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ABSTRACT 

A new experiment has been carried out to measure the branch

ing ratios forK+ decay in emulsion under improved conditions. The 

mesons were brought to rest in a 14-cc volume within a large stack of 

nuclear research emulsion. The stack was designed so that the secon-

daries of the longest range could be followed to rest if they were 

emitted within certain cones. Some 700 such K+ decays were chosen 

as the sample. The principal method for identifying the secondaries 

was by following the tracks to rest, thus avoiding many sources of 

systematic error. 

Ionization measurements were used to resolve am~igui•ties. The 

overall scanning efficiency was found to be higher than 95%. The 

observed branching ratios for the Kp.z• Kl-13 , Krr 2 ' T, T', and Ke 3 modes 

are 61. 8±2. 9, 5. 4±0. 9, 19. 3±1. 6, 6. 0±0. 4, 2. 3±0. 6, and 5. 3±0. 9%, 

respectively. These x:esults tend to reconcile the discrepancies between 

emulsion measurements and heavy -liquid chamber data. 
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I. IN TROD UC TION 

The branching ratiot; for the d . l 'j. ' T"+ ccay rnoc cs o tnc I'. n1cson 

have been lnl~asurcd several tinlC:? in th<~ past. doz.cn yc:drs by Jif-

. J-6 
ferent research groups. Discrcp;tncics exist not only ·between 

data obLJirwcl by u:,;c of diHcrenl kinds of detector:;, but~,}::;,, between 

data obtained frbnl sin1ilar detectors uncler different CXJk·rirncntal 

difference bctwe,~n the K ?/I< 
2
. ratio oly;ainuJ Iron! 

fJ. ,_ IT 
conditions. The 

:he xenon bubble 
~ 2 

chamber'' and frorn son1e of the early ernulsion 

measurements
3

' 
4 

has appeared sn great that it even h;;s i>l:cn put 

forward as evidence for a "shadow uruverse. "
7 

To carry out our measurement of the branching ratios\v<.! have 

gone back, with irnproved techniques, tu nuclear research (:nlUbiun. 

'I rack following was employed on a scale never before undcrtak,!n. 

Stack size was the greate~t ever used for this purpose~. Better blob 

density was achieved and IY1ore uniforn1 development was accomp.lishcd 

than in previous experinlcnts. In a.ddition, several new rnethods wt:-:re 

introduced for the reduction of bia;; and for the calculation of scanning 

cfficiencie s. 

It is appropriate, before describing our experiment, to rev1cw 

son1e of the previous expe r in'1ents. 

The two experiments perforn1ed by the Birge Group:i and 

Al . d 1 4 h b . d 1 ' Z, 7 'd. l . exan er eta . ave . een c1te as prov1 1ng t 1e rnost prcc1se 

emulsion data for the K+ branching ratios. In Birge's pioneering ex .. 

pcrim,cnt the sample size was mod(!rate (149 K and 77 1< -) hcing . p.2 IT<.. 

four'id for the major modes), and chHerent batches of samples were 

used to determine different decay modes. T;rack following, the most 
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direct n1ethod, was employed in id<-~ntifying 97 events, a.nd blob 

-'-
counting at the 1\:' decay point wa::; u:-;ed to detcrn1inc Jl)5 events. The 

::;tack and the sample used by Alex;tndcr ct al. wen: lar 1~,~~·. bt1t the 

identification of sccondarie s was based ahnos t enti rd y upon blob 

counting and scattering measurements. (Blob counting as an icknti-

fication method is discus::;ed later.) The ::;canning effici,;ncil~S for 

these hvo experiment::; were found to be the same: 100% for T ancl 85% 

for lightly ionizing tracks. 

The next hvo expcrin1cnts to be reviewed were carri,_-;d out by 

1 2 
Roe et al. and Shaklec et al. , with a 30-crn xenon bubble chamber. 

Since faster scanning is po::;siblc with bubble cl1arnbcr pictures than 

with e1nulsion plates, these two groups were able to select larger 

satnples, which accordingly reduced the statistical fluctttations (jf 

their branching ratios (6300 K+ mesons [or Roe and 10 5GU for Shaklee). 

Two characteristics of the xenon bubble cha1nbcr utilized by them to 

+ separate the K decay modes were: {a) high efficiency for conversion 

of y rciys fron1 rr 0 into electron pairs, and {b) case of recognition of 

electrons. However, there are arnbiguitics between K 
3

, T', and K 2 . 
f-l TT 

For this reason Roc et al. used a ldnen1atic test to separate Krrz fr01n 

other modes. Because of 1neasuren1ent errors and multiple scattering 

of the secondary, it was found
2 

that a true two-y K ., did not have a 
iT L. . 

100Yo probability of passing the test, while some of the K .2 and T' 
f-1.> 

events passed the test. The avcra!'C scanning efficiencies in Roc's 
c~ 

cxperim_ent were (85 ± Z)'?o for cleclron pairs and (89 ± 2. 5)% for 

electron recognition. 

i. 

• 



. 3- . UCRL-16973 

In Shaklee' s experiment, the kinen·tatic t<.~st was also used but 

with bias corrections based on Monte Carlo calculations; this led to 

a lower rate lor Kf.l
3 

and a higher rate for KrrZ (sec Tablv X). The 

c x n e r i nH~ n t ZJ l rat i o s o [ I<.: .) and r<: ') found by S h a k 1 c ,; do not a ~.,' 1· c c w e ll 
J ~-:> 7rt.... 

