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L ' ABSTRACT

x* més_or_xs stopped in C,Fg in the LRL 30-inch heavy l'iq.ui‘d bu}sble »
E:hamb.er were used in .a study of the properties of the de»c':ay mode K% -~ 70+ p:.!‘ +v.
The propél ties studied were the p. and -ro énergy spectra,. p+ longitudinal 'Polax"i—
_ zation, p. total pola1 ization, and K /K es branching raﬁo. The data are con-
.sistent with the umversal V-A th“eoxy, with time—reve;‘sal in.variar.z‘c‘e an(i p-e
universality. Usi;;{g the usual form-factor phenomenological expreséior} for tlie

strangeness-changing vector current, we obtain

) 40,42
Re £ = +0.34 o0
N +0.85
Im § = +O.69_1.0 _

7\+ =» 0.00% 0,05

)/, (Kg )= 1.01£.05.
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Im §. shéuld vanish by time-reversal invariance and f+(K“' )/f+(Ke‘ ) should be
7 . ‘ | 2 | ‘ 3 3
unity if p-e universality holds., With these assumptions we obtain Re § = 0.41

+0.27
-0.22°

Y



of the mteractlon, which has prevxously been found to be conszstont thn vector,

flve exper).ments may be used as tests of Time-Reversal Invarxance in K s

‘4= UCRL- 16593

L 'INTRODUCTION.',-. .

We ha.ve St\.dled the propertles of the K 3 decay mode (K+ -0 4 H+ + V)

) us:.ng data obtamed from an.exposure of the Berkeley 30 mch hcavy llquld bubble

onvparts of the work described have already been published. ;’ 2

In_ell, five propei‘ties of the K: decay were studied experimentally:
1. The p.+ eriergy spectrum in the range 42 < T <94 MeV (2648 'events);

2. The p. longltudlnal polamzatmn 38 < ’I‘ < 95 MeV (2950 events);

.3, The K /K branching ratio (636 K 3 events plus 873 Ke ey events); .

;" 4, _The 'rro energy spectrum at fmed nt energles 40 < T <'90 MeV T, < 110

. MeV (444 events);

5. The p. total polarization 40 < T“‘ < 90 MeV, "rTr < 110 MeV (397 events).

Measurements 4 and 5 require 'completely reconstructed K:3 decays.

‘Because the number of K \\}as rather small where the vy rays from the = con-

3

‘verted and the p. stopped in the chamber, we performcd experiments 1 and 2
| using the two propertles of the decay that can be measured without observmg

‘the 70, In order to assure . statistical mdependence, we deleted cvcnts used

5 from the sample 2, The other experiments are already mdcpcndent

The data from tliese experxments may be used to estabhsh the form '

- we also find that our data are compatxble wzth a pure vector xnteractxon. Wxth

. this established, the data may be used to determine detaxled propertxes of the.

o decay.

. ) o o . v o . . . ‘ f : : o
In the universal:V-A theory of weak interactions, the matrix element

i

e % T
- for the K}_,.3 decayémay be written as>,

chamber leled w1th C3F8 to a beam of stoppmg K" mesons, Prellmmary results :

3,4

.. .vector xnteractxon. Experxment 3 provzdes a test of p.-e umversallty and all -t’ '



2. . UCRL-16593

(le lK) < 13 lu)

e where the lepton current is given by

. jV?YH (1+Y5)» : R T N v’ ' %

. ‘ . ‘ ~
and the strangeness-changing current Jv can be expanded in terms of two form

A

fecfors; 'f+ and {_ in the ferm

' vwhere A and q, are the K and m four- momenta, and f and f are scalar func-
tions of_ the four-momentum transfer squared (qK - qw)?; Therefore, they de-

pend only on the 'rro energy in the Kt rest system., In most theorctical models -

" these form factors (f+ and f_) should vary slowly with 'n'0 energy.
All properties of the decay depend solely ovn_f+ and 'f_ and, apart {rom
-the absolute decay rate, all observables depend solely on the ratio f'_/f+ =§ )

(with f+ and f - assumed constant). Time-reversal invariance requires »th.at g

be real,

Theoretical expressions for all the observables studied in this experi-
"";ment are given in the Appendix; g-e universality requires that the same matrix
o . + + 0.+ + o
element describe Ke3 decay (K =+ n~ +e + Vv)as K_p_3. As shown in the Ap-
/M ' 2' therefore,

pendix, all terms containing f_ contain the factor (M
: lepton

.f_ is unmeasurable in K;3 decay and the hypothesxs of p-e umversahty re-

solves in practice to the statement ‘thatf (KeB) = f+ (K“B) I‘hls equahty may

be tested by.using € obtained from K+ decay to predwt the K /K relative -
M3 °3

. branchmg ratio, and to compale it with the measured value of thls ratio, -

II. EXPERIMENTAL PROCEDURE . =~ ° . ,°
The'beaﬁi"i:i, produced at 26° from an internal target in'flije Bevatron,

had two stages ofﬁ':separation'. The beam momentum was 800_MeV/c with a

- momentum bite of +2%, ‘The pion céntamination at'the second mass slit was

g’ _

1
b ' A
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-"..e.su‘matved.at les's tharr ‘1%.. 'I‘he beam was degraded by a' co;aper sa\ytooth de-—~
.":_'grader at the bubble chamber entrance wmdow, so that the K" stoppmg poxnts :
“were well spread out in the chamber. The stoppmg volume of“the K was
'fapprqxxmately 30 cm long by 20 cm w1de by 8 cm deep. This spreadmg of

~ the K+'decay points had the advantage of separating the origins for easc of

scanning. The chamber was filled with C'SF8’ which has a density of 1,22 g crrr;.3

-and a radiation length of 28 em under operating conditions. A total of 240 000

pictures, containing about 3X 106 stopping K* tracks, was taken.

Sepa'rate,scans of the film provided the data fcr experiments 1, 2,

3, and 4; the same scan that was used for 4 was also used for 5, There was

considerable overlap in the samples, which ranged in size frorn less ‘than 20%

- of the film for experiment 3 to over 80% for 4 and 5.

. In all cases the ionization of the K+»had to be consistent with.its being

'stopped,”and the charged secondary from the K+'deca'y also had_to 'stop'in the
lchamber and decay into an e+.‘ For measuremente 4 and. 5, both y rays from

_the vo decay had to convert in’ the chamber to e* paxrs. Figure 1 shows a K}‘L

decay where both y rays from the 70 convert,

Before energy and other cuts were made on the'data, the total sample

of separate events frorrralll_ scans was about 12 000,  of which about 10% had two . -

convers1on paxrs. .

