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SEARCH FOR THE DIRECT DECAY MODES K+ ~ ll+ + V + 'Y AND K+ ~ It+ + 'Y + 'Y 

Min Chen 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

January 1969 

ABSTRACT 

I. Search for the Direct Decay K+ ~ ll+ + v + 'Y 

We searched for the direct decay K+ ~ II + + v + 'Y as part of our 

stopping K+ spark chamber experiment at the Bevatron. The direct decay 

is experimentally distinguished from ordinary inner bremsstrahlung by 

a measurement of the angle e between the direction of the muon and 

gamma ray emission for events with high energy muons. The direct 

decay favors the emission of photons in a direction opposite to that 

of energetic muons while for the inner bremsstrahlung the emission of 

soft photons at small forward angle prevails. 

We found 27 events with muon kinetic energy between 137 and 

142 MeV. Each of the selected 27 events was associated with a 

converted gamma ray shower. None of these events have the angle e in 

the interval -1 < cos e < -0.9 where more than 66% of the direct decay 

+ + K ~ II + v + 'Y events should appear. The upper limit for the branching 

+ + ratio of the direct decay of K ~ II + v + 'Y in the above muon spectrum 

interval is 1.1 X 10-5 at 90% confidence level. If we assume that the 

El decay amplitude is negligible, we can set an upper limit on the Ml 

form factor (~) of 2~3 at 95% confidence level. 
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A. INTRODUCTION 

+ + The matrix element for K ~ ~ + v + y can be divided into two 

terms, 

~ is the contribution of ordinary inner bremsstrahlung while Ms includes 

all the processes in which the gamma ray is emitted directly. This 

latter term is also referred to as the structure term as it is determined 

by the internal structure of the K meson. The calculation of tne struc-

ture term is complicated, so it is necessary to assume a detailed model 

of-the process in order to estimate its magnitude. 

If time reversal invariance is valid the phase difference between 

Mb and Ms is zero. In the convention which we employ in this paper ~ 

is real. Time reversal invariance therefore requires the form factors 

which describe M tO'be real. The experimental consequences of a T 
s 

violation will appear as a component of the polarization of the muon out 

of the plane cont~ining the ~, v, and y momenta. 

It was suggestedl ,3,4 that there: may be an apprec.iable Violation 

+ ".+ of time reversal invariance in processes such as K ~ ~ + v + y. Unless 

the absolute value of Ms is co~parable with that of ~ -~at least for , 

some kinematic configuration--it,will not be possible to design practical 

experiments in which the time reversal violation would be detectable. 

For the experiment we describe in this paper, we have set a limit on the 

magnitude of M • 
s 

The inner-bremsstrahlung term has been calculated by Cabibb02 in 

the case of ~+ ~ ~+ + v + y. This calculation applies also to 

+ + .' K ~ ~ + v + y. According to V-A theory, the matrix element responsible 
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+ + for the decay K ~ ~ + v is 

G'f 
K - ( M = -- p Un'1 1+'15) U .J4P ~k~ V 

o 
+ where p is the four momentum of the K meson and '1 are the Dirac '1 

~ ~ 

matrices; G is the 'weak interaction coupli~ constant; fK is a c~nstant; 

and '0'£ and U
v 

are the spinors of the muon and the neutrino respectively_ 

BY making the usal assumption of a mini~l electromagnetic interaction, 

and by assuming that the weak interaction form factors are constant and 

equal to their on-mass-shell values, the inner bremsstrahlung matrix 

element Mb can be calculated ~n a straightforward fashion 0 The gauge-

invariant matrix element for inner bremsstrahlung is: 

M. ,= ie. ~~GrJlij..L ij [£0 6 _ PO,E + Eo'1 kOZ] (1+'1 ) U 
-0 i!h. ~4p k £ .e0k p-k 2.eok 5 v 

, 0 0 

(I-l) 

where e
2

is the fine structure constant, e
2 = 1\; , £~, k~, and E~ are 

the four momentum of the ~ meson. and the four momentum and polarization 

of the gamma; AoB is defined as A B 
o 0 

The direct matrix M is 
s 

difficult to calculateo From Lorentz invariance, gauge invariance and 

(V-A) theory the most general form of the direct matrix element for 

+ + 3 the decay K ~ ~ + v + '1 is 

M 
ie G fK - [~ ((pok)(E-'1) - (EOP)(k o'1)) = U£ 2"""" s .[2 ~4p k ' o 0 

m K 

+ ~ i €~pcr ~P~€pkcr] (1+75)Uv • (I-2) 2 m
K 

,,:.,r 
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where E
Allpa 

+1 if Allpa are an even permutation of 0)1,2,3, 

,EAIlPa 
= -1 if they are an odd permutation, and 

EAllpa 
0 if two or more indices are equal. 

~ and ~ are the form factors for El andMl respectively. They are 

2 generally functions of q , the square of the invariant mass of the 

lepton pair. 
+ ' 2 2 

In a system where the K decays at rest, q = m K - ~r. 
i 

As the experiment we are describing here has a limited number of events 

we shall assume that ~ and ~ are constant and equal to ~(Er=O) and 

~(E =0) respectively. If indeed they are not, our result must be , r 
considered as an average over the spectrum of kinematical configurations. 

In fact the form factors ~ and ~ have been estimated from a number of 

theoretical mOde~s.3,4,5 It has been shown3that the odd parity strange 

vector mesons (1-) will contribute to ~ and the even parity strange 

vector mesons (1+) will contribute to~. Since the K* has the lowest 

mass, it is likely that it is the dominant contribution to M. Gervais 
s 

et al~4 used a X*(890 MeV) pole model to calculate the value of ~. 

All contributions from higher 'mass states were neglected. Their model 

can be expressed in the follOwing diagrams: 