with those of Roc. We are inclined to b(;licvc that the loss of some 

true K. 
2 

events in Sh;tldcc's cxpcrirnt:n1, when th(:y failed the l'inc,nat.ic 
iT 

test, rnay have been con1pcnsated for by son1e K '>' K_ .), or T' events. 
f.LJ l:.!J 

that passed the te_st. In reviewing Shaklcc' s experiment, two points 

should be mentioned: (a ) t h e I\. f.LZ b r a n c h in g r a t i o w a s n o t m e :1 s u r e d 

dir'cctly, but f~valuatcd by subtracting .fron1 1..0 the sun1 of those measured 

for the other decay modes, {b) the probability that aT would be 

mistaken for K ? was found to be (7±2)%. 
CJ 

On the basis of review of the !)revious ex;)erin1cnts, th<: current 

n1easurcn1ent was planned so as to obtain clear cut tr<1ck identification 

and as large a sarnplt.~ size as feasibh:. We were able to find 4000 K-t 

decays in a scan volume of G. 13 crn
3

, to choose as otu- sarnplc sorne 

700 events satisfying certain geon1ctric criteria, and to determine: the 

decay modes with little ambiguity. Generally speaking, the results 

of our experiment agree better with the bubble chalnber data than with 

the early e1nulsion measurements. We believe that systematic errors 

arc largely elim.inated in our expcrin1ent, owing to q1e ea::;c of decay 

mode identification when the tracks .are followed to rest. High statis-

tical accuracy, however, especially for the 1ninor mocJ,~s. would have 

required an excessive effort. 
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II. EXPE.RIMENTAL PROCEDURE 

The D stack contains 250 Ilf()rd 1.<.5 cmul.~ion p,;llicl.cs, each 

GOO n1icrons thick and 9 X 14 in. in area. The size of the stack was 

chosen so !.hat when K+ rne.sons come to rest and decay 111 the n1iddlc 

of the :-;tack the sc~condari<_'s (rt 1- or IJ.
1
) within certain ,-;,~invs can be 

followed from decay point to termination. 
\ 

The stack was exposed to the K+-meson bea1n 1n May 1963, at 

Berkeley. The relative positions of the various con1ponents during 

the exposure are shown schematically in Fig. L The stadz was 

placed so that the K+ bearn was perpendicular to the .SLHfd.cc of the 

pelliclcs and entered at the top of the stack (i.e., Plate No. D-"~50). 

The exposure area "vas about 5. 3 >: 2.. S ern, and n1ore t:h;.tn 10
6 

n1csons 

were adn1itted during an exposure period of 30 hours. 'file majority 

of the decays were found to have occurred in 20 consecutive pL1tcs 

(Plates D-126 through D-145). 
b 

Therefore, we estirnate that 10 incorning 

K+ me sons stopped in a selected volume of 14 cn1
3 

B. Scannin" Technictucs 
- M 

As the first step in scanning, every track tl1at entered the: stack 

frorn the upper hemisphere and stupp.:.;d in the scan volun1e was 

recorded during the first area scztn. whether or not a secondary was 

Lound a::;sociatcd with it. Any event whose primary lcoked like a pos

sible K+, but for which no secondary had been fou11d during two separate 

searches, was labeled No- Visihle -Secondary or "NVS." Tlh:Sc'! c:vcnt~, 

,\.· 

't 

• .. 
1\ 
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which provided one of the bases for cvaluatin.~ t:hc ovcr;_tlL scanning 

efficiency, hc:tve been searched repeatedly for sccondaric,;. by 

different scanners. 

It is evident that a K+ track th:1t stops 1war the top or botton1 of 

the pellicle n1ay not have an observabl(~ secondary if the :;cconcbry, 

is directed towards the nearby surface. Thus, one criterion for a 

selected event was that the incident K+ particles must stop within the 

middle two -thirds of the z dimension (the depth} of the pellicle. 

Since secondaries of the decay n1odes I<.f-! 2 , Kf-l- 3 , and Krrz may 

not stop in the stack unless they arc emitted within certain cones, two 

angular intervals have been specified (as a second criterion) for the 

selection of events. Any secondary lying within these cones could be· 

followed at least 14 c1n, which is greater than the range of the 

secondary of K1T 2 . Although the Kf-l- 2 and Kf-!
3 

secondaries lying 1n 

these cones sometimes do not stop in the stack, the division of events 

between these two classes can be carried out (see Section II-C). The 

ranges of the secondaries from nonrare decay modes of K+ art":. listed 

in Table I. 

The first criteri·on was required for all stopping 1<+ rncsons; in 

addition, mesons having but one secondary were required to emit that 

secondary into one of the prescribed cones . 
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C. Identification of Decay Modes 

+ The ionizing secondaries from all decay 1nodes of the K meson 

can be only pions, muons, or positrons. The rnost direct way to dif-

ferentiate between these particles in emulsion is to follow the tracks 

to their endings and observe tern1inal behavior. In standard en1ulsion 

a f.1 particle from pion decay at rest has a ch<~tracteristic range of 

about 600 microns, and it decays into an electron and neutrinos. Some 

positrons disappear through annihilation in flight, <tnd their paths at 

low energy also appear characteristically tortuous. We know that the 

ranges of the KTT 2 and Kf-12 charged secondaries are unique (21 em for 

f.1 and 12 em for TT) because these are two -body decays. Since the 

range of the f.1 for Kf-1
3 

decay can vary from 0 to 18 em, the separation 

of Kf-1
3 

and Kf-1
2 

should present no difficulties if all secondaries are fol

lowed to rest. An analogous staten1ent is applicable to the Krr
2 

and T' 

+ modes, s1nc.e the maximum range of the rr froJTI T' decay is 4 Clll .. 

The T. decay mode yields three above mmunum prongs and cannot be 

corifuscdwith any other comn1on mode. From the above analysis, we 

n1ay conclude that the branching ratios of the nonrarc decay modes of 

+ . 
K could be dcte rmined easily if all charged seconda ric s could bl': fol-

lowed to their endings. However, in practice not ·all secondaries could 

be followed to their endings in spite of the proper design of the stack 

and the appropriate choices of the cones. Hence, ionization measure-

ments and special analyses were also used when necessary to aid in 

identifying decay modes~ 

Our process of identification, using various methods, was as 

follows. 

., 

(!. 