The momentum of the p. was obtamed from range in all cases,

The principal sources of dxfﬁculty in this experlment were geometrxc

| "‘"b1ases and background from other x* decay modes. L

The geometrxc bxases ongmate from the fact that the range of the

:"1,'

: ‘maxa.mum energy muon from K s decay is 46 cm, but the dlmensxons of the
"vxsa.ble portxon of bur chamber are approxlmately 75 cm by 45 cm by 30 cm,,

' the last dxmenszon bemg parallel to the magnetic £1e1d., Therefore, the
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;u detectlon on'm detectlon probabxhty also had to be constdered

Moat of the serxous ‘sources- of background result from the short N

and K 5 's (K - n- + A ). that from 12 to 30% of the txme a p_ track Cannot e

be drst*nguxshed from 1ts parent nt track and thus, a stopping 'n'+ resembles

'a stopomg p. . The exact ratto varxes w1th £11m quahty and strmgency of o -
o scanmng mstructtons.. ’ S
The short p introduces background from two modes

_The first mode produces a vr+ of umque range. whxch corresponds to the range
":.Z':of a: p. of kmetic energy '100 MeV. The n 's from the second mode sxmulate
;|~l+ 8 Of kmetic energy < 48 MeV. Itis largely these two backgrounds that . S

B ;dlctate the hrmts on muon energies used in each experiment. ';

Other mmor sources of background that are common to all the experx- o

‘ments are, fxrst, the K 3 decays where the K decays in ﬂxght but 1s close

o enough to the end of its range so that it is not pos sxble to- tell that it 1s m fhght
;'l_irom its :.omzatxon.; In our film this restricted the K* .momentum to < 200 MeV/c.
Only about 3% of all K's below this momentum wxll decay in fhght. Second : K ",

and K decays (m whlch the 1r decays in ﬂtght to a ® ), can. be mzstaken for

KP-3 8 if the w- - angle in the laboratory system is small _I.,. :("' _.':_:.

0

How we dealt with the above biases and problems assoc1ated with ) S

»“.'

mdwidual experirhents is descrzbed beIOW°
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S At Wxsconsm, the angular dxstrxbutxon of kinks in events reJected by the _

‘ fscanners under crlterxon (d) was determmed they found that the average

[ T  UCRL-16593

; 1. & Energy Spectrum

In this study 2648 events were 1dent1£1ed solely by means of a stoppmg

.u . The criteria 1mposed in scanmng were slightly dxfferent at Berkeley8 and

WJ.sconsm;9 thus the samples from these two Laboratorxes were analyzed‘
. 'separately'and the likelihood functions combined. They proved.coxnpletely'C-on-
'_sistent. The criteria used were:

“ (a) Events with 42 < TH < 94 MeV were accepted," 'l‘hi;s cut eliminated the

' ",—,»Tegionlin- which bac;kground from Ky and.Kﬂ,Z.is' hlgh .. The e.ndpoint of
w.off the. T! spectrum corresponds to T“ = 48 MeV; the r_egion fr-orn 42't°
. _48 contains a negligible number of 7' events. . The v+:"s from 'Kn,zlhaye‘ the
: ‘.A__‘i'“sa.me_range as 100 MeV/c u_ s.
_(b)llb_"TracksVWith dip angles greaterthan 60° were discarded, because theyv.
are difficult to identify and measure. . S
- {e) No tracks w1th a v1szble S e p. -+ e cham at the end were acce.pted
- Thls ehrmnatedthe few ‘remaxnnmg ‘K'r'f’ K"Z background events and

ibackgroundslfrorn these modes by K* decay in flxght-

" (d) The }.l. must stop m51de a ftducxal volume (slxghtly smaller than the

visible portion of the chamber) Thxs crltemon was adopted to perrmt

an accurate estimate of the detectxon eff1c1ency

o (e)"_» No events with vxsxble kmks in the decay secondary were acccpted '

_Thls crlterzon served to reduce the prmcxpal remammg sourcc of
: .»background—Kﬂ.Z events with a w-u decay in {light,

Criterion (e) was apphed slightly dlfferently at the two Laboratorxes. '

"‘vspace angle belotv whlch a kmk was. not observed was - 12' Thc f:.nal data o

\ n

‘sample was correl:ted to remove ‘the background of K ", ev.ents thh.kmks

i .
[
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less than 12'%," a correctlon of.9%..ilAt Berkeley, _tracks w1th .muon ranges.

of 20 to 28 cm, whlch orlgmate from events in whlch the m — p. ‘center- of mass

decay angle is large and thus the laboratory decay angle is always 8°
‘.greater, were carefully exammed on a projector that permitted superposxtzon :
| . of tracks from dszerent views; the correction for the remalmng background

. of events thh ranges less than 20 cm or which escape the examlnatlon is 4.6 %.

The next most senous background--about 3%--was’ due to radlatwe

KHZ decay. The contammatxon from all other backgrounds, 1nclud1no Ky,

decays in fhght and hlgh. energy 7' decays were smaller than this flgurc, 4

_ though in a small region of the spectrum correctlo—ns were necessary | Cor-

rectlons were also made for the shght distortion of the sbectrum due to the

* decay in flight of about 3% of .the K+'s in the s-ample. | | |

| By means of a second scan, the data were checked folr energy- :

dependent scanning biases, No sxgmﬁcant bias was found; Scanmng efficiency

was 85% or grea'ter;in all regions of the spectrum at both Laboratories.

R The final data samples were corrected for muon-escape bias by means

of Monte Carlo programs"essentially the same as those described in Sec._

11, B. 3,. with the result shown in Fxg 2 (curve B) The-'results of two programs e

cat Wisconsin and one at Berkeley, with somewhat dxfferent methods uscd for

‘generating the u tracks,' were compared and £ound to agree to w1thm about 2’/0 '

at all energxes. In the 11kelzhood function computatmn, the Monte Carlo geo-
metncal correctxon was used to correct the theoretical muon spectrum [Eq.
(A6) in the Appendlx].

a 2. QJ. Longxtudmal Polanzatxon

All expei‘xmental detazls of thxs aspect of the experzment have been -

descrlbed prevlously by Gxdal et al 2

3 ! : ' x

The number of events remammg after all cuts was 2950 m thc range

i

ot
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38 < Tp. < 95 MeV. The only éhangé from results ‘re'ported ir Reference 2 _

.was thé_deletion of 38 events used in the total polarization analysis, in order

to maintain statistical independence of the results of the separate measure-

ments. On the basis of scanning efficiency and differences in selection

% criteria, an overlap of about 50 events would have been expected.

3. 'KH3/Ke3 Branching Ratio

In this portion of the experiment, a selected sample' of 50 rolls’

(about 20%of the film)was scanned by restrictive procedures designed to

reduce systematic errors due to geometric biases and backgrounds.. Thesec

- procedures were as follows: o T

(a)
(b)
(c)
"
“ (d)

“Information from charged secondaries only was used. This restriction

. eliminated the need to estimate absolute detection probab'ilities of y

rays by pair productidn.

