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LEPTONIC DECAYS OF NEUTRAL K MESONS 

Robert Leon Golden 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

March 28, 1966 

Abstract 

In the Alvarez 72-inch hydrogen bubble chamber, neutral 

K mesons are obtained from 6544 reactions of the type 1rp - A K ° , 

with a visible A decay, A-'pTTT ( the beam 	 at IT 

momenta of 1035 and 1.1.70 MeV/c). A sample of 54 neutral K decays 

of the types K - Tr* e ±v, iTi + v  is examined to test the Al 1/2 and 

AS = AQ selection rules. An analysis of about one third of the 

54-event sample has been previously published by Alexander et al. 

The long-lived Kletonic decay rate was measured and .found to be 

FL = (11.3 ± 1.9) X 10 6/sec. This differs by 0.6 standard deviation 

from the Al = 1/2 prediction FL = 2 [F (K 3 ) + F (K 3 )J 
(12.4±0.7)X10 /sec. We use 31 events for which the lepton charge 

is known to construct a likelihood function based on the T-invariant 

time distribution 1+yexp(-X5t)+ZqctcosAmtexp(-X 5 t/2), where q=+1 

if the decay involves a positive lepton and q = -1, if the decay involves 

a negative lepton. Using Am = 0.75X1.0 10/sec, we measure 

= 	 a. 	 consistent with the AS = + AQ predictions 

y= 1.0, a. = 1.0. We also present an analysis of the time distribution 

of all 54 events. The time distribution used was 

I + Z exp(-X 5 t) -2 exp(-X 8 t/2)sin Amt. Assuming Am = 0.75X1.0 10/sec, 

we find Z = _0.7+2, ç3 = 	 The AS = AQ rule prediction is 

Z = 1. + 0.6, 3 0; the 0.6 is a correction for the K8 	1T+rry process. 

The likelihood of the AS = AQ prediction is less the maximum by e 06 . 

T. symmetry requires 3 = 0. Our results are consistent with T 

symmetry, but we cannot rule out significant T-nonpreserving amplitudes. 
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I. Introduction 

By examining in the Alvarez 72-inch hydrogen bubble chamber 

6544 reactions of the type rrp - AK °  followed by a visible A decay 

A plr, we have found 2500 normal K decays (K - irr) and 54 

decays of the type K - lr±e+v or 	v. About one-third of these 

events have been previously published by Alexander et al. We use 

the 54 decays to measure the leptonic decay rate of the long-lived 

neutral K; this provid.es  a test of the AI = 1/2 rule for leptonic decays. 

We analyze the time distribution of the 54 decays with the intent of 

testing time-reversal symmetry and the AS = L,Q rule. We also 

analyze the time distribution of, the 31 events in which the charged 

lepton is unambiguously identified. 

We begin with an introduction to the neutral K system. 

The K °  -K °  system is a most unusual one. Strange ne s s -mixing 

weak interactions allow K °  to change to R °  and vice versa. This 

leads to the unusual situation wherein the eigenstatesof strong inter-

actions (K °  and R°) are not eigenstates of the Hamiltonian for the 

isolated neutral K system (the eigenstates for the isolated system 

are called K3  and KL). 

One of the best qualitative pictures of the time development 

of an isolated neutral K particle is given by the pendulum analogy of 

Crawford. 
2 
 The analogy stems from picturing the K °  and R° as two 

weakly coupled harmonic systems. This could be simulated in a number 

of ways. For example two coupled tank circuits could be used. The 

use of two weakly coupled pendulums is particularily satisfying be-

cause it gives one something quite tangible to play with. 

The coupled pendulum is treated in many mechanics texts. 

We will review here the general properties of the system. Consider two 

It 

A 
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pendulums of equal period coupled by a weak spring. The system 

has two normal modes: i., A and B move 180 deg out of phase: 

i.e., vAv O cost , vB=_v O cos () lt; Z.,AandBi-noveinphase, 

• VA =v0coSw2t, VB = v 0  cos w 2t. The frequencies of the modes are 

close together if the coupling is weak. Perhaps the most striking 

characteristic of the system is the periodic energy transfer. If A 

is started in motion while B is stationary, the flexing of the spring 

will eventually transfer all of A's energy to B and A will be stationary.  

Then the reverse takes place, the spring transfers B's energy to A.  

In the absence of damping the energy will continue to shuttle back 

and forth. If, however, damping is added in the form of friction losses 

in the spring, normal mode I will be damped out Figure 1 displays 

the time dependence of the energies of A and B when the damping 

time is equal to the frequency difference of the normal modes. 

To relate this system totheK ° .- R °  system, associate the 

energy of A with the intensity of K and associate B with the R° . 
Normal mode I represents the Ks  eigenstate, wherein the flexing of 

the spring represents the 1TT virtualstates, and the damping of the 

spring represents mr decays. Mode 2 is the long-lived KL.  Starting 

with a K°  at time zero is just like starting with A in motion and B 

stationary. The damping time is just the lifetime of the Ks (X e ), and 

the difference in normal-mode frequency is the KS_KL  mass differ-

• encé. Figure 1 gives a qualitative picture of the amounts of K °  and 

KO  as a function of time. For K °  produced with amomentum of 

500 MeV/c the preddminance of R° occurs roughly 6 cm away from 

the production. This indeed has been observed. 

As we shall see in the Theorysection, the AS =zQ rule 

—o says that ir - + 
	- 

e v and rr + v decays come from K 0  (and not from K ), 

also iT+e_v  and 1T.v come from R° (and not from K ° ). So if the 

S= L.Q rt.ile is valid, iTev.and TtjL+v indicate the presence of K °  

and thus these decay modes should be distributed as Fig. Ia (if we 

have pure K °  at time zero). Similarly the AS = AQ rule indicates 

that iT+e_  v and iTI.L V decays should be distributed as Fig. lb. To 

get a quantitative measure of the amount of AS = AQ violation (if any) 
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one calculates the time distributions, allowing both iS +Q and 

= -Q amplitudes. This is done in the Theory section. 

The experimental tests of the AS ='Q rule 1 ' 5T 9  give some-

what contradictory. results. The experiment is difficult to perform 

because the decay rate for Ks-a TT+Tr is quite large compared with 

the leptonic decay rates. One of the backgrounds we have to deal 

with is from the process Ks r+Try. This decay is often kine-

rnatically ambiguous witi a Tr4 v decay because of measurement 

inaccuracies In our experiment almost any ir v will also fit iTir.y, 

and some iTiry  decays will fit 1T}L v. The rate for Triry  decay has been 

calculated on the assumption that is is entirely due to electro-

magnetic final-state interactions of a K5 - TtT decay (the validity 

of this assumption is discussed in the Analysis 'section). In the 

Experimental Procedure section we present a technique of partially 

eliminating the background, and in the Analysis section we present 

a metho4 for correcting for,the remaining iriry background. Since 

the irmy  decays should be distributed in time as are the K 5 , their 

inclus ion in the leptonic -decay time distribution would have the effect 

of enhancing the K3  leptonic decay rate. The ratio of the K 5  

leptonic-decay rate' to the KL  lept9nic,decay rate (Fs/E'L)  is 

predicted by the AS= LQ rule to be 1.0. Thus the presence of a Triry 

background would lead, to larger values of rslr and an apparent 

violation of the AS = AQ rule Note that if we use only the 31 events 

in which the charged leptoi is' unambiguously identified, there is no 

Triry background; in addition, these events are more sensitive to 

violations of the AS= AQ rule than the events in which the lep ton has 

not been identified. 

The tests of the AS = AQ rule which we will be using all depend 

on the time distributions of events in the first few . K mean lives.. 

We' have 22 events with time's less than 5 X10 10  sec (about 5.5 K5  

mean lives), thus the statistics available, for testing the AS = AQ rule 

are quite limited. Although we find no disagreement with the AS = AQ 

rule, we carihot rule out zS = -Q amplitudes of the same size as the 

LQ athlitudes. ' 	 ' 
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The time distributions of the leptonic decays also contain 

information about time-reversal symmetry. This is discussed in 

the Theory section. 'Again, the tests of time-reversal symmetry 

depend on the data in the first few, Ks  mean lives. We find no 

evidence for a violation of time-reversal symmetry, but we cannot 

• 	rule out amplitudes that significantly fail to preserve T (time reversal). 

