real,.and coﬁsequently thg phasé of E'tQ'bg‘Oo or 1800, for ali values
of q?. (Final state intefactions, which could introducé an imaginary
part to &, have been shdwn to be negligiblé.l) By comparing thi§ meas-

decay, we

. N . . O
decay with the measurements of & in Ku3

R,
urement of.E in Ku3
can test the AT =% rule, which requires £ to be identical for both
modes. The principle of'UHivefsality of the muon and the electron re-
decays. Our

quires that the form factors be the same for K , and Ke

13 3

determination of £ is independent of u-e universality. To test this
principle we can comparevour measurement of & with the results for

of experiments which assume p-e universality.

II. METHOD

We determine the paraméter £(q?) by measuring the muon polariza-

tion for completely reconstructed K , events. As noted by MacDowell?

u3
and by Werle3, the two component theory of the neutrino requires that

for a specific kinematic configuration the muon be completely polarized
in some direction. In a theoretical paper Cabibbo and Maksymowicz" ob-

served that the directioﬁ of the muon polarization vector for specified

kinematics 1s a sensitive function of the parameter £(q?). They sug-

gested the experiment to measure the muon polarization in completely

reconstructed Ku3 events, and thus directly measure .

3

+ ' i
decays from K mesons at rest. For each decay we defined a coordinate

In our experiment we determined the complete kinematics for KU

system relevant to -that decay, a system to which we referred our meas-

urement of the vector direction of the muon polarization. From the
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calculated kinematics we constructed for each Kﬂ3 event three ortho-

gonal axes, longitudinal, transverse, and perpendicular, given by:

R R e
e, = p/lpl
>
A pTT pu
kil pu
> >
o Pu  Pn TPy
TN IR
p,l o,

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

P o= (Aep + Mgty + A E) |Z] o (3)
where .
- . >
| 2| lp, | -
AL = a1(€)lpu| - ™, T Eﬂ+ = (Eﬁ—mu) cos e“%}
Y lp,|
- ay(&) IB%I cos G“ﬁ
_ -> - o 2
A = o lle, ] my sin 6 Im £(a®)
‘+ 3
Ai. = —az(E)Ipﬂ| sin eﬂu .
Here . 2 :
Cay(g) = 23‘(—— [E + (E™** - E_) Reb(q?)]
1 m, v T T 4
. - 2 , 2 2 2y |2
a, (&) mK + 2mKEuReb(q )-+ mulb(q )I
and
b{(q?) = %[e(q?) - 1]
' 2 2_ 2
grax et m - ™

T ZmK
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. N . _). __)_ 7 T N ‘,
In these expressions pu-and pTr are the p and 7 momenta; and Eu,'EW, Ev

’ . . ‘ . + ' :
are the energies of the u, m and v in the K rest systém. mK,

m , and
i

+ o + _ .

mu are the K, m, and u rest masses. For specified kinematics of the
Ku3 decay the vector muon polarization direction, given by Eq. 3, is a

function only of the parameter £(q?2).

Figure 1 shows the muon polarization direction at various posi-
tions in the Ku3 Dalitz plot, as predicted by Eq. 3. The solid and
dotted arrows give the polarization directions at the kinematic point
for £ = +1 and £ = ~1, as measured in the coordinate system shown at

the right. For this example we assume § to be real and independent

of q2. Figure 1 illustrates the increased sensitivity to £ of polar-

. . : 5 . . o
ization measurements for events with low 7 energy, where the polar-

ization is largely perpendicular. As defined preﬁiously,

2 - 2 2 _ -
q mK + mTr ZmKETT s

‘sd.that high ° energy corrgsponds to low q2; in this region of the
Dalitz plot the muon polarization is almost purely longitudinal and“'
relatively.independenf of ¢&.

In this experiment we measured the muon polarization vector by

stopping uf's from Ku decays and observing the direction of the elec-

3
tron in the subsequent decays

+ -—

o> e+ + v 4+ v .

g e H _ .

From the experimentally verified decay spectrum®>® for a muon with

. >
polarization P, we have

_dw w1 1.3
JCeos ) L1+ 3 |P| cos 0) (4)”
>
P .
where cos 8 = " Py -

3y



Equation 4 gives the y decay probability in terms of the‘direction ﬁe
of fhe decay electron, and shows that the electron_véctor direction
preferentially lies along the direction of the muon polarization. In
our experiment we inferred the muon polarization directioﬁ from the
observed angular distribution of the decay electrons. As will be
described later, we verified theAanalyzing power of our apﬁaratus by

direct experimental measurements.

IITI. EXPERIMENTAL APPARATUS

A, Scintillation Counters and Spark Chambers

Tt ' ’ e e . '
K mesons were degraded to rest in a scintillation counter tele-
- scope at the second focus of a 500 MeV/c separated K beam at the Beva-

tron. A water Cerenkov counter, C,, preceded carbon blocks interspaced

B’
between counters S2, S3, S4, S5, forming a compact telescope as illus-
trated in Fig. 2, The hollow cup—éhaped counter'SS, surrounding the

K+ stopping region, was 3" in length along the beam direction and

2" x 2.5" in cross section; the interior was filled with carbon dust

of density 0.85 g/cm3. This counter enclosed all sides of the stopping
region e#cept the side through which K+ mesons entefed and the side to-
ward the dgcay particle range chaﬁber. These two sides were covered by
céunteré-Sé, in- the beam telescope, and by T2, the first of 5 counters
in the decay-particle telescope. Figure 2 is a horizontal cross sec-—

tion of the apparatus, showing all the counters used in the experiment

as seen from above. The counter S1 covered the exit aperture of the

last magnet element of the beam transport system, a quadrupole doublet; .

the distance from S1 to the stopping region inside S5 was 3'.