A restricted fiducial volume at the beam-entry end of the chamber was care-~

fully 'scanned twice for stopping ‘charged .éeconda'rie,s.’ ““This resulted in a _ |

high scanning efficiency; comparison of events found on the two scans

indicated each was more than 90% efficient, for an estimated efficiency

greater than 99% on the double scan.

Only tracks within 45° (both dip and azimuth) of the .chamber's long axis

were retained in the sample. Together with (b), this procedure increased

 the average path length available to charged secondaries,. reducing the

energy dependence of the detection efficiency to that corresponding to the

upper curve in Fig. 2(A).

Muon seccéndaries were required to stop in a well-defined fiducial volumé:

slvightly s ller than the chamber. Secondaries with ranges less than

1 cm were’g-’aiscarded, as scanning may be unreliable for such short tracks.
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(e) Any traclt t!tat went tht'ough a rﬂaximum redius from the K-decay origin
before stoppmg or leavmg the chamt:er was consxdered an electron.
Under our conditions about 70% of all electrons frOm Ke es decavaﬂl do
this, and no heavier particle can. o

(f) k't decays in flight were eliminated by a gep.count in‘tlte last 3 cm of -

| track. This criterion was.calibratcd against 7 decays, where decaye
in flight are ‘ki.nematically obvious. The calibration ind‘icated that,
3.2% of events that pass this test as though t'hey were a.t"res't we re actu-
ally decays in flight.

: (g) A simulteneous count of T decays in the decay fiducial1 volume setvecl to
calibrate absolute rates. | i
The detection probability for the KH3 events Wats calculated as _follows:
| A Monte Carlo computer program generated randomly oriented eventsﬂof
~ specified p.+ range from a sample of actual k" decay vertices w.ithin thev decay
'fiducial volume. The stopping position of the p. was obtamed thh curvaturc
‘iand mult1p1e scattering taken into account, and tested for presence 1ns1de ‘the
larger fiducial volume described in procedure (d). This computation was re-
peated for 2, 4, 6, *++, 46-cm tracks; the number of actual eve.nt‘s was d'tvi'ded
by secondary range into Z;cm histogram bins centered on.these_values, and
corrected accordingly.

A similar program determined the electror}-detection efficiency, with
additional terms to deal with the (a) evffects of energy loss and angular deviation’
due to radiation; (from the Bethe-Heitler formula), and (b) loss' of poeitrons '
through anmh1lat10n (with the Dirac formula used for the cross secthn) » Sir.x.ce‘

).} P

we could not meaéure electron energies with precision, we computed a welghted
t,i‘f ’

' average detectloq« efﬁcxency of 68. 1% by assummg a pure vector spectrum, a

i
'
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pure scalar spectrum would reduce this by about 10%. Both detection-

efficiency programé were comnared with others written elsewhere with -

:V?ry.gopds‘-i..-,i'v::.t agreement, We estimated the reliability of th_ié calculation
as 4%, and folded the cofresponding error into the result.. |

The major difficulty %n the K“3 rate aetex'mination came from back-.
grounds. 'Eliminating events with secondary ranges from 29 to 33 cm, which

are primarily an', left a sample of 1082 events, of which we estimated 636

‘were K, . Of the remaining background, about 373 events were. K,rv; with 73

followed by = —*'p + v in

from various minor sources (radiative K’l , and K

2 "2

flight provided the greatest share). .The K’r' correction was obtained in two

separate ways. Our final number was computed directly from the rate and

+

.m’ spectrum given by Bisi et al., 11 and no attempt was made to identify Ko

events by the t p+ -et decay signature. An estimate based on counting
events with this signature and estimating the number in which the p is missed

gives essentially the same result—276 K_, identified plus an estimated 106

missed for a total of 382—but.we:prefér. not.to rely on our estimate of the

p-stub-recognition effivcie‘n'cy.
With additional corrections (of the order of 1'to 3%) for.e_ve_nt»s lost
decays in flight,

in the K.rlrz region, events with @ tracks less than 1 c¢cm, K:‘S

and scanning efficiency, we obtained our final sample, which we then corrected

for detection efficiency. .
For the Ke3 mode, we had a sample of 873 events. These were

nearly free from background, the principal source ‘bei_ng K.r'- decays in which

~ both the nt and t:_}}_e p.+ from its decay were missed. W'e_estima't_ed this back-

ground at about i% The weak point in the rate determination was clearly the

§ L F

N dete‘cti’on-efﬁcié&xéy calculation, but unless there was a major scalar 'cdmponc—:‘nt

in the decay this should have been reliable to about 3%,
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- To obtain abselute i‘ate’s, the 9983 K'r mo'de events (no avngular cutoff)

feuridvin_ the decay fiducial volume were used as a standard.

4. 79 Spectrum at Constant p.+ Energy . |
For this experiment about 150 000 pictures were scanned for ’K“B
events where the p.+ stopped in the chamber and two e pairs pointed back

to the K' decay origin. Any event where there was a recognizable 7-p-e

chain at the end of the charged secondary was rejected, as were events where

‘the range of the charged secondary was less than 5 mm in_spa‘.ee, Only events

-where both y rays converted into ei-pairs were accepted; when the y's pro-

duced Compton electrons, they were rejected. The eivpairs had 't‘ov point to
the K* origin in all three stereo views, | L o

The scan produced about 1200 caedidates. These w.ere' meavsured and
constraiﬁed to the KH3 hypothesis by meansvof a two-vertex eirh_el.teneOus'.fit..

The u energy was obtained from range, and the y-ray energy was found fre_m

the sum of the electron energies in each pair. The electron momenta were

" obtained by the Behr-Mittner method. 12 Although the errors on the electron

0

momenta were large (235%), the error on the #° momentum was quite small,

~after constraint to a wo mass. We checked this'figur'e experim‘emally by .

' measuring a sample of K m, decays in which the no had a umque momentum

of 205.2 MeV/c. Figure 3 shows the 0 momentum dxstrlbutmn from a sample

of K"Z' the two e* pairs being constrained to a 70

mass. To._check the
reliabilityﬂof'the kinematic fitting programs, we measured some everits both
at Berkeley and at Wisconsin, and obtained the Same results.

~After measurement events were reJected if the e* pairs did not

_ point to the orxgg.m even though they appeared to on. the scan tablc.‘ After -

constraint, about 750 events fltted the K e hypothe51s satlsfactorxly
tm3 ‘ '

[

't



", small to be seen. In 4.1% of the K
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In spite of the‘constraint, it'is po'ssibié for Kr‘ and an events
to fit the K“3 hypothesis.  This was found to be true for K} events by

constraining a set of Kyt events in which three or four y rays converted, as ..