:V 
I 
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In the first stage more than 300 oi the one -prong ev.::nb were 

followed either to their endings or ;ts far <.!H possible. 'I'lw rvmainder 

of the one -pro11; r.~vents were followed only up to 12.5 ern. Fron1 the 

range considerations (see Table I) we know that any event with a 

secondary range gr<::!atcr than 12.5 ern could be. ui1.ly 1<
1
.tl oc J<:p.3' 

314 events belonging to thi:'; category were labeled 12-cn• t~vcnt». 

These arc treated llndcr K events in Su.bsection II (c). 
fJ. 

The 

When the first phase of track following was completed, we found 

that approximakly 90 events had ::ccondarics which could not be 

followed for 12.5 ern or to their endi11gs. These secondaries we.re 

lost or went out of the stack in less than 12 ern (because cif changes 

in their path directions), disappeared in flight (DIF)',. or pi·oduccd 

stars in flight (SIF). The DIF events, SIF events, lost or out-of-

stack (LOS) events, and K 
3 

events are treated in Subsections II (a), . e 

(b), (c), and (d), respectively. Also given in Subsection II (b) is a 

brief discussion of the·use of ionization rneasurernents. 

(a) DIF Events. 

There were 11 events in this category as a result of the first 

track following. The primaries and secondaries of these 11 apparent 

DIF events have been rechecked with great care by dif:fercnt scanners. 

As a result only one of them remains in the DIF category. The 

secondary of this remaining DIF event has been refollowcd and its 

+ scattering behavior indicates it is probably an e Ionization n1easure-

ments and further following resolved the rest of the events. The 

classification of the original DIF events is shown in Table II. 
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(b) SIF Events. 

This category contained 40 interactions of which 17 had stars at 

D > 5 em (D = the distance from K+ decay point). Among all sccon-

+ darics of K decay the pion is the only particle that is strongly inter-

acting and capable of producing a star in flight. Therefore this 

category can contain only K'TT
2 

and T' events. Furthcrrnorc, as the 

1naximum range of a TT + from T' decay is 4 c1n, only 23 SIF events 

can be candidates for both KTT
2 

and T'. The ionization method was 

used to resolve these events. We obtained calibration curves (see 

Fig. A-3, Appendix I), which relate blob density (in blobs/1001-1) to 

residual range, according to the procedures elaborated in Appendix I. 

Blob counts were compared with these curves in order to effect the 

unambiguous resolution of all 23 SIF events \vhich had stars at 

D < 5 CD1. The disposition of the 40 SIF events is given in Table III. 

(c) LOS Events (Lost or Out-of-Stack Events). 

Thirty-five tracks belonged to this class. Although the lost 

events have been rechecked very carefully there remain son1e whose 

secondaries still cannot be followed 12. 5 em .or to their endings. 

Their identities have been determined as shown 1n Table IV. 

(d) Ke 3 Events. 

There are two possible reasons why an event originally classified 

as K may not be a true K : (i) the primary is a ", or (ii) an error c3 e3 r 

made during the first track following led from the true secondary 

± 
track to an e track. In order to minin1ize the possibility of making 

errors in the identification of these events, two steps have been 

taken-- all primaries were followed back, 'and all secondaries were 

independently refollowed. 

1 ~~ 

.. 
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Although the exposure was arranged so that only the K+ coh1ponent 

of the.beam would stop in the stack, K decays occurred upbcarn from 

the scan volUine. In this case, the secondary usually would be· f.l. or 

rr (which in turn decays into f.!.). Therefore, we should not be sur-

prised if some p.-+ e events were 1nistaken for K-+ e evl~lts. For this 

reason all the primaries ofthe 62 events originally classed as Ke
3 

were st~difd· The result showed that 12 of these were IJ·-- e decays. 
,L \ l I 

The s'econd possibility for error stems from the fact that in all 
\ \ . ' + 

nonrare K ,decay modes except K 
2 

and T, at least one of the secon-
, f.l. 

darics is a rr 0 which decays into either two photons, or one photon and 

oneDalitz pair, or two Dalitz pairs. In other words, since -::::30 1T 

are produced per 100 K+ decays, there are -::::60 photons per 100 K+ 

dec,ays. Assuming that the average energy of the photons from rr 0 

decay is ;:::100 MeV (67.5 MeV in rr 0 rest frame), we calculate that 
) 

0 

the corresponding mean free path for pair production in emulsion by 

these photons is approximately 5 em. 9 This means that almost all 

0 
photons from rr decay convert into electron pairs in the stack. 

. + ± 
Therefore, for every 100 K decays in the stack, about 120 e tracks 

are produced. Almost all of these e± tracks point generally back 

toward the scan volum,e, which is very small compared with the 

whole stack. It is therefore estimated (details given in Appendix II) 

that, given a follow-through error, one has a p,robability of at least 

40% of being led to an electron (or positron) track. This reasoning 

demonstrated the necessity of refollowing all. secondaries of the 

remaining Ke
3 

.events. Accomplishment of this task revealed that 14 

of the original Ke
3 

events were, in fact, so.classified due to errors 
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in the first follow -through. The disposition of all events originally 

classified as Ke 3 is shown in Table V. 

(e) K Events. 
fJ. 

There are 359 K events, of which 314 are 12-cm events and 45 
fJ. 

originally labeled LOS, DIF, or K e
3 

events. The secondary of each 

of these has not been followed to rest but was identified as a fJ. from 

either a range measurement or a c01nbined range and ionization 

measurement. We still, however, needed to determine how many of 

them belong to the Kfl
3 

mO'de. This was accomplished by use of the 

10-12 
known energy spectrum of the Kfl3 and the number of Kfl3 events 

in which the fJ. +was observed to decay at rest. Since ranges were 

measured directly, we have converted the energy spectrurn to a range 

spectrum for the muons from Kfl
3 

decay. A histogram of this range 

spectrum is shown in Fig. 2. Some 10% of this area lies above 12. 5 em. 