-



-

In order to consider a beam particlé as being a stopping K+ we re-
quired the coincidence of pulses from the scintillation counters in the
beam telescope:

gSTOP §1-8253+54-C, +55

The counter S5 surrounding the stopping region was in prompt anti-
coincidence and vetoed the event upon detecting a particle within 6
nanoseconds of the time a particle entered the beam telescope. The

2" thick water Cerenkov counter C_, also in anti-coincidence, rejected

B?
fast particles (primarily % ) in the beam, as did the requirement that
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. 3, a vertical cross section of the apparatus. In this figure,
the K beam is directed out of the page. ' With the counter T5 in anti-
coincidence the telescope T2-T3-T4 selected particles leaving the K
stopping region which came to rest in the chamber between T4 and TS.
The water Cerenkov counter, Cﬁ, was used as a veto against fast decay
. . , + AU, o + :
particles, including p from the decay X' » p + v and electrons from
+ o, + .
the decay K' -+ 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 sig-

nal had to come 6 to 44 nanoseconds following the signal of a stopping

+ g '
K . The minimum allowed time between a K-stop and the K-decay was

. . L : . + .
chosen to insure a rejection of better than 250/1 against K decays-in-
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flight and other prompt events. The logic corresponding to an accept-

‘able K+ decay was:

.KD.ECAY _ (KS-TOP :

)-- (good d_ecay)delayed

(5)

v(31o32-s3-34-6;135) . (Ton3-T4-E;1T5)

delayed

This.coincidence repfesented the criterion for an. electronic tfigger;
The events selected by the scintillation counters were recérded
on film by photographing tracks left in spark chambers arranged as
shown iﬁ Fig. 3. In order to dgtermine completely the kinematics for
each Ku3 dgcay w¢ observed the track of a stopping pf_and the.tracké
of eiectron showers from conversion of gamma rays. The ° produced in

the Ku3 decay itself decayed within 10716 seconds to two gamma rays:

T T

e+ v 4V | (6)
Yty

To measure the muon polarization, we observed the track of the electron
from the éubsequent py—e decay. The five particles we detected with
spark chambers are underlined in Eq. 6. Two aluminum plate chambers,
each with two gaps, were Fmbedded_in the beam telescope between counters
S3 and S4. These chambers indicated the track of the K+ before stop-
 ping, aiding in the reconstructioh of the K+ deééy 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. 3, a vertical

“
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crcss-section. The plates of these chambers consisted of sheets of

lead each 0.8 mm thick and sandwiched between two 0.3 mm aluminum

.sheets. To insure rejection of charged particles entering the shower

chambers, the two plates in each chamber closest to the K& stopping
region were thin aluminum éﬁeets,'énd were used, in anti—coihcidence.

We used thfge 4-gap spark chambers, labeled SCl, SC2, SC3 in
Fig. 3, to measure the direcfion of the charged particle from the Kf
decay. These thin plate aluminum chambers wére placed directl& after
the counter T2 in the decay-particle telescope, before the degr;der,
to reduce the effect of scatteriﬁg in distdrting ﬁhe meésurement of
the initial decay direction. |

The coincidéﬁce criteria for an acceptable event required the u+
'from a KUB'QeQéy to stop'between counters T4 and TS.. As shown in Fig. 3,
these countefs were embedded in é 36-gap aluminum plate spark chamber.
Between coupters T4 and T5 was a 28-gap spark chamber module whose to-
tai thickness was 9.9 grams/cm2 of aluminum, while ahead of counter TA
and beyond counter T5 were 4-gap modules; constructed of 1/32" and 1/16ﬁ
plates, respecti&ely. With this 36-gap spark chamber we measured théi
range of the muon from Ku3 decay and ;he direction of the electroﬁAmof
mentum in the éubsequent‘u—e décéy. We enclosed the gntire chamber in
a magnetic shield to réduce precession of the muon aﬁd.consequent de-

polarization.
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B. Experimental Technique

The requirement that the chérged_particle'from the Kf decay stop

between counters T4 and T5 imposed a restriction on its range. We

‘
wr

placed a degrader in the.decay'particle counter telescope #head'of
counter T3 to define this rangé acceptance. We changed this degrader
to study K+ decay particles with different rénge. Table I lists the -
degrader used to'obtéin data for various K+ decay modes.

We studied.Kué'decays under.two'degraaer conditions; 83 percent
of our KQB events were obtained‘with degrader a, 1" of aluminum. With 
this dégrader the range criterion for a direct path from the K+ decay
posit{on selected g+ with kinetic energy between 61 and 8i MeV. We
chose this.wiﬁdow in.the p+ spectrum>to éxclude from the Ku3~data much
of the background from bo;h Kﬁz decays (K+ > n+ + no), for which

T,= 108.6 MeV, and 1'.decays (K+ +_n+ + 10+ ﬂo), where the end point
™ o : :

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

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

+

3
s .. + o + +
studied events with the y from Kuz decays (K > py + v) and the 7

'ffom K1T2 decays (K% -> n+ + no). The different amounts of degrader
placed in the decay—particig telescope for these studies are given in
TaBle I.. H