K, 's; the input to the constraint program was the charged secondary and

K3
two of the y rays., Indeed, events in which y's not 6figir_xating from the same

70 are matched fit KP~3 much of the time, but they can not fit the KT. mode,
which has a much smaller Q-value and is therefore a tigh_ter constraint,
In order to eliminate both these backgrounds, we made energy cuts

on the p+.' Using the shape of the nt spectrum from K. 1 decay, 13 we calcu-

lated that (after kinematic fitting) a lower cut of TH = 40 MeV WOﬁld give us a

background from K_, of <1%. An upper cut of T, = 90 MeV ‘!e:nléuréd that no
no_vrrnal K“Z decays were in our sample. Events with T, > 110 Mey _cqgld ajlso
be used, but there were too few of these to be of sign_.if.icance_ in OLIUf anal'ysis.
The bne other significant background in. fhese_ ‘daLta.i is thé.ft.dde to K“Z
decays in which the ot decays in flight to a pt and the w-p decay angle is too

my the m decays in flight, ahd in approxi-

“mately half of these the w-u angle is too small to be seen. A property of this

decay that can be utilized, however, is that the "O and t'hé;‘n*" in a K”Z are
collinear. After the y rays are constrained to a 70 mass, the. n0 direcfion
(in both K,,Z' and in K}1 ) is known f:o wi.thin about 5°, so that a cut m thé»ar}gle N
between the 'rro and charged secondary would eliminate this ba_c'k."grovunvd (uﬁlike
experiments 1, 2, and 3; ir-l which corrections for this were ‘made').

Lines of gbnstant no—er angle near 180°, when plot‘ted_o.n the T;r-
Ve'rsus-Tp Dalitz plot, are very nearly lines qf constant T,,O in the exiergy
region of this e)égeriment. A cut based on "O energy r‘ath.er .théﬁ cdllin_eavri_ty'
simplifies the data analysis, Using a»sam'ple of ZSO_event.sil" cv)b;tai'n‘eud by g

B8
&

falsifying the n ¥ nge on known K"Z evén_ts ‘and fitting'the.m to KH3.’ we ¢
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ﬂ determmed that a s1mp1e cut on the "0 energy at T 0 110 MeV'\'vould elimi-'_

‘ ‘nate all but 8% of. the an, T-H decay in fhght background and reduce this

to a total background of less than ‘1% (whxch was not szgmfrcant with our

statlstics Yo

About 50% of the film was 'rescanned to determine scanning efficiericy.
A ‘complarison of the n+ energy spectra from th.e. two scans ivndi_cated a s_rnall
scanning bias against higher energy p+'. (This was ‘onl.ygfor the events with
two conversion.pairs. ) We found no detectable bias in the vo energy Spectrunu;
this lack was.not' surp-rising hecause the configuration an‘d. eppearance of the e*
pairs i.n‘the bubhle chember are only weakly energy depend)ent."

’I‘herefore, we decided not to use the Dalitz-plot densi‘ty in_ our final

0

analyszs, but instead used a maximum- lxkehhood fit to the ™ spectrum at -

. each ,.L+ energy. This has the effect of takmg out the p dependence in the Dahtz '

plot infor'mation while retalmng the m-pu correlatzon mformatlon.

After all cuts were made, 444 events remalned in the reglon

140 < T < 90 MeV and 'r 0 < 110 MeV..

» The finite size of the chamber introduced a c'orrelation in the detecti-on
probability of the 70 and the p. : many events with high- energy p. 's that stop ~
in the chamber stop near the edge of the chamber. To determme thc magm- )

+
tude of thlS correlatzon, we used a Monte Carlo program that generated i

.events as descnb_ed in Sec. 1L, B. 3 1f the ;4 stopped in the_chamber,_ a WO

of specified energy, at the approprlate angle to the p+ but otherwise random
in direction,  was generated at the decay origin. A random decay angle in the
n0 center of mass was chosén and the y-fay ‘conversion probab‘ility

was then compuféd from the available path length, Independent programs at

_Wxsconsm and Berkeley again gave compatlble results, '-The effect of this

#.)‘}-ﬁ

'correlatxon was% reduce the detectxon probabxhtv of a- hxgh energy 'rro about_

‘a

S



PP SR

43- o  UCRL-16593

15%, with respect to that for a lovw~e_'nergy( “O at high p.+ energies. The re-

sults were expressed as a polynomial in T“ and ‘Tw;' an e:kample of the de-

pendence of the detection pro\b'ability dn_Tp at T"' = 90 MeV is shown in curve

C of Fig. 2.

5. Total Polarization of the p.+

One additional cut was applied to the 444 events obtained in Sec. Il 4.

' This cut was one that was found to be both necessary and adequate in the longi-

tudinal polarizatio_n data where sufficient statistics were available to 'measure

‘the polarization as a function of position in the chamber. 2 It was found that

there was a _-scann'm‘g bias against detecting KH3 'ev.ents Wh?!ll thg H+ Ast.opped
close to the top or bottom windows and the decay electron iéft'the chamber.
These events preferentially have an angle between the p.+ track and e+: track. -
of <90°, which causes bias in the longitudinal component of the to'.ta;l polari-
zation, Thefefore, we cut'all events where the p;+ 'stopped within 4 ¢cm of
either top 01" bottom w.ir.ldows. | |

For this analysis the direction of the decay electron from the u+ was

measured, This. direction, together with the completely reconstructed K“3'

- decay and its orientation with respect to the bubble chamber magnetic field,

was all that was needed for the analysis,
Scanning and geometric biases in the detection of the 1.;+"do not

affect these results, because in the data analysis the theoretical polariza-
tion was calculatéd separately for each event, i.e,, no weighting procedure

was used,

1II. RESULTS AND ANALYSIS

The expressions used to form the likelihood functions in this section

554
3

are given in the F*"fl‘.if‘ppo:andix;‘.
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1. }:"+ Energy S?eétrurﬁ (2648 events)
The experiment'al 41.'+ spectrum,.."a.fte)._' bé.ckground was subtracted
an)drcorrections were ﬁade for detection prob.a..bilit'y,_ is-shown in FiAg. 4.
Becau’se ;:he p.f enefgy spéctrum'is nlqt'very-sensitive to the _enefgy
| dependence of £, we assumed that both Re £ and im_& were energy independent,
and formed a two-parametér lAikelihood functionr (A‘ppéndix, >S‘ec. A) iin th.e‘tv\}o |
- variables. Since thé p.+ energy region and the treatment of the data} at .the
two laboratories were not.identical,;only the combined likelihood functions were
used to determine §, |
Figure 5 shows contours of equal likelihood ona map of Re § and -~
,Infm §"l'ﬂ.. One useful property of a two-parameter likeii_hood function 15 that to
bthe approximation that it‘ ;15 the product of two Gaugsian-distributions; th.c? _
confidence level is numericaily equal to the value of the functi?n, .n:orm’aliz‘ed
to the peak Qalue as unity, (This eéuality holds for the two:-parame»ter‘ case
only.) Thus, the contours on all the two-parametér like.lihood plots .shown .
may be us;ed for estimation of confidence levels, E
For the y.+ spectrum data we obtain, by reading off the numbers at

the e“i/2 contour;

- o ot1e1
Re £ = 0.0_0.9
IIm £] = 0.0+1.0 .