The Al = 1/2 rule can be used to relate the total leptonic decay 

rate of the KL(FL)  to the three-body léptonic decay rate of the 

K+ [F+ F(K 3 ) + F(K 3 )]. The relation is simply Ft, = ZF+; this 

relation is derived in the Theory section. The value of FL  has been 

measured by Alexander et al. 1 as (9.31±2.49)X10/sec, and by 

Franzini etal. 9  as (9.4±1.3)X10 6/sec. The vaiue  given byAlexander 

et al. was 2.6 standard deviations less than the prediction 

FL_ 2F 	(16.5± 1.2)X0 6/sec [obtained, by using the then current 

result F= (8.25±0.6)X10 6/sec]. Later K - decay results give 

= (6.2 ± 0.35) X 106/sec, 
10 

 which reduces the 'discrepancy between 

the result of Alexander et al. and the Al = 1/2 prediction to 1.2 standard 

deviations. Franzini et al. found FL/r+ = 3 ±0.3, assuming AS 

and using F = 	± 0.8) X 10 6/sec. This value is I standard deviation 

less thanthe zi= 1/2 prediction.. After checking for internal con-

sistency, we combine the events of Alexander et al. and the new 

events to find FL=  (11b3± 1.9)X10 6/sec, which is 0.6 standard devia-

tion less than the Al. = 1/2 prediction. 
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I. T.heory 

A. The Time Distribution of Leptonic Decays 

The 'objective in this section is to calculate the time distribution 
* 

for leptonic decays in terms of the AS = AQ and AS = -zQ decay ampli-

tudes. 	" 

In the reaction Trp - AK°  we have, initially, a pure K °  wave 

function.. We'll define the moment of production to be t= 0. All times 

mentioned subsequently will refer to time in the rest frame of the K ° . 

As time develops, the strangeness-mixing weak interactions allow the 

K°  to change to a R ° . In general, then, the K °  and R°  are not elgen-

states of the Harniltônian for an isolated neutral K particle. Neglecting 

the CP-nonpreserving part of the eigenstates, we have, to an accuracy 

of 	t/5o, 	' 12 

	

I K- 	4- IR°) 	the short-lived component), 

	

IKL) 	 (the long-lived component). 

The time dependence of the eigenstates is given by the Weiskopf-Wigner 

form, 13 

Ks(t)> 	Ks( 0 )) p_(xs/ 2  + 1m)t 	I Ks(s)) fst) ,  
(2) 

I K(t)) = I KL( 0 ))exp_(XS/ 2'+ imL)t 	I 

where mS  and  rnL  are the masses' of the short- and long-lived components 

(in units such that h = c.= ), and the parameters X. and X are the 

total decay rates of the K S  and K 1  , respectively. 

At time zero .we have I K° ) = 	 ; this state evolves with 

respect to time, becoming a different superposition of Ks  and  KL  at 

time t, 	' 

	

w(t) = 	[ I Ks( 0 ))fs(t) ± KL( 0 ) ) fL(t)]. 	 (3) 

We can rewrite the state in terms of the K °  and K 0 : 

W(t) 	j [I K ° ) (f5(t) + fL(t)) + 	
0). 

s(t) - fL(t)fl,. 	 (4) 
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Now we define amplitudes for the leptonic-decay processes 

	

K° - ,T_l+ v 	(amplitude at ), 	 (5) 

	

K°  - 1TT 1 V 	(amplitude a), 

where 1 can stand for electron or muon. Note that a+  and a both 

may depend on spins and momenta. The amplitudes for the analogous 

K°  processes can be related to a+  and a_ by use of the CPT, theorem 

(the calculation is performed in Appendix A): 

(amplitude a), 

+ (6) 
• 	 TT I v 	(amplitude a). 

The amplitude for 1 decay with momenta and spins P., a. .. is 

	

a(p,, 1, t) = a (K °  1W (t))+ a 	IW(t)) 	 (7) 

Using Eqs. (4) and (7) we find 

• 	 a(p., a.,l, t) = 	[a (fs(t) ± fL(t)) + a (f s (t) fL(t))]. 	 (8) 

Squaring Eq. (8) and neglecting X 
L  t (which is always small for our 

events) gives the intensity (at time t) of 1+  decays with a given set 

of momenta and spins. Averaging over momenta and spins, adding 

e+ and 4 decay intensities, and normalizing to N o  neutral K's at 

time zero gives 

t) = 	 Ia+ -a 	)+ exp(-X5t) 	K 	12) 

	

+2 exp(- X5t/2) cosmt 	• 

	

-2 exp(- 5t/Z) sinmt 	(Im(a+-a')(a++a))] ' 

where 	Am = m5 - 

= sum over e and , 

(.) 
= average over momenta and spins. 
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The term 	( 	-a 2)  is the total KL  leptonic decay rate (FL), 

and the term 	( I a + a 1 2  is the total K leptonic decay rate 

(Fs). This c a n be seen by calculating the decay rate of a state that 

is pure Ks  or K at time zero. 

Equation (9)  can be rewritten as 	 - 

NT 
0 = 	 exp(.Xt)+2exp(-X5t/2)X 

(ccOs-Zrnt - 	in.A.mtfl.;., 

where 	 . 

. 	,l a++a 1 2  
- . 

• 	 L (la+.-aI ) 	.F 
1 

(Re(a+a)(a-a)) 

1 
a = 	

(la+-aLI2) 

f3 	
=1  

• 	 (la-.LI 2). 	.. 	-• 

1 

To calculate 
dN  cft­ 	t), just interchange à and a--; in Eq. (9).  The 

result is that the a term in Eq. (0) changes sign. The general 

formula is then 	.. 	 ., 	 -• 	 • 

N 
dN 	

T 	
- 	.... 	 • 	.•. 	 .-•. 

04L [i+' exp(-X5t)+2 exp(-X 5 t/2)X 

(±acosmt - sinmt)].  

If we do not make use of the lepton charge information, the (+) and (-) 

intensities can be added. The a term.drops out, leaving, 

dN 
{1 + y exp(-X 5t) -Zp exp(-Xt/Z) sinmt]. 	(2) 



MM 

B. The Al = i/Z Rule 

1. The AS = AQ Rule 

• 	 The AS = AQ rule for leptonic decays of strange particles is 

that the change in strangeness of the strong particles in a decay equals 

the change in charge (in units of e) of the strong particles in the decay 

(i. e., AS = AQ). As an example, consider the decay K ° 	 The 

strangeness of the strong particle in the initial state is +i, and the 

strangeness of the strong particle in the final state is zero, so AS = -1. 

The charge of the strong particle in the initial state is zero, and in the 

final state the charge of the strong particle is +1, thus AQ = +i. So for 

K° rr+e_v  one has AS = -AQ, which is forbidden by the AS = AQ rule. 

Of the decays studied in this experiment, 

K° iTe+ v 	v (amplitude a+) 

and 	- Tr+e_ v, 	v (amplitude a). 

are allowed by the AS = AQ rule, and 

K°- r+e_v, 	v (amplitude a) 

and 	R° 	lTe +v,  iTi+V (amplitude a) 

are forbidden. 