t 
~~~~--~~------)L + (Inner Bremsstrahlung terms) 

V 
The matrix element at K*Kr vertex is 

H = ~ f E F (K*)t c 
1 2 K*Kr Allpa All' p d:X'(j CPK 

where fK*Kr is the coupling constant, K~ is the polarization vector of 

the K* and FAil is defined by 
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and cr
K 

is the K field. The matrix element at the vertex K*l-1v is 

+ + The contribution of the K*-pole term to the· decay K -+ 1-1 + v + 'Y is 

fK*K'Y~*I-1V 1 H = ie EA k€ P Un'YA(l+ 'Y5)U 2 2 (I-3) 
~4p k I-1Pcr cr P 1-1 k v (p-k) -m K* 

o 0 

The coupling constant fK*K was related by SU6 to the P1('Y coupling 
'Y. 

constant and the latter was estimated by assuming the P -+ 1( +'Y partial 

width of the order of 0.5 MeV. They got 

Eowever a similar calculation by Jackson12 using the SU6 relation 

fK*K'Y = 3f,~'Y and the experimental width ~(mo -+ 1(0 + 'Y) = 1.1 MeV gives 

ifK*K'Y i = 0.5/UX. The numerical value of ~*I-1V can be related to the 

K 3 partial rate by assuming a K*-pole model ~~*. was estimated to be e . .~~ 

1.9 X 10-7 by Gervais et a1. and to be, 3.1 X 10-7 by Jackson. Comparing 

the term of ~ in Eq. (I-2) with that in Eq. (I-3) we find in this 

, model the form factor becomes: 

2 
fKK*'Y 9<:*I-1V m K 

~ = - g ---::2:----::2~ 
«p-k) - UX* ) 

with 

(I-4) 

from which we find ~=2 according to the values estimated by Gervais 

et ale and h~0.5 according to Jackson if the dependence on k is 
-~ . 0 

neglected. The discrepancy between the two values of ~ must apparently 

be attributed to the different numerical values used as input data. 

... 
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For comparison, the corresponding ~ in 1{ - -+ ~ - (e -) + v +' y mode 

was estimated3 to be ~3XIO~2 from eve theory and the life time of 1{0. 

The El form factor ~ was estimated5 to be: 

.~= 0.8.~·.·· 

if unsubtracted dispersion relation holds for ~(q2) or 

I~I« I~I 

if once subtacted dispersion relation holds for ~(q2). 

The differential distribution in muon energy E (or £ ) and cosine 
~o 

of the angle e between the muon and photon directions, evaluated in the 

rest frame of the K nieson, is 

where 

2 
(~ - £0 + £ cose) 

80 = £~k [£2 sin~(~ k~£'k)+2V.k] , 

-4 ' 2 2 • ko 
81 = £.k [£ sin e Re~ + v'k Re(~-~)] -- , 

" ~ 

4 [[ 2 . 2 ] 2 12 
82 = m 2 £,v-£ sJ.n e (I~I+ I~ ) 

~ . 

cose) 
(I-5) 
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£ is the magnitude of the muon 3-momentum; £ and v are muon and 
, ~ ~ 

I 2 2/ 
neutrino 4-momentum; WK£ is the rate for K t. J..II + + v; kmaX = (~ - m~ ) 

2~; e is the angle between muon and gamma; ~l and ~2 are the phases 

of ~ and ~. If time reversal ~nvariance is valid'~1-~2 = 0 or ~ and 
; , 

I~ and I~ equal zero. . So represents the inner bremsstrahlung .. 

contribution (the inner bremsstrahlung photon spectrum is shown in 

Fig. 1), while Sl and S2 are the interference and direct contributions. 

4 
In the K*-pole model, Gervais et ale introduced T-violation 

through the KK*y vertex. Assuming maXimum C violation by letting 

Im fKK*y = Re fKK*y (from Eq. (I-4) we see that this implies 

Re ~ = Im ~ = ../2) ,they found the maximum transverse muon polarization 

to be 57%. Since the transverse muon polarization 

...... 
£Xk ---

/1Xk/ 

.. is odd under time reversal operation, an observation of cr component 

+ + perpendicular tothe~-y plane in the decay K ... ~ + v + Y should 

be a good test of T-invariance in electromagnetic interaction. The 

practicality of such an experiment, however, depends heavily on the 

magnitude of ~.If it is smaller than predicted, the transverse 

polarization decreases • 
. : 6 

It was suggested that weak interactions are mediated by the 

exchange of a vector boson-W meson. The absence of the decay mode 

K+ ... W+ + Y which should be very abundant if it were not forbidden 

by kinematic reason, implies that 1W >,~. The effects of a W-meson 

with mass larger than ~ usually are very small. The inverse neutrino 
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Fig. 1. Energy distribution of the gamma ray in K+ ~ ~++v+y for 
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Fig. 2. Distribution in cos e of the decay mode K+ ~ fl++V+y for 

Efl =139 MeV. e is the angle between the muon direction 

and the gamma ray direction in a system in which K+ meson 

decays at rest. Several curves corresponding to different 

values of ~, the Ml form factor are shown. 
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Therefore we looked for events with E 
~ 

greater than 137 MeV only. 
+ + 0 + The e from the decay mode K ~ ~ + e + v 

can go farther beyond the range of a 137 MeV muon. Therefore we used 

lead plates and Cerenkov counter to reject e+ by a factor of 103 • 

Furthermore because of the finite energy resolution of the range spark 

chamber, the number of events due to the decay K~2 is much higher than 

the number of events of the decay K when the kinetic energy of the 
~vy 

muon is greater than 142 MeV. This sets an upper limit on the muon 

energy for which we can possibly look for the decay K+ ~ ~+ + v + y. 
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C • APPARATUS 

a. Beam 

+ The K beam transport layout on the Bevatron floor is shown in" 

Fig. 3. The total length of the beam from the target to the final focus 

was about 14 m. The beam had a solid angle of 6 millisteradians for a 

target of size 0.95 cm wide, 0.32 em high at the second focus of the 

external proton beam of the Bevatron. The image size at the final focus 

was about 1.3 cm X 1.3 cm. 

The beam was designed to meet the following requirements: 

(1) This beam system reduced the number of ~+ to the same order as K+ 

+ at the stopper although the production rate of ~ from the target 

in the external proton beam was two order of magnitude higher 
, 
"" + 

than that of K • 

(2) The momentum of the beam was chosen so that ~+ and K+ could be 

easily separated and the loss of the K+ mesons due to scattering 

and nuclear interaction through the degrader is tolerable. 

(3) Since K+ has a short life time (~k ~ 12ns) the total beam length 

must be as short as compatible with (1) and (2). The optimum 

-+ 
K momentum was found to be 500 MeV/C. 

(4) + In order to maximize the number of K stopped in a reasonable 

size of stopper, the momentum dispersion of the coming K+ must 

be less than a few per cent of the Gentral momentum. 

The secondary beam was produced in a target at an angle of 240 

to the 5.3 BeV external beam-of the Bevatron. It passed through the 

follmving elements: 

(1) Quadrupole I which was put as close to the target as physically 
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Fig. 3. Layout ,of the 500 MeV/c separated K+ beam. 
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permissable to gain a large solid angle. 

(2) An electrostatic separator which deflected particles vertically 

by distances inversely proportio~l to their velocities. The 

electrostatic separator, together with a vertical collimator 

+ + at the first focus, separated 1( from K by a factor of 50:L 

(3) Quadrupole II which focused the beam to the first focus horizontally. 

(4) Magnet I which analyzed the beammanentum and allowed a momentum 

spread of ±2% about the central beam momentum of 500 MeV/c • 

(5) A singlet quadrupole sitting at the first focus. It serves as a 

field lens. 

(6) Magnet II which compensated the dispersion effect of the first 

magnet. This function is called momentum recombination. 
I 

(7) Quadrupole IV which brought the beam to a second focus. 

11 With 5xlO· protons per Bevatron pulse focused on a 1-1/2 inch 

thick uranium target, there were 3X105 positive-charged particles of 

. momentum around 500 MeV/c flying down the magnet system. 
i 

Most of the 

particles were 1(+. The K+ meson intensity was about 4000 per pulse at 

the final focus 'ahead of the degrader. + One quarter of the K were brought 

to rest by a series of counters and carbon degraders •. The remainder were 

lost due to interactions with the carbon nucleus and multiple scattering. 

The K+ stopper was a box of size 7.6 cm X 5.4cmx6.9cm filled with powdered 

carbon of low density 0.85 gm/cm3 • The walls of the box were made of 

plastic scintillator. The data were taken with the Bevatron operating 

under long spill (900 millisecond) conditions at a kinetic energy of 

5.3 BeV. The average trigger rate of the spark chamber system was one 

+ per 2000 K mesons stopped or one per two pulses. 

'.I-i , 
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b. Counters and Spark Chamber System 

The counters forming the K+ telescope are shown in Fig. 4. The 

+ + function of this telescope was to select K from a ~ background and 

to insure that the K+ stopped inside the stopper before it decayed. 

+ The K telescope was located between the exit apertUre of the last 

quadrupole doublet and the second focus of the beam which was 91 cm 

from the doublet. It consisted offive scintillation counters S1.-' S2~ 

S3, s4, and 8
5

, and one threshold water Cerenkov counter Ck between 

Sl and S.2. The Cerenkov counter detected charged particles of 

~= v/c > 0.75. Since 500 MeV/c ~+ have ~=0.963 while the ~ of the 

+ K at the same momentum is only ~=0.7 this Cerenkov counter served as 

t " t t "t . + + d + an an lCOun er 0 reJec ~,~, an e • The counter S5 had the shape 

of a hollow box. Four of the six sides of the box were made of scintil-

lators while the side facing the incoming K+ and the side toward the 

decay-particle telescope·were open. 

The kinetic energy of the K+ meson was considerably lower than 

that of the pion or lighter particles before entering the stopper. 

The ionization energy loss of a charged particle is approximately 

inversely proportional to its kinetic energy, 

2 
dE ex: -l .en mv 
dx mv2 ZI(1_~2)172 

Therefore the signals from counters S2 and S3 were bigger when the 

incident particle was a K+ rather than a lighter particle. We set a 

lower limit foranacceptance on the signals from S2 and S3 to reject 

faster particles. 

+ The criterion for a stopped K was the coincidence of pulses from 
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Fig. 4. K+ telescope layout. 81' 82' 83' 84, 85 are scintillation 

counters; C
B 

is water Cerenkov counter; Dl , D2' D3 are 

carbon degraders; and 8Cl and 8C2 are spark chambers. 
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+ the scintillation counters in the K telescope 

stop 4 - -K = 81.82·83·8 .Ck ·8
5 

The anticounter 8
5 

vetoed any event upon detecting a charged 

particle in coincidence with 83. 

The counters formi~g the decay-particle telescope were called T2, 

T3)T4,Ce , and T
5

• The telescope was used to identify charged particles 

from K+ decay~ The water Cerenkov counter,C , was used as a veto device 
e 

+ + 0 + 
against products of gamma ray conversion and the e from K ~ n + e + v, 

which were much more abundant than the muons from the decay K+ ~ ~+ + v + y. 

The anticounter T5 rejected high energy particles, mainly ~+ from the 

+ + ol + + decay K, -+ ~ + v. About 9570 of the muons from K-+ ~ + v passed through 

T5 and thus we~e rejected. Approximately 15% of the muons with insuffi­

cient energy to go beyond the T5 anticoincidence counter were detected 

in the Cerenkov anticoincidence counter. The degrader shown in Fig. 5 

was variable and could be adjusted to make the range interval between 

T4 and T5 correspond to an initial muon kinetic energy from 45 to 160 MeV. 

The spark chamber trigger requirement was a T2-T3-T4-c -T fast 
e 5 

coincidence occurring in the interval from 6-35 nanoseconds after a 

K-stop signal, the time of which was determined by the 83 counter. The 

minimum allowed time between aK-stop and K-decay was chosen to insure 

a rejection of better than 250:1 against K+ decays in flight and other 

prompt events, such as the scattering of the K+ against the carbon 

stopper. The logic corresponding to a delayed K+ decay was, 

K(delayed decay) = (8l-82-83-84-CB~§5) - (T2-T3-T4-Ce-T5)delayed. 

(r-6) 
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TABLE I 

. 8ize Photo Tub'e (s ) 

30cmx30cmxO.95cm RCA6BIOA 

10cmxlOcm.0.95cm RCA2067 

7.6cmx7.6cmxo.6cm RCA2067 

5 .lcmX5 • lcmxO .• 16cm RCA2067 

7.6cmx7.6cmxO.16cm RCA2067 

25. 4c~25 .4cmxl. 3cm RCA7265 

32cmx32cmxO.16cm 
\ 

Blcmx81cmxO.95cm 