- 2. p.+ Loﬁgitudinal Porlariz'ation (2950jevents)

We reanalyzed the results obtéined on the same film scanned by
Gidal et al,, 2 using the two-parameter likelihood function given in the Ap-
pendix (Sec., B) é{'hd.vdeletiﬁg from the sanipie of reference 2 thésé 38 eQentsl |
that appear in thé‘:;'sample for the total polar_iza-tion.. Figure 6 si'lbws the
L

contours of conSttht likelihood of this function,

From the”p.+ longitudinal polarization we obtain

&
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R +0.9 °
Re£=-0.7737
.t _ +1.4
[m &)= 0.57 0.,

where again the errors quoted are to the e-i/2 contour. As may be seen from
‘the contours in Fig. 7, errors assigned this way are not very meaningful, How -
ever, the region just above Re £ = 0 is a region of high sensitivity and thus this

measurement does contribute significantly to our final result.

3. _K_l*_‘3/Ke3 Branching Ratio (636 K“3 and 873 Ke3vevents)

We obtain directly
) x (K )/(K = (0.703:»:0.056). ,
Assuming a K_ m'ode branchmg ratio of 5.46%, 14 we obtain the absolute rates
| (K;: )/(all KT) = (2.77£0.19)%
(K+3)/(all Kty = (3.9420, 21)%;

The errors include allowance for uncertainty in detectlon efficiency (2% in Ky,
. _)

3% in K 3), and the absolute rates also allow for uncertamty in the T rate.

Equation (A12) gives R as a function of £, with p-e universality as-

~ sumed. Solving this equation for a complex £ defines a circle in the £ plane

withvits center at -3.29 on the real axis, the radius s‘quered being given by
| [€ +3.29]% = 10.83 + 51.87 (R - 0.648).
Frdrﬁ oﬁr value of R, we ob‘tain
& +3.29]% = 13.632.90.
The intersections with the real § axis are .
Re & = + 0.40.£ 0.40 and -6. 98t0 40.

We obtamed a test of p-e universality by comparing this circle with
. . "
the values of Re, & and Im § predlcted from all our other measurement. A’

+
H3.

1ntegrat1ng the p. energy spectrum found at Berkeley and normahzmg to K,

spectrum-depen&é‘int meas‘urement of the K| branching ratio was obtamed by

1

decays.8 The result was (2.93%0. 23)%.
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4, n® Spectrum at Fixed p.+"Energies‘ (444 events)

" Figure 7 is a grid containing numbers that summarize the pbints on

"a Dalitz plot of the 444 events. The density of events predicted by V-A

theory for £ = + 0 + 0i (close to our final value) is also_shown on the plot.‘

The theoretical values there have been corrected for geometric detection

.efﬁcie'ncy in different kinematic regions, as described in Sec. 1I, 4. .

As stated in Sec, II. 4, due to a possible p.+ scanning bias in these
events we decided to perform the ;nalysis in a slightly differe.r;t way., _Ih-
stead of a straightforward application of the ;rnaximum-likelihood met,h‘od‘
on the Dalitz plot, we compared the expected - spectrum at the'- known }.L+
energy with the data, event by ex)ent. The 11'0 spectra were .thus afutomavtic'ally
weighted by the number of actual experimenial events in'eaé.h ir;te'ryal, but »
the likelihood function was independent of the muoﬁ spectrurr:x' itself.

It should be emphasized that the above technique is not the same_as'

fitting the 11’0 energy spectrum, as the w-pu correlation information is retained;

iin each case the TTO si:)ectrum has been compared to that expected for the ap-

propri#te p.+ energy.

Little informa.tion is lost when this method is u'slevd because ‘the."n'o
energy distribution is mor-e sensitive to the value of § than is .th‘e pf energy’
distribution. | o

Formulae pertaining to the analysis as well as a moré detailed
description of the detection-efficiency program are given in }-\pupe‘-ndi_}; A.

Figure 8 shows contours of constant likelihood en a,plof‘ of Re g

versus lIm §l£q‘r the above data, These contours assume constant form

A
2E
7

ol

tat

[T
i
{

i
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factors. The data very nearly contain a ''circle ambiguity. ! Thus, if Im €

is 0 we have a sensitive measurement-of Re £, but the data give little infor -

mation on [Im /.- | -

The best valué of Relﬁ for Im £ = 0is Re £ = + 0.72% 0.37..‘

The second solutibn, only a sixth as likely as the first, is
Re § = -4.83+0.25. | o

All other mea-urements reported in this paper suggest large betting
odds against this second solution. o

The energy dependence of f+ and {_ was tested by mean$ of the first‘—

order expansion ,

. 2
Qg - q.) .
0 . K oo A '
£, £, {1+xi?L} S (1)

where fg is-the value of f+ or f_ at T,,O = 0. Since -qK-qn_ de'pendfs solely on
the Trq energy, only the "_0 spectrum data are useful for this test..

We recomputed the maximum-likelihopd function with k; équal to
zero, va.ry'u;g )\+, and then with ‘>\+ equal to zero véryiﬁg r\;. A complete
4-parameter analy.sis was not justified at oﬁr level of statis‘jtical accuracy.

The values obtair;ed from this analysis are given in Table I, which
also shows the dependénce of Re £ on )‘:t‘ It is clear ‘that A remaﬁs es-
sentiélly' undetermined.