From the number of Kfl
3 

events found with R < 12. 5 em, we deduce 

that three additional Kfl
3 

tracks were in the 12- to 18 -em interval. 

D. Determination of Scanning Efficiency 

All track endings found during the original scan and classified 

as possible K' s '\\ere searched for a secondary on at least two different 

occasions by the original scanner, provided no secondary was seen 

during the first search. The events for which no visible secondaries 

were found in any of these searches were labeled No- Visible -Secondary 

(NVS) events. These have subsequently been investigated with great 

care in order to provide one of the two pieces of information upon which 

the evaluation of our scanning efficiency is based. The treatment of 

,, 
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the NVS events is discussed in Subsection (a) below. In Subsection (b) 

we discuss the efficiency prograrn. This furnished the second basis 

for efficiency evaluation. 

(a) NVS Events Program. 

Those NVS endings contained within the middle 2/3 of their res-

pectivc pellicle z dimensions were again searched for secondaries. 

If no secondary was found to be associated with an ending, then the 

primary was 
1

followed back to see if it belonged to the incorning K+ beam. 

Finally, each residual NVS event whose primary did belong to the beam 

was subjected to yet another rigorous search for a secondary. 

The results of this program an'! listed below: 

·1. 107 0 NVS events were found to be contained in the middle 

2/3 of their respective pellicle depths. 

2. Secondaries were ultirnately observed for 382 out of the 

original 1070 NVS events. 

3. The primaries of 684 of the original NVS events do not 

belong to the K+ beam. 

4. There remain only four endings whose primary appears 

to belong to the incoming K+ beam but for which no secondary was found. 

From this result we conclude that virtually all the K+ secondaries 

have been observed. All events with secondaries in the cones found 

during the course of the NVS event program have been followed through 

and included in our sample. 

{b) Efficiency Re scan Program. 

~~ Some appropriately chosen parts of the original scan area have 

been rescanned independently by different scanners who were instruded 
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to record every track ending coming from the upper hemisphere and 

lying in the middle 2/3 of the pellicle depth. The results were compared 

with the original scans to determine which endings in the same area were 

found in common, in the original scan only, or in the efficier1cy rescan 

only. The original scanning efficiency EO is calculated in a conventional 

way. Let us assume that 

NT - II II b f K+ d - . true num er o ecays occurr1ng 1n a scan area,· 

No 
+ decays found during original scan in = number of K 

that area, 

N number of + found during re scan in the area, = K decays r 

and N ::: number of K+ decays found in common. 
c 

Then the original and rescan efficiencies for each plate are 

given by 

( 1) 

{2) 

where from Eqs. (1) and (2) we can easily calculate E 0 . The results 

are listed in Table VI. 

2 
The total area covered in the original scan was 338 mm , and 

that cove red in the efficiency res can was 96 mm 
2

• Although each 

individual plate efficiency was determined from a partial rescan ar~a, 

~--
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we may assume that efficiency to be applicable to _the entire plate 

because the original scan for each plate was carried out entirely by one 

particular scanner. Furtherrnore, the re scan area was dis tributcd 

evenly over the entire original scan area. By counting the K+ decays 

found i'n the middle 2/3 of each plate during the original scan, we are 

able to determine the overall efficiency c for this experiment. In 

Table VII we list all the relevant quantities. 

III. RESULTS 

Two sections follow. In the first section we estimate the ''true" 

branching ratios with efficiency correction. In tl'e second section we 

make general remarks on this experirnent and compare our results with 

those obtained by other groups and with some predicted values. 

A. + Branching Ratios of the K Dec;;1.ys 

(a) Observed Branching Ratios. 

The selection of each 1-prong event was based on the emission 

direction of the secondary. However, this criterion cannot be applied 

directly to the 'T events, since these are 3 -prong events. By assuming 

+ that K decays isotropically, we can write 

(3) 

where N 1 T = total number of 1-prong events found in the middle 2/3, 

Nlc = number of 1-prong events lying within the cones, 

N3c = number of 3 -prong events to be associated with the 
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cones (namely, number ofT events to be used 1n 

this branching ratio experiment), 

N 
3 

T = total number of 3 -prong events found in the middle 2/3. 

To solve Eq. (3), we list the experimental data concerning the 

1-prong events in Table VIII. By combining the information listed in 

Tables VII and VIII, we arc able to solve Eq. (3) for N
3 

(or N ). 
C . T 

We find 

N3c 244 X 681 
43.6, = = 

3814 
(4) 

or 

N = 43. 6. 
T 

(5) 

With N evaluated, we can calculate the uncorrected branching 
·T 

ratios. These are listed in Table IX. 

(b) Corrected Branching Ratios. 

Two items need to be considered in making corrections to the 

branching ratios listed in Table IX. The first one is related to the 

-L 

partial efficiencies for finding examples of different K' decay modes. 

The second one involves possible errors in following secondaries. It 

is convenient to deal with the second item first because the discussion 

requires only a short paragraph. 

In Appendix II, we have estimated that the probability of a follow-

± . 
through error, if any, leading to an e track as opposed to a TT or fJ. 

track was at least 40%. For this reason, we had all the original Kc 3 

events refollowed independently. 
' 

lo. 
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This demonstrated that fourteen of these events were not Ke
3 

. 

The maximum number of possible errors in the first following is then 

estimated to be 14/0.4 = 35. In other words, there could be possibly 

21 events in which the original track was lost and another picked up. 

However, the new tracks will be found in the correct n/J.L ratio so that 

no net error is made, especially since 21 is a small number compared 

with the whole sample. 