It is interesting to note that the AS = AQ rule is a consequence 

of the Al = i/a ru1e.. The Al = i/a rule.for leptonic decays is that the 

• 	I spin of the initial-state and the I spin of the final state differ by an 

isospinor (i.e. , I Al, Al) = I i/2, i/a) or i/a_i/a)). The I spin of the 

final state is calculated by combining the I spins of only the strongly 

interacting particles in the final state. Now consider the reaction 

K° _71+ev.  The initial I spin is 	i/a. -1/2) and the final-state I spin 

is 11, 1) (remember it is the I spin of the strong particle only), there-

fore Al must be 3/2. Thus the Al = i/a rule forbids the reaction 

K° - T+e_v. This decay is also forbidden by the AS = AQ rule. By 

similar analysis, it can be found that the A1 i/a rule gives the same 

forbidden and allowed reactions as the AS = AQ rule. Thus the AS = AQ 

rule can be thought of as a consequence of the Al = i/a rule. Our 

proof was only for leptonic decays; a much more general proof can be 

found in Rdfi. 14. 

lk 
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Note that amplitude a is responsible for the forbidden 

reactions. Thus the AS = Q rule requires a = 0. Consequently 

the LS = zQ rule implies that the time distribution of leptonic decays 

should obeyEq. (H) with a=y= I, P=O or Eq.: (12) with y= 1, 3 0. 

Z. Decay Rates 

The AI = 1/2 rule can be used to relate decay rates of KL  and 

	

Rewrite the reaction 	11 0  e+v as Tr0K+ 
- eTV. Now we'll use 

the spurion formalism of Wentzel 15 . The reaction is regarded as 

1r0K+ - S, where S is a spurion; it carries away the I spinor. The 

reaction amplitude is supposed to be independent of I (I spin) and it 

is supposed to conserve I. To begin, we write out the state rrOK+  in 

terms of I spin vectors, using the Clebsch-Gordan tables, 

TT°K= 1,O)®I 	- 	 (13) 

Thinking in terms of perturbation theory, we calculate 
+ 	0+ 

F (K - 11 e v) in terms of 

	

F3 	2 	F3 2 
(14) 

The AI = 1/2 rule says that the I = 3/2 term is zero. Using Fermi's 

Golden Rule, we have 

F(K11 ° ev) =. 	I(SIH)K 	p(K- 11°ev), 	(15) 

where p  is the available phase space for the reaction. Now we 

calculate the KL  decay rates in terms of spurion matrix elements: 

IKL) 	 - 	 (16) 

For K _ 	rewrite the reaction as 1TK J  - S. Then, using 

Eq.(16); we can  write 

(S IHIKL ) = 	{(SIHI11K °)-.(S IH°] 	 (17) 

Using the sa•e technique as above, and setting the -. terms to zero, we 

calculate the 1TK °  matrix element, 



(SIHJK.° )=SIHI - K J 

= (SIHI f - 	 = 0, (8) 

• 	 and, 	similarily, 	-. 

(S 	HTr°) 	
= ( SH[1I-1 	l••) K' 

= ( S I H I(J;1 I!)K+ 	l-f)K) 

=J(S ! H F !!)K 
So, 

( S J H IKL) (sHl!!) • 

=(SIH - K  

Using Eq. (20) and the Golden Rule, one finds the rate for Kire+v  is 

F(KL 	e + v ) 	! 	(S I H J I  __) 	12p(KL 	e+v) 
3 	 2  

The phase-space factor p(.K L .Tr_e + v) is very nearly equal to • 

p (K+ - 	rOe+v) 	so we'll write the above equation as 

T(KLrev) = 	 f(S 	
HJf_.)K 12 

p (K+_,. 	Oe+v)  

By calculations similar to those above, one finds 

! I1HI)K 1 2  p(K+_1r0e+v)  

In order to add the Tr+e_v andrTev .ates,.xr 	note, thatthesquares of the 

matrix elements are equal because the states differ only by a 

rotation in I-spin space: 

kSJHI I 4KI 2 = !(SIHIf)KI2  

Therefore combining rates for 	1T+e_  V and 1T_e+v  gives 

! 	
1(SIHI..),,.K 1 2  p(K+_*TrOe+v)  

Thus, usingq 	(15) and (25), we have 



• 	 -1.2- 

+ 	o+• 

	

-'ii ev) 	! 	
. 	 (26) 

r(KL._1T e v) 

By an almost identical derivation, the same result holds for decays 

involving a muon instead of an electron. Thus 

	

r.+ 	e I 
(27) 

rL_r(KL4efv)+r(KLrv) 2 

The meaning of 1 

A nonzero value of f3 is an indication of nonpreservation of 

time-reversal symmetry. As shown in Appendix A, time-reversal 

invariance implies that a+  and a are real. Thus, since P
. 
is 

• 	proportional to Im(a+ - a) (a+  + a 2), time-reversal invariance im- 

• 	pliesO. 

Sachs has presented a theory which explains the T-noncon-. 

serving K decays in terms of nonconservation of T in the leptonic 

decay channels. 16  His theory requires that a~  and a_ have roughly 

the same magnitude and that their ratio be predominantly imaginary. 

The relationship between 
a+  and a which gives the largest T 

asymmetry in KL  decays is a+/a = ±1. We will refer to this 

case as the Sachs limit. In this limit y = I, a = 0 and 3 = ± 1.. 

Summary 

In the previous three sections we have seen that, if the lepton 

charge information is available, we can use the time distribution of 

the leptonic decays given by 

dN No r  

	

=
L 	

+y exp(-\5 t)+ 2 exp(-X5t/2) (±a cos mt -f3 sin.mt)], 

(1.1) 

where (±) stands for the sign of the charge of the charged lepton in 

the decay. If the lepton charge information is not available, we can 

use 

dN  Nor L 
dt = 

	
[1+jexp(-X5t)_2pexp(-X 5t/2) sinAmt] . 	 (12) 



The values of a, f3, and y in the above equations are predicted by the 

AS = AQ rule to be 1, 0, and 1 respectively. Any nonzero value of p 

is an indication of an asymmetry with respect to T. We have also 

* 

	

	 found that the Al = i/z rule relates the KL  and the K+  three-body 

leptonic decay rates by FL = zr'+. 
We will now turn to the matter of acquiring a sample of 

leptonic decays of the K in order to measure a, 3, y, and 
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Ill. Experimental Procedures 

The Beam 

The ir beam system was designed and built by Professor 

Frank S. Crawford, Jr. 
17  It was used in conjunction with the 

Alvarez 7Z-inch hydrogen bubble chamber during the fall of 1960 and 

• 

	

	the spring of 1961. Since the beam has been previously described, 

we give only a brief survey. A schematic diagram of the beam optics 

is given in Fig. 2. The most important single characteristic of the 

• beam is very good momentum resolution. The full width at half maxi-

mum of the momentum distribution is = 10 MeV/c. The run was made 

at r momenta of 1035 and 11.70 MeV/c. 

At 1035 MeV/c there are = 1.50000 pictures containing the events 

reported by Alexander et al. 1  and 120 000 pictures taien later in the 

run. The bubble chamber magnetic, field was 13.5 kG for the 1035-

MeV/c film. There are also = 100 000 pictures taken at 1170 MeV/c, 

at which the magnetic field was 17.9 kG. 

Procurement of the Candidates 

• 	 We have included the events found by Alexander et al. in our 

analysis. In addition to these events we found 34 more, The elec-

tion process described below is the process used for the new events. 

The events of Alexander et al, were treated in a very similar .  manner, 

The major differences are noted in the text. 

1. Scanning 

The film was scanned for the decays of neutral strange particles 

and their associated productions. The reactions possible are 

Trp-* AK, 

1Tp 	K, Z O  - Ay. 

These reactions appear in the bubble chamber as a terminating track 
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Fig. 2. Schematic diagram of the beam optics.. 



followed by one or two vees (we select the reaction ip - AK after the 

events are measured). 

93 

The Scanners were asked to record all events of these topologies, 

except when 

The incident track is nonbeam, i. e., obviously differing in angle 

and momenta from the other beam tracks; 

the incident track has a previous interaction; 

too many tracks are found in the frame for accurate scanning 

(usually 30 or more); or 

no neutral track is longer than 3 mm on the scan table (4.5 mm 

true space). This criterion eliminates confusion with events in which 

no neutral track is involved (e. g., lTp Trp). 

The scanning efficiencies (found by second scanning) are better than 

9516 for either topology. 