Figure 9 shows the'like_lihood function for X+ with A -assurﬁed to be
zero. From this function we obtain |

)\+ = 0.00+ 0,05,
_ When thls value of )\+ and its errors are folded into the value we ob-
tained above fori”:g{e £ = 0.7210.37 (Im § = 0, and )\ﬂ: = 0), we ol.)ta.xir'ik

¢ - Re € = +0.72+0,80,



‘the magnitude of )\+‘ex‘ceeds 0.03.
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Recent measurements of )\+}'in Ke3 decay give a mean val@e of N,
= 0,014+ 0.020. 15 So', with p-e universality a_ssufned (sée Sec. IV. for our
results on this), the error quoted above for Re § is rather conservative. -

There are general theoretical considerations that also make it unlikely that

e

Figure 10 shows the experimental "O spectrum from the 444 events,

The cui'ves are the theoretical curves for scalgr, vector (§ = 0 + 0i), axia
tensor interactions. The theoretical curves have-ha.d the.e‘xpe'rime‘ntal .“+
§pecfrum from the 444 events in the range 40 < T“ < 90 MeV folded in. The
probability of the distribution-. -giving ei’tbher:pur’e.'scalalr or tensor is.<1%,
i.whereas,.the.véctor (£.='0) gives better than 50% probability:l

5. Total Polarization of the pu' (397 events).

It has been shown that the muon in KH3.decay is always c.ompvl,etel)‘r |
polarized along some direction. 16 This follows from the assumptions that

the leptons are produced~at a point, the n and K spins are zero, and that the

" neutrino has a definite helicity. The direction of this polarization is a function

" of Bq 'BH' Re £, and Im §;v Fhis functi'dn is given m Egs. (A7) and (A8).

Because the expression for the polarization involves a term in Im §.
[unlike all the others which contain only (Im §)2] , this measurement is sensi-
tive to the sign of Im §. Note that the polarization is the only measurement
that has this property, which is due to the time-reversal-violating component
of the polarization, normal to the K decay plane.
; . +. + - +
The parity-nonconserving p -e decay was used to analyze the p

polarization,

o
N,

Becaus_ié;';'this experiment was done in a magnetic field, the only",ﬂcon- 2
iy v o
served'compon‘ehi}' of the p polarization was the one parallel to the magnetic
field. Tb check that this component was conserved, we used KHZ decays, as

i
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described m Ref. 2. The 16;kc-f1e1_c1 in this experiment svh_o'uldvbe adequate
to prevent depolarization, - | | |
| _ The expression used tc‘)’forn‘l a two-pérametéf l.ikelihood function
(Re & and Im §) is giveﬁ in Eq (A11). | - |
HFigure 11 shows the e-i/z, e , and e”2 contours on the two-p.airam-
eter likelihood plot. From this we obtain

Re £ = -1.4%1.8

Im §

1

+1.6+1.3,

where the errors are quoted at the e'i/2 (61%) level..

1v. DISCUSSION

1. Experimental

The vector nature of the interaction has been che.cked:in three inde-
pendent ways:

1. By fitting the p+ spectrum from measurement 1‘with its final l‘>est v.alues

of Re £ = 0and Im £ = 0, we obiained a xz‘ofA30 for 27 degrees of frecedom
(30%) for vector, a Ver;r satisfactory fit, ? Tensor and scalar have <1%
chancé of fitting. ' _

2, By fitting the "0 spectrum from measurement 4, we obtained a xz of 3
for 5 degvrees of freedom (70%) for vector (§ = 0). Tensor and scalar
again have a probability of <1%,

3. The fact that measuréments 1, 2, 4, and 5 all vgive consistent va}lue_s of
Re € and Im £ is also.a check on the nature of th.evint‘eraction.

With théi;exception of the Ke3/K“3 branching jra't,i_o, “all éur analysis

was done with tHg:maxlmum-'likelihood method. Figures 5, 6, 8, and 11 show

the results obtaif";ié:d by this type of analysis from the p.+ spectrum, the p+ 4

e . ,
longitudinal polarization, the.ﬂo spectrum at fixed _p.;+ ene”rgieé, and the p+.
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total polarization, respectively; These measuremént.s are independent,jin
our experiment (ev'e‘nts_i used fovrv p.+ total polafization wer'e deleted {rom the
’sample used for lo.ngifudinai bolarization). In these- likelihood plots,v const.ant
.form factors we‘r‘e ass._ume;l. |

In order to obtain our best value of Re § and Im §, we mﬁltipliéd the
values on the fourllikellih.ood plots and plotted the results on Fig. 12. Note
t_hat the area enclosed in the e-i/'2 contour in the combined likelihood plot is
quite probable in all the individual likelihood plots. ' The 'conﬁdence lev‘el.s
for our best solution range from 0.53 - 0.80 in the individual measurements.

From this plot, assuming energy-independent form factors, we ob-

tain:
' +0.42
Re g = 0.34_0‘26
. +0.85
Im g = 0369-1.‘0 »

‘which 'is_.consistent with time-reversai invariance, i,e., Im § = _O. If we
‘;,"assume Im £ = 0, then Re'§ is better determined as O43t23,;

, By direct test in the experiment in which we measurec& the rro spectrum
at fixed p.+ energies, we obtained a Qalue for the energy dependence of f+, de -
fined in Eq. (1) - :)\+ = OOO:t 0.05, 'I‘hié value‘ is consistent iwi&th‘the )\+ \'al.L;é
~of -0.05%0,07 obta‘ined by Jénsen et al. 17 for K:;3, and also with the value of
0_.01450,020, ;he world average for )\;l_ from Kz?’ data. Despi@e the rapid
variation of oﬁr best value of Re § with k+, we feel that at our level of statistical
accuracy an analysis with constant form factors is justified." Allo;ving for the

uncertainty in )\+ would slightly increase the statistical errors quoted above.

We ha\;é‘“insufﬁcient data to determine a value for the energy de-

pendence of I_. Ih most theoretical models [see Ref. 7 for a égmmary] , this

value should be of the same order of magnitude as that for f+.

Y AP

1
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Using Eq. (A12) and our vdlhg of £, one can predict the KH3/KG3

branching ratio tobe R = 0.693+0,037. - Compare this with the value we de-

termined directly for R =~J-Q.7O3:t0;056. The comparison may be stated as

. f+(K’_L3)/f+(Ke3) = 1.0110.05,.

~which is a test of p-e universality: Because of the form of our final likeli-

hood function, with its slowest variation nearly along a curve of constant = .
branching ratio, this conclusion is independent of the validity of time-reversal
invariance. |

If we assume exact universality, we may use the branching-ratio

~measurement to improve the value of Re §, obtaining ‘ o f

+0.27

Re & = ‘+.O.41_0.224.

As a check of internal consistency, 6ur final values of Re £ and Im § gix)e a

)(2 of 3.65 for 4 degrees of freedom when compared with the results of the

five individual determinations.