We triggered the spargvéhambers upon the electronic signal of an -
acceptable K+vdecay astdefined by Eq. 5. This coincidence signal was
bldcked during the time between pulses of the Bevatron; additionally

ve Imposed a minimum delay between event triggers of 250 milliseconds
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to allow fhé.épparatus to rééover. Fdf each évent Qe recorded photo-
graphically.tﬁe trécks in 9 spark chambgrsf’.Z beém chambers, i shower
chambers, 3 decay-particlé t;acking éhambers, énd~the range chamber.
With thebexceptioniof the'fange chamber, all the spark'chambérs were
fired promptlybwith the coiﬁcidenéevsignal; the‘total delay from the
time of;a K+-stop_to ﬁhe presence of vbltagé oh'the spark chamﬁer plates
was 340 nanoseconds. We delayed the trigger signal to the range chamber;

for 3.5Imicrosecohds. The u+, stopped between counters T4 and T5, de- °

cayed with a lifetime of 2.2 microseconds; with our delay in trigger-

ingzthis chamber we obServed the electron track in 80 percent of the
p—e decays. 1In order to maintain both the mion track and the track of

the decay electron for'asVlong as 3.5 microseconds, we limited the DC
e . ) _

clearing voltage on the range spark chamber to 6.6 volts. On the 8

chambers triggeredvpromptly, we applied'between’30 and 40 volts to
clear residual tracks. In a background study we obtained some data of
Ku3 events for which the range chamber was fired promptly; for these

events the trigger delay time on all the chambers was 340 nanoseconds

and the clearing voltage was 40 volts. All the spark chambers were

filled with neon, purified through a closed-circuit recirculation system.

- 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 definingvthe&positidn of the data. We were careful to put

many reference points on the film in order to simplify its subsequent
automatic'computer-Scanniqg. For each photograph we lit numeral lamps

giving the event number; this number was displayed as well by a row of
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binary-coded lights, to be computer-scanned. A second réw of binary-
_coded lights gave digitized information abﬁut.the event: whether or
not a particle was detected by counter S1 in the beam telescope wifhin
20 nanoseconds of the.K% decay, and'ﬁhether or not the counter S5 de-
ntected a particle within the full time interval allowed for a K+—decay
triggér. ‘We digitized also for eachvevent thg time between the K-stop
sigﬁal and the signal of the K decay, and_displa&ed this information
witﬁ binary-coded lights. 7The flashed lamps and all 18 viewsﬁof'the

spark chambers were recorded on a 24 mm x 36 mm frame of Tri-X film,

using a lens opening of £8.

IV. ANALYSIS PROCEDURE

A. Selection of Events

We scanned. a total of 80,000 pictures, candidates for K:B

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

events,

at'MIT.”7 With this system we measured the positidn of tracks in all
spark.chambers except the range chamber. In the scan of the gamma-ray
chambers we'measured the blackening associated with each shower in addi-
tion to its conversion .-point. For each event we obtained as well the
digitized information frow the 1amps. Using information from the SPASS
scanning wé selected 10,000 evénts to be hand-scanned for ﬁ—e decays on
the SCAMP machine at.LRL. On SCAMP we measured the direction of the
incoming U+ track in‘thC'rénge chamber, the position of the ﬂ+ étop,

and the yectorzdirection¥qf the decay electron. We selected for recon-

struction as Ku events ‘a further restricted sample, using information

3

P
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fromvboth the SPASS>aﬁd the SCAMP scénnings. The criteria impésed base&
on tﬁe SPASS measurements were: . . |

1. Two gamma-ray showers were'unambiguOusiy stereo-reconstructed,
with conversion ﬁoints not in thevfirst two géps‘of the cham-
ber.

2;, No pulse in coiﬁcidencé‘with the muon was observed in thé
cup-shaped counter 85 which surroundgdithe K%.stopping posi-

: tioﬁ, shielding'the decay_point_frdm”thq sﬁower chambefs.

3. The réconstructed,position of the K+ stop must have been in
the carbon stopper witﬁin.the bok of counters.

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

5. The opening angle of the two gamma fays was greater than 65°.

6. The event did not satisfy Kﬂé kinematics. From the initial
éhargéd particle direction and the directions of_each gamma
ray relative tovfhe K~stop‘position% we calculated the gamma-
ray directions in the 70 center of mass, assuming the event
to be a'K;'T2 dgcay{ and the quantity'G;

§=ky - Ky .

Here k] and-ﬁ§ are the gamma-ray directions as transformed
to the postulated 70 rest systém.» KﬂZ kinematics requires'
that § = -1; oﬁr cfiterion for acceptancé of the event was
that § > ~0.9. | |

7. The line-of-flight of the charged.decay particle as measured

in the thin chambers SC1, SC2, SC3 did not have a kink. We
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required that ﬁlFﬁz > 0.998, where'ﬁl and ﬁé_are the particle

directions calculated from tracks in SCl and SC2, and in SC2

and SC3.

The distance of closest approach of the calculated Kf 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 obser?ed in the range chémber tracks of a muon
entering and stopping and of an electron from the.subsequent
p;e decay. Events without such tracks were rejected. In
about 2 percent of the gata (otherwise acceptable as Kﬁ3
events), the scannef was uncertain whether or not the tracks
corresponded to those of a muon and its decay electron. After
a rescan bj a phySiciét, we considered most of these events.
‘(51 pictures) to have acceptable range-chamber tracks. Events
with both: tracks extending from the ﬁ—e vertex to the front of
the range chamber were measu;ed twice, assuming one track and
then the.other to be the ﬁ+; we éelected that aséignment‘which
best matched the line-of-flight measurement on SPASS from the
chambers SCl, SC2, SC3. For each.event we calculated the dis-
tance at the degrader between the ﬁ+ line-of-flight measured

from SCl, SC2, SC3 and the line-of-flight seen in the range

chamber. If this distance was greater than 6 cm, the event
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~was remeasdfed by a'phyéicist; 1 percent of the total data
(otherwiée accepfable as Ku3 eﬁents) were- in this catégory,
of which 4 events (0.1'percent).were’réjected’by the reécah‘

2., The scanner agreed Qith SPASS that there were exactly tﬁo
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_forwara cone
abouF the initial muon direction. To eliminate events with
u-e decays in a rgg¥on of low scaﬁning efficiency, we re-
jected gll events unless ;e.éﬂ < 0.9.