The single-vee A events were rescanned for associated K 

decays missed duringthe first scan. The rescan was done with the 

benefit of a computed direction for the K decay (the events were all 

measured before rescan). The scanners were asked to record all 

possible decays within 5 degrees of the K °  line of flight. We believe 

we have found 10010 of the K decays, leptonic or not, associated with 

the A decays in our sample. 

a. Measurement and Kinematic Analysis 	 f 

The events were measured on the "Franckenstein" measuring 

projector and processed through the Alvarez Group PANAL-PACKAGE-

EPC program system. 18 



• 	 The PACKAGE part of the program system performs spatial recon- 
• 	 struction of the measurement and makes lea.st-squares fits to mo- 

• 	mentum- and ene rgy- cons e rvation equations according to hypotheses 

described below. 

3. Selection of the Candidates 

Any events that fit the hypotheses (A-'prT, K- rr+Tr,  1rp-+AK) 

or (A-"irj, 	1r+1r, fl •• p 	K° ) with X <25 for each fit are accepted 

as "normal" events and removed from consideration as lepton candidates. 

• 

	

	 The remaining events are tried as A - p 1T followed by a three-constraint 

fit (lTp - AK) including information from the two-point track of the K; 

• 

	

	 those that fit with each x2 < 25 are accepted as lepton candidates. 

Events that have Z ° -K°  production generally do not meet this require- 

ment. It should be mentioned that the A decay is almost always identifiable 

by the heavily ionizing decay proton; when there is any possible doubt, 

• 

	

	both vees are tried as A - piT. The candidates are further reduced by 

requiring; 

Thatthe decays be within a fiducial volume which is approximately 

1 cm inside the visible part of the chamber. In the film used for the 

Alexander et al. events, there is als.o amaximüm. time ..for decays 

(2OX10 0 sec). 

That the production be within a fiducial volume generally 1 cm 

inside the decay fiducial volume. 	• 

That;:the A have a length greater than 8 mm. In the film used 

for Alexander et al. events, the A had to be longer than 5 mm; the 

K decays had to be more than 5 mm from the production vertex and 

occur more than 0.2X10 0  sec after the production. 

• 	C. Analysis of the Candidates 

The candidates are required to pass the following tests: 

• 

	

	(a) K° 	1r+1T,  where the iT  or 1T undergoes an unseen scatter- 

ing. We delete, one at a time, each of the charged tracks, and fit 

• 	•. to the hypothesis K° - 1T+11, using the K momentum from the 
• 	• 	•• 	- 	 2 • • . iT p -'AK fit. If the 1 c (i. e. one-constraint) x is less than 10 for 
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either deleted track the decay could have been a normal 7r+11  decay in 

which one of the pions has scattered. In order for the event to be re-

moved from the candidate list, the deleted track of the event must further 

satisfy PIItP° < 2000 MeV-deg/c, where p fit  is the momentum of the de-

leted track, P is its velocity, and LO is the space angle between the meas-

ured track and the track predicted by the fit. This condition is derived in 

Appendix B. We estimate that, out of 2500 K decays, less than 0.3 

with an associated Coulomb scattering would fail to be removed. 

This cutoff also removes K S ~ 1r + 1T_, where 	 Of course, the tracks 

are also carefully examined for visible Coulomb scatterings, decays, and 

nuclear interactions. 

K5 - 27r 0 , ii0 - e+ e _. 	We assume that the charged tracks of the 

K-decay vertex are electrons and calculated their invariant mass. If 

M(e±) is less than 85 MeV, then the event is removed as apossible e±. 

We expect 23 Dalitz pairs, and 9916 of them should have M(e±)  less 

than 85 MeV. 19 

K°  _ T ° . •  Using the K momentum from the production fit, we 

try the Ic hypothesis K_.TT+Tr1r0;  if the x2 is less than 10.0, the event 

is accepted as a T o  decay (1. e., K- rrTT+1T_). The separation between 

T 0  decays and leptonic decays is believed to be clean; no corrections 
o 	 20 

are made. The T. decays have been analyzed by Stern et aL 

K°p 
- 

Ksp and K5 - irir. We try the following set of consecutive 

hyp9theses: 

A-pir (3c), 

,rp AKb (1, without the two-point track of the K), 

K -.0. Tr+1r 	(Ic, without the two-point track of the K), 

Kbp 	Kp (Ic). 

The reaction (iv) means that a K-p scattering is tried with the 

momentum vectors from fits (ii) and (iii). If all the X are less than 

10 and the proton recoil has a momentum less than 100 MeV/c, the 

event could be a K-p elastic scattering with an invisible recoil (followed 

by a normal decay). No candidates are removed by this cutoff. 
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In order to remove as much of the irrr'.j background as possible, 

we take advantage of the expected predominance of the low-momentum 

yrays. 

(e) K - IT+1Ty. Again using the production fit to provide the K 

momentum, we try Ks - Tr+1ry. If the event is an unambiguous 7rffy 

decay, or if iriTsy fits and p\,  <70 MeV/c, the.eventis removed from the 

candidates. Again, the criterion for a good fit of the K decay was 
2 	 21. 

X less than 10. 

Two of the events used by Alexander et al. were eliminated by 

this cutoff. The effects of the lrTry decays that still survive this cutoff 

are discussed in the next section. 

The surviving candidates all satisfy at least one 1.c-lepton-

hypothesis with x < 10. The x  s for the events are listed in 

Table 1. All the events were carefully examined to determine, the 

charge of the lèpto. The discussion of techniques for lepton- charge 

dete rm ination is contained in Appendix C. 

As a verification that the decays'which survive our selection 

criteria are predominantly leptonic decays, we present in Fig. 3 the 

x2 distribution of the K-decay vertex fitted to the 4c hypothesis 

Ks 
- 11+1T. Clearly the distribution is peaked at high X and gives 

no evidence of a tail from the normal events. To calculate the ex-

pected distribution, we simulated measurements of bona fide leptonic 
• . 
	decaysusing program FAKE. 	The events were generated according. 

to V-A theory and were tried as r+1r  (4c); 23  The 	distribution of 

electron-mode decays (normalized to 31 events) was added to the 

• 	distribution of the muon-mode decays (normalized to 23 events) to 
24  

give the dashed histogram in Fig. 3. 	The contribution of the ex- 

• 	pected 2.56 1T1Ty decays was ignored in calculating the expected distri- 

bution. The two curves certainly have the same shape. In fact the 

degree of agreement, especially in the position of the peak, is some-

what surprising, since the generation process includes measurement-

error estimates derived from completely independent experiments. 

-; 	 The selection process began with 6544 events of the type 

• rp- AK° , A-p1T. Associated with these 6544 events were about 

• 

	

	2500 decays along the K line of flight. .Of the 2500 decays, .54 satisfy 

all the selection criteria and fit at least on leptonic hypothesis. 
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MU B •10533 
Fig. 3. X Distribution of leptonic decays tried as normal two-body 

decays. Twenty-three events could not be fitted to the hypothesis 
K-' irir •  This is because the iterative fitting procedure would 
not converge. The expected number of nonfitting events is 24.2. 
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IV Analysis and Results 

• 	A. Use of Lepton Charge Information 

In order to make use of the lepton charge information, a 

• 	likelihood function was constructed on the basis of the time distri- 

bution in Eq.(11), 

+ e 	+ 2eSti/2 (q1  a cosmt- simtj) 

	

31 events f 	e_St+2e_t/2(q1 a cosmt- simt)] dt 

	

1 	
(28) 

where 	t 	= proper time of the decay; 

q. 	= sign of the charge of the charged lepton; 

w 	proper time to the edge of the fiducial region. This 
-10 

had an upper limit of 2 0 X 10 	sec for the events of 

Alexander et al. (w stands for "wallt' time); 

h 	= minimum proper time for acceptance. This was 

• 	 zero for the new events. Alexander et al. used a 
10 

cutoff of 0.2X 	sec or the time for the K to go 

• 	 5 mm, whichever time was larger; 

• 	 m = Ks - KL mass difference (in units of radians/sec). 