Table 1l summarizes other recent determinations of Re £ and Im &, -

.2, Theoretical

In the simplest theoretical model, that is with no K-n interaction and

K-m mass degeneracy, § vanishes idenfically. In models that take into account

the K-# interaction (sumnﬁarized in Ref, 7), one expects that 5{; l will be £ 1,

and that )\+ and A will decrease by (M"/MK)Z. In general, an intermediate
vector boson, or a p-wave K-w interaction, give (Mn/MK)Z = - X+.:.>\_.
If a single vector state, or a mixture of states with known relative coupling

strength.dominates, a numerical prediction can be made. For example,

dominance by the K,;/Z (890 MeV) gives £ = - 0.29 and K+ = -A_ =0.02, Ifan

-s-wave K- inte;;féction dominates, a similar relation holds between the

magnitudes of &.and the M's, with £ expected to be positive.

i
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Our data are not. precise enough to distinguish‘ wiﬁh any confidénée
among these models. | | | ' .‘ - |

Most of the theo.riés advanced to ;ccount for the a.ppvare_nt \)iolétion
of le;invariancéis- in Kg decay i)redict no violation of T invér.iance in K::3
vdecay. One éxcep‘tionvis Ca.bibbo's19 theory in which an effect \Qould blge ex-
.pected, with Re £ = 0 and Im £ # 0. The magnitude of Im £ in this theory,

however, could well be too small to have been seen in our experiment.
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APPENDICES

. ..We present hei;e th.e-theoretical expressions of the. various quantities
from which we form. maximum-likelihood functions to obtain the b'esf. valués 6f,
§‘f_rom our experimental data. Where the expression is unnor‘malized, = is .
used in place of =, Refe;.'enges from which these-c;.xpressi'ons were tak_envz.tré

given. We have used complex form factors and made some minor changes in

notation,
Notation
E ? : ~
MoV, T - total energy of p, v, or m
}
Rp., v, momentum vector of u, v, orw .
E“ - rpola;_}i‘-zation vector of u
P’i, Pi, P; . components of P, in the direction of the p (longitudinal)
polarization), the normal to the decay plane, and the
transverse direction in the decay plane, respccti\}ely.
E' EMax - E , where EMax is the maximum possible
B, T W, m, T M, o
energy of the particle from K+ decay at rest; i.e.,
Max _ 1 1,2 2 2.
MK, mp' " masses
f+, f_ ‘ form factorsv‘
£ . ratio f_/f+v

A. Dalitz Plot Density

‘The uni;)ersél V-A theory gives the Délitz-plo; ’d'ensity function as

€, E , E_)k {A(E ,E )+ B(E ,E_) Re £ + C(E_)|& P} X b NE
T Tl TR B A _ Z“B'MKZ T

.

where
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A (EH’ E") = .M (2 E}‘L E, - MK

F IR

B(E, E)=m
. v m
1 2

C(E,) =gm E .

B R
(E, - 7EL)

* Due to the bubble chamber geometry and other selection criteria

mentioned, the detection efficiency of KpL decay events is no longer a con-

3
stant but is a function of EH and E". This detection-efficiency function

f(Ep, E") is computed by the Monte Carlo method, which consists of randomly
generating a total of about 35,000 hypothetical events (64 events from each of

560 decay origins) for each (EH' E")- point. The 560 decay origins wecre ob -

tained from a random sample of K+ stopping points in the chamber. Fd_if a

y
1

given value of §, the normalized, theoretical Dalitz-plot density fun_ctiod
corrected for detection efficiency is then
WiE, EL B =M€ e 6 ELE)-LE, EY L (a2)
where A/(é) is the normalization constant formed in such a way that
/W (6§, E, E ))dE dE_ = N (total number of events),
_ ! w M L .
!; where the integration is over the area under consideration (in our case -
EH 145 ~ 195 and E“_ < 245). To obtain the most likely value of £ from experi-

mental data, one can form the usual maximum-likelihood function,

L () = no 0 W, E,E) - (A3)
a_ll exp. events s '

To eliminate a possible p bias, we modify the above procedure as

follows. We divide the total region into 1-MeV intervals in }.L+ energy. Instcad '

of W (€, EH' E'rr)' ‘we introduce functions

Va6 B = A @ e (6 ®), EIERED L BT (A
" where /V‘ (§) 1s the normalization constant formed in such a wéy that
¥
_fv £, E ydE_ = N_.
] . n 3 n i n-

F(In our case Eﬂ <245 MeV.

-

3
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. In Eq. (A4) N 1s the number of events 4in the nth bin. One then obtains the
best value of § by formmg the: maximum - 11kehhood function

L (&)= n [all%\ients_ n (5 En)J"_' ' ( . - (A3)
in nth bin '
To obtain the theoretical expression for the ut spectrum, one must

‘integrate p(§, Ep_,' E_ )in Eq. (A1) over piori'energies. The result is?

\ . _ 2 2 .
W (§ E )«z (EZ_ 2)1/2 (& - m, -2 Mg EH) [ 2 (»'\6)7'
2.V KR ‘_(A—Z'MKE) J -
where A = 2+m2 . '
YRTT  E im?
- m
D=M, E +4m? [K #® 1B
: K™ p 4 A-ZMKE
2 2 ;

F:}-mz ZMK+mp-3MKE

z My A-ZME

.- 2
<Lt '(ZIKE“ m“')

Pk 8- 2 Mg B

B. Polarization of p From K’ ‘Decay

H3

Cabibbo and Maksymowicz16 have shown that in K;B decay the muon
is completely polarized and its polarization direction is completely determined

by Rp, R’ and’'§, The p polarization direction lsp can be expressed as

" A (&) . , :
g) = ——-L-— : : : | (A7)
|al(&) S -
- [MK (p, " pNE - m )]
ﬁ(§)=‘1~1(§)gp-ﬂé(§) p, + P, R e
| T A
| + (Imdé) 8 (Rn?(gp)’ | - | (A8)
where

™
b 2

)= M2 +[Re €)-1] My E, + {[Re ) - 1) + [ (g)]z}'

w2 .
24 (§)=;‘§5 {ZE + [Re (E) - 1] : E}

|3
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Npte that the third term on the right side of Eq. (A8) gives rise to

L o : . .
Pp.’ a polarization'component normal to the decay production plane, and it

is proportional to _Irh (£). Time-reversal invariance requires that Im () = 0,
and thus also requires Pi tb vanish. |

The asymmetry in the p+ decay is uséd to analyze the polarization of
the p.+. For a p+ polarized along the di.relction Igp, the direction o_if th"e electron
ﬁe path from the p has é. decay distribut;on |

| D=1+ (Lﬁp- ﬁe’, . ’ : . . (A9)

where the a{symmetr'y parameter 4 has a value &= 0.33 ave'rla'ged over all
velevctrdn e»nergies. If the nllagnetic -field direction is a;l.orig z, thenvt‘he infor - -

i
mation obtainable is only on the component of EH along the z direction.