RCAB575 
RCA8575 

4xRCA 
6810A 

Purpose 

81 detected charged particles 
from the beam magnet system. 
If charged particles were 
detected by 81 within 600 ns 
before (or within 200ns after) 
a K meson stopped, the event 
was discarded. 

82-83-84 defined the K meson 
telescope. The signals from 
82 and 83 were attenuated to 
reject fast p~rticies. 

83 determined the time of the 
K+ meson entering the stopper. 

Whenever 84 was triggered the 
particle entered the stopper. 

85 vetoed any prompt events. 
It also recorded the event 
when any charged particle 
entered the gamma spark cham­
ber from the stopper. 

T2-T3-T4 defined the muon 
telescope. We know the decay 
particle came from inside the 
stopper if T2 was triggered. 
T2 set the delayed K+ decay 
time. 

T3 insured that the particles 
went through Ce • 

We know the emitted particle 
entered into the range spark 
chambers if T4 was triggered. 

T5 vetoed any charged particle 
passing through the range 
chamber in coincidence with 
T2-T3-T4. 
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TABLE I (continued) 

Size 
--, 

17crnx17cmx5.1cm 
(water filled) 

Photo TUbe(s) 

RCA C31000 

27.5crnx27.5crnxl.6cm 4xRCA 
(water filled) 8575 

Purpose 

- + Ck ,rejected Jr and other 
l~ghter charged particles. 

- + C rejected e by a factor of e 
more than 40. 
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The gamma rays were detected in three 36-module spark chambers 

surrounding the kaon stopper as shown in Fig. 5. In Fig. 5 all the 
I 

spark chambers on the right side were 76<.1{6 cm2 , whereas the upper and 
I . 

the lower chambers were 30 cm X 76 cm. The plates in these modules 

consisted of a sandwich of a 0.8 mm thick lead between two 0.3 mm thick 

aluminum plate.s. The two modules closest to the kaon stopper were made 

of thin aluminum plates in order to identify charged particles entering 

the chamber from outsJde. There were no counters associated with the 

gamma ray chambers. 

The direction of the incoming K+ was measured with two 2-gap 

. aluminum spark chamber modules placed between counters 83 and 84 in 

the beam tel~scope. The initial direction of the charged particle from 

+ the K decay was measured with three 4-gap spark chambers labeled as 

8Cl, 8C2, and 8C3 in Fig. 5. The spark chamber trigger criterion 
I 

required the ~+'from K+ decay to stop between counter 14 and T
5

• There 

were three more sets of spark c~mbers associated with the ~+telescope: 

(a) Four gaps of thin aluminum sheets between T4 and the degrader. 

They showed the direction of the charged particle after it 

scattered through the degrader. 

(b) Twenty-eight gaps of a total thickness 9.9 grams/cm2 of 

aluminum sheets between T4 and T
5

. 

(c) Four gaps of thin aluminum sheets after T5 to show any charged 

particles going beyond T5 which for some reason was not vetoed 

by T5 (such as an electron from muon decay). 

All of the spark chambers were fired within 390 ns of a delayed 
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Fig. 5. Vertical cross-section of the apparatus. 
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K+ decay signal. 

Muons and electrons can generally be distinguished by the nature 

of their tracks in the aluminum spark chambers. The track of a muon was 

straight and continuous while that of an electron was usually broken and 

scattered. The range of the muon was determined by measuring its depth 

of penetration into the 28 module aluminum plate spark chambers between 

T4 and T
5

• The degrader ahead of T3 was variable. + + For K - ~ + v + r 

decay mode we used three pieces of degraders, 

2 
(1) 29.6 gm/cm or 2.5 radiation lengths of copper before T3 

(radiation length of copper = 12 gm/cm
2

), 

(2) 7.8 gm/cm2 or 1.2 radiation lengths of lead ahead of spark 

chambers SC3, and 

(3) 11.8 gm/cm
2 

or 1.8 radiation lengths of lead ahead of spark 

chambers SC2 (radiation length of lead = 6.52 gm/cm
2

). 

For K+ ~ ~+ + v decay we changed the thickness of the copper sheet 

to 35.7 gm/cm2 of copper. This was the only difference between the two 

runs. 

The lead sheets were used to attenuate the positrons from the 

+ + 0 decay mode K - e + ~ + v. 

The spark chambers were sensitive for a period of 390ns after the 

+ Kdecay took place. The minimum delay between two triggers was chosen 

to be 250 milliseconds to allow the apparatus to recover. The clearing 

fields which cleared away the remaining ions due to previous charged 

particles in the spark chambers, were 50 volts for the range chambers, 

40 volts for the gamma ray conversion chambers and 30 volts for the 

beam chambers. A total of 18 views of the 9 sets of spark chambers 

.. 
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were photographed by a camera 10 m away. We used 24 mmx 36 mm frames 

of Tri-x film. The f-number of the lens was 8. We observed 566,858 

delayed K+ decays, among which 26,807 short range ~+, which did not 

pass through T5 nor triggeredC , were able to pass the trigger criterion . e 

(I-6). Whenever a particle satisfied the trigger ciriterion, the chambers 

fired and we took a picture of the event. 

The electronic logic system is shown in Fig. 6 and Fig. 7. 
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Fig. 6. Schematic diagram I of the electronic fast logic for the· 

experiments. 
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C. C. : Camera Control 
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F D Fixed Data 

F D DC: Fixed Data Display Control 
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G M: Gate Monitor (scope) 
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P G Pulse Generator 
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S: Set 
i 
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D. DATA REDUCTION AND ANALYSIS 

The purpose of data reduction was to select events with appropriate 

muon energies and converted gamma rays. The 26807 pictures taken during 

164 hours of running at the Bevatron were scanned with SPASS, the auto­

matic computer-scanning system developed by Deutsch at MIT.8 All views 

of the chambers were scanned by this system eXcept the 6 views of the 

gamma-ray conversion chambers which were scanned manually. Using the 

information from the SPASS scanning we reconstructed the track of the 

incoming K+ and the track of the charged decay particle, ~+. If there 

were two or more tracks in either of the K+ tracking chambers or the ~+ 

tracking chambers the event was discarded. If either the K+ track or 

+ the ~ track was missing, the event was also 'discarded. Because of 

the above criteria, 16.4% of the total pictures were discarded. 

The position of the K+ stop was inferred from the intersection 

'. + + point of the track of the K and the track of' the ~. Ideally this 

should be a point. However since the K+ was scattered before it actually 

stopped, the position of the K+ stop was then defi~ed to be the point on 

the ~+ line with the minimum distance between this point and the K+ line. 

We discarded all events with this minimum distance larger than 1 cm or 

with the intersection point outside of the stopper. Five percent of the 

events were thrown away because of this criterion. 

The muon range chambers were also scanned bySPASS. From this 
". 

information we obtained the portion of the muon track after the muon 

scattered through the degrader. Sometimes when we combined this part 

of the data with that obtained from the tracking chambers, the picture 

numbers used in the two scannings did not match. For this reason, 4.3% 
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of the events were discarded. This loss was due to a defect in the auto­
I 

matic scanning device. 
I 

The I muon stop position inside the muon range chamber was measured 

by SPASS ~n both the top and side views. Occasionally SPASS missed the 

last few ~parks in one view or the other, before the muon stopped or 

SPASS added some nearby random'sparks to the muon track in either of 
j 

the two views. Also 17% of the muon stopped in the range chambers 

decayed i~to electrons before the chambers were fired. When the emitted 

electrpn made an angle less than 30 degrees with respect to the muon 
, 

direction in one view, SPASS could not tell ,the muon track from the 

electr'on track in that view. Therefore the gap numbers in the two views 

were diff~rent in these cases. In order to get a good energy resolution, 

we required the difference between the number of gap penetrated by the 

muon deduced from the top view and that from the side view be less than 

3 gaps or 1.6 MeV muon kinetic energy. As a result 4% of the remaining 

pictures were discarded because of inconsistency of the gap numbers in 

the. two views. 

We have set the following criteria for the smoothness of the muon 

track to improve the precision Of the calculation of the muon energy and 

to reject scattered electrons 

(a) The scattered $,ngle through the three tracking chambers of 

o muon was less than 11 • 

(b) The scattered angle through the copper degrader, and T3' T4 

o 
was less than 23 ~ 

From the track inferred from the tracking chambers we could 

predict the initial position of the muon track in the range chamber 

", 
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if the muon had not been scattered. The distance between the predicted 

position and the actually measured position, S, also gave some informa-

tion of scattering. Therefore we required 

. (c) S be less than 5 cm, 

(d) The angle between the initial direction of the track deter-

mined by the first 4 sparks in the muon range chamber and 

the mean direction of the track in the range chamber be less 

o than 22.5. Inside the range chambers the multiple scatter-

ing angles of the electrons are considerably larger than 

those of the. muons. Therefore this criterion also helped 

discard Ke3 ba~kground events. 

Thirty percent of the remaining pictures were discarded because of 

the above criteria. The muon energies of those pictures left should be 

well represented by their total ionization energy loss through various 

materials. The calculation was confirmed by the ~2 data as shown below. 

We used the muons from the decay mode K~2 as a calibration of the 

determination of the muon kinetic energy from the range. The calculated 

mean energy was lower by 1.5 MeV than the known muon energy- of 152'-5 MeV 

+ + for K . -+ ~ + v. The calculated energy values were then multiplied by 

a correction factor 1.01. + The only change in our setup for K ~2 and 

+ + K -+~vr is one piece of copper degrader of a thickness of 5.9 gm. 

After making the above correction, we believe the error of the calculated 

+ mean muon energy for muons from K~vr . decay mode is much smaller 

than the energy uncertainty due to straggling which is 4 MeV for 150 MeV 

muons. 

The detection efficiency of.the muon telescope was deduced from 
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the range curves shown in Fig. 8, which showed the solid angle of the 

muon telescope was maximum for 138 MeV of muon energy. The threshold 

Cerenkov counter rejected about 15% of the muons at that energy. 

We selected the events with calculated muon kinetic energy between 

137 MeV and 142 MeV. 
. c., + 

There were aLO K ~vY candidates left. Assuming 

inner bremsstrahlung only, we expected 228 events. The ratio of K 
1-l2 

events to K events was about 2 to 1 in the above energy interval. 
I-lYv 

The identification of a gamma ray shower is crucial to separate K 
I-lYv 

events from KI-l2 background events. 

The gamma-ray chamber views of these pictures were scanned manually 

on a Recordak machine. Gamma rays were identified by the showers in the 
I 

lead spark chambers. The criteria for a gamma ray shower were: 

(a) There was a cluster of three or more sparks in successive 

plates in the lead spark chambers. The main part of the 

cluster should be within roughly 1 em of the averaged shower 

direction, and 

(b) There were no sparks as part of the cluster in the first two 

+ plates closest to the K stopper. With this requirement most 

of the charged particles coming into the gamma ray chamber 

were thrown away, and 

(c) If the track of a gamma ray shower was straight, the plate 

farthest from the K+ stopper should not be fired so that 