' + 
The differencein the partial efficiencies for different K decay 

modes stems from the fact that each mode has a different energy spec-

trum, which in turn leads to different spectra as functions of blob 

density. We estimate that a Tr track with kinetic energy less than 

25 MeV (corresponding to ionization greater than 38.6 blobs/100 microns 

in the D stack) can probably not be missed. In other words, we assume 

·any secondary with ionization ~qual to or larger than 38.6 blobs/100 

microns can be observed with efficiency 100%. For any secondary with 

ionization lower than 38.6b1obs/100 microns the efficiency will decrease 

with no definite relationship known to us. As the simplest approximation, 

we assume that the relationship is linear, i.e. 
1
, the efficiency €\ can 

be expressed as a linear function of blob density B., 
1 

€. = 
1 

(6) 

where m is to be determined, Bi refers to a particul~r blob density 

corresponding to Ei, and B 25 represents the blob density correspond

ing to a 25 -MeV. pion. The quantity €. is defined by 
1 

1' 
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N./c. = N.' 
1 1 1 

(7) 

where Ni = observed number of events belonging to the 2:_ th decay mode 

and N.' = true number of events belonging to the i th mode. 
1 

Since the Kf.l- 2 and KrrZ secondaries have unique energies, we 

can apply Eq. (6) directly to these two n10des to obtain [see Appendix I 

for the values of B f.l- 2 and Brrz] 

and 

(9) 

The Kf.l- 3 , Ke 3 ' and r' 1nodes have continuous spectra. Thus, 

for these modes we must define their mean efficiencies: 

and 

c 
T' 

= { B1nax 
)

8 
. [l-m(B 25 -B)] 

m1n 

1
8

25 
= (l-m(B

25
- B)) 

B . 
m1n 

dN 
dB dB+ 

dN dB' 
dB 

B 

1 max 

B25 

dN 
dB dB, 

B 
dN J max dN 
dB dB + B d13 dB, 

. 25 

( 10) 

( 11) 

( 12) 

where dN/dB dB = normalized number of events whose secondaries 

+ . 
have a blob density lying between B and B + dB at the K decay point. 

-~ 
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Since the efficiency for a three -prong event was found to be 

approximately 100o/o:, for the 7' events, 

N = N' -..-
7' T . • (13) 

By using the definition of the overall scanning efficiency .€ for 

the experiment [see Table VII], we may relate € to the various 

€. as follows: 
1 

~N. 
1 

€. 

N NTr2 
~+ + N + 

T 

~. 

The corrected branching ratios are then defined by 

r. = N.'/(LN. ). 
1 1 1 

for the parameter mj 
To solve Eq. ( 14 ),/\we first have to calculate € fJ-3 , € e 3 , 

Note that 

dN 
dB dB 

dN dT 
= dT dB dB, 

(14) 

( 15) 

E • 
T• 

( 16) 

10-12 
which can be evaluated for KfJ-3 by use of the energy spectrum 

and the relations depicted in Figs. A-2 and A-3. Expression (16) can 

• , 1 ·• + 13 14 
be evaluated s1mllarly'for 7' by use of the Tr energy spectrum ' 

€e 3 is obtained in Appendix II. 
and the -relation between energy and ionization for pions 1\ The re suits 

of the calculations are given in Table x. 
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B. Discussion of Results 

(a) Comments. 

(i) Since the majority of the events in this experiment were identified 

by track following, practically no ambiguity exists between Kf.l and Krr 

events, between Kf1.2 and Kf1.3 events, or between 'T
1 

and Krrz events. 

(ii) Since both the overall and partial efficiencies were found to be high 

(see Tables VII and X), only a very few K+ primaries and secondaries 

within the scan volume were not observed. 

± 
(iii) Although the estimate made in Appendix II of the total number of e 

tracks produced around the scan volume was a rough approximation, it 

has provided a rational basis for the calculation of possible errors in 

track following. This estimate, combined with the careful treatment of 

the original Ke
3 

events, has led to the conclusion that our branching 

ratios reflect no significant errors due to mistakes in track following. 

(iv) We believe the most important conclusion of this experiment is 

that there remain no significant and unreconciled differences between 

the bubble chamber and emulsion results. 

(b) Comparison .. 

We list five sets of branching ratios measured by different groups 

in Table XI. 

There are a number of theoretical predictions regarding the 

+ rates for various K decay modes. Table XII contains cornparisons of 

. 15-17 
some of our results with pred1cted values. 
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Appendix I. Calibration for Ionization Measuren1cnts 

The calibration of ionization in terms of blob density was 

carried out for different depths in a plate, different plates in the 

stack, different particles, and different energies. 

(a) Blob Density with Respect to Different Depths and Different Plates. 

The secondaries of ten known KTT 2 and ten known Kf-1 2 were so 

chosen that their origins were distributed over ten plates; from 

D-132 to D-141. The ionization along each secondary fror-n the point 

of its origin was measured in terrns of blob densities for a path length 

of about 2 mm.. The blob densities were first averaged ovei· the 

three portions of each plate (i.e., upper, n1iddle, and lower portions) 

and then over the entire depth of each plate. Since the secondaries of 

the Krr 2 and Kf-1
2 

modes have unique energies and the loss of e1wrgy at 

such energies along a path of 2 mm iri standard emulsion is negligible, 

the secondaries of each category can be considered as two monoencr-

getic entities which should yield two constant ionizations in a 2 -mn1 

path. Our results demonstrated that the variations with respect to 

depth in each plate were all smaller than ±1 blob per 100 microns,, 

and variations from one plate to another were even smaller. Figure 

A-1 depicts the variation of blob density with pellicle depth. The upper 

curve refers torr+ at the Krr
2 

decay point, and the lower curve to fl+ at 

the Kf-1 2 decay point. 

(b) Kinetic .Energy as a Function of Residual Range R. 

Since the residual rangeR (rather than kinetic energy T or 

velocity f3) is measured directly in emulsion, it is .convenient to 

18 
express kinetic energy as a function of R. . 
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The exact value of the mean excitation energy I for standard 

emulsion is at present uncertain. The old figure 
18

• 19 
-of 331 eV was 

employed in the calculation of ionization, although there is recent 

evidence
20 

that the best value of I is somewhat lower. The range and 

energy-loss rate are, however, insensitive to I, and usc of the old 

value may be justified by noting that the ranges thus calculatc~d agree 

well with the ranges of the K 2 and K ·~ secondaries, which were 
TT f-1"-

mcasurcd incidental to this experiment. 