Meisner et al. combine six experiments to get 

mz(0.64±0.06)\ S = 0.77X10 10/sec for the world 

• 

	

	 average. We compute the likelihood X (a, 3, y) 

assuming three values ofm; Am=0.6X10 10/sec, 
•  • 	• 	 0.75X 10 10 

 /sec, 0.9X 10
10 

 /sec. • 

The times for the events are given in Table I. It was found 

that unless we restricted 	0, the likelihood was too brOad to give 

any useful results. Making the constraint 	0 (i. e., assuming 

T invariance), we calculated the likelihood function as a function of 

,y for three values of Am: 
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a: 

0.54 X = 0.60X1010/sec 	 1. 	 1.5 

0.66 X = 0.75X1010/sec 	 i.o+g 

0.79 X = 0.90X I0 10/sec 	 1.2 	 1,75 

AU the above values are quite consistent with the AS = AQ 

prediction a. = 1.0, 'y = 1.0. The contours of the likelihood function 

(when A.m = 0.75X 10 10/secis used) are displayed in Fig. 4. Under 

the assumption 3 0.0 the parameters y and a. are restricted, by 

unitarity, to satisfy y >ct. This restriction is calculated in 

Appendix C. 
We now turn to the analysis of all 54 events. Due to kinematic 

- uncertainties this sample contains an estimated 2.56 TrRy decays. 

B. The ITiTy Correction 

• 	The rate for Ks - lr+Try as a function of p,  has been calcu- 

lated independently by Beg, by Friedburg, and by Schultz. The calcu-

lation is made on the assumption that the process is entirely due to 

electromagnetic final-state interactions. 25 The differential decay 

rate is 26 

• 	
- = ( 	

[1 ~P2 ln 
	- 	 (29) 

where p' = photon momentum in the Ks  center of mass, 

= pion velocity (in units of c) in the normal K5 -' iT rr decay, 

= pion velocity (in units of c) in the ¶11  center of mass for 

the K5 - iT±rr decay, 
• 	r(K5iT+Tr_) = decay rate for K5  into 

- Using a simulation of 1TtTy decays generated according to the 

• 	distribution in Eq. (29) by program FAKE, 22 we estimate.that the 

iriTy decays passing the selection criteria in the previous section will 

contribute to the time distribution 

41 
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Fig. 4. Likelihood contours of a and y on the basis of 31 events 
with known lepton charge (using AM = 0.75X10 10/sec and 
assuming E 0). The maximum occurs at 

= 	 a = 	 The AS = Q prediction is 

y = 1.0, a = 1.0. 



(dN 	7 ixio 6 	exp(Xt) 	 (30) 

C. Analysis of the 54-Event Time Distribution 

The time distribution of the 54 observed decays contains 

contributions from the leptonic decays (with leptons of both + and 

- charge) and TriTy decays. Adding the leptonic-decay and rrmy-decay 

contributions (given in Eqs 12 and 30, respectively) gives 

dN - (dN +(dN 
dt 	dt)leptonic 	dt ) 7riTy 

Nor = 	L [i+y exp(_Xt)Z13s inmt exp(_Xt/ 2 )1 + 

No 	 6 
7.I2XI0 exp(_Xt).. 	 (31) 

Regrouping terms, we write this as 

• 	 = 0 
L [i+(Y+ 

7.12X106)
exp(_Xst)_2psinmtecp(_Xst/2)1 (32) 

Assuming that the error in N will be relatively large, we can use any 

reasonable value of TL  to estimate the iliry term. We use 

FL = 12.4X 10 6/sec (from Trilling, 
10  obtained by the Al = i/a pre-

diction TL=Z(F+)) to get 

•  
dN 	

N 
0 T L 	+ (y+ 0.6) exp (_Xst) - 23 exp(_Xt/Z) sinAmtl. 	(33) 

We thus have a likelihood function 

-zc exP(_Xt/2)  sinAmt1 

wi  
54 events ) 	[1 + Zexp(_Xt) .-23 exp(_Xt/2) sinmt] dt, 

Jh1  
(34) 

where z=y+0.6. 

ri 
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We have calculated the likelihood for three values of ám: 

Arn 	 Z(1+0.6) 	 p 

• 
0.54X = 0.60X10 10/sec 	 -0.1 	 -0.6 

0.66 X 	0 75X10 10/sec 	 -0 7 	 -0 	. 

0.79 X= 0.90X10 10/sec 	 -1.15 	. 	 -1.2. 

In Fig 5 we have displayed the likelihood contours as a function 

of Z and 3, assuming Am = 0.75X10 10/sec. The physical region 

is calculated in Appendix C to be Z p 2  + 0.6. The most likely point 

in the physical region is Z •= 0.7, 3 = -0.3, and the likelihood at that 

point is lower 	 Thepoiñt corre- 

spondingtd the predictions of 	 Q has. a likelihood that is less. than 

themaximum.iikelihodd by e -0. 

Note that in Fig. 5 the range of possible values of 3 is quite 

large The predictions of Sachs, that y = I and 3 = +1 or -I, have 

likelihoods of e °  and e 24  less than the maximum. However, 

substantial T asymmetries are within the e °  contour. For example, 

if a = La = (-1/'.T)(1+i) (independent of spins, momenta, and lepton 

• 	 type), y = 0.2, and p = -0.4, which is well within the e- 0.5 
 contour. 

If we assume T symmetry (i. e., 3 0), then we measure 

(assuming m 0.75X 10 10/sec) z = (i.e., = _1.1

D. Decay Rates 

• 	• 	 We first consider the measurement of TLI  using the non- 

Alexander film. In order to determine r from the 34 new events 

we use a modified form of Eq. (12). Suppose that a fraction g of 
• 	. 	real leptons survives the selection criteria in the Experiment section. 

Then in an infinite bubble chamber we would have 	 • 

(dN\ 	 /dN\ 	 (dN\ 
observed = grdj)ieptonic + 

	 (35) 
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Fig. 5. Likelihood contours of Z and 3 on the basis of 54 events and 
assuming AM = 0.75X10 10/sec. We measure 

Z = 	
= o.s+g. The prediction of AS = AQ when 

corrected for the 1rrry background is Z = 1.6 f3 = 0. 
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Remember that the (dN/dt) 	given by Eq. (30) already includes 
TMY 

corrections for TT1Ty decays lost by the cutoffs. Now, what is 

(dN/dt)ieptonic for a finite bubble chamber? Well, for any partic-

ular K production it is 

r 
--[1+y exp(-X3t) - ZP exp(-K8t/2) sintht] (t) 	(36) 

where 	(t) = I if .t is less than the escape time W, 

0 if t is greater than W. 

So,,summing up the contributions of all the K's in the experiment gives 

()

{I+ye(- 8t)-2 exp(-X8t/2) 
leptonic all K 

(37). 

Note that by 	we mean sum over all K °  whethe or not the, 
.aIIK°  

K deãaysiih1é. This means each of the 3841 reactions 

- AK; A p 	(in the non-Alexander film) is used in the sum. 

In a similar manner the (dN/dt) 	contribution is 

(~LN 	 7. 12  X  1  6 	

=
exp(_Xt) .(t) 

• 	

(38) 

Thus 	 . 	 . 	 . 

gT 

(4) observed= 	
[1+yexp(_Xt) 

all K 0  . 

	

-2 P ep(-X8t/2) simt] .(t)+ 7196 
	

exp(Xt) 1(t). 
ailK 

(39) 

Integrating the above equation over all time and using 

Nobsevd:. f (Ldt
~ dt."=-. 34 gives 	 . 

	

Nbd= 2 	 f [1+y exp(_Xt) 	exp(_Xt/2) sint1(t)dt 

7.I2Xi06 	 . 	 .

00 

+ 	
all K°  f exp(_Xt) (t) dt 	 (40) 

o 
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Solving for rL and using the definition of r, we find 

2[NobSd 
- 	 f exp(-X5t)dt] 

- 	 aliK 

g 	I
w. 