charged particles coming from outside would not contaminate 
I 

the real events. However if we could identify the track as 

a shower, we would not require the last gap to be empty, and 

.'" 
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operation piont where the data of K+ ~ ~++v+r was 

taken is also shown. 
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(d) The angl~~, between the line defined by the K+ stop point 

and the first spark (closest to t4e K+ stopper) of the spark 

cluster and the line defined by the first spark and the 

average position of the next two sparks of the cluster, was 

less than 40°. 

The criterion (d) was necessary to discard all events with gamma 

ray showerJor recoiled protons from sources other than those in the K+ 

stopper. Six such events with the above angle from 450 
to 1000 

were 

discarded. In order to justify this cut-off, we scanned some pictures 

+ + 0 with gamma ray showers from the decay K ~ n + n. When both gamma 

rays were converted, we calculated their energies from kinematic 

conditions. The distribution curves with respect to ~ corresponding 

to two gamma ray energy intervals are shown in Fig. lOa and Fig. lOb. 

We found fewer than 5% of the events had ~ greater than 450
• 

After the selection based on the above criteria there were 27 
1 

events associated with a converted gamma shower. The detection effi-

. ciency of the gamma ray as a function of cose is calculated in 

Appendix (c') by a Monte Carlo method. The result of the calculation 

is shown in Fig. 11. 

To estimate how many background gamma rays we had in our sample, 

we scanned two sets of events. The muon energy of the first set was 

between 144 and 146 MeV and that of the second set was between 152.5 

and 153.5 MeV, where Kj.l.2 events were dominant. Each set contained about 

600 pictures. They were scanned by the same criteria as (a) through 

(d). We found no essential difference between these two samples of 

data. This distribution curve of gamma rays, which are certainly all 

~ 
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Distribution in the angle ~ of the sample of K+ ~~++v+y. 
~ is the angle between the direction of the flight of the 
gamma ray (as determined by the K+-stop position and the 
conversion point) and th~ average direction of the shower 
in the lead plate spark chambers. 

Distibution in the angle ~ of the sampie of K+ ~++v +x 
chance track in shower chambers. The peak at 00 is miss­
ing as the chance tracks are unrelated to the K+ decay. 
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Fig. 11. Detection efficiency of the gamma ray from K+ as a 

function of cos e (the angle between the muon and 

the gamma direction) for events with the kinetic 

energy of muons between 137 and 142 MeV. 



spurious in this data, with respect to the angle ~ defined above is shown 

in Fig. 9. Taking a cut off point at ~ = 400 we were left with three 

background events from a sample twice as large as the data sample size. 

Therefore we conclude that there are one and one half expected background 

events in our data. The probability for the gamma rays of these back-

ground events to appear in the backward zone with respect to the muon 

direction -is proportional to the solid angle and is extremely small. 

As a result we conclude that these background events will not simulate 

the direct decay events ofK+ ~ ~+ + v + r at the level of sensitivity 

we have reached in this experiment. 

The main background events that can simulate the direct decay of 

K+ '"'+~+ + v + r are as follows: 

(1) K+ ...... 11'+ + "11'0 followed by the processes 11'0 ~ r + r in flight 

and 11'+ ~ ~+ + v in flight. The kinetic energy of the muon could be 

as high as 134 MeV if the muon was emitted in the forward direction in 
I 

the center of mass system of the 11'+. Since we had neither 411' solid 

angle nor 100% conversion probability for the gamma rays, frequently 

one of the two gamma rays did not convert (roughly 25% of the 

K+ ~. 11'+ +11'0 events). Because the detection efficiency was larger for._ 

backward gamma rays with respect to the muons than for forward gamma 

rays, it was very likely that we detected only the backward gamma ray 

from the 11'0 decay and took it as the structure dependent decay of 

K+ ~ ~~ + v + r. To eliminate this kind of background we cut off any 

event with muon energy below 137 MeV. 
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The branching ratio of K~2 is 21% of the total decay rate of the 

K+ meson. Fewer than 2% of the rr+ from the decay K+ ~ rr++ rro could 

decay in flight before entering the degrader. After the pion entered 

the degrader it lost too much energy to emit a high energy muon to make 

the total range of the pion and the muon greater than the range of a 

128 MeV muon and therefore could not be taken for a K+ ~ IJ. + + v + 'Y 

events with muon energy greater than 137 MeV. Only 5% of the rr-decay 

muons from the above 2% rr+ decay in flight had kinetic energy greater 

than 130 MeV. A Monte Carlo calculation showed that less than 1/15 

of the above muons with energies between 130 and 134 MeV could penetrate 

the equivalent range of a 137 MeV muon because of straggling. A rr+ from 

the decay K+ ~ rr+ + rro could emit a muon such that the total range of 

the IJ.+ and rt+ appeared to be greater than the range of a 137 MeV muon. 

From the above calculation we found the upper limit of such events was 

four. . However, from the result of a scanning of K . events which were 
ri2 

taken under the same condition as the K+ ~ IJ.+ + V + 'Y sample except 

that the degrader in the muon telescope was readjusted for 108 MeV pion, 

we found that there were twice as many Krr2 events with both gamma rays 

converted as those with only one gamma ray converted. Therefore we 

believe that there were less than one background event due to 

K+ + o. 1 . ~ rr + rr In our samp e-; The fact that we did not see any events 

with 2 gamma showers beyond 137 MeV muon kinetic energy suggested that 

+ + 0 there were fewer than 0.5 K ~ rr + ~ events. 
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o where one of the two gammas from the rr 

decay was not converted. ,The higLest muon energy of these events is 

134 MeV. A Monte Carlo calculation was made to estimate how many K~3 

. t 4- 6 events would simulate K~vr even s. We randomly generated XlO K~3 

events according to the distribution in the Dalitz plot calculated from 

V-A theory and from the assumption that the effect of the terms with 

the form factor F is negligible. The uncertainty in the muon energy 

measurement was assumed to be t4 MeV. We found 63 events with muon 

range greater than that of 134 MeV muon. Furthermore, for K ~ events 
• ~..1 

with muon kinetic energy greater than 125 MeV, the detection efficiency 

of the gamma rays is roughly the same as that of the gamma rays from 

the rro of K 2 events. As we discussed in the previous section that the 
rr . 

probability of detecting only one gamma ray was about 25%. Taking the 

branching ratio of K~3 to be 3.4%, we concluded that there were fewer 

than 0.13 background events of K+ ~ rro + ~+ + v in our sample. 
I 

(3) K+ ~ e+ + rr
o 

+ v, where the rro decays into r + r in flight. 

If only one of the two gamma rays was converted, the Ke3 events could 

simulate the direct decay of K+ ~ ~+ + v + y. The cut-off of low 

energy muons did not eliminate Ke3 background events because the 

electrons could go beyond the range of 137 MeV muons. Therefore it was 

necessary to use Cerenkov counter and lead plates to identify electrons. 

We used 3 radiation lengths of lead between the 3 sets of muon tracking 

spark chambers. Behind the tracking chamber there was a copper degrader 

of 2.46 radiation lengths. It was shown by Wilson9 that after two 

radiation lengths of lead the probability of attenuation ofa 100 MeV 
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electron is 0.28 while the probability of conversion of the electron into 

two or more electrons with energy greater than 5 MeV is 0.54. When two 

or more sparks, appeared in any one plate of the tracking chambers, the 

event was discarded because: the origin of the track was suspected to be 

an electron. 

We scanned 150 pictures of 200 MeV electrons stopped in lead plate, 

spark chambers. The data was taken by Cronin. lO We found theprobabil­

ity was less than 3%-foran electron to go through the lead plates corre-

sponding to the thickness of the degraders we used without being attenu-

ated, converted or scattered by an angle greater than 150 in either 

view. -The threshold water Cerenkov counter, C , detected particles with 
e 

~ > 0.75. From the test with cosmic rays passing through Cewe knew the 

efficiency of C against high velocity particles was better than 97.5%. 
e 

Less than one half of the electrons which went through the degrader 

would stop, in the range spark chambers. The probability of an electron 

stopped in the range chamber to be taken as a muon of kinetic energy 

between 137 and 142 MeV was about 25%. The probability. of detecting 

o . + only one gamma ray from n decay for the K e3 decay mode was less than 

We concluded that there were fewer than 1/2 + 0 + K ~ n + e + v 

background events in our sample. 

(4) A charged particle, most likely to be a pion, entered the 

apparatus within 340 nanoseconds after a K+ meson stopped; This could 

cause two kinds of background events: 

(a) + there was a gamma ray shower due to the K meson decay 

but the muon track was produced by the n+ which was scattered into the 

muon telescope. 
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(b) + the muon track was from the real K meson decay but the 

gamma ray was produced by the incoming ~+ interacting with the nucleus. 

+. 0 
For example} the reaction rr + n ~ rr + p with only one gamma ray con-

4'1 + '1 
verted. 

When we took the data we marked the picture with a lamp whe.never 

the Sl counter detected a charged particle between 20 to 200 ns after 

+ a K meson stopped. Since the particles from the. Bevatron usually came 

in a spike of 100 ns width} most of the above background events were 

detected by Sl and thus rejected. One-seventh of the total pictures 

belonged to this category and were discarded. 

.• i 
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Table II. Discards of pictures due to various criteria. 

Total Pictures Taken 

1) 

Criteria 

One and only one track 
in the K+ and the ~+ 
tracking spark chambers 

2) Pictures with the two 
scanning numbers match~d 

3) Pictures with the two gap 
numbers matched 

4) Minimum distance between 
the K+ stop position and 
the kaon track ],es s than 
1 cm 

5) Muon scattering criterion 
(a) 

6) No. of pictUres with 
calculated muon energy 
between 130 and 142' MeV 

7) Muon scattering criterion 
(d) 

8) Muon scattering criterion 
(b) 

9) Muon scattering criterion 
(c) 

26.6 X 103 

Ni (Number of 

pictures left) 

22.2 X 103 

21..2 X 103 

20.4 X 103 

19.3 X 103 

18.2 X 103 

1351 

1231 

1051 

965 

10) No. of pictures with calculated 712 
muon energy between 137 and 142 
MeV 

11) :n+ a:ft:er K+ events discarded 610 

E. = N. ,/N. 
1 1-.J.. . 1 

efficiency 

95.7% 

96.4% 

95% 

95% 

91% 

85.2% 

92% 

84% 

Overall detection efficiency for the muon = El 'E2 ·EyE4·E5 .ETE8 .E9· 

c~·~ = 4+% 
where C~ is the percentage of events not vetoed by C~, C~~5% and ~ 
is the solid angle for the muon, n~(E~N138) = 100%. 
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E. Results 

We found 27 event? with muon kinetic energy between 137 and 142 MeV 

with an accompanying converted gamma ray shower. The effective KIl2 

events was defined as the product of the total number of KIl2 eve~ts 

+ +. -
observed during the K -+ 11 + V + I runs and the overall detection 

( ) + + efficiency not including the gamma ray of the K -+ 11 + v + I events 

in the muon kinetic ,energy interval 137 < T < 142 MeV as discussed in 
11 

the data reduction. + + The observed 27 K -+ 11 + v + I events corresponded 

to 2><105 effective KIl2 events. 

A maximum likelihood analysis was performed to calculate the form 

factors hm' ~. in Eq. (I-5) from the observed distribution of the angle, 

e ,between muon and the gamma ray. The form factors were assumed to III _ 