(c) Blob Density B as a Function of Residual Range R. 
-

The blob densities of secondary tracks. at different R' s from known 

Kf-1
2 

and Krr
2 

events have been measured. The experimental data are 

plotted in Fig. A -3 with an empirical calibration curve drawn to fit 

them. This curve has been used as the basis for identifying secon-

daries by means of ionization measurcnie-nts- in this ·experiment. 

Appendix II. Electrons in the Experiment 

In this appendix we elaborate the evaluation of two important 

± 
quantities related to the electrons (e ) in this experiment. One is 

the mean blob density of the e + tracks for Ke
3 

events, and the other 

is the number of e± tracks produced around the scan volume in the 

stack. 

(a) Mean Blob Density of the e + Tracks for K~ 3 Events. 

The partial efficiency for finding a Ke
3 

was defined by Eq. (11). 

This can be simplified by normalizing dN/dB to unity into the form 

E: e3 = 1 - mB25 + 

where m is to be determined. 

dN 
B dB dB, 

. '• 
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By the definition of dN/dB dB, we can interpr.et theintegral as 

follows: 

B 
dN 
dB dB -(B) (mean blob density for the 

c+ tracks in Kc 3 events). 

The value of (B) can be determined by meat> uring the blob 

density of each e +track at the K+ decay point for Ke
3 

events and 

taking the average of the measurements. As the result of our blob 

counting for the Ke
3 

events, we have obtained 

(B)= 17.81/100microns. (A -1) 

By substituting Eq. (A-1) and the value of BL.S (i.e., 38.6 blobs 

pc r 100 microns ) into Eq. ( 11), we obtain the relation between rn 

± 
(b) Average Ratio Between e and (rr + !J.) Tracks Around the Scan 

Volun1e. 

" + ± 
As the final prodocts of all decay modes of K me sons are c and 

v, it is essential to know the spatial distribution of thee± tracks 1n 

order to evaluate the number of possible errors in track following. A 

I 

rough approximation is carried out below. 

(i) 
± 

Mean energy, mean free path for the photons and e in different 

decay modes. 

From the energy spectra of different decay modes, we are able 

to list the mean energy of the rr
0 

and the related mean energies for 

photons and for pairs in Table A-I. 
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± 
(ii) Number of e tracks + .. per 100 K mesons at different R~ 

As ilie scan volume is small compared with the whole stack, it 

can be considered a point source of all secondaries. Then, 

± 
, -the number of e tracks produced from all the modes 

I 

at a distance R' from the scan volume can be expressed by 

n (R) = 100 tr4r' (1 - e -R'/S.04.. + 4r' (1 - e .. R'/S. 01 ) 
e 1-13 ) - e3 · 

+ 2r~ + (A-2) 

. + 
(from 2'1T' ) 

The increment of the e± track b~tween R' and R'+dR' is ·; 

(dn /dR' )dR'. Since the e ± tracks cannot travel indefinitely in emul-
e -

siori, we have to make corrections for this effect. For simplicity, 

let us s~ppose all e± tracks produced from all the modes had a unique 

range of 4. 5 em. 
± 

Then we find the total number of e tracks at 

different R to be 

where 

(R [ l dn 
Ne(R) = Jo H (R' + 4. 5) - R_ dR~ dR' 

H [(R' + 4. 5) - R] = 
{

1 at R<R + 4. 5 em, 

0 at R>R~ + 4. 5 em. 

(A-3) 

(A-4) 

After performing the numerical integration of (A -3) we obtain 

Ne (R) as a function of R. This is plotted in Fig. A-4. 

i 
i 

; . 
' -
I • 

)'I 
' I 

!' 
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(iii) Number of TT+ and p. + tracks at different R' from all modes. 

By neglecting the s1nall contribution due to T and T', we can 

estimate N (R) from K 
2 

by considering the fact that a rr track with 
TT · TT 

23 blobs per 100 microns or of a residual range ~4. 3 em (i.e., 1.5 

minimum ionization ) is so heavily ionizing that an error involved in 

following such a track is very in1probable. In other words, we would 

include a TT track from KTT
2 

for only 7. 7 em. 'We thus obtain 

where 

Nrr(R) = r~ 2 H(7. 7- R] = 19.3 H [7. 7- R]., 

H( 7. 7 - R) 
_ f1 at R < 7. 7 em, 

[_9 at R ~ 7 . 7 c m . 

(A -5) 

(A-6) 

. For a spatial distribution of p. tracks, we include all f.l· 

tracks from both KfJ-2 and KfJ-
3 

up to 12.5 em. We may thus write 

down N (R) as 
f.! 

N (R) 
f.! 

61.8 + 5.4 - 67 .2. 

The distributioi1s N and N arc also plotted in Fig. A-4. 
TT f.! 

(i v) Ave rage ratio between N and (N t- N ). 
e TT fJ· 

(A-7) 

From Fig. A-4 we can evaluate the average ratio between Ne 

and (N + N ) over a distance from R = 0 toR= 12.5 em. We find 
TT f.! 

/12.5 em 

0 

N (R) 
e 

[ N (R) + N (R)] 
TT f.! . 

em 

dR 

dR 

= 0. 36 (A -8) 
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This underestimates the probability that a follow-through error 

will lead to an e± track because it does not take into account the fact 

that the total track density decrca~es approximately as 1/R 
2

. Thus, 

the probability for making a follow-through error is considerably 

g reater for small values of R, where N. /(N t N ) ~ l. 
e rr fJ. . 

