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MBASUREMEIWT OF THE BRMCHING RATIO K^ -» 2rt°/K^ - 3it° 

tt M. Banner, J . W. Cronin, J . K. Liu, and J . E. P i l c h e r 

Palmer P h y s i c a l Laboratory , 

P r ince ton U n i v e r s i t y , 

P r i n c e t o n , New J e r s e y 

ABSTRACT 

We have measured the branching ratio (K̂  -» 2rt )/ 

{K^ - 3«°) to be {h.6 ± 1.1) X 10"^. Combined with a 

recently reported branching ratio (K_ -» 3^ )/(Ky -* all 

modes) = (0.209 ± O.Oll), we find (K̂ ^ - 2n°)/(,K^ - all 

modes) = (O.96 ± O.23) x lO'^, and |TI^^| = (2.3 ± O.3) 

X 10' 
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The apparatus described in the previous letter^ ' has been used 

to measure the branching ratio (K̂  -• 2rt°)/(K_ -• 3jt°). In the limited 

space available, we shall demonstrate that the 2n decay was observed 

and that the nijmber of these decays was normalized in a reasonable 

way to the number of 31 T-rays observed in the spectrometer. A 

paper giving a detailed description of this experiment is under 

preparation. 

The spectrometer measurement allows us to isolate a group of 

potential K- -* 2ii decays from the dominant mode K̂j. -• 3Tf° by the re­

quirement that the transverse momentvmi, P_̂ , of a single r-ray from 

K- decay be greater than 165 MeV/c. The resolution in Px has a k^ 

standard deviation, plus a bremsstrahlung tail on the low momentum 

side which does not affect the separation. The recorded time of 

flight for each event permits a transformation to the cm. system 

of the decaying particle. However, since the separation frcan the 

3rt mode depends only on Pj^, it is independent of any error in the 

time of flight. 

In the absence of background, all events with Pj_ > 165 MeV/c 

would be either K, -• 2rt or K^ -• yf' This idea was used in a 
li L 

(2) 

previous experiment^ ' which reported a very large preliminary 

value for the branching ratio (K̂ . -• 2rt°)/(K. -• 3jt°). Subsequent 

analysis of that experiment and the present experiment have indicated 

a substantial background originating from y-rays produced by inter­

actions of neutrons and K^'s in the helium-filled beam volume and 

in the walls of the steel chambers which surrounded the beam. Of 

the total of 6̂ 3 y-rays that were measured to have a Pj_ > 165 MeV/c, 

approximately I50 were found to be from KL -• yr. Of the remaining 
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500, only about one in four was from 2jt decay. 

The T-i'ays detected in the steel chambers in coincidence with 

the spectrometer y-ray had energies ranging from 10-400 MeV. In 

order to maximize detection efficiency and thereby reduce the 

dependence on correction factors, a T-ray criterion of two or 

more contiguous sparks was chosen. This modest requirement per­

mitted a large accidental flux of sparks from neutron and K_ inter­

actions to qualify as T-rays. This accidental rate was about 25^. 

In addition, there was a 20^ accidental rate for short, 2-gap recoil 

protons, which were classified as charged particles since their 

tracks originated in either the first or second plate in the alum­

inum section of the steel chambers. 

The set of K̂. -» 2it° events can be divided into three categories, 

depending on the number of y-rays detected. No events were consid­

ered without a spectrometer T-ray with Pj. > 165 MeV/c. An event was 

classified as a type C if all three other y-rays were detected in 

the steel chambers. When only two additional y-rays were observed, 

the event was classified a type A if the missing y-ray was associated 

with the It of the spectrometer y-ray, and a type B if it was 

associated with the other jt°. As we shall see below, the type A and 

type C events were relatively free of background from accidentals 

and interactions. 

For the discussion that follows, the spectrometer y-ray is 

labelled as k and its associated y-ray as 3. The y-rays associated 

with the other « are designated 1 and 2. The direction of k, which 

converted in the thin radiator, was known with a precision of 2.5 • 

The shower directions of 1, 2, and 3 have not been used in the 
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analysis scheme which did, however, assume that the decay point lay 

on the trajectory of k. 

Consider an event of type C. If the decay point were known, 

there would be a 3-constraint fit to the hypothesis K^ -• 2rt . 

