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This document was prepared as an account of work sponsored by the United States
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
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process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
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ABSTRACT
A new experimént has been carried out to measure the branch-
ing ratios for K_+ decay in emulsion under improixed 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 witﬁin certaifl cones. Some 700 such K* decays wevre choéen
‘as'the sarﬁpie. The‘ principai method for identifying the secondaries
was by folioWing thé tfacks to rest, thus avoiding fnany sources of
systematic é-rror‘. |

Ionization measurements were used to resolve ambiguities. The

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

observed branching ratios for the K K K 2, T, 7', and K e3 modes

par p3e
are 61 8%2.9, 5.4%0.9, i9. 32L.6, 6.0%0.4, 2.3£0.6, and 5.3£0. 9%,

respectively. These results tend to reconcile the discrepancies between

 emulsion measurements and heavy -liquid chamber data.
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v » 1. INTRODUCTION
':" The branching ratios fo1  the - decay modes of the _K+ meson

Fie

have been measured several times in the past dozen years by dif-

' o 1- . . . X
ferent research groups. Discrepancics exist not only ‘between
data obtained by usc of different kinds of detéctors, but ulso bhetween
data obtained from similar detectors under different expoerimental

conditions. The difference betweoen the K 7/Krr2 ratio obiained [rom
- M«

i)

. 4
the xenon bubble chamber” and from some of the early emulsion

great that it even has been put

: - 3,4
measurements”’  has appcarcd so g
ul

forward as cvidence for a "'shadow universe.

To carry out Qur' measurement of the branching r:;n.i_ds.\w_{.havé
gone back," witﬁ improvgd techniques, ﬁu nuclear _rusc;&iﬂ:lw c:mul:;iun.
Track following was employed on a scalc never before undgftélu_zn.
Stack size was the gre‘ateé;@ ever used f«;‘.)r this purpose. Detter blob
den‘sity was achieved and more uniform de‘velopmcnt waé accomplished
than in previous expe rii‘n'ents‘.v In acidiﬁion, sqvveiral new methods were
intr(_)dgced for the reduction of bias and for the calculation of scannixlmg
cificiencies.

It is appropriate, before dCSCI‘ibing our experiment, to review
some of the previgus experiments.

The two experiments performed by the Birge Gr up" and
L 2,7

N

: 4 . 1 s :
Alexander et al. ~ have been cited™’ as providing the most precise

emulsion data for the K' branching ratios. In Birge's pionecring ex-

periment the sample size was moderate (149 KfiZ and 77 K, being
¢ fourid {6r the major modes), and dillerent batches of samples werc

used to determine different decay modes. Track folloWing_, the most
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direct method, was employed in identifying 97 events, and blob

: + : , . .
counting at the K decay point was used to determine 185 cvents.  The
stack and the sample used by Alexander ¢t al. were larger, but the
identification of sccondaries was based almost entirely upon blob
counting and scattering measurements. (Blob counting as an identi-
fication method is discussed later.) The scanning efficicncics for
these two experiments were found to be the same: 100% for 7 and 85%
for lightly ionizing tracks.

The next two experiments to be reviewed were carvied out by

1 ' 2 . . -
Roe et al. * and Shaklee et al. ~, with a 30-cm xenon bubble chamber.
Since faster scanning is possible with bubble chamber pictures than
with emulsion plates, these two groups were able to selcct larger
samples, which accordingly reduced the statistical {luctuations of
. . . v et . : R f - s

their branching ratios (6300 K’ mesons for Roe and 10 500 for Shaklee).
Two characteristics of the xenon bubble chamber utilized by them to
separate the K decay modes were: (a) high efficiency for conversion

| A
of y rays from w~ into electron pairs, and (b) case of recognition of
clectrons. However, there are ambiguities between l{} 3 T, and KrZ'

= . L i

For this reason Roe et al. used a kinematic test to scparate K’ITZ from
other modes. Because of measurement errors and multiple scattering

‘ S : 2
of the secondary, it was found™ that a true two-y K

., did not have a
e : ' .

1007% probability of passirﬁg the test, while some of the KH,S and 7'
cvents passed the test. The average scanning efficiencies in Roc's

experiment were (85 = 2)% for cleciron pairs and (89 £ 2. 5)% for
I ron |

c¢lectron recognition.
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In Shaklee's experiment, the kinermatic test was also used but
with bias corrections based on Monte Carlo calculations; this led to

and a higher rate for- K, (sce Table X). The

a lower rate for K.
. Tl

P.3

experimental ratios of K 3 and K_.,
B

- found by Shaklce do not agrec well

with those of Roc. We are inclined to belicve that the loss of some
true I(_TZ events in Shaklee's experiment, whoen-théy failed the kinematic
i

2

test, may have been compensated for by some K ,,, K
. }.L_) (S

, or T' events.