Our experience 

in refollowing the events originally classified as 1\d confirms this 

expectation that most errors should occur for values of R less than 

~7 em. + Furthermore, the inclusion of all rr from KrrZ decay is 

unrealistic, because any error that led to such a track wot.lld most 

probably have been detected as an apparent Krrz with unreasonable 

pion range. Three such errors were, in fact, found and corrected 

during the original following. We believe that there is a probability 

of at least 40% that a given follow -through error will lead to an e ± 

track. 
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Appendix III. 1T Decays in Flight 

The possible number of 1T decays in flight among K 2 events in 1T . 

this experiment is evaluated here. The result shows that we rnay 

expect two or three 1T decays in flight. Because of the negligible 

effect of this number on our branching ratios, no particular effort 

was needed to search for such events. The evaluation is described 

below. 

Let Ndf = No. of rr' s decaying in flight in a total of Nrrz events. 

By definition, Ndf can be related to N1T 2 by 

-t/r = N1T 2 (1 - e }, (A -9} 

where N rr2 
- No. of K1T 2 (includes both rr decaying at rest and in 

flight), 
m 

1T 
m 

p 

-9 2.84 X 10, sec (mode ration time for a 108.6 -MeV 

rr from K ) 2 2 1T2 , 

and 

-8 
T = 2. 55 X 10 sec ( l .f f +) 22 mean 1 e o 1T . 

By approximating N1T
2

:::: 134, we obtain 

Ndf :::: 134 (1 - e -
0

·
0166

) = 2. 28. (A -1 0) 
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Table I. Ranges of secondaries of nonrare + decay modes of K . 

·J' 

Decay Q TorT ·Ror R 
modes (MeV) 

rnax n1.ax 
. (KE in MeV) Range in 

..,.... 
standard emulsion 

(em) 

K 
p.2 

38H.1 152.5 21 

K 
p.3 

253.1 134.1 18 

K TT2 219.2 108.6 12 

T 75.0 48.1 3.5 

T' 84.2 53.2 4 

K e3 
358.3 227.9 12a 

a 
Electron range is poorly defined (see Ref. 8) because the straggli~g 

is large. 



No. of 
Events 

4 

3 

2 

1 

1 
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Table II. Mode classification for DIF events. 

Identity 

K (unambiguous) 
1-l 

K ·. (probable) 
f.l. 

Ke
3 

(probable) 

+. 
Not a K decay 

M-ethod 

Range measure
ment and 
ionization 

Range 1neasure
rr1ent and 
ionization 

Range measure
m.ent, ionization, 
.and scattering 
behavior 

Recheck of the 
primary 

Remarks 

To be treated in Sub
section (e) (Two were 
followed to 12 em in 
the second following) 

One interaction at 
0=5.68 and the other 
at 6. 03 em (both were 
included in SIF) 

The prirna ry was a 1-l 
frmn a rr decay and 
the secondary was an 
e. 

.:y, 

:·1"' 

:\'_'· 
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Table III. Decay n1odes of SIF events. 

"" No. of Identity Method Remarks 
Events ---- ----- ------

~ 17 K Range rneasure- Star at D > 5 C01 
rr2 

ment 

21 K rr2 
Ionization Star at D< 5 cn1 

2 -r' Ionization Star at D< 5 em 
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Table IV. Decay modes for LOS events. 

No. of 
Events 

7 

1 

20 

Identity 

KTr 2 (unambigu
ous) 

KTr 2 (probable) 

K (unambiguous) 
fJ. 

6 K (p~obable) 
fJ. 

1 Unresolved 

Method 

Ionization, range, 
and observation of 
behavior at end 

Ionization and 
range 

Remarks 

Treated in Sub
·section (e) 

i. 

.. 
! 

~·· 
I 
I 

i 
l 

~~. 
t' 
I 
I 
i 

J. 
I 

-I 
' ', : 
• I 
. . I 

':1 
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Table V. Disposition of events originally classified as Ke
3

. 

No. of 
Events ---

36 

12 

2 

12 

Identity 

K e3 

K 
p. 

Method 

Following and refol
lowi ng both pri rna ry 
and scconda.ry 

Following alld refol
lowing both primary 
and secondary 

Rcfollowing and sub
sequent ionization 
n:tea sure n1e nt s 

Following back 
primary 

Remarks 

To be treated in Suh
::; c t t i o n ( e ) (a 11 w e n~ 

followed to 12 em in 
the second following) 

One wa::; included in 
SIF (5 em) and the 
other in Lost Events 
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Table. VI. Results of efficiency res can. 

Plate N No N Original scan 
number 

c r efficiency 

D-132 137 140 143 0.958 

D-134 229 237 234 0.979 

D-136 377 393 414 0 .. 9.10 

D-138 217 224 227 0.956 

D-140 268 282 279 0.961 

'-

.; 



'" 

~ 

~ 

Table VII. 

Plate 
nurnbcr 

----
D-132 

D-134 

D-136 

D-138 

n.:.140 
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Determination of overall efficiency for the expc rin1cnt. 

N-
J 

1-prong 'T decay 
events 

348 19 

1248 72 

1019 58 

558 48 

641 47 

l:(N ./€.) = 4266 I 
J J 

E 

l:N. 
= J 

L(N./E .) 
J J 

€. N./E. 
J J J 

-----
0.958 383.1 

0. 979 1348.3 

0. 910 1183.5 

0.956 633.9 

0.961 716.7 

= 3814 + 244 = 4058, 

- 0.951. 

Notations: N. = number of possible K·t decays found in the 

middle 2/3 of the depth in Plate number j. 
J 

E = ov·crall scanning efficiency for the expcrirnent. 

r-' 

= total number of 1-prong events found in the 

middle 2/3 (includes Dalitz·-pair events). 

- total number of 3 -prong events found in the 

middle 2/3. 
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Table VIII. One -prong events within the cones. ·., .. 