However, since the decay point is only known to lie along a line, 

only a 2-constraint fit is possible. For a hypothetical decay 

point on the trajectory of k, the directions of 1, 2, and 3 ̂ ^e 

assumed to lie along the lines drawn from this point to their con­

version points. The time-of-flight information is then used to 

—• 

obtain the directions u. of the four y-rays in the cm. system. 

Momentum conservation in the center-of-mass yields 

3̂̂ 3 
where p. is the cm. momentum of the i y-ray. The solution to 

Pi ̂ 1 + P2 ̂ 2 "̂  ^3 ̂ 3 "̂  Pit ̂It = 0 

this set of 3 equations is 

Pi = X^ Pĵ  , i = 1,3-

Here \. depends only on the directions of the y-rays and not on the 

measured momentum, p̂ .̂ The mass of the decaying particle, m , and 

the masses of the associated pairs of y-rays, m^ and m ĵ , can then 

be calculated to be 

m = Pî  (1 + \^ + X^ + ^3) , = -n, n + > + \ + \ ; 

"̂ 12 ^^h tSX^Xgd - u^ . Ug)]^/^ , 

m^^ =Pi^ [2X^(1 - u^ . u^)f-^^ . 

If the decay point were known, these three quantitites could be used 

o 
to check the hypothesis K -• 2jt°. To find the decay point, ax is 

formed using only the mass ratios (m^^/m ) and (m r/m ), which are 

2 
independent of p^. Thisx is defined by 



where m and m.̂  denote the n and K masses respectively, and 

(a /m.) =0.02 is an estimate of the fitting precision. A minimum 

2 
value for x is obtained by searching along the spectrometer y-ray 

trajectory in 0.5 in. steps. For an acceptable fit, the best decay 

point may be no more than 2 in. outside the beam voliffiie. All three 

possible pairings of the three observed y-rays are tried and the 

2 
minimum x is retained. In the case where an accidental track gave 

a fourth y-ray in the steel chambers, that combination of three 

2 
y-rays giving the best overall x is retained. The events are 

limited to have at most one y-ray converting in the first two gaps. 

The probability of having two such y-rays is less than 1^. The 

measured spectrometer y-ray energy, p. , is also required to lie 

between 165 and 2^0 MeV. 

A total of 7^ type C candidates were found, and Fig. la shows 

2 ? 
the x distribution for 5^ events with x < 50. The distribution 

2 2 
is essentially flat beyond x = 5 and a cut was made at x = 9-

* , 2 

The m mass distribution of the 42 events with x < 9 is shown in 

Fig. lb. After a cut of 35O < m < 65O MeV was imposed, 39 events 

remained, forming a peak centered around ^98 MeV. This leads us to 

the conclusion that the K,. -» 2jt° decay was indeed observed. We wish 
* 2 

to emphasize that m was not constrained in the X search, but was 
2 

calculated using p. only after a minimum X was obtained. 

Figure Ic shows the resulting distribution for (u . u ), the 

cosine of the opening angle of the other jt . In addition, we find 

the distance between the fit point and the vertex located by the 

y-ray directions shows a peak about zero with a standard deviation of 

3.5in. Furthermore, the number of sparks observed for a y-ray is well 
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correlated with i t s energy as determined by the f i t . 

In the f i t for a type A event, y-rays 1 and 2 are assumed to be 

associated with a TC from K_ -• 2Tt decay. Knowledge of the direct ions 
ij 

of these y-rays in the cm. is sufficient to predict p^. Two 

solutions are possible, and the one which gives better agreement 

with pi is kept. The predicted value of p^ is required to agree 

within 8 MeV of the measured value, the latter having been increased 

by k'jli to account for bremsstrahlung losses. The precision of 8 MeV 

was chosen to match the spectrometer resolution. The decay point 

was also adjusted to give the best fit. Since a type A event is 

more susceptible to an accidental fit than a C event, no fits were 

permitted with a track beginning in the first gap of a steel 

chamber. Events which failed the type C fit, and those with two 

particles in the steel chambers were tried for a type A fit. In 

all, a total of 26 type A events were found. The distribution for 

(u . u ), the cosine of the opening angle of the other it- is shown 

in Fig. Id. 