D' =1+ cuinp- 8B - (at0)
The maximuﬁ'x—likelihood' function for the bést value of £ is then
~ — H 2 ) -~ ~ . -~ C . . 4
L(§)=_ (t+ 2P, (€ pyr B 2]z - p ). (A11)
events ' ' "

For the longitudinal polarization PH , one forms a maximum-likelihood
expression in exactly the same way as for the total u polarization, except that

the term f)p is féplaced by E'e =(P - )P in Eq. (A11). For completeness,

M pooTp T
we give the other two components of the p polarization: -
pt - P -9
~H H
T =~ -~ ~
P =(P . - v
""}J- ( i v) v,
o | B Xp
. Where ﬁ :_"____p'_{.
| | IPWXPH
' axXp
i ‘\7 = K
y aXp
i t p“]

]
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C. Kp3/Ke3 'varax'mching Ratio

The assurhption ‘of p-e universality states that the.-expression for
K;ﬁi decay is the same as that for K:13 decay, except that the value of m

is to replace mH in Eq. .(Ai). Furthermore, f:t(p.) = fi(e). With these

conditions we can integrate over the Dalitz density plot and obtain
2

R = [0.649 + 0.427 Re £ + 0.00193 |£ ] micney B (A12)

If a value of £ obtained from internal measurements on KH3 is used

’

to predict R, the measurement of R thus provides a numerical test of ju-e

universality in the form

f+ (K

o) '
meas/Rpred'

+ e3'

where Rpred is the expression in brackets in Eq. (A12) above.
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“

Table I. Ehergy dependence ofiform factors.:

W N Likelihood ~  Best value
(arb. units) of Re §
-0.08 0 0.46 42,30
L0.04 o o447 4.2
0.00 0 | 242 +0.72

+0.04 o 158 +0.05
+0.08 | o . 0.41 -0.58
0 -0.40 2.07 -0.52
0 -0.20 o231 21.90
0 -0.10 249 | | 4228
0 +0.40 ,' 2.27 7 40.50
0 +0.20 1.59 . 40.46
0 +0.40 o 2.20 +0.02

i3
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Table II. Summary of measurements of £,

Xi = ¢ values

" Source Experiment
This experiment u+ spectrum® Re £ = O‘OTé.;

Muon longitudinal

polarization (P:)b

+ +
1(“3/Ke3 branching

ratio

"0 spectrum and

" angular correlation

Mucon total polarization

Above experiments

tm £]=0.0£1.0

Re ¢ = -0.7%0)

3
+1.4

Jirm €] = 0.57 5

For Imé£=0

Re £ = +0,40%0.40

{or -6.980.40)

ForIm & =0

Re § = +0.72£0.37

Re £ = -1.4%1.8

Im§ = +4.6x1.3

Re £ = +0.34¢0.24

. _ +0.57
combined Imé¢ = +0‘69-0,87
For Imf = 0 For complex §
v, Bisietal, © u¥ spectrum and Re £ >-3.3

sz branching ratio

Re £ = -0.75+0.5
Re § = +0.6 0.5
{or -7.3£0.5) Im £ = +3.5+0.50

G. Jensen etal.9

p+ and ﬂo spectra and

angular correlations

Re £ = -1.221.0

0 < |Im £|< 2.4 at 90% confidence level

G. Giacomelli et al. ®

+
p spectrum

ForImé£=0

Re £ = +0.7£0.5

A. Boyarski et al. f

+
B spectrum

ForIm £ =0

Re £ = -7.6 in best agreement with data

J. Brown etal.®

p+ and "0 spectra and

angular correlations

For Im £ =0

Re £ = +1.8+1.6

J. Dobbs et al.®

+
B spectrum

ForImé£& =0

Re £ = -9 at 95% confidence level

D. Cutts et al.’

"
p+ spectrum and Pp

For £ complex

0.8<[€g]<2.6

V. Smirnitski and
Weissenberg

ForIm £ =0, Re § = +2

T. Groves et al,k

w” spectrum

ForImé£ =0, Ref=0 "~

G. Borreani et alf N For Im £ = 0, .
= +2.4
Re § = +1.270"
a. See Refs. 8 and 9. e, See Ref, 22, i. See Ref. 26.
b. See Ref. 2. f. See Ref. 23. j. See Ref, 27.
c. See Ref. 21. g. See Ref, 24, k. See Ref, 28,
d. See Ref. 16, h. See Ref. 25. 2. See Ref. 28.
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FIGURE .CAPTIONS

Fig. 1. Photograph (left) of a typical K:B event with both y rays fx.‘om, the
n0 forming conversion pairs; tracks identified in the tracing at uip'pe-f,j;ejf.t°

'.Fig. 2. Probability that p.+‘will stop in the chamber, determined by Mdﬁte

Carlob calculations, as a function of the p.+'s kinetic energy. A, with
fiducial and angular restrictions imposed in branching-ratié detve‘rmina-
tion; 3, with restrictions imposed in p.+ spectrum determi.hation;.C; for
p+ accompanied by a 90-MeV 7% from which both Yy rays convert,

Fig. 3. Distribution of vro momenta ;)btained by fitting converted Yy rays
from KT,._Z decays to w0 decays kinematics. |

Fig. 4. Experimental p.‘+ energy spectrum, after background was subtracted
and corrections lmade for detection probability, with predictions from
(a) vector(§ s .O},? (b) sealézq‘,‘.and‘ (d) tensor theories.

Fig. 5. Likelihood function from p.+ spectrum events, represented by con-
tours of constant likelihobd in complex § plane. The large ex..(X)..de.notes.*
most probable.point.

Fig, 6. Likelihood function from p.* longitudinal polarization determinations,
represented by contours of constant likelihood in imaginary § plane. The
large. ex (X) denotes most probable point.

Fig. 7. T“ vs T'rr Dalitz plot showing observed and theoretical numbers of
events in various regioné.

Fig. | 8. Likelihood function from 1r0 spectrum determination at fixed p.+
energiea_represented by contours of constant likelihood in imaginary £
plane. fq

.

[
Ty

- Fig. 9. Likeliiiéod function for energy-dependence of form factor £+, with

% i 2
. o {ay - 9y)
f+ assumed} to equal A [1 + N+ -—‘I&n——2-ﬁ.. ].
T
';:'331 : .f . VR ) . PR ~ , _ ) '
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Flg 10. Experimental TTO spectrum ;l:Ompared with predictions of yector(&, = 0,
A = 0), scalar, é.nd tenso’rv theories. o
Fig. 11. Likelihood function from p+ total polarization “determination,l '
represented by contours of constant likelihood in imaginary € plane. The
large ex (X) denotes most probable point. |
Fig. 12, Combined likelihOOE function for all eiperimehts (product of functions
in Figs. 6, 7, 8, and :11.). Curve of constant branching ratio corresp_ondiﬁg

to our experimental value is shown,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
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