Event type 

12-cm Scatter- ::· 
r:; 

events ing at 
.r: 
'-"'· 

Decay Decay 
or end of 

lost SIF DIF follow- N. 
mode at 1 

rest 
or 

( <5 em) (>5 em) 
through nutnber 

out of 
stack events 

i: 

K 
fJ-2 

71 356 427 
!"; 

K 
fJ-3 

35 3 38 

K rr2 
88 8 19 19 134 

T' 15 2 17 

K 
e3 

1 36 37 

Misc. 27a + 1b 

a + 1-prong events but not K decay. Included in NlC because the values 

of N. listed in Table VIII refer to number of 1-prong events found 
l 

in the first area scan. Some of these are J.L-e decays, etc., rather 

+ thanK decays. 

b . 
Unresolved event. 

·-

':.: 
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Table IX. Uncorrected branching ratios. 

Decay N. 
mode 1 

(number of events) 

K p.2 
427.1 

K 
p.3 

37.9 

K 
rr2 

134 

T 43.6 

r' 17 

K e3 
37 

1N". - 696.6 
1 

r. 
1 

(branching ratio) 

61.31% 

5.44% 

19.24% 

6.26% 

2.44% 

5.31% 

4-. = 100.00o/o 
1 



a 
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Table X. Partial efficiencies and corrected branching ratios. 

Decay 
mode 

T' 

.C:.N~ 
l 

~N' 
T 

= 

= 

€. N~ a 
l l 

Partial ("True" number) 
efficiency 

94.46% 452.15 ± 21.26 

96.39% 39.32 ± 6.27 

95.03% 141. ·01 ± 11.88 

100.00% 43. 60 ± 2. 7.9 

99.34% 17.11 ± 4.14 

94.62% 39.10 ± 6.25 

~N~ = 732.29 
l 

(N~ )l/Z for all decay modes except 'T, 
l 

r. I 
l-

(CorreCted branching 
ratio) (o/o) 

61.75 ± 2.90 

5.3 7 ± 0.86 

19.26 :b 1.62 

5.95 ± 0.38 

2 .. 34 ± 0.57 

5.34 ± 0.85 

~r~ = 100.00 
l 

(N' )1/ 2 (681/3814) [see Eq. (14)]. 
'T 

Total 

,. 
~-· 

! ·~ 

. ., 
-~-

! .. 
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Table XI. Branching ratios (%)in I<:+ decay mcasur~~d bydiffcrvnt groups. 

i.!S', 

Emulsion Xenon bubble chamber 

Decay ~--a. IJ. c. -<:r:-------
rnodc Birge Alexander This Roc Shaldce 

ct al. et al. experi- et al. et aL 
(19 56) (19 57) rncnt: (1 <)(>1) (l<J64) 

--- ---- ---- -------
K 

f.1.2 
58.5 ± 3.0 56.9 ± 2.6 61.8 ± 2 .. 9 64.2 ± 1.3 63.0 ± 0.8 

K 
f.1.3 

2.8 ± 1.0 5.9 ± 1.3 5.4 :f: 0.9 4.8 ± 0. () 3.0 ± 0.5 

K 
rr2 

27.7 ± 2.7 23.2 ± 2.2 19.3 ± 1.6 18.6 ± 0. l) 22.4 ± 0.8 

T 5.6 ± 0.4 6.8 ± 0.4 6.0 ± 0.4 5.7 ± 0.3 5 .l ± 0.2 

T' 2.1 ± 0 .. 5 2.2 ± 0 .. 4 2.3 ± 0.6 1 .. 7 ± 0. 2· 1..8 ± 0.2 

K 
e3 

3.2 ± 1.3 5.1 ± 1.3 5.3 ± 0.9 5.0 ± 0.5 4.7 ± 0.3 

a Ref. 3. 

b Ref. 4. 

eRe£. 1. 

d Ref. 2. 
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Table XII. Comparison of the data with some predicted values. 

Branching 
ratios 

Measured 
value 

0.618 ± 0..029 

1.00 ± 0.23 

0.39 ± 0.10 

a . 
Refs. 2 and 15. 

b 
Ref. 16. 

c 
Ref. 17. 

Predicted 
value 

0..677 ± 0.011 

0.69 

0.64 

0.325 

-----
Underlying theory 

Univcrsalitya 

S-wave E.-Tr resonance 
b 

b 
P-wave K-rr resonance 

6.1 -- 1/2 rule c 

'I'; 
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.. 
Table A-I. Mean energy, mean free path, and approximate range of 

'"· y and e±; 

.;.. Decay Mode E or (E) <}.. ) (R ) 
(Mean energy) y e (Mean free (Approx1mate 

(MeV) path of y) range of e:±) 
'ITO 

± (em) (em) 
y e 

0 
K 3 --t f.LlT v 

f.L L 2y 220 110 55 5.04 4.6 

44e 

K 
3

_,. e 0 
lT V. e 

~4e 240 120 60 5.01 4~9 

+ 0 

Kwz ~ l4:: + 245 123 62 5.00 4.9 

f-1--")e 

+ 0 0 7'-., 'IT .'IT lT 

l~ 165 83 42 6.76 3.8 

e+ 



Fig. 1. 

Fig. 2. 

Fig. A. 1. 

Fig. A. 2. 

of</. 
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FIGURE LEGENDS 

Schematic diagram of exposure arrangement. 

p = Proton beam (6.25 Be V) 

T = Copper target 

M1 = Bending magnet 1 

ss = Static mass selector 

Q = Magnetic quadrupole 

M 2 z Bending magnet 2 

S = Slit 

SC = Scintillation counter 

Cu = Copper moderator (12 em) 

D = D-stack (15 em thick) 

Range spectrum for muons from Kl-1 3 . 

Blob density as function of.pellicle depth (Z = 0 at bottom). 
~; . 

Kinetic energy as function~9f residual range for rr and 

1-1 mesons. 

Fig. A. 3. Blob density as function of residual range of 1-1 mesons 

(0) and 1T mesons (1T). 

Fig. A. 4. 
± 

Number of 1T, 1-l• and e around scan volume as functions 

of distance from the volume. 

.• 
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• This report was prepared a~ an account of Government 
sponsored work. Neither the United States, ~or the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, com~leteness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor~ 

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 