The type B events allow only a check that a single y-ray in 

the steel chambers can form a jt with the spectrometer y-ray. This 

check is too weak and is highly susceptible to contamination by 

accidentals. Hence, only type C and type A events are used to 

calculate a final branching ratio. 

To study the background of events with p > 165 MeV/c in the 

spectrometer due to neutron and K^ interactions, a run was made with 

a heavy gas, SF^, in the decay volume. The interaction rate in this 

gas has been estimated to be ~ ik times that in helium.^ ' Further­

more, the presence of SF^ increased the accidental rate in the steel 



-7-

chambers significantly. The SF^ running period was l/8 that of the 

helium run, leading to an estimate of I.7 times as many interactions 

in the beam volume. For the SF/- run, 7 type C and 12 type A events 

were found where 5 -̂nd 3 decay events were expected respectively for 

a run of I/8 duration. In addition, 5 events were found with 

m > 650 MeV. Hence, a background of 1 type C event and 6 type A 

events was predicted for the helium run. A total of (7 ± ^) 

background events was therefore subtracted from the category 

A + C. 

We have considered the possibility that some of the events are 

in fact 3rt events that spill past Pj_ = 165 MeV because of bad 

resolution. Using the 4^ resolution found for K̂ . -• yy, no 3Tt 

events are expected with P_L > 165 MeV. The transverse momentum, 

P_L , has been remeasured for all the A and C events, and only one 

event was found in which a significant mistake had been made. 

Independent of either the spectrometer resolution or the possibility 

of a component of the K,. beam being off axis, we can estimate the max 

imum possible 3n background. Approximately 1000 experimental 3^ 

events were analysed with the same 2jt fitting scheme, except the 

measured cm. energy, P, , was replaced with a value chosen randomly 

between 165 and 23O MeV. This is the only background spectrum 

compatible with the observed E distribution for the A and C events. 
cm 

The resulting distribution in m is shown in Fig. 2. If the 3 events 

* ^ o 
m our experiment with m > 65O MeV are due to 3rt background, then 
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3'5 type C events with 35O < m < 65O MeV can be expected from such 

a source. Combined with a similar analysis of the 3̂1 data for 

type A events, an upper limit of 7 A + C events are expected if 

the 3jt background were truly present. However, since 3 events 

with m > 650 MeV are expected on the basis of 5 similar events 

found in the SF^ run, we make no correction for a '^Tt background. 

Given an observed y-ray in the spectrometer, we have evaluated 

the detection efficiency for each event category. This efficiency 

calculation involved the geometry of the steel chambers, the y-ray 

conversion^- probability by the processes of pair production and 

Compton scattering, and the probability of observing one electron 

traversing at least two gaps (~ 0.3 radiation lengths at normal 

incidence). This latter "seeability" factor was calculated as a 

function of y-ray energy and angle of incidence, using known 

bremsstrahlung cross sections. It is essentially unity for y-ray 

energies > 50 HeV. A summary of the detection efficiencies for 0, 

1, 2, and 3 y-rays detected in the steel chambers is shown in Table I. 

The efficiency for type A is larger than that for type B because the 

y-ray associated with the spectrometer y-ray is generally of low 

energy. While variations in "seeability" may affect the relative 

efficiencies for A and C, the efficiency of A + C remains rather 

stable. 

The combined detection efficiency for A 4- C is thus 0.68. This 

value must be modified because some true A and C events fail to pass 

the analysis scheme, and some B events may fit as A events. The 

only way to compute these corrections is by identical analysis of 

Monte Carlo generated events. It must be emphasized that the 
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analysis scheme used only (l) the direction of the spectrometer y-ray, 

(2) the conversion points of the other y-rays in the steel chambers, 

and (3) the observed momentum of the spectrometer y-ray. The errors 

in each of these quantities can be calculated quite reliably and the 

Monte Carlo generated events are expected to be realistic These 

fitting corrections are small and the o-verall efficiency for A + C 

events, after analysis, is 0.64. In order to estimate an error for 

this efficiency, the parameters which are involved in the calcula­

tions have been varied and the A + C efficiency has been found to 

be quite stable, having an extreme range of values {0.6h ± 0,06). 