be real because with the limited number of events as we had, we did not 

expect to detect the effect due to T-violation. We constructed the 

likelihood function, depending only on ~.and~, as the product over 

all the events of the separate probability distribution: 

(I-7) 

where f(~,h,E ,cose ) equals the differential decay rate defined in 
-~ -1<1 11 III 

Eq. (I-5), E - is the energy of the muon and the normalization factor 
IJ:-

S(~,~) has the form: 

142 1 

= J f cos e dE f(h ,h,E , cos e )g(E ,cos e ) III 11 -1<1 -~ 11 III 11- ~I 
(I-8) 

137 -1 

whereg(E ,cos e ) is the detection efficiency of an event with muon 
11 III 

energy E and the opening angle e 
~ III 
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Our result for ~,E is the yalue which maximizes the likelihood 

function in Eq. (I-7). The result of this analysis. is shown in Fig. 12. 

Each closed curye shows where L(~,~) has dropped to a constant fraction 

of the maximum L(~,~). There is a 40% probability that the true yalues 

of ~ and ~ fall i'rside the first closed curye (lie). The two yertical 

lines at ~ = ±2 are predicted by GerYais et ale based on SU6 and K* 

pole model when we neglect the dependence of the form factor ~ on Ey • 

The line ~ = 0.8 ~'is predic~ed in reference 5 by using Fubini type 

unsubtracted dispersion relatibn. The two intersection,points at 

~ = ±1.6 and ~ = ±2 are incompatible with our result. It seems the 

yalue predicted by Gervais et ale is at least a factor of two too big. 

The value predicted by Jackson is consistent with our data. 

Because the mass of the yector mesons are lower than those of; the 

pseudo-yector mesons we expect that the Ml term is much larger than the 

El term. Therefore it is reasonable to assume that the El term is 

negligible. We did a maximum likelihood analysis with respect to the 

Ml term only. As before we haYe 

27 1 (i) (0) 
II fo (h_,E ,cos e 1 ) 

i=l S{~) 1M ~ ~y 

and 142 . 1 

. S(~) = r f d lb7 -1 
cos e dE f(h ,E ,cos e )g(E ,cos e ) 

,~y ~ M ~ ~y ~ ~y 
(I-9) 

The result is shown in Fig. 13. We found ~ = 0.05 ± 1.2. The 

upper limit of the absolute yalue 01 ~ at 95% confidence leyel (2 

standard deYiations from the maximum value) is 2.3. Our result is 

consistent with the predictions of the K*-pole model in the case that 
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~ is negligible. However if there were a spin 1 K* meson with mass 

below the Krc threshold, the value of ~ would be greatly enhanced. 

Our result is incompatible with the existence of such a vector meson. 

The distribution in cos e of the K+ ~ ~+ + v + ~ events that would 
~'Y . I 

be detected by our~pparatus if the form factor were ~ = 2.3 is shown 

in Fig. 17. 

Substituting ~for ~ in the above equations we did a similar 

. maximum likelihood function analysis with respect to the El term only. 

The result is plotted in Fig. 14. We found ~ = ·-o.7~i:~ or 1~1<2.9 
at 95% confidence level. If we neglect the dependence on the energy 

of the gamma ray, the mass of W meson can be related to ~, 

where ~ is the anomaleous magnetic moment of the W meson. For ~W = -2, 

we got ~ >750 MeV. 

Taking ~to be 1.5, we made a Monte Carlo program to generate 

K+ ~ ~+ + v + 'Yevents. The distribution of the generated events in -

cos e is shown in Fig. 15. The observed data is shown· in Fig. 16. 
~'Y 

none of the 27 events lies in the interval -1 < cos ~f -0.9 

where more than 66% of the direct decay events should appear (Fig. 15). 

AssuIDing there are less than 2.2 K+ ~ ~+ + v + 'Y events in the interval 

-1 < cos e < -0.9 due to the direct decay in our sample, we can set 
~'Y 

an upper limit for the branching ratio of the direct decay of 

K+ ~ ~+ + v + 'Y in the spectrum interval 137 < T < 142 MeV of 1.lXIO-5 
~ 

at 90% confidence leveL In the same energy interval,the branching 

ratio of the inner bremsstrahlung is expected to be 1.0 ± 0.1 X 10-3 • 
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Fig. 14. Maximum likelihood analysis with respect to the El 

term only, ~ assumed zero. 
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'. Fig. 15. Distribution in cos e (the angle between the muon and 

gamma direction) of the decay K+ ~ ~++v+r. Only the 

sum of the direct term with ~ = 1.5, hE = 0 and the 

interference between this term and the bremsstrahlung 

term is shown (detection efficiency built in). 
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The uncertainty in the branching ratio is due to one MeV uncertainty 

in the measured mean muon energy. 

As a final check on our efficiency calculation, we have calculated 

+ + the absolute number of K ~ ~ + v + r events we should observe in our 

data. We observed :,4.8 X l05 K~2 events. The overall detection efficiency 

(not including the gamma ray) is calculated to be 4l%. Assuming there 

is only inner bremsstrahlung decay, we expect 228 ± 24 K+ ~ ~+ +v + r 

events with muon energy between l37 and l42 MeV among which 26 ± 6 

should be associated with a detected gamma ray. This agrees very well 

with the 27 events which we found with gamma ray showers. 

The significance of our result is that we have set an upper limit 

of the direct term (Eq. 1-2) which turns out to be small. The smallness 

of the direct decay makes the search of T-violation in this decay 

impractical. We must stress, however, that our upper limit for the 

direct decay K+ ~ ~+ + v + Y is still a factor 5 above the rate for 

inner bremsstrahlung alone for the events with high energy muons and 

gamma rays emitted in the backward region (E ~ l39 MeV and cos e ~ 
~ . ~r 

-.9). Therefore it is of interest to further improve this result by 

an order of magnitude, to test the theoretical predictions of the direct 

process. 
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.Fig. 17. Distribution in cos e of the K+'" Il++v+y events that 

. would be detected by our apparatus if the form factor 

~ = 2.3. lThe detection efficiency has been built in. 
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II. SEARCH FOR THE DIRECT DECAY K + -+ rc + + r + r 

ABSTRACT 

We undertook a search for ex~mples of the direct decay mode 

+ + K -+ rc + r + r where the invariant mass of the two gamma rays is 

different from that of the rco. Candidates were recognized by the 
, . 

relation of the conversiOn pOints of two gamma rays to the momentum of 

a charged particle. The charged particle was assumed to be a pion. Its 

momentum was determined from its range in an aluminum plate spark cham-

ber. Our apparatus was sensitive to pions having a kinetic energy be-

tween 60 and 90 MeV. The gamma rays were detected by a lead plate 

spark chamber. 

The KfJ.3 provided almost the sole background. In 6780 events 

with good gamma ray showers we found 29 ± 5.5 events that fitted the decay 

K+ hypothesis within our energy and spacial resolution. However the rcrr 
expected background wa9 30 ± 3 events. If we assume the hypothetical 

d o t d' + + b d b d lrec ecay process K -+ rc + r + r to e istri uted accor ing to a 

phase space model, we can set an upper limit for the braching ratio 

of the K+ into this channel of 1.1 X 10-4 at a confidence level of 90%. 

Following the suggestion of FUjii,14 we have interpreted our result as 

a limit on the off-the-mass shell variation of the K+ -+ rc+ + rcO ampli-

tude. If this amplitude is assumed to be of the form 

our result re~uires that ,~, < 30. In this expression q is theinvar-

iant mass of the two gamma rays. Our results are incompatible with the 
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'. I 
suggestion of Lapidus 15 'that the K+ ~ 1!+ + r + r mode may be related to 

. io 
the ~ ~ 1! + r + r mode through a a meson intermediate state model. 

The rate lof K+ ~ 1!+ +:r + r predicted by Lapidus is more than an order 
. I' .' . . 

of magnitude greater than what we obtain from our upper limit of,the 
1 

branching ratio. 

. (0 0 ) If we assume that r K2 ~. ,1! + r + r approximately equals 

r(K+ ~ 1!+ + r + r) we can set an upper limit for the branching ratio 

o 0 -4. 
of the decay mode K2 ~ 1! + r +r of 5 X 10 which is a small number 

and should not affect the present measurement of the branching ratio 

000 
of K2 ~ 1!+ 1! or the quantity ~oo. 
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, A. INTRODUCTION 

a. General Review 

This part of the thesis is based on th~ result of a spark chamber 

experiment performed at the Bevatron to search for the decay mode 

+ + . ++ 
K ~ ~ + y + y. The decay K ~ ~ + y + Y is first order in weak 

interactions and second order in electromagnetic interactions. It can 

occur by inner bremsstrahlung or by direct emission of the photons 

through some intermediate particles. However, if we assume the effective 

. +* '+ ' +* + 
weak Hamiltonian to be of the form 'r~ K or d ~ d K , it is straight-

I.l I.l 
14 . + + forward to show that all the contributions from K and ~ currents 

vanish,i.e. there is no inner bremsstrahlung term in this reaction 

(Fig. 18). 

The direct decay can occur through many intermediate states. Some 

of the most important ones are shown in Fig. 19. Among them the contri­

bution of the first two diagrams was found14 to be negligibly small 

(about 0.3 X 10-7). The branching ratio based on Fig. 19c is about 

10-6 if there is no ~~ resonance. But if there is a ~~ resonance with 

quantUm number 0(0+), i.e. Fig. 19-d, the branching ratio of 

K+ ~ ~+ + y + y was estimated by LapidUs15 to be of the order of 1% 

+ of the total K decay. The branching ratio does not depend strongly 

on the mass and width of the cr meson. For a wide range of the cr 

parameters the branching ratio changes from 0.4% to 1%. The diagram 

in Fig. 19-c was also considered by Lapidus. He concluded that a 

decay due to this diagram is practically the same as the decay mode 

K+ ~ ~+ + ~o because of the small width of the ~G meson. Cabibbo and 

17 + + 0 Gatto introduced a derivative coupling for the decay K ~ ~ + ~ • 
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Fig. 18. Feynman diagrams for the inner bremsstrahlung of the 

decay K+ ~ rr+r+r. The contribution of the inner 

bremsstrahlung vanishes. 
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Fig. 19. Feynman diagrams of various direct processes for the 

decay K+ ~ ~++r+r. 
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F ... 14 . th d' , K+ + . d . t d b th UJ11, assum1ng e ecay ~~, + r + r 1S om1na eye same 

diagram but with the derivative coupling, predicted the branching ratio 

to be around 6 X lO~51bf the total K+ decay. We will furthur discuss 

this model in (b). 
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+ + / b. The Decay K -+ 3! + r + r as a Test of the .6.I = 1 2 Rule in the 

Weak Interactions 

+ + 0 The mechanism causing the K -+ 3! + 3! decay has been the subJect 

of considerable theoretical speculation. Under the assumption29 that 

angular momentum is conserved in weak interactions, we can deduce the 

spin of the K+ meson from the distribution of its decay particles in 

the Dalitz plot. + +.:. + The fact that the Dalitz plot of the decay K-+ 3! +3! +3! 

is flat and Uniformly distributed strongly suggests that the spin of the 

K+ meson is zero. The relative orbital angular momentum, L, of the two 

+ + 0 3!-mesons in the decay K -+ 3! + 3! should equal the spin of the K+ 

meson. The parity of the two 3!-mesons in the final state is (_l)L 

which is even when L=O. Bose statistics would require that t~e 

wave function be symmetric under the interchange of two 3!-mesons if the 

pions were identical. This obtains if we describe the different pions 

as the same particle with an isotOpic spin and a different third compo-

nent of isospin. However in this approximation the masses of the pions 

should be identical. This is not the case for charged and neutal pions 

and the electromagnetic interaction breaks the symmetry that would allow 

the description of the pions by a different I Z only •. Let ,us first 

assume that the charged and neutral pions are identical with the under-

stariding that the relative magnitude of the correction term involved 

here could be as large as the square of the ratio of the mass difference 

to the mass of the pion. The even spacial wave function then implies 

the isotopic spin wave function must also be even. With the convention-

'·1+ 0 -al notatlon 1,1 > = 3! , 11,0 > = 3! , 11,-1 > = 3! , the isotopic spin 