4, The u-e vertex position was not in the counter T4. This cut
elimihates events with the muon depolarized by stopping in
plastic scintillétor. |

After the selecfion basedvon both.the.SPASS énd the SCAMP measﬁrements;

the remaining 3549 events were analyzed as candidates for Kﬁ decays.

3

The procedures in reconstructing the data in terms of Ku kinematics

3

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

data sample consisted of 3133 completely-reconstructed Kﬂ3 events with

observed u~e decays.

B. Reconstruction of the Kp3 Kinematics

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.
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3. Position of the K decay.
4, Positions of the points where twé gamma. rays producé
showers by éonversion.. | |
5. The number of sparks associated with each gamma-ray
shower.
We calcﬁlated the energy of the charged particle, assuming it to be a
muon; from its stopping position in the range chamber. We based this
calculation on coméarisohs of measured range with the predicted range.
of particles with known energy: n+ from K

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

and ﬁ+»from the Ku2 decay

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+ de-

cay position and the gamma-ray conversion points; we determined the
it vectors g _, ¢
unit vectors ng, EYZ
With the measured quantities Eu, Sﬁ, £

pointing in the direction of each gamma ray.
1’ EYZ’ the kinematics of
the decay.was not uniquely determined. In general, there wefe two
:solufions.COmpatible with‘the data, corresponding to different momenta
of the 7°. The ambiguity was removed by determining the gamma-ray
energies from their measured spa;k count, using a relation derived from
a study of showers of known eﬁérgy in KTT2 data. For an

o A g :
knew the n energy and directicn-of-motion; we could calculate each

events, we

gamma—ray’energy_from the position in the apparatus where a shower was
produced by conversion, and compare this energy with the observed num-
ber of sparks. Using the relation between eﬁergy and spark count, we

determined the gamma-ray energies for each of the K , events, and thereby:

3

arrived at a complete solution of K ., kinematics.
U .

3
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In order to éﬁaiyze the. muon polarizafibn iﬁ.wés neceséary to déf
fine for each eveﬁt a coordinate system with axes bofreéponding t;.the
orienﬁation of tﬁe K—décay_configuration rather than to dircctionS»in
the lab, bKnowing the muon and pion momenta, ;ﬁ’and ;", we consfructed
three_qrthogonal'axes: a longitudinal akis, along the muon momentum, a
transverse axis out of the decay plane (in the sense ;“ X ;Q), and a
perﬁendicplar'axis f; iﬁ.the déCéy piané towards the pion‘momentum.
From the meaéﬁrement of the laboratory direction of the electron in
the ufe‘decay_we calculated the_electrén direction relative to this
K—decay.copydiﬁate system (Eq. 2). Thg solhtioﬁ of tbe Kﬁ3kiﬁematics

and the calculation of the electron decay directicn in this coordinate

system completed the reconstruction of the event.

C. Muon Polarization Analysis

We determiﬁed fhe'parameter £ directly from the observed electron
angular distributiéns in the u-e decays. We:asspmed-that the muon in
each Kﬁ3 event was fully polarized in a.dirECtion given by Eq. 3. As
in Eq. 4, we defined a normalized probability distribution for the‘
electron direction in u;e decays, given the predicted direction of the
muon polarizatioﬁ, 8#. This éirection,_for‘each event, is a function
of theZSpécific kinematics as'well as the value of the parameter £.

The magnitude of the polarization along this direction we took to be 1.

We constructed the likelihood function, depending only on £, as the pro-

" duct over all the events of the separate probability distributions:

N
) = 1 —i_ L
SN [1 +3 [b, ou(mi] | (7
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The muon polarization direction is given by Eq. 3 as a vector in the

A

R ;1)'defined by the K~degay; P, is the ob-

coordinate system (eL, Ep

served direction of the decay electron in this system, and ou is a

' >
unit vector along the predicted direction of polarization, P. Both the
electron and the polarization directions are specific to each event as

. . ' .th
reconstructed. The normalization factor c(§) for the i event has

~ the form

ci(g) = (1 + cos 60)[ 1- %—(1 - cos 6_0-)[13e-3u(§)]i ]

Thé factor corrects the likélihood for the elimination of u-e dé;ays
within a forwérd cone about ﬁﬁ of half-angle Bo = cos~1(0.9). Our
result for £ is that value which maximizes the iikeiihood function,
Eq. 7. The uncertainty in this determination we found by ﬁoting the
values of £ fér which the likelihood>functioniwas reduced from its
maximum by specified factor. We made the likelihood analysis for vari-
ous assumptions about E: & real.andvconstant, ¢ complex and constant,
or £ real but energy-dependent. Consequently the likelihood L(£) was
a function of 1 or 2 parameters. Table II gives the value of the like-
iihood,'with respect to its maximum, used to determine the uncertainty
in the measurement of £. It should be emphasized that the appropriate
1imits of uncertainty for %wgyg parameter likelihood are markedly
greater than those appropriate for a one parameter likelihood.®

Having determined theAparameter £ froh the polarization data, we
re-analyzed the Ku3 events to measqre the magnitude of the muon polar-

ization along the predicted direction, ¢ . We constructed a one-para-
: H

meter likelihood function similar to that used to find £ (Eq. 7).
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This likelihood is

N . L
L<P2 = izl E;?E:?Y {’1 + 3‘[Pe'cu(5)]i_] (8)
with
ey (P = @+ cos o) [1-F (- cos 005,06, )]

The likelihood is a function of. the magnitude P of the muon polariza-
tion; giveh £, we maximized the likelihood to determine P. The uncer-

tainty in the measurement of P was found by calculating values of

-max

L(P)/L as in Table II.