It was noted that the addition of a random y-ray can transform a 

type A to a type C in about 20^ of the cases, but it cannot cause 

events to be lost from the combined category of A + C. To be 

absolutely safe, the efficiency for A + C has been taken as 

(0.64 ± 0.10) for subsequent calculations. 

From the î bserved (65 ± 8) A + C events, (7 ± 4) are subtracted 

for background, leaving a total of (58 ± 9) events. Using {0,6k ± O.IO) 

for the detection efficiency, the number of 2Tt events observed in 

the spectrometer with pj_ > 165 MeV/c is fo'und to be (9I ± 2l). The 

Monte Carlo calculations indicate that O.57O of all 2Tt events 

detected in the spectrometer have pj_ > 165 MeV/c Hence a total 

of N Q = (160 ± 37) 2jt° events were observed in the spectrometer 

as compared with N„ = (6077 ± 85) 3jt events.^ ^ 

The branching ratio is given by 

K^ - 2 j t ° / N, 

(;!^)(^^)(i-^) K^ - 3it° ' "3rt ' ' " ' ' "2^^ 

where R' = (O.60 ± O.O3) i s t h e branching r a t i o (K - jt rf~n°)/K^ -* 3^°)^ 
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and (i/e_ o) = (O.O968 ± O.OO72) is the relative efficiency of the 

spectrometer for K̂ . -• 3^ as compared with K^ -• 2jt . The factor 
L L 

(fi/̂ o o) is obtained in a manner entirely similar to iji/t^ dis-
dTi Tf 

cussed in the previous letter. ' 

We find 

IC - 2rt° 
— = (4.6 ± 1.1) X 10"3. 

^L - 3«° 

This is in strong disagreement with the earlier res-ult of 

(18.9 ± 3.1) X lO"-̂ .̂  ' Using the new value^ ' for the branching 

ratio (Kĵ  - 3rt°)/(Kĵ  -» all) = 0.209 ± 0.011, we find 
K - 2n° 
K -. all " ^°'^^ ^ °-^3) X 10"^, 
L 

and the CP violating parameter \r\ | to be 

Ml ' '00 

00' 

I = (2.3 ± 0.3) X 10"3, 

or 
p 6 

T) I = (5-1 ± 1-2) X 10' . I '00' -̂  ' 
(6) 

This is to be compared with the result of Bartlett et al.,̂  
2 6 

who find \t) \ = (-2 ± 7) x lO" , and with the fully analyzed 

experiment of Gaillard et al.,^"^^ who find | T̂  | = (13 ± 4) x lO' 

On the basis of this experiment, we conclude that the previous 
(2) result^ obtained using only the pair spectrometer was incorrect. 

We have no evidence to conclude that I TI lis different from 
' '00' 

|T]_J_ I, and hence a CP violation in K_ -• 2« decay containing only 

|AI| = 1/2 transitions is compatible with this experiment. 
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FIGURE CAPTIONS 

Figure la Distribution of x for 54 type C candidates with 

2 2 

X < 50. Events with x > 9 are cut. The solid 

curve is the Monte Carlo prediction. 

lb Distribution of m , mass of the decaying particle, 

for 42 events with x < 9- Events with 35O < m < 65O 

MeV are kept. The solid curve is the Monte Carlo 

prediction. 
-• -• 

Ic Distribution of u . u for 39 type C events with 
X < 9 and 350 < m < 65O MeV. The solid curve is 

the Monte Carlo prediction. 

— » — » ^ 

Id Distribution of u^ . u for 26 type A events. The 

solid curve is the Monte Carlo prediction. 

* o 
Figure 2 Distribution of m for experimental 3rt events analysed 

as 2rt , but with E chosen at random between 165 and ' cm ^ 

229 MeV. These events are normalized to the 39 

observed type C events whose m distribution is 

also shown. 
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TABLE I 

Detection Efficiences for y-rays from K -• 2jt 

Condition No. of y-rays detected in steel chambers 

0 1 2(type A) 2(type B ) 3(type C) 

(l) Geometry Alone 0.00 0.02 0.10 0.12 O.76 

(2) Conversion probability 0.00 O.O9 0.20 O.I7 0.54 
included. 

(3) Seeability and 0.02 0.l4 0.29 O.16 O.39 
conversion 
probability 
included. 
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