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wave fUnctions of two pion mesons are as follows: 

;' 

'1 [I + 0 I· 0 + ] 11,1>=..[2. 1{,1{.>- 1{,1{> , (II-I) 

I .. 1 [I + - 1- + ] 1,0> = -- 1{,1{ > - 1{,1{ > , 
. ..[2. 

The I=O state is not available for the two-pion system from K+ decay 

becaUse the relation Iz=Qtogether with charge conservation requires 

I greater than or equal to 1. 

From (II-I), we see that the I=l state is odd and the I=2 and I=O 

sta-res are even under the interchange of the isotopic coordi-

nates of the two 1{-mesons. Therefore if we assume that the electro­

magnetic interaction in the decay mode K+ ~ 1{+ + 1{0 is negligible we 

find that isotopic spin of the final state in the decay K+ ~ 1{+ + 1{0 

is 2 while that of the KO 
-+ 1{+ + 1{- decay is 0 (or 2). As the isotopic 

spin of the K meson is 1/2, it follows that .the smallest possible change 

of the isotopic spin in K+ ~ 1{+ + 1{0 decay is 3/2 and that in the 

o + - /: '+0 + K ~ 1{ + 1{ is 1 2. If the1{ 1{ final state in the K decay were a 

pure isospin 2 state, and if the weak interaction satisfied the 

IMI = 1/2 ~_aw exactly, this decay would be forbidden. Indeed, the 

amplitude for this decay is about twenty times smaller than the ampli­

tude for the KO ~ 21{ decay which does not violate the IMI = 1/2 selec-
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tion rule. Since ~=1/2 rule isgenerally obeyed in weak nonleptonic 

decays it is of interest the~efore to attempt to determine the actual 

mechanism through which the K+ ~ rr+ + rro decay occurs. 

It was suggested by Gell-Mann a!}d pais13 and Cabibbo30 that the 

decayK+ ~ rr+ + rro may occur because of the presence of electromagnetic 

interactions. Thus the 2rr final state may not be a pure isospin state 

+ 0 on account of the rr , rr mass difference which is likely caused by 

electromagnetic interactions. The advantage of .this kind of model lies 

in the analogy between the relation of strong (~=O) and electromagnetic 

(~=1,0) interactions and the relation Of~=1/2 and the ~=3/2 inter-

actions. In general, all measurable violations of the ~=1/2 rule in 

the weak strangeness changing decays should be due to electromagnetic 

corrections. 30 

Let f and g denote the weak coupling constants between hadrons 

when the decay vertex obeys or violates the ~=1/2 rule respectively". 

17 + + 0 Following Cabibbo and Gatto we can assume that the decay K ~ rr + rr 

occurs through the following Lagrangian: 

;£ II = g ~ ~ cp* cP + H.C. 
K + + 0 

(II-2) 

where ax is the K+ mass, ~+ is the K+ field and CP+' CPo are the charged 

and neutral pion fields respectively. Since the space wave function 

. is even, the two pions must be in an I=2 state. Therefore this process 

necessarily violates the ~=1/2 rule. Now if one of the emitted rr 

mesons is a virtual particle with a mass different from the mass of 

the other rr meson, we can introduce another Lagrangian such that the 

space wave function of the two mesons is odd. The isotopic wave function 
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is necessarily also odd to make the total wave function even. The 

simplest Lagrangian corresponding to the decay K+ ~ 1£+ + nO (virtual) 

which satisfies the,~=1/2 rule is: 

(II-3) 

If we evaluate £' in the rest system of theK+ meson, we find that 

£' is proportional to (E + - E 0) which vanishes in the case that the 
1£ 1£ 

masses of the two pions are the same and is proportional to the differ-

ence of the square of the masses of the two pions. The coupling constant 

fcan only be defined on the basis of a model for K decays. Following 
+ 

000 Cabibbo and Gatto, we assume that the decay K ~ 1£ + 1£ occurs, 

similar to the process corresponding to £', from the following 

L:3,grangian: 

(II-4) 

The value of f can be obtained by comparing the above expression with 

0+ - . 
the measured K ~ 1£ + 1£ decay rate. Experimentally we know that the 

, amplitude which violates .6.1=1/2 rule is severely suppres sed, i. e. g is 

much smaller than f. 

+ There are two K meson decay modes where one of the pions in the 

final state is off mass shell. 

(1) + -+ 0 
K----7'n + 1C + '1 • The total amplitude consists of an internal 

bremsstrahlung and ofa direct amplitude. If there is a large off­

mass-shell effect (£'), the direct amplitude will contain a process 

+ + 0 K ~n.+1f 

I, "+ 
~ +'1 
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where the intermediate ~+ is off the mass shell. The decay vertex 

+ + 0 I K ~ ~ + ~ therefore satisfies tIT=l 2 rule. 

At first glance, the conjecture that the amplitude becomes large 

off the mass shell may appear to be in contradiction to the experimental 

observation that the radiative decay K+ ~ ~+ + ~o + 'Y occurs with the 

f ' f d' . b t hl If the K+ ~ .,. + + .,.0 requency 0 or lnary lnner remss ra ung. ~ .. " 

amplitude is due to an electromagnetic correction to the weak inter­

action, and is therefore of order e2 , one might think that the 

K+ ~ ~+ + ~o + 'Y amplitude, which would be of order e, would be large 

in comparison with the non-radiative amplitude. Experimental results, 

however, indicate that this is not so. 

It was shown17 that iI, even with a large off-the-mass shell 

tIT=1/2 coupling constant f, will not give rise to abundant radiative 

decay. In fact, the contribution of i' vanishes17 in this decay when 

we require the decay matrix to be gauge invariant. Therefore we find 

the off-the-mass shell effect will not show up in this decay mode. 

() + + 0 2 K ~ ~ + ~ where the mass of the virtual ~o is different 
L __ ~'Y + 'Y 

from that of the ~+ meson. This reaction is investigated in the present 

experiment. 

14 18 19 27 Many authors ' , , have also come to the conclusion that the 

K+ ~ ~+ + ~o amplitude may become very large when the ~o is not on the 

mass shell by applying current algebra to non-leptonic K meson decays. 

The same conclusion was reached by Sakurai28 using a simple dynamical 

model of vector meson dominance. Fujii further assumed that the 

K+ ~ ~+ + 'Y + 'Y process is dominated by a single diagram in which there 

o '+ + 0 is a ~ intermediate state and that the amplitude for K ~ ~ + ~ 

'" 
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varies in the following manner:, 

, I 2 '2 ( 
. M(q ) = M(mrco ) 1 - g (II-5) 

, 2 
In this expression, M(m 0) is the on-mass-shell amplitude for 

rc 
K+ ... rc+ o d '. 0 q is the invariant mass of + rc ecay, m 0 1S the mass of rc ; 

rc 

the two gamma rays and g is related to the coupling constants f and g 

by 

Cabibbo and Gatto; and Fujii have related the parameter g to the 

0+-amplitude for K ... rc + rc decay. Fujii finds that, 
s 

( 
0 + ..,.-) I g I' ;; M K ~ n +" ;; 20 

. M(K+ ~ rc+ + nO) 

and in the model of Okubo et al. 19 we find 

(II-6) 

In order to compare our results with the above predictions, we 

have calculated the differential spectrum of the rc+ energy in the 

K+ ~ rc+ + r + r decay for various values of g. The result is as follows: 

1 + + dr(K ... rc+ r + r) 
dE+ rc 

1 g. 

q2_m;0 - imrco r(rco ... 2r) - m;o 

2 
(II-7) 
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th . p+' th t f th +. K+ + d In is express10n 1S e momen um 0 e ~ 1n ~ ~ + y +y ecay, 
~ 

o . + + 0 while P is the momentum of the ~ 1n the decay K ~ ~ + ~. For the 
o 

purpose of comparing-this calculation with our experimental results we 

o -6 -
have assumed that r(~ ~ 2y) = 7.4 ± 0.15 X 10 MeV as given in the 

21 0 2 2 
table of Rosenfeld et ale Since r(~ ~ 2y)< < m 0' the term q -m 0 

~ ~ 

completely dominates over the term m or(~O ~ 2y) when q2 is sufficiently 
~ -

different from m
2

0 ' 
~ 

Therefore even though r(~o ~ 2y) can vary as q3, 

the energy dependence of r(~o ~ 2y) will not affect the predicted 

differential rate. Several distribution curves in the kinetic energy 

of the pion corresponding to different positive values of ~ are shown 

in Fig. 20. Using g = 20 we find the predicted branching ratio for 

the decay mode K+ ~ ~+ + y + Y with E + < 90 MeV is 6 X 10-5 . The 
, ~ 

predicted branching ratio for ~ = -20 is about 6% greater than that of 

g = 20. Therefore it is interesting to look for the decay 

K+ ~ ~+ + y + y to test this and other theoretical models mentioned in 

the general review _ (a). 

. 
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Fig. 20. Distribution in the energy of the pion of the decay 

K+ ~ ~++r+r as predicted by the off-the-mass shell 

model. The predicted branching ratio of this decay 

with pion energy below 90 MeV is 6XIO-5. ~ is defined 

in the text. 
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B. APPARATUS 

The beam set up and spark chamber--counters system were mainly the 

same as that used in the K+ ~ ~+ + v + y experiment (Figs. 3, 4 and 

Fig. 5). 

The"kaon stopper at the center of Fig. 5, which ~onsis~ed of a 

scintillation couhter box filled with carbon dust, was placed at the 

second focus of a 500 MeV/c single-stage separated K+ beam at the 

Bevatron. K+ mesons, which entered the apparatus in a direction perpen-

dicular to the figure, were identified by a variety of scintillation 

counters and a Cerenkov counter in the beam. The counting system is 

not shown in the figure. + There were two spark chambers in the K beam 

immediately before the stopper to assist in the determination of the 

stopping point of the K meson. 

The set of counters T2, T3, C, T4, and T5, which we called the 

pion telescope, was ,used to identify charged Particles from K+ decay. 

The spark chamber trigger requirement was aT2-T3-T4-c-T5 fast 

coincidence occurring in the interval from 6-35 X 10-9 seconds after a 

K-stop signal. The water Cerenkov counter in the pion telescope served 

+ to reject electrons from the K
e3

decay mode, and products of gamma ray 

conversions. Pions with insufficient energy to go beyond the T5 anti-

coincidence counter were not detected in the Cerenkov anticoincidence 

counter. The aluminum degrader shown in the figure was variable and 

could be adjusted to make the range interval between T4 and T5 corre-

spond to an initial pion kinetic energy from 50 to 150 MeV. The degraders 

used in detecting different K+ decay modes were listed below: 
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Degrader Decay particle K.E. Spectrum 
accepted 

+ + 
(I) 

, 2 + K -+ 3( + r + r 6.9 gm/cm (Al) 3( 70 -+ 90 MeV 

+ + K -+3( + r + r (II) 
gmf 2 ' + 60 -+ 80 MeV 2.59 cm (Al) 3( 

K+ -+ 3(+ 0 , 
19 gm/cm

2 (Al) + 100 -+ 117 MeV + 3( , 3(' 
Ii 

K+ -+ I-L 
.1 

6.9 gm/cm
2(Al) + + 143 -+ 158 MeV + v I-L 

:,' , 2 
'47 gm/cm (Cu) 

The pion range spark chambers were fired 3.5 I-LS after the electronic , 

system was triggered so that the I-L-e decay was recorded for the purpose 

of measuring the decay K+ -+ I-L+ +3(0 + v in the experiment of Cutts et al. 

The clearing voltage' for the pion range spark chambers was changed to 

6.6 volts in order to maintain the tracks in those chambers for as 

long as 3.5 I-LS. 

+ + The average beam rate was lower than that of the K -+ I-L + v + r 

experiment in order to be compatible with other experiments running 

simultaneously at the Bevatron. The K+ stop rate ranged from 400 to 

1000 per Bevatron pulse. The trigger rate was about once per five 

Bevatron pulses. 

+ Ap before, the delayed K decay is defined to be: 

K(delayed decay) = (Sl-S2~S3-s4-c -8 )-(T2-T3-T4-c -T ) k 5 ' e 5 delayed 
, (11-8) 

where all SiS and TIs are scintillantion counters and CIS are Cerenkov 

counters defined in Section (I-C.). 
, 6 ' + 

We observed 5.1 X 10 delayedK decays With degrader I and 0.88 

6 ' , + 
X 10 delayed K decays with degrader II in the three months of running 

at the Bevatron. 
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C. DATA REDUCTION 

A total of 90,000 pictures were taken during the running of the 
I 

Bevatron. All 16 views of the spark chamber system except the two 

views of the pion range spark chambers were scanned with SPASS, the 

automatic scanning device. Two percent of the pictures were missed 

by SPASS.and the events were discarded. 

From the result of 'this scanning we obtained the positions and 

directions of the K+ track and the ~+ track, the conversion points of 

the gamma rays and the blackening associated with each shower. 