{1+XexP(- 5t)-2sinmtexp(-X 8t/2)]dt 
all K°J 

0 

The factor g is estimated to be (89.7 ±2.7)% by using FAKE-

generated leptonic decays whose momenta are distributed accord- 

ing to V-A theory. 	Performing the sums in Eq. (41) we find 

2[34 - 2.56] 	 X 10 6, FT = 	 fsec. 	 (42) 
0.897 [5.42 + 0.36y - 0.70 p] 

+1.2 	 +0.5 Using the maximum-likelihood values = 	8 and 3 = _0.80 7' 
we find F 	(12.5±2.7)X10 6/sec. If we assume As=tQ(=1, p=0), 

we find FL=(1Z.2±2.1)X10  /sec. 

Alexander et al. measure rL  by a similar means except they 

use only events beyond 3.44X10 10  sec, and they assume T invari-

ance (i. e., 3 	0). The measured value from their events is 

• 	(10.0±2.8)X106/sec. 27  Folding the result, (12.5±2.7)X10 6/sec 
• 	with the Alexander etal. result gives FL=  (11.3*1.9)X106/sec. 

• 	Trilling 10  gives F+=(6.2±0.35)X106/sec,  so the prediction 

according to AI = 1/2 that FL=  2F=(12.4±O.7)X1O 6/sec is in 

good, agreement with our measured value. 	 - 

In Fig. 6 we display the time distribution of the 54-event 

sample and two smooth curves; one corresponds to W= 1/228  and • 

the other corresponds to a completely flat decay rate. 29 	• 
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• •. Fig. 6. Time distribution of the 54 events. The discontinuities in 
• 	the theoretical curves are due to time-dependent selection 
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event off scale at 28.4X 10 	sec. 
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V' Discussion 

The analysis of our 54 leptonic decays does not indicate any 

viólatiónof the AS= AQ rule; however, the uncertainties in our 

results are large enough to permit AS= AQ amplitudes comparable 

in size to the tS = LsQ amplitudes. The situation of T nonconservä-;. 

tion is quite similar. Although we find results compatible with 

T invariance, we cannot rule out substantial T-nonconserving 

amplitudes. 

The measured value for the K leptonic decay rate is 

= (11.3±1.9)XI0 /sec. The Al = i/z prediction (12.4±0.7)X10 /sec 

obtained from the K+  leptonic decays is in good agreement with our 

result. It is important to note that the prediction of the Al = t/z rule 

used to be r = ( i6.5±i.f8)X10 6/sec. 	This would have been in 

serious disagreement with our measured value. However, more 

recent measurements of the K+  three-body leptonic decay rates give 

the predicted value (12.4±0.7)X0 6/sec, which agrees well with'the 

observed value. If one assumes that there is a AI = 3/2, Ai z  = 1/2 

amplitude a 3  which is T-invariant (i. e., real), and that the 

(3/2, 3/2) amplitude is zero, then the ratio of a 31  to the iI= 1/2 

amplitude is given by a 31/a =(1Af)[(2r+/rL) -1.0] (in the approxi-

mation a 31/a 11  << i). Thus, using 2F+=(12.4±0.7)X106/sec  and 

r L = (11.3±1.9)XO 6/sec, wefinda31/a 11  = 0.07±0.13. We can 

then conclude with 95% confidence that a 31/a 11  < 0.33. 
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Appendices 

A. Some Invariance Properties of the Decay Amplitude 

We begin.by  examining some of the implications of time-reversal 

invariance. Consider the decay K°- Tr_e+v.  The final state consists of 

three particles, two of which have spin i/z. We will specify the spin 

states by giving the helicities of the particles with spin. We will picture 

the reaction in momentum space, the origin px= = = 0 being 

chosen as the position of the K ° . The helicity of a particle will be de-

noted by an arrow along or against the line of flight. A typical reaction 

K° - r_e+v might look like the one pictured below. 

A 
py  

+ 
ef 	 irf 

0 

• 	
.px 

• 	 (out) 

IV f  
• 	Note that wehave chosen p, and p to be in the decay plane. The 

i • and f denote initial- and final-state particles, and the word "out" 

means the iT,  e, and v have outgoing wave functions. The amplitude 

• 	for the process in the first picture is a+(K° ir_e+v, p, P, 	h, h) 

-+ 
(iT e v, out, P Tr p P e :P v 11 e hv  IHIK

0 
 ) 

Now let's construct the time-reversed process. The time-

reversed process is obtained by reversing all momenta (but not the 

helicities) and interchanging initial and final states. 
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4 	 - 

y 	 - 

V. 
1 	1  (in) 

I..px 

0 

The "in" refers to the fact that the ir e+, and v are incoming. 

We will label this process with ampiltude b + . Thus b+  is the ampli-

-• tude for the time-reverse of the process with amplitude a. This 

• process is not easily observed, but it can be related to a process we 
• 	 can observe. The initial and final-state labels in the time-reversed 

diagram can be interchanged by complex conjugationof b+ 

-• 	(remember ,'i IH 1w 	= ( IP f  IH I41 1 )). So the process below has 	• 

amplitude b+ 



-34- 

py  

± 

a J 
 øç 

Px  

(in) 

Vf  

The process pictured above is a K °  decaying to an incoming ie± v  

system. This is not an obs&rvable final state. The incoming waves 

will scatter and become outgoing waves introducing a phase shift 
15  e into the reaction amplitude. However, since there is only one 

nuclear particle in the final state, the scattering is only electro-

magnetic. Consequently the phase shift should be negligible. Thus 

the process pictured below should have an amplitude b. 

• 	Py  • 

e f  

K? 
i 

I 	(out) 

Vf  

But this process is the same process as in the first picture. Since 

this process has amplitude a+ we must conclude that b= a + . Thus 

b+ = a. So, given a leptonià decay with amplitude a+, the time- 
YP reverse of this process has amplitude a. Time-reversal invariance 

requires that a process and its time reverse have the same am-

plitude, thus time-reversal invariance demands that a+ be real. 

Similarly, time-reversal invariance requires that the amplitude 

a_ (for K0r+e_v) be real. 
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Now we turn to a discussion of the consequences of the CPT 

theorem. Consider the decay K° T.+e+v  again (remember the ampli-

tude is a+).  We will apply the T, P, and C transformations to the 

process and find a new process whose amplitude is 
a+  (provided the 

CPT theorem is valid). We begin by picturing our initial process again. 

KO  

out 

Vt 
'I. 

Next we apply the time-reversal operator (in the same manner 

as in the previous section). The time-reversed process is pictured 

below. 

- 	(in) 

T

X 

e . 

The parity operator P reverses the momenta but not the 

helicities: 

41 _t t py  
0 	 l px Kf  

(in) 

V. 
1 
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The charge-conjugation operator changes each particle to its anti-

particle and reverses the helicities: 

Ipy  

k 	e.J 	7T 	(in) 
0' 

px 

V. 
1 

The CPT theorem says this process must have amplitude a+. 

Note that the process pictured above is not physically observable. 

Just as in the previous paragraphs on time-reversal invariance, we 

can interchange initial and final states, obtaining a new state with 

amplitude a. 

Ipy  
- 	I 	+ 

RO 

px 

Next, \ve allow;the .eir+ and v .waves'.to..scatter.and..becom.outgojng 
waves, 
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RO 

(out) 

The process pictured above is one of those we are studying. 

We now know that it has amplitude a 	Note that the helicities are 

not the same as in the original process. We ignore this minor 

detail in the main text because we eventually average over spin. 

In conclusion, we have found that, if the process K° 1r_e+v 

has an amplitude a+(p,pe,pvheahv)i then the process 

with the same momenta but opposite helicities has an amplitude 

• 	
• 	a (p1 	e' v' h, hr). Similarly, if the process K° - lr+ e  v has 

amplitude a(p,pe,py,hehv) then the process KO¶e+v at the 

same momenta but opposite helicities has amplitude a(p, p e' v 
he hp). 