V. KNOWN SOURCES OF ERROR

A. Uncertainties in Analysis of Ku Events

3

Each evept 6f our final Ku3 data.sample piovides a separate mecas-—
urement of £(q?). For each event with specified kinematics we deter-
mine the parameter g(qz) by‘correiating_the'vectér direction of the
electron momentum in p—e decay with the predicted muon polarization
direction. The 1igelihood‘analysis gives as our result for £ that
value most compatibie witﬁ‘the individual measurements of § from each
event. With this method of determining é_it is not necessary to know
the dependeﬁce of the detection gfficiency uhon the position of the
event in ;he KH3 Délitz‘plot. Since the measurement of § is made for
each event, thé result for all the data is independent of their.Dalitz

plot distribution.
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Using a Monte Carlo analysis, we studied the effect .of the meas-

urement uncertainties on reconstruction offKu3 events. We generated

by computer a large artificial sample of Kﬁ events with p-e decays as

3

predicted for a given value of the parameter §, and selected those events

which would have been detected by the apparatus. For each artificial
event we changed randomly the kinematical quantities by.small amounts
to simulate the effect of the measurement errors on the actual Ku3

events. We reconstructed and analyzed these Monte Carlo events in a

manner identical to that used for the K data. We found that the re-

u3
sult for £ was insensitive to the presence of our known meéasurement un-
certainties. vin particular, both the 30 to 50% uncertainty in the gamma-
ray energy measurements and the *3 MeV error in the ﬁ+ energy had little
effect on the kinematic reconstruction and negligible effect on the de-
termination of E£.

The reéonstruction of the 1° vector momentum was the crucial step
in establishing Fhe kinematics of each KﬁB event. We used the ganma-
ray energies; estimated from the shower spark counts, to choose betwcen
two predicted valués of the ﬂb momentﬁm. As discussed above, we found
by Monte Carlo studies that the presence of our measurement uncertain-
ties in the gamma-ray energies had no significant effect on the deter-

mination of . Additionally, we studied the actual Ku data to see

3
. . 0.

whether or not events with incorrectly chosen 7 “momentum were present

in an amount which significantly biased our result for §{. Faulty w°

reconstruction leads to two systematic effects, dependent on the dircc-

. . o o .
tion-of-motion and on the energy of the m . If the wrong m solution

L]
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is chosen,la faulty Kédécay coordinaté system.(Eq. 2) will-be‘cbﬁétructed.
The‘incor;ect ° enefgy‘will lead té a furthe;.efror in the pfediction of
the muon polarizat&on direcﬁion as a.function of‘g.' We éeparated the
é}ctual.Ku3 d;ta'into batcﬁésiwith'the.two possible‘ﬁ-o vector directions
cloée to.each other, or not close, and with the‘two ﬁbésible 7° energies
nearly identical or different. We determined from each of these samples
values for I statistically consistent with ééch other and.with the re-
sult for £ from all the déta. There was no evidence for the presence
of a systematic érror due to inc@rréct solutions of the w° feconstrﬁction.
Because of the_limited géometrical acceptance‘of the shower chambers,
we detected only one of the gamma rays for many Kﬁ3 decays. ‘The presence
of background tracks in the shower chambers couid then allow faulty re-
constructioﬁs of these Kﬁ3 events. We estimated the frequency and dis-
decays. There

2

decays but for 5% of the events a

tribution of background tracks from pictures taken of Kﬁ

were no gamma rays associated with'Kuz

random track was interpreted as being a gamma-ray conversion shower. In

3 decays to simulate the pres-

of these background tracks. We found the number of incorrectly recon-

a Monte Carlo analysis we added data to Kﬁ

3 events to be negligible.

We studied the effect on the result for & of variations in the cri-

structed K
e v
teria used to seléct Kﬁé_evénts. Since the muon polarization vector and
ngere related for each kinematical cohfiguratiéh, each event pfovided a
éeparéte determination of &. For thié reason the use of arbitrarily
rigid kinematical selection criteria did not bias the measuremeﬁt of &.

We analyzed our KU3 data repeatedly, using various selection criteria.
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We found the determination of -£ insensitive to changés in the selection
criteria.

We determined g by correlating the kinematics of each K ', event

u3

with the direction of the muon polarization vector as found from the
p-e decay. We calibrated the polarization measurement by studying the

angular distribution of the electron momentum vector for Kﬁ events,

2

with p—-e decays in the range chamber. For these events we defined three

~

orthogonal axes: a longitudinal axis e . along the direction of the muon,

L

~ ~

and axes €40 € related to fixed directions in the laboratory. 1In Fig. &4

we show the distribution of the observed electron direction with respect

to the coordinate system (EL’ €0 eb); the results of the likelihood

analysis for the muon polarization components are:

P, = -1.0:0.1
P = 0.0%0.1
a

P, = -0.1%0.1

The measurement of the muon longitudinal polarizatioh component is in

agreement with the expected value of -1 for Kﬁ decays. This result is

2

consistent with the assumption that there was no effective depolariza-

tion of the muon by the apparatus or the analysis techniques. The

A

measurement of the muon polarization components along axes €0 & in~
. . .

vestigates possible dependence of the detection efficiency upon the or-
ientation of the y-e decay plane in the apparatus; the results for these L
components is consistent with the ‘absence of such dependence.