If there were two or more tracks in either of the K+ tracking 

+ chambers or the ~ tracking chambers, the event was discarded. If 

+ + either the K track or the ~ track was missing the event was also 

discarded. Twenty-three percent of the pictures w~re discarded because 

of the above criterion. Five percent of the remaining events were 

discarded either because of the minimum distance between the K+ track 

+ + and the ~ track was greater t~n 1 cm or because the calculated K 

stop position was outside the K+ stopper. 

Six percent of the remaining events were discarded because there 

was a charged particle detected by S5 which surrounded the K+ stopper 

in coincidence with the pion stopped in the range chamber. These 

charged paricles were possibls' due to either gammas converted inside 

the stopper or a second charged pion from the decay mode 

+ + + 
K ~ ~ + ~ + ~. The conversion probability of a single gamma ray 

inside the stopper was estimated to be 3%. 

The pion track was measured in the three tracking chambers SCI, 

SC2, SC3. In order to eliminate particles decaying in flight and the 
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scattered particles we required the cosine of the angle defined by the 

'. initial and the final direction of the charged particle in the tracking 

chambers tbbe'greater than 0.998. Fifteen percent of the remaining 

events were discarded due ,to this criterion. 

If the event ~atisfied'K1t2 kinematics it was also discarded. 

With the measured initial charged pion direction and the directions 

o of each gamma ray we transformed the gamma-ray directions in the 1t 

center-of-mass system assuming this event to be a K1t2 decay. We 

required the dot product of the two unit vectors along the two gamma­

ray directions in the 1t0 rest frame to be greater than -.98. By dOing 

so we discarded more than 95% of the scattered K3t2 events without losing 

more than 1% of the K decay events. 
1t'Y'Y 

We selected 11,500 events with two possible ga~-ray showers and 
I 

unambiguousK~ and 1t~ tracks to be hand-scanned for the direction of 

the 1t+ track, the position of the 1t+ stop and the pion range on the 

SCAMP machine at LRL. 

Because this sample was chosen primarily for the investigation of 

aKIJ.3 polarization experiment, we ~iscarded most of the events which 

did not show IJ.-e decay in the range chamber. Furthermore, if the 

electron decay direction was within a forward cone of half angle 

e=cos-l 0.9 with respect to the initial muon direction the event was 

rejected. If the IJ.-e vertex position was in the counter T4 the event 

was also rejected. Thirty-four. percent of the events were discarded 

because of the absence of the IJ.-.e decay. Seventy-seven percent of the 
I 

pions which had reached the end of their ranges would cascade into 

+ + + + electrons through the processes 1t ~ IJ. + v and IJ. ~ e + v + v. The 
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electrons of 5% of those with a~-e decay were in the forward cone and 
I 

the events were rejected. This accounted for 28% loss of the total 

events. The remainder were lost due to ~-nucleus interactions and 

inelastic scatterings. Most of the pions came from the decay mode K~2. 

Finally we were left with 6780 K+ ~ ~+ + r + r candidates. They 

+ + were ready for a two constraint fit to K ~ ~ + r + r kinematics. 

We have summarized the procedure of data reduction in Table III. 
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Table III. Summary ofcthe data reduction for K+ -+ 1(+ + r + r experiment. 

Degrader I 

+ 'I 5.1 X 106 
Delayed K d~cays 

c '; (1) 
Ni 

1) Number of pictures 82 X 10? 
taken 

2) SPASS scanning 

3) One and only one 
track in the K+ 
and the 1(+ tracking 
chambers 

80 X 103 or 

62.9><103 Or 

4) Events selected to 10789 
be hand scanned 

5) Events scarined 9820 

or 

or 

Degrader II 
6 0.88 X 10 

12.9 X 103 or 

9.75 X 103 or 

c1704 or 17.5% 

or 97% 

Total Events Scanned 
(Block I and Block II) 

= N(l) + N(2) = 11469 events 
5 5 

Events with two converted 
gamma ray showers 

or 59% 
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D ~ DATA ANALYSIS 

From the scanning result with SPASS and with SCAMP we obtained the 

following information :for each event: 

1) 

2) 

3) 

4) 

The position of the K+ decay. 

+ The range of the charged Particle from the K decay. , 

The direction of the decay particle. 

The position of the conversion points of the two gamma rays. 

+ From the conversion point of each gamma ray and the K decay 

position we determined the unit vector in the direction of that gamma 

ray. 

The energy of the charged decay particle was calculated from the 

range of that particle by assuming it was a pion or a muon. The ca1cu-

1ated energy was then calibrated with the pion kinetic energy of Krr2 

and with the muon kinetic energy of K~ which are known to be 108.6 and 

152.5 MeV respectively. The spectrum of measured pion kinetic energy 

is shown in Fig. 21. The only difference between the Krr2 run and the 

K run was a piece of degrader of thickness of 12 ~cm2 aluminum. 
rr'Y'Y 

Therefore the Krr2 data served as a calibration for the detection effi-

ciencies of the charged decay particle and the two gamma rays. 

-We took the range and direction of the charged particle in the pion 

telescope and the direction of one of the gamma rays and computed the 

expected direction of the second gamma ray. This direction is uniquely 

+ + predicted if the event is an example of K ~ rr + 'Y + 'Y. We compute 

the angle a between the predicted direction and the measured direction 

of the second gamma ray. The angle a, however, strongly depends on 

.1 • 

,,.J , 
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the angle e
l

, between the muon direction and the first gamma ray. To 

make the analysis more symmetric with respect to the two gamma rays and 

to make the angle a less dependent on e
l

, we then repeat the procedure 

using the second gamma: ray to predict the direction of the first one. We 
! ,:'. 

use the average of :the angles a from these two computations as a 

measure of the deviation from K+ ~ ~+ + r + r kinematics. 

In order to show that our apparatus would be sensitive to 

+ + K ~ ~ + r + r events,we adjusted the amount of degrader in the pion 

telescope so thatl08.6 MeV pions from the reaction K+ ~ ~+ + ~o would 

stop between T4 and T
5

. 

is shown in Fig. 22. 

The distribution in cos a of these events av 

Figure 23 shows the distribution in cos a that we observe when av 

we reduce the amount of degrader in the pion telescope in order that 

pions from the reaction K+ ~ ~+ + ~o cannot stop in the range interval 

betweenT4 and T
5

• . During the course of the experiment the degrader 

was varied so that the pion energy interval'from 60 to 90 MeV was 

covered. There is evidently no peak at cos a =l in our data. av 

Several closely related Monte Carlo calculations were made on 

the CDC 6600 computer to generate fake K+ ~ ~ + + r + r events. The K+ 

decay point was picked randomly inside the stopper. The direction of 
+ ." 

the ~ was generated according to the observed angle distribution of 

the charged particle. The directions of the gamma rays were generated 

based on the follOwing models: I 

(l) Phase space distribution function: 

dr(K+ ~ ~+ + r + r)= A P + 
dE~ ~ 

(II-9) 
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.. 1 ' 

98 < T~ ~< 118 MeV 

m : lEvent 

0.97 0.98 

Cos (ctAV ) 

) .,,' 

0.99 1.00 

XBL 670 2098 

+ + a Distri,bution in cos OB.v of a sample of K ... 1t' +1t' events; 

a is the averaged angle between the measured and the av 
predicted direction of one of .the gamma rays in the 

+ " + 
decay K ... 1t' +y+y. 
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60<T tr +<90 MeV 

lEI : 1 Event 

0.98 

Cos (a:AV 

. .".' 

0.99 

XBL6702099 

+ Distribution in cos a of the sample of theK decay 
av 

events in which we searched for examples of the 

reaction·K+ -+ 1{++,),+,), with the invariant mass of the 
a two gamma rays not equal to the 1{ mass. Our upper 

limit on the branching ratio for this mode comes from 
i 

the conclusion that there are fewer than 11 events 

in the interval from 0.994 to 1.0. 
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where A is a constant, 

(2) Off-mass-shell model, i.e. assuming the distribution to be of 

the form of Eq. (II~7). 

(3) cr meson intermediate state model, i.e. assuming the distribu-

tion function: 
4 

r + r) = A ____ P-:::1r:-+-;:::-q __ _ 
2 2 

2 2 rcr 
(q -mcr+ 4") 

(II-10) 

m is the mass of the cr, assumed to be 400 MeV, and r is its width, cr cr 

assumed to 100 MeV. A is a constant. 

(4) € meson intermediate state model, similar to the cr meson 

model but with M = 700 + i50 MeV. , cr 

The purposes of these calculations were as follows: 

(1) To calculate the detection efficiencies of the charged pion 
. + +" 

and the two gamma rays for the decay K ~ n + r + r corresponding to 

different distribution functions. 

(2) To determine the eff~ct of measurement error on the predicted 

second photon direction. 

The result of the calculation is shown in Table IV. 

, \ 
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Table IV. Results'of Monte Ca.rlo calculation. 

Phase space 
model 

Off-mass-shell 
model 

a meson Calibrating 
model data with 

K+ 
1!2 

Spectrum accepted 

Degrader I '19.2% 13.0% 5.6% 100% 

Degrader II 17.7% 15.8% 9.2% 

Detection efficiency, 33.0% 32% 32% 
of the two gammas 

Loss due to 1!-nucleus 23% 23% 23% 
scattering 

The possible measurement errors of the charged pion energy and the 

directions of gamma ray showers were estimated from the K1!2 data: 
! 

(1) The energy measurement error was directly read from the K1!2 
i' 

spectrum curve to be±4 ~eV which is mainly due to the range uncertainty 

because of the straggling of" the' pion through material. 

(2) Taking the pion energy of the K1!2 events to be 108.6 MeV we 

calculated the angular,measurement errors of the gamma rays to be less 

than 0.077 radian from the new cos a plot in Fig. 24. av 

The uncertainty in the pion energy measurement was estimated to be 

smaller for the 60 to 90 MeV pions tpan for the 108.6 MeV pions. How-

ever in order to cover any unknown systematic error, we used ±5 MeV as 

the energy measurement uncertainty in analyzing the data. The angular 

measurement error of the gamma ray is the same for K~2 events and the 

K data. Therefore we believe it is safe to use the above energy 1!TY , 
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0.968 0.976 0.984 0.992 1.000 

COS ca1AV 

XBL 6812-6338 

Distribution in cos aav of a sample of K+ ~~++~o events 

if we assume E~ = lOS.6MeV. The deviation from the 

line cosO'av =.1 is due to the measurement errors in 

the directions of the pion and. gamma rays. 



and angular errors in calculating ~he resolution curve of the fake 

K events in the cos a plot in Fig. 25. 
~yy av . 



." 

~., 

-81-

50 

4S 

40 
(J) 

t-
Z 
w 
::::> 

35 ! \ 

w 

w 30 ~ 
CI 
LL 

LL 25 
CI 

~ 
w ·20 
CD 
I:: 
::::l 
'Z 15 

10 

OL-__ ~ __ ~ ____ ~ __ ~ __ ~~~~ __ ~ ____ ~~~ __ ~ 
0.960 0.968 0.976 0.9840.992 1.000 

. CDS (OlAV 

XBL 6812-6339 
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60 < Ell < 90 MeV. 
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E. RESULTS 

The simplest way of displaying the experimental results is to 

compare the cos a cUrves in Fig. 22, Fig. 23, and Fig. 25 with each av 

other. In Fig. 

in the interval 

22 we see that 61% of the K~2events are distributed 

0.994 < ~os a < 1.000. The distribution curve of the , av . 

fake K events i~ shown in Fig. 25, where we have used the same 
~rr 

uncertainties in pion energy measurement and gamma-ray angUlar measure-

'+ + 0 ment we calculated from the K ~ ~ + ~ data. 

We found 80d of the K events should lie in the interval 
70 ~rr ' 

0.994 < cos a < 1.000. In general the resolution in cos a gets better av 

when the pion energy decreases for K events. Figure 23 shows the ' 
~TY 

distribution in cos a of our data with the pion energy between 60 and av 

90 MeV. The, uniformly distributed events are mainly K+ ~ ~o + v + Il + 

events. As a check we generated K ';z; events according to the distribution 
, IJ...I 

in the Dalitz plot calculated from V-A theory and from the assumption 