	

• • 	 B. The pO Cutoff 

Coulomb scattering is predominantly small angle. To calculate 

the cutoff we examine the Rutherford cross section as a function of 

pO and ask that for the 2500 K decays in the experiment less than 0.3 

of them have a scatter with a pftO greater than our cutoff. Suppose a 

particle with velocity v scatters from a proton with an impact param- 
• 	 30 

eter b. The scattering angle for the incident particle is 

(e 2 ( Zb  

• 	 Ft \ 2)\v) 2e2 	 4 
P 	P. 	 P 	jbv' 	

(3) 

therefore, solving for b, using v = c, we find 
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2 
b= 	Ze 	• 	 (44) 

pOc 

To get into more convenient units put p in MeV/c [use '!x10 4 p(Me V/ c ) = 

.E- (CGS)] and convert O to degrees. This gives 

• 	 l . 6X0u 	' 	 * 
b 	pAO 	cm.' 	 (45) 

The cross section for zO larger than •  AO (and hence p3itOla.rger than 

ppiO )is 	 2 
a = b2  = 	

) 	
(46) 

• 	Note that a falls off with increasing p3t±0 0 . We want to pick'a 

cutoff p3iO 0  large enough to make the cross section so small that only 

0.3 event can exceed piO 0 . The number A of scatterings with 

pp0 pf3O 0  produced from NK decays 1 , each with an average track 

length x, is 

z 
A (x a N) 2 2 ri xN iT

(oii) 	
• 	( 47) 

where the factor of 2 is because there are two tracks for each K 

decay, and fl  is the number of scattering centers per cc0.3X 1023. 

Solving for pO 0 , 	 ' 

p60 = 
j.(1.6X101)2 

, 

we find, forA=0.3,x20 cm, and N = 2500, 

PPAO= 2900 MeVdeg 	 (49) 

The average scattering takes place in the middle of the track, thus 

the angle of the track at its beginning as reconstructed from the 

measurement will be shifted by = 	the scattering angle. When the 
+- i 	 ' ft K5  - 1r iT 	s performed we assume that the fitted angle for the 

deleted track is the unscatte red track angle. Thus the angle of the 	• 



-39- 

scattering is 2 .1° . - 0 	1. Therefore, if we use 210 	- 0 fit 	meas 	 fit 	meas 
instead of A0 0 , genuine Coulomb scatterings would satisfy 

pp lOfit - 0 	p0 1450 MeVdeg • 	 (50) mea-

We use only events for which 

p3z0 2000 MeVdeg 	- 	 (51) 

This assures us that they are not Coulomb scatterings. 

C. Techniques for Particle Identification 

As noted in the introduction, the identification of the lepton 

charge can be of great value. In principal, the lepton in a K leptonic 

decay could always be identified by momentum and energy conservation. 

However, momentum uncertainties which give rise energy uncertainties 

comparable to the mass differences between IT and 	and e are 

frequent. This leads to the situation of ambiguous events, that is, 

events which satisfy energy and momentum conservation equally well 

for several fitting hypotheses. In our experiment the few events which 

were kinematically unambiguous were of the type K - 1T+e_ V. and K-b IT e+v. 

Realizing the difficulty in charge identification by kinematics, 

we have made a serious attempt to utilize the techniques outlined below. 

1. Ionization 

Consider Rutherford scattering at a fixed impact parameter. 

The momentum transfer to the target is Ap = Fat,: where F is the 

average force and it is the time duration of the collision. Since the 

• 	force does not depend on the velocity, the momentum transfer is 

proportional to i t and thus inversely proportional to . Therefore the 

energy transfer is i/p 2 . 	 S  

This simple-minded approach indicates that particles will lose 

energy according to 	 5 

dE(dd_x),=,

E 	I 	
52 

dx 
	2 	 ( 
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For hydrogen bubble, chambers this form has been verified 
31 

experimentally by Fabian et al. 	The technique used to measure 

dE/dx is to measure the average gap between bubbles. If one assumes 

that each bubble represents a certain amount of deposited energy iE, 

then dE/dx = E/G, where AG is the average bubble gap. The 

f3 of a particle is measured by measuring iG for the particle and for 

another nearby particle whose momentum is high enough to guarantee 

	

1. Then 	 . 	 . 

	

I 	iG (fast particle) m 2 

G (particle of interest) 	 p 

The momentum of the particle is known by measuring its curvature, so, 

since 3 and p are known, the mass can be determined. 

It is not always possible to measure AG accurtely. Even 

with a good microscope, when the average gap space as seen in the 

best camera view is 	1/2 that of a fast particle it becomes difficult 

to separate the bubbles. The gaps are measured in;a particular view, 

and the measurements must be corrected for the projectionangle 
• 	

between the track and the viewing camera. A gap is measured only 

if the two bubbles can be easily distinguished. 	 . 

D 

FG 	H 
--.---------c-- 	--"-0--- 

A gap is not measured unless the bubble overlaps the line of 

flight. In the sketch of a track (above) the gaps AB, BC, CE, EF, and 

GH would be measured but CD, DE and FG would not be. 

Obviously there is a bias against small gaps To measure the 

average gap from the biased sample we use the fact that the bubbles 

are created independently, and therefore the gaps are exponentially 

distributed with a slope (on sèrnilog paper) of LG. Thus the short 	. . 
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gaps are not essential. The ionization technique is accurate enough to 

distinguish an.electron from a pion when the track momentum is less 

than 	180 MeV/c, provided the track is approximately perpendicular 

to the viewing axis. Therefore only the relatively low-momentum tracks 

can be analyzed with this technique. For very-low-momentum tracks 

it is not necessary to count the bubble gaps; for tracks of momentum 

less than = 100 MeV an electron can be easily distinguished from a 

pion on the scanning table, but again, the track must be roughl >r per-

pendicular to the viewing axis. If any hypothesis in this work pre-

dicted an ionization more than three standard deviations from the 

measured value, the hypothesis was regarded as invalid. 

2. öRays 

In principle, of a track of known momentum scatters an electron 

with enough momentum transfer to make the recoil electron momentum 

measurable, the scattering vertex can be fitted and the mass of the track 

• 

	

	determined. This technique is discussed in great detail by Crawford. 32 

A simplfied version was used for the, leptonic decay experiment. The 

technique is.based on the fact that a large 8 ray almost always signifies 

• that the primary track was an electron. 

The maximum kinetic energy 8 ray is produced by a head-

on scattering. Its energy can be calculated easily by transfárming 

the target four-momentum into the collision center-of-mass. Assuming 

the motion is in the +x direction, we have 

Lorentz 
(O,O,O,m) 	 (_flme,O,O, ym) 	 (54) 

• 	••' 	momentum of incident track p 
where i= 

Invariant mass of system 

• 	 2 
.Y=n +1. 

After the collision the target four-momentum is 

(+m,O.,O,m). 

The fourth component, in the laboratory system, is 

2 	2 
E = T +m =r7 m+y m, 

e 	e 	e 	e 	e 

so the max kinetic energy Te  is 

Te = (2 + 
2  -1) me. 

 

• 

• 
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2 	.2 Buty -fl,so 	
2 

Zpm 

	

Te = 21 me = 	 . 	. 	(58) 
p. 

The invariant mass squared is 

	

2 m
2  + m2  + 	 59) 

where m is the mass of the primary track. Thus 
2 2p me  Te (max) = 	

P(flI•X) . 	 ( 60) 

e 	JM2+Pl- m e 	 . 

• The value of the primary momentum p is known by measuring the 

curvature of the incident track. 

• 	As an example, suppose a track with p = 300 MeV/c is ob- 

served to have a 30-MeV/c 8 ray. If the incident track.is;3 Tr, then 
e (max) = 4.5 MeV/c; if it is a p., then P 

e  (max) = 9MeV/c; if it is 
an e, then P e  (max) = 300 MeV/c. • Thus the 8 ray of momentum larger 

• 	than 9 MeV/c implies that the track is an electron. 

• 	3. Nuclear interactions 

A nuclear interaction on a track from a K decay is a clear 

indication that the track was a pion. 