A potential source of systematic error in the polarization meas-

: s ' +
urement was our inability to observe p~e decays in cases where the e
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track was in the'éame'directidnués'the track 6f_the'ﬂ+ before stopping.
To correct for this effect, we eliminated all events haﬁing u—e decays
within a forward cone about the muon direction; we incorpdrated this
éelection into the polarizatioh.analysis by modifying the:iikelihooa
normalization. We chose the angle‘of the forwafd cone to more than
cover decay directions for which the scanhing efficiency was poor. As
with -our other selection criteria, the reSulflfbr £ 1s insensitive to
variations in this cut-off. Except for this loss of forward decays,
our detection of'uFe»decays was essentially independent of the et ai-
rection and energy. “

Among sourcesldf depolarization wés the presence of a magnetic
field in the range chanber, causing the ﬁ+ polarizétion vector to pre-
cess in the interval before the ﬁ»e decay. To reducé.this effect we
enclosed the range chamber in an iron shield; the measured field of less
‘than 200 milligauss in the decay region produced insignificént'depolar—
‘ization. Measurement errors in the direction of the individual e+ track
had little effect on the determination of the polarization direction, as
the e+ decay airectidns'are broadly distributed about the ﬁ+ polarization
vector. .We célcUléted that our * 10° uncertainty in the e+ decay angles
introduced an effective depolarization of less tﬁan 10%. We found by
Mopte Carlo studies that the determination of £ is unaffected by muon
dépolariéations as 1érge as 10%. Sincé S is found from the direction
of thé muon polafization vector, the prggarf:effect of depolarization

is to increase the uncertainty in the result for .
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B. Presence of Background Events in the Kﬁ3 Data

We considered events other than Ku decays which could be present

3
as backgrdund in'thé data. Such évents must pass the selection criteria
described previously. They must have two apparent showérs in the ganma-
ray chambers, and a tfack in the range cﬁamber with an apparent p-e
Qertex. ‘They must be kinematically reconstrucfable as Ku3 events but-
fail the kinematic‘test‘for a K%Z decay. Using Monte Carlo techniques,
we generated large samplés of artificial events and studied the accep-
tance of the apparatus and selection criteria for background events
relative to the acceptance for KﬁBvevents. In addition to these'cal—
culations, we determined experimentally the actual contémination of
our data by events whose frequency of apparent u-e decays did not fol-
low the u+ lifetime. We obtained a sample of Kﬁ3 events with a "prompt"
(340 nsec.) trigger on the range chaﬁber, instead of the usual 3.5 useé.
delayed trigger, Knbwing the delay times, we calculated the relative
fractions of p-e decays expected for each sample; from the number of
épparent u-e decays observed we determined the contamination of the data
by events without u—é decays.

The backgrounds considered are those due to the followinng% de~

cay modes:

+ + o

K "* T + .'" (Kﬂz)
K+ I, +1° (")
Kt s ot e s Y (K. )

. Ty
+ o, +
K > f e ‘+ v (Ke3) .
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The Kﬂ2 decay was the most éerious'source'of backgfoundﬂéVents in the

Ku3 data. TFor the KTTZ

mode we estimated the contributions of two sources
of background: Kﬂ2 decays with a ™ nuclear interaction in the range

decays with a ﬂ+ decay-in-flight (n+ -+ u+ + v).‘ To

chamber, and K_
» m2

determine the fraction of K1T2 events which pass the Kﬁ‘ selection cri-

3

. teria, we studied K“2 data obtained'wiﬁh additional degfader plaéed
ahead of the range chamber. In Table III we list the results of the

“background .calculations. Two sources, Ke decays and an decays with

3

: + . . . . B :
a m interaction in the range chamber, have "u-e decays"

whose fre-

quency is independent of the:time;delay on the'rénge chamber trigger.

-

The analysis of the prompt data shows that the total contribution of

all such backgrodnds was (3 = 2)% of the Ku3 data. The estimated con-

tribution of other possible backgrounds is less.than 5%.

We have studied the effect of these backéfounds on our determina-

tion of £ by adding these events to Kﬁ events generated in a Monte

3
Carlo aﬁalyéis. From this simulated data our analysis determined a
value of £ statistically unchanged from the value used to generate the
Ku3 evants. The primary effect of the presence of these backgrounds

was to enlarge slightly the error limits assigned to & by the likeli-

hodd analysis.
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VI. RESULTS

A, FStudy,of_K: Decay

3

We obtained 3133 completely reconstructed Kﬁ events with observed

3
;—e decays. The Dalitz plot of these events is shown in Fig. 5, where
for clarity we have grouped the events in bins of 20 and 10 MeV in °
and u+ kinetic energy, réépectively} Figure 6 gives the angular dis-
‘tributions of the e€lectron momentunm vector for the ﬁ-evdecays ;ésoci—

ated with the 3133 Ku events which satisfy all the selection criteria.

3

These distributions refer to the coordinate system € éi_(Eq. 2)

L"ET’
defined for each event. For illustration the data are grouped in bins
of 0.1 in the cosines. Theflines drawn show the distributions expected
for decays of muons with average polarization components as given by a
likelihood analysis of the data.