that the effect of the term with the form factor F is negligible. 

The pion energy was then calculated from the range of the mUon 

with given muon energy. Figure 26 shows the distribution of the 

generated K,,';z; events in cos a . We seethe distribution is uniform 
r-..I av 

in the interval 0.96 < cos a < 1.00 consistent with the distribution av 

of the data. We have used the number of observed background events in 

the interval 0.96 < cos a < 0.99 to predict the number of background av 

events expected in the interval 0.994 < cos aav < 1.000. We predicted 

30,± 3 events. We observed 29 events in this interval. The excess of 

the observation over the prediction is -1 ± 6 events. At the 90% 

confidence level we concluded that there are fewer than 11 events in 

.' , 

,. 
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the interval 0.994 < cos a < 1.000. This gives an upper limit of av 
':4 . 

1.5 X 10 for charged pions with kinetic energy less than 90 MeV if 

the decay occurs according to the differential distribution of Eq. (II-7). 

As a final check on our efficiency calculation, we have calculated 

the K~2 branching ratio from the K~2 sample. In one sample of our K~2 

data we observed 18270 delayed K+ decay defined by Eq. (II-8). After 

various losses in the data reduction we were left with 9542 delayed 

K+ decays. The loss due to pion nucleus interaction was estimated to 

be 0.4. '" The detection probability of the two gamma rays was calculated 

by the Monte Carlo program to be 0.5. There were 366 K~ events in the 

interval 0.996 < cos aav < 1.00 while 60% of the K~2 events were expected 

to be in this interval. From this we find the branching ratio of K~2 

to be 19% which agrees quite well with the accepted value 20.84% in 

21 : 
the table ofRose~feld etal. 

We would like to consider the significance of our result. The 

upper limit 'on the branching ratio with pion energy between 70 and 90 

MeV is 2X10-5 corresponding to a 90% confidence level. The average 

value of the differential spectrum relative to K+
2 

branching ratio is 
, ~ 

-6 5X10 for the energy interval 70 to 90 MeV. As can be seen from 

Fig. 20, this corresponds to an upper limit on s of 30, and to a rate 

for all charged pions of energy less than 90 MeV of approximately three 

times that predicted by Fujii r s model (sRf20, but with newer ~o lifetime). 

There are at least two ways to improve our measurement: 

(1) One can rea just the degrader to allow less energetic pions 

(say between 55 to 70 MeV) to stop inside the pion range spark chamber. 

The resolution curve gets better for pions with lower energy and one 
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+ can get a bigger portion of the K ~ ~ + r + y spectrum. 

(2) One can also replace the pion range spark chamber with a stack 

of scintillation counters. After the pion stopped in a certain counter, 

one can require a delayed (say 10 ns after the pion stopped) second 

pulse coming from the same counter. By requiring this .~ ~ IJ. decay, one 

can reject the number of the muons from KIJ.3 by a factor of at least 100. 

We note that KIJ.3 was the main background in this experiment. 

With respect to the a meson intermediate state model, our result, 

which is relatively insensitive to the assumed a meson parameters, is 

that if the K+ ~ ~+ + r + r decay proceeds via a a meson intermediate 

+ state, the total branching ratio of the K meson into this channel is 

. -4 
less than 3.3 X 10 .. This is more than an order of magnitude lower 

than the prediction of the Lapidus model. We would like to point out, 

however, that the a intermediate state model would not be in disagree­

ment"with our results if the ratiO, r, of the decay modes 1] ~ ~o+r+r o . 
o to 1] ~ 3~ were more t~n an order of magnitude smaller than the 

"0 

predicted15 value 0.3. The present experimental results2l indicate 

r=0.12 ± 0.1 which is consistent with both zero and the predicted 

value 0.3. 

Various other 0+ meson intermediate state models have been consider-

Ed in the literature. 24 Oneda suggested an E model (m = 700 MeV). For 
E 

this model our results limit the total branching ratio to be less than 

8 -4 1. X 10 • 

Finally, if we assume that the hypothetical K+ ~~+ + r + r decay 

is governed by a phase space model, that is, if the distribution of the 

+ 
~ is as follows 

j 



• 

. ,~ 

-87-

where A is a constant, our experimental result limits the total branch-

ing ratio of the K+ into this mode to be less -4 than 1.1 X 10 or the 
. . ,4-1 

partial decay rate less than 1.0 X 10 sec 

The experimental situation of the measurements on the branching 

t · f KO 0 o. f' 31 ra 10 0 2 ~ ~ + ~ 1S very con uS1ng. One possibility of this 

confusion is that the branching ratio K~ ~ ~o + y + y might be quite 

large thus different methods of measurement of the decay rate 

K~~ ~o + Y + y might accept different amount of K~ ~ ~o + y + yand 

get different results. Assuming the decay rate K+ ~ ~+ + y + Y is of 

. d 0 0 the same or er as K2 ~ ~ + y + y, we can set an upper limit for the 

. 0 0 4-1 
decay rate of K2 ~ ~ + y + Y of 10 sec or the branching ratio of 

K~ ~ ~o + y + Y of 5 X 10-~ which is smaller than the observed 

K~ ~ ~o +,~o branching ratio (about 2 to 4 X 10-3). We therefore 

concluded that if the above assumption is reasonable then the decay 

00' 000 
K2 ~ ~ + y + Y will not affect the rate K2 ~ ~ + ~ or ~oo which 

'Y.>asdefined as 

~oo 
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APPENDIX A 

6I = 1/2 Rule for KMeson' Hadronic and Semi-Leptonic 

Weak Decay Modes 

Isotopic spin is conserved in strong interactions but not in electro-

magnetic or weak interactions. Since the isotopic spin of the K meson 

is 1/2, the 6I = 1/2 rule for weak interactions requires the total 

isotopic spin of the final state of any K meson decay mode to be 0 or 1. 

The 6I = 1/2 rule is generally well obeyed for the K-meson hadronic 

and semi-leptonic d~cay modes. The deviation from the predicted values 

based on 6I = 1/2 rule is less than 10%. The small deviation can be 

either attributed30 to: 

1) corrections due to electromagnetic interactions, or 

2) the existence of some D.I = 3/2, 5/2, ••• weak interaction 

amplitudes which are much smaller than the 6I = 1/2 amplitude. 

The electromagnetic corrections usually are of the order of 1/137 

but in some cases the corrections can be as large as 1/20. One example 

where the correction is large is the mass splitting of the pi mesons: 

(m + - m o)/m + ~ 5/140 ~ 1/28 • n: n: n: 

We have listed below some of the relations among K meson decay 

modes as predicted by the 6I = 1/2 rule. The predicted values are 

compared with most recent experimental results based on the papers 

submitted to the 14th International Conference on High Energy Physics, 

Vienna 196$, whenever applicable and otherwise with the decay rates 

summarized in the Table of Rosenfeld et ale (August 1968). 

f.:t 
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(a) The ~ ~ 1/2 rule is apparently violated. However the ratio is 

only of the order of (1/20)2. It was suggested by Cabibbo that 

o the decay K ~ .2rr is forbidden in the limit of SU
3 

symmetry and 

it is likely that the rate is one order of magnitude smaller than 

what would be if it were not forbidden. Therefore it is possible 

to attribute the violation of the ~ ~ 1/2 to electromagnetic 

corrections of weak decays. 

(b) As was pointed out by Devlin34 that there is a ±10% uncertainty 

in the predicted value of this ratio based on the ~ ~ 1/2 rule 

due to some uncertainty in determining the centers of the Dalitz 

plots. 

(c) This ratio appears to be inconsistent with the ~ = 1/2 rule;. 

However the ratio of the ~ ~ 3/2 amplitude needed to account 

for the inconsistency to the ~ ~ 1/2 amplitude is still of the 

same order as that in a. 
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APPENDIX B 

Experimental Evidence of the Conservation 

of Angular Momentum for Weak Interactions 

After the discovery of the violation of the symmetry laws C, P and 

CP in weak decays; it becomes advisable to test the validity of other 

conservation laws such as the rule that any integer or half integer 

spin particle must obey Bose or Fermi statistics and the conservation 

of angular momentum. The former is still under investigation for muon;33 

There seems to be no direct experimental evidence that the rule is valid 

for K mesons or other strange particles. The conservation of angular 

momentum is commonly believed to be guaranteed by Lorentz invariance. 

Since there are so many examples of Lorentz invariance in weak inter­

actions the conservation of angular momentum is usually taken to be 

established in weak interactions. 

It was shown by Franco Selleri29 that Lorentz-invariance does not 

necessarily lead to angular momentum conservation, if one introduces 

some fairly daring hypothesis. His mechanism for angular momentum 

violation is to assume existence of a particle (spurion) with spin, 

but with zero four-momentum. This particle would appear in weak inter~ 

action strangeness changing reactions. Therefore the angular momentum 

of detectable particles in weak, interaction reactions would not be con­

served while their energy and momentum would be strictly conserved. 

Observing that the spins of the strange particles K, A, r., :=: have 

not been measured directly but have been deduced from the assumptions 

of total angular momentum conservation, Selleri claimed that several 

new sets of assignment of spins for strange particles corresponding to 
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different spin values for his spurion, would be consistent with the 

present experimental evidence. 

If the spin of the spurion were 1/2, Sellerits assignments of spin 

for strange particles would be: 

K 

1/2 

If 

K 

1 

the 

A 

1 

spin 

A 

3/2 

l: 

1 

of the 

=-
with selection rules C:J: = 1/2,6J = 

3/2 

spurion were 1, his assignments would be: 

wi th selection rules C:J: = 1/2, 6J = 1. 

1/2. 

In either of the above schemes, he claims that the new assignments 

have theoretical advantages over the conventional assignments while both 

assignments are consistent with the present experimental data. 

Some of the theoretical advantages are: 

1. The C:J: ~ 1/2 rule becomes rigorous in weak interactions. 

2. Strangeness conservation in e.m.interactions becomes a 

consequence of J-conservation. 

3. The 6S = 1 rule becomes a consequence of the C:J: = 1/2 rule. 

The weakness of these schemes lies in the assumption of an unobser­

vableparticle--spurion, and in the contradiction with the success of 

the SU(3) scheme 0 The direct measurements of the spins of the strange 

particles would prove or disprove this scheme of J-violation, however 

tne experimental measurements are very difficult to carry out. We would 

like to point out here an experimental result on the upper limit of the 

decay K+ ~ ,/ + Y of 5.6 X 10-5 measured by Friedell et a1. 32 as an 

indirect evidence against the J-violatiori scheme. We observe that if 
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the K meson had spin 1/2 (or 1) and the selection rule in strangeness 

changing weak intera<::tions were LU = 1/2 and 4J = 1/2 (or 4J = 1), 

the decay reaction K+ ~ rr+ + Y would be allowed in either set of the 

new spin assignments. :Further from the simple Feynman diagrams, 

where X means the decay due to weak interaction, we can estimate that 

with the new spin assignments, the branching ratio of 
+ + 

K ~ rr +Y 

would be of the order of 10"'"3 if the coupling constant frrK is not other­

wise suppressed compared with f pK• This is an order of magnitude higher 

than the experimental upper limit. Therefore we have here an experimental 

evidence against the existence of a spur ion with nonzero angular momentum 

but zero four momentum in weak interactions. Only if the rrK coupling 

constant is unexpectedly suppressed, then the branching ratio of 

K+ ~ rr + + Y could drop to 10-:4 ,comparable to the experimental upper 

limit. 
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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. 
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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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