• 	The nuclear interaction typically appears in two forms, one 

form being a two-prong configuration, for example, 

and.the other form a zero-prong configuration, for example 

ir Is 
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The latter process almost always occurs on slow TT tracks, and is 

• characterized by a slow, heavily ionizing negative track that terminates 

• 	abruptlin the chamber. 

It should be pointed out that for events that fit Triry as well as 

leptonic hypotheses, the identification of one track as a pion does.not 

imply that the other track is a lepton. 

4. Decays of tracks 

Occasionally a track can be identified as a pion because of a 

v decay. This can be distinguished from a i - 0 e vV decay by 

measuring the track and its decay product and performing a ic fit. 

A - e vV decay can be identified by the wide angle of the decay or by 

identification of the electron as the decay product. 

D. Relationships between a, f and  y 

Referring to the definitions of a, 3 and y in Eq. (iO), and 

recalling FL 
= 	¶ ( 

I(a+ - a) jZ) , we have 

= ( Ia+  + aI)/ F L ,  

a (Re(a -  a)(a 	+ a)) /TL, 	 (6i) 

= (Im(a -  a) (a 	+ a)) /FL 

Now redefine the averaging process and the sum over lepton 

type to be a sum over pure states denoted by i 	(the states have definite 

momenta, spins, lepton type, etc.). 	Then we have 

V = 
l(a+.+ a*).i ''L' • 	 (62) 

Re(a - a)(a+a)/FL ,  • 

P = Im(a - a)(a 	+ a)/FL ,  

and therefore 
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+ 2 	
(a - a*). (a 	+ a). .1 2  /r 

Using a Schwartz inequality, . 	A.B. 	( 	A. 	) ( (B..) 	, 

we have 

j(a+-a),I)(I(a+ a).j2)/F,  

+ P 	
<2 	

•  

In case a is unknown the relationship reduces to 

 

This is the curve in Fig. 5. 	The curve in Fig. 4 is just Eq. (64) 

with  
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Table i, Observed decays. 

The spaces with -- in the x 2 columns represent hypotheses for which x 2 > 20 or for which the fitting 

procedure would not converge. 	The variables h and w are the minimum and maximum acceptance 
times (in the K rest system) for each event, and t 	is the elapsed proper time of the decay. 

Identi- 2 2 2 2 
Means of 

fication X X 	+ e _v  X w _ e + v  X t o  t t0  Lei- Identi- 

number  ton itcation 

 503063 -- 4.6 -- -- -. 0.20 5.90 15.16 e fit and 5 ray 

 505231 -- 4.2 -- -- 3,1 0,20 3,45 20 6 00 -- 

 521330 1.1 -- 5.1 4.0 2,2 0.20 2.65 3,99 

4, 525293 -- 13,3 3.2 14,9 2,1 0,29 12.04 13,15 -- 

 532310 -- 1,7 4,4 -- 0.1 0.20 15,26 20.00 -- 

 564390 2.2 0.0 0.7 0.0 0.7 0.20 2,87 9.42 -- 

 565027 -- 5,9 -- 1.2 9.8 0,20 7,29 10,16 e+ ionization 

 668583 -- 0.45 -- 0.91 -- 0.0 0.79 8,1 e scatter on + 

 692228 -- 4.1 -- 3.2 0.20 2,47 12.65 e ionization 

 704248 -- 19,0 3,1 1.0 10,9 0.20 0.91 11.91 - 

11, 707247 1,5 5.1 0.1 0.6 0,1 0,22 1,48 2.62 

12. 713256 -- -- 7.4 -- 0.9 0.34 1.45 19.54 R w 	charge exch. 

 714067 0.8 -- -- 13.4 1,5 0.20 6,48 19,69 

 722026 2.2 -- 2.0 10,6 0,5 0,20 6,79 16,24 

 735269 -- -- -- 1,6 -- 0.20 1.10 18,46 e fit 

16. 756453 0,3 8.8 -- 0.3 0.30 15.94 20.00 kinematics 

17, 774147 6.0 -- 0.0 15.3 0.21 13,36 18,96 c Ionization 

 781181 -- -- 2.1 -. 2.2 0.23 3.84 12.51 i '  decay 

 781208 1.9 4,7 0.0 0.0 0.6 0.20 0.36 20,00 -- 

 819009 9.6 3,7 0,4 6,7 0.1 0.20 6.97 20.00 -. 

• 	 21. 844335 -- 0.0 • 16.6 2.4 0,20 17,16 20.00 e 6 ray 

22. 1370287 -- 18,3 -- 0.52 -- 0,00 0.72 9,99 e fit 

23, 1376303 -- -- 1.2 1,0 -- 0,00 5.85 8,75 decay on - 

 1411172 -- 1.58 • 	9.9 3.3 8.7 0.00 0.96 7.51 e 6 ray on + 

 1432236 -- -- -_ 	• 1,06 -- 0,00 1,78 11,51 e fit 

 1449151 -- 0,005 -- 	• -- -- 0.00 10,38 18.14 e fit 

 1460602 -- -- -- 4,9 -. 0,00 9,19 10.24 e fit 
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4 

able I. (Continued) 
Identi. 
fication X wwy  

2 
X y4 y w e+y  t 

- 

t Lop. 
Means of 
identi- number  ___ ton fication 

 1465026 -- -- -- 2.2 .- 0,00 1.49 6.26 fit 
 1481269 0.005 4.45 -. 15.5 0.00 5.32 16.84 

• 	 30. 1492562 0.47 2.5 1,3 14 0.9 0.00 12.32 21.24 decay 
 1707025 .- 8.40 5.1 1,6 -- 0.00 10,41 15.82 e ionization 
 1714542 -- 6,9 -- -- 0,00 4,36 10.61 e fit and 6 ray 
 1720407 -- 5,4 4.3 5,7 154 0.00 12,21 14,59 e e 
 1720440 2.6 6.4 4.0 4,4 3,4 0.00 4,97 10.30 e ionization 

35, 1723585 -- 4,3 -- 0.28 -- 0.00 5.80 8.06 e ionization 
 1739122 0.4 2.2 1.1 1.2 0.73 0,00 20.43 22.43 -- 
 1763407 18.2 1.5 7,3 0.03 3,5 0.00 6.81 10.80 -- 
 1781541 -- -- 3,4 2.5 3.8 0,00 9.86 14.49 p." Ionization 
 1782493 -- -- -- 0.17 -- 0.00 1.02 14,04 e fit 
 1793046 0.26 0.04 0.03 0.03 0.04 0.00 4,53 9.86 -- 
 1800086 3,2 -- 3,4 -- 18.5 0.00 19.33 29.44 .- 
 1801287 -- -- -- 0.31 -.. 0,00 10.04 16,26 e fit and 6 ray 
 1823465 0.05 0.8 0.06 6.1 0.79 0.00 19,19 24.41 -- 
 1830604 -- -- -- 0.41 -- 0,00 16.01 17.36 e fit 
 1831602 1.6 10.6 1.0 0.99 0.03 0.00 0.79 8.15 -- 
 1834228 0.69 2.3 0.04 1,3 0,0005 0,00 12.92 18.96 -- 
 1834229 -- 1,1 10.7 0.05 4.8 0.00 3,53 21,61 

• 	 48. 1835104 -- 0,41 -- 1.5 -- 0.00 7.45 20.18 a" ionization 
 1835387 -- 0.003 8.3 0.75 10,1 0.00 4,95 6.97 -- 
 1845281 -- 17.9 -- 2,8 -- 0.00 14.06 16.50 e fit 

51, 1866202 7.0 0.9 3,7 0,002 2.3 0.00 6.73 17.83 a" 6 ray 
• 	

- 	 52, 1867422 1.8 6,1 2,2 3,4 0.79 	- 0,00 28,40 35.21 
 1885046 -. -- 0.75 	• 0.83 0.00 10.04 15.37 	• e charge axch. on-: 
 1898594 -- 0.74 12,3 10.1 1.6 0.00 14.05 16.45 -- 
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