As seen in Fig. 1, muons from events with high m° energy are ex-
pected to be strongly polarized in the longitudinal direction. This
prediction agrees with the data shown in Fig. 6, an average over the
Dalitz plot and hence heavily weighted toward high Tno' 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., 1. Since these components
are averages over the Dglitz plot, they are not éxpected to form a unit
vector; it is for a particular event, with specified kinematics, that
~the mucn should be fully pQlarized in some direction. 1In Table IV wé

: + )
tabulate the results for the u polarization components for all the

. . . o .. . .
events and in separate bins in the n kinetic energy. For each bin we
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list the average value of q2, the square»of'the momentum transfer to the

. + , _
leptons; in the K rest frame:

q2 = sz + mK°2 - ZmWOEﬂo .
Most of our aata are in the low 2 (high ° energy) region of the Dalitz
plot. The bins were chosen to give equél accuraéy in the measurement of
¢; they are of uneqﬁal size, due to the varying sensitivity bf the polar-
ization methoa over the Dalitz ﬁlot. As noted in Table IV, for high q?
(low Tﬂo) events we found fhe ﬁ+ strongly polarized along thevperpendiCa
ular axis.' For progreséively lower bins in q? this perpendicuiar com-

ponent decreases and the u+ becomes aimoét fully longitudinally polar-

ized. This géneral,variation of the polarization components over the

Dalitz plot compares favorably with that predicted by Eq. 3 and illus-

trated in Fig. 1.

We analeed our data by the méximum likelihood métﬁod previcusly
described to determine the value of the parameter §. As discuséed in
the Introduction, £ may be complex as well as energy—dependent; Fig. 7

shows the result of the likelihood analysis of all the Kﬁ events for §

3
aésumed complex but constant. The three contours enclose 40%, 677, and
96% of the volume underfthe two-dimensional iikelihood function; the
solution given in Table V uses the middle contour as the limit of 1
standard deviation. We list ip'Table V.additiénally the results fdr
cbmplex'g from data binned in qz. For éaﬁh bin £ is assumed constant;

~-1.14

the errors again correspond to the middle (e ) contour. Time re-

versal invariance requires £ be real; our measuremcnt from all the
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data is consistent with Im £ = 0, as can be seen in Fig. 7. This con-
clusion is unchanged'by measuring Im £ in separate bins in q?. In terms

of a phase angle ¢ defined by

g = |g] ™
we find
lg] = 1.0 £ 0.5
¢ = (200 + 30)°

with the error assigned from the e~1-14 contour. This result is con-
sistent with the requirement of time reversal invariance that ¢ be 0°
or 180°.

Assuming £ to be real and constant we obtain the results given in
Table VI. The errors quoted are those appropriate to a 1 dimensional
likelihood. The values for Re £ from different bins in q2 are consis-

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

In Fig. 8 we have plotted our measurements of Re £ as a function of q2;
they do not show any significant dependence of Re £ upon q?. Table V
shows that this conclusion is valid for complex £ as well. To make this

conclusion more quantitative, we express the energy dependence of £ as
£(q?) = g (T + 1 ¢2/m2)) .
. ' Tr
We can analyze the data in a two parameter likelihood to obtain the con-

stants go and )\, assuming £ real. Our result is

Eo = -1.2

-0.04
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with the contours gi;ing the limits of 1 and 2 étandard deviations as
shown in Fig. 9. For any value dfli less than 0.3 in ﬁagnitude,g must
be negative to be coﬁpatible with tﬁe data.. An analyéis of our data
for q? dependence of tﬁe form |
(@) = g, T
' ms + g
gives the result that any values of m greater than 500 MeV are equally
good; the corresponding values of go are all n -1.0. We find the lower
limit for acceptable m to be ~ 250 MeV. |
Given the values éf'g listed in Table VI, we,analyzed_the data to
determine the_magnitﬁde of ﬁ% polarization, PTOTAL’along the diréétion
predicted'for.each event. For all the data we found this component to
be + 0.9 £ 0.1, in agreement wifh the exbéc;ed value of +1.0. The re-
sults. for PTOTAL from data in separate bins of q2 arevlisted in Table Vi;
they are consistent with each other and with the predicted vélue, We ob- ?

tain eséentially the same values if, instead of assuming £ to be real, we )

calculate PTOTAL using the results for complex £ given in Table V.

B. Measurement of K+ Meén Life

We determined the K+,mean life for eacﬁ-of the decay modes, KﬁB’
Kuz’ and Kn2' For each event the observed time between the K+ stop and

the subsequent decay signal was digitized and recorded on film with the

spark chamber tracks. Table VII gives our resuité for Kﬁ3, Kﬂz, and K"2

lifetimes. Each of these measurements is consistent with each other, as

expected for observed lifetimes of different decay modes of the same
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. : . + .
particle. If we combine the three measurements of the K mean life, we
have t = (13.5 % 1.5) nsec, in reasonable agreement® with .the accepted

value, 1 = (12.34 +* 0.5) nsec.

VII. DISCUSSION
_in a study of the muon polarization direction for completely recon-
structed K:3 decays we measure the form factor £(q2). Assuming £ to be

real and independent of q2, we find
g = -0.95 + 0.3.

Since the direction of the ﬂ+ polarization vector is predicted as a

function of £(q?) for each event of specified Kinematics, the experiment
allows a determination of the q2 dependence.*iOur measurement of the
ﬁﬁon polarization is directly sensitive also to the presence of an im-
aginary-part of £, corresponding to the violation of time-reversal in-
variance, as we determine the polarizatioﬁ component. out of the decay
plane. The results indiéate that the form factor £(q?) is real and con-
stant, within limité given in the previous section.

We find the magnitude of the ﬁ+ polarization along the direction
_predicted by our result for £ to be 0.9 * 0.1. This value confirms the
prediction of the two—compdnenf'neutrino theory that the muon be fully
polarized along §ome direction. Background events in the:Kﬁ3 data or
systematic errors in fhe”recpnstruction of events reduce the apparent

magnitude of the muon polarization; our measurement suggests that these

effects are small.
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. | S o s X
Previous measurements of £(q%) in K and K~ decay are summarized

0 Recently published experiments

in the review articie of Lee and Wu.!
to'determiﬁe £ which are notvincludéd in this review are listed in

‘Table VIII. TheAreSU;tS'for g-from KO experiméntsvare consistent with
‘the rééults of ;his experiment,.in agreement with the'redﬁirement of

the AI = % rule that £ be the same in K+ and K° decay. Experiments
lﬁhich determine & from a muon polarization measurémént are in good agree-
ment with each other, but in general disagreement with early results for

£ from measurements of the relative K /K‘
: o -u3""e3

branching ratio. The deter-—
mination of £ from branching ratid measurements requires the assumptioﬁ
of y-e universality - specifically, tHe assumption that the form factors
in Ke

and Ku decay are identical. The branching ratio technique has

3. 3
the experimental complication that detection efficiencies must be ac-
curately known, a requirement absent from total polarization measure-
ments., As seen in Table VIII, the most recent branching ratio experi-

ment gives a result for £ compatible with the results from polarization

measurements, and in agreement with u~e universality.
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‘Table I. Degrader Conditions

Decay K.E. Spectrum Ac-

Events Degrader " Particle ‘cepted (Direct Path)
Ku3 (degrader a) 1" Al u+ 61-81 MeV
K 3 (degrader b) 3/8" Al R 52-73 MeV
K, 2 3/4" A1 wt 108.6 Mev
K 1"AL+21/8" cu 151.7 MeV

u2
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Number of Likelihood Value of L/L™®* at limit of:
Parameters . 1 std. Deviation 2 std. Deviations
1 e~0.5 . e~2

2 " e—l.lh e-3-10
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Table TII. Results of“Background Calculations

Source of Background

‘Est. Fraction
Bkg./Ku3 Events

Does Frequency of
"decays" Follow
ut Lifetime?

+ +, o
K =7 +7 (an)

with ﬁ+ decay-in-flight
. +- . .
with 7 nuclear interaction
+ 4+
K > 1 + 1+ no (")
+

+ o]
K' =71 4+ 1 + vy ,(Knny)

+ o +
. K -7 +e +v (Ke3)

2.9

<5.3

5.0

1.4

0.8

yes

no

yes

yes

no



Table IV. Muon Polarization Components, K

u3

& Events

T o q? :
T ave Events PL PT PJ_ AP

(MeV) {MeV) 2

>76.5 3.70 x 104 = 2258  +40.9 -0.1 -0.2 each * 0.1
46.5-67.5 7.18 x 10% 488  +0.8 0.2 -0.1 each * 0.2
28.5-46.5 9.09 x 10% 265 +40.8 -0.2 -0.8. each * 0.3
0.0-28.5 11.0 x 10% 122 -0.1 +40.5 -1.1 each £ 0.5
all events 4.95 x 10% 3133 40.8 -0.1 -0.3 each * 0.1



- Table V. Results for Complex &

39

;;gz;z Events  Re & Inm £
3.70 x 100 2258 1.0} é{g -0.8 % 0.9
738 % 20t ie0 20793 0.7 108
9.09 x ioi‘ | 265 -0.7 '_*_' é; -0.3 'E gg

e
all events 3133 0.9 % 02 -0.3 + 0.5
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Table VI. Results for &, Assumed Real

Ve

2 .
q |
(MZX?Z Events  Re £ (Im £ = 0) ProTaL
3.70 x 1o0* 2258 -0.9 *+ 0.6 0.9 + 0.1
7.18 x 10% 488 ' -1.9 % 0.55 0.8 + 0.2
9.09 x 10% 265 0.7+ 27 1.1 £ 0.3
11.0 x 10 122 -2t S 1.2 + 0.4

all events 3133 .0.95% 0.3 0.9 + 0.1
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Decay Mode: Events . Mean Life (Channels) (nsec)
K 3 1635 6.0 + 0.5 13.2 + 1.6
K 773 6.6 + 0.7 14.5 + 2.0
u2 : ,
K, . 278 6.3 + 1.2 13.9 + 2.9
" combined result 6.2 % 0.4 13.5 *+ 1.5



Table VITII. Recent Measurements of £ in K+'and Ko'DecaX

Decay . Experiment . Results for £, Assumed Constant
. ImE 0 T e 0
Carpenter et al.? K§3 Decay spectrum _ £=1.2*0.8
Auerbach et al.b KS3 u+ perpendicular polarization =~ § = -1.2 % 0.5
, c’ o] + . . o for Re & = =1.3,
Young et al. Ku3 ¥ transverse polarization Im £ = -0.01 * 0.07
d + . + .+
- = +
Garland et al. Ku3 Branching ratio Ku3/Ke3 .. & =+41.0 % 0.3
_Eisler et al.e K:3 Decay spectrum £ =-0.5%0.9
f - + . . - _ Re £ = -1.6 £ 0.8(see
Abrams et al. Ku3 W total polarizatiom £ =-1.6 0.5 Im £ = <0.2 % I.Q}note 3
Helland et al.® KSB u+'tota1 polarization £E=-1.75 t g'g
. h + . o+ .
= - +-
Botterill et al. Ku3 ) Branching ratio KuB/Ke3 £ 0.08 + 0.15
i + + , - Re £ = -1.0 * 0.4
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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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