~that passed the test. In reviewing Shaklee's experiment, two points

should be mentioned: (a) the sz branching ratic was not measured
\ ' :

v

directly, but evaluated by subtracting {rom 4.0 the sum of those measured
for the other decay modes, (b) the probability that a 7" would be
1
mistaken for K_, was found to be (1£2)%.
C 2 . . )

On the basis of review of the previous experimentis, the current
measurement was planned so as to obtain clear cut track identification
and as large a sample size as feasible. We were able to find 4000 K
decays in a scan volume of (.13 ¢m™, to choose as our sample some
700 events satisfying certain geometric criteria, and to determine the
decay modes with little ambiguity.. Generally speaking, the results
of our experiment agree better with the bubble chamber data than with
the early emulsion measurements. We believe that systematic errors
are largely eliminated in our expcriment, owing to the easc of decay
mode identification when the tracks are followed to rest. High 'statis=-
tical accuracy, however, cspecially for the minor modes, would have

required an excessive cllfort.
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1. EXPERIMENTAL PROCEDURE
A. Exposure

The D stack contains 250 Illord IK.5 emulsion pellicles, cach
600 microns thick and 9 X 44 in. in arca. The size of the stack was
chosen so that when K mesons come to rest and decay in the middle

_ ) F oL . -
of the stack the sccondarics (7 or p ) within certain cones can be
followed from decay point to termination.
: _ . 3 :

The stack was exposcd to the K -meson beam in May 1963, at
Berkeley. The relative positions ol the various components during
the exposure are shown schematically in Fig. 1. The stack was
placed so that the K beam was perpendicular to the surface of the
pellicles and entered at the top of the stack (i.e¢., Plate No. D-250).

- C e N

The exposurc area was about 5.3 > 2.5 ¢m, and more than 107 mesons
were admitted during an exposure period of 30 hours. The majority

of the decays were found to have occurred in 20 consccutive plates

(Plates D-126 tlﬁrough D-145), Therefore, we estimate that 10° inco_:ming

K+ mesons stopped in a selected volumec of 14 cm3.

B. Scanning Techniques

As the first step in scanning, every track that entered the stack
from the upper hemisphere and stopped in the scan volume was
‘recorded during the first arca scan whether or not.a sccondary was
found associated with it. Any event whose primary lcoked like a pos-

_ + o . § ‘ .
sible K, but for which no secondary had been found during two separate

searches, was labeled No-Visible-Sccondary or "NVS.'" Thess cvents,
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# .
which provided one of the bases for evaluating the overall scanning
efficiency, have been searched repeatedly for secondarics by
different scanners.
4 s » : + y . N ’

- It is evident that a K. track that stops near the top or bottom of
the pellicle may not have an observable secondary if the sccondary,
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.

may

Since secondaries of the decay modes K K and KWZ

HZ, H3’
not stop in the stack unless fthey are emitted within certain cones, two

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

selection of events. Any secondary lying within these concs could be

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

X Althoggh the I\HZ and KH3 secondaries lying in

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

. ‘ .t L
ranges of the secondaries {rom nonrare decay modes of K are listed

in Table I.

)

I

The first criterion was required for all stopping K' mesons; in
addition, mesons having but one sccondary were required to emit that

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

The ionizing secondaries from all decay modes of the k' meson
can be only pions, muons, or positrons. The most direct way to dif -
ferentiate between these particles in emulsion is to follow t.l.lé tf:l(:kS
to their‘ending_s and obse-rve terminal behavior. In standard emulsion
a p particle from pion decay at rest has a ‘characte.ristic range of

. about 600 microns, and it decays into an electron and neutrinos. Some
positrons disappear through annihilation i.n flight, and their paths at
low énergy also appear cha'racteristica‘lly tortuous. We know that the
raﬁges of the an'and KHZ‘ éharged secondaries are unique (21 em for
p and 12 cm fo‘r m) because these are two-body decays. - Since the
range of the u for KH?’ decay can vary fjom 0 to 18_cm; the separation

of K _ and KH should present no difficulties if all secondaries are fol-

B3

lowed to rest. An analogous statement is applicable to the sz and T'

2

modes, since the maximum range of the v from T' decay is 4 cmi.
The 7. decay mode ‘yi-eld‘s three above minitnum prongs and cannot vbe
confused with any other common nﬂode; .From the above 'ar_lalysisv, we
may conclude that the branching ratios of the nonrarc decay modes of

K" could be determined easily if all charged secondaries could be fol- -

lowed to their endings. However, in practice notall secondaries could

be followed to their endings in spite of the proper désign-of the sfack
and the appropriate chboices of the cones. Hence, iqnizétion measure-
menfs and vspecial analyses were also us.ed when neceésary to aid in
identifying decay modes.

Our proceés ‘of. identification, using various methods, was as.

follows. : v v o ‘ :
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In the first stage more than 3(50 of the one-prong events were
followed cither to ti1c§ir endings or as {far as pos.sib].e.’ The remainder
of the one-prong cvents were followed only up-to 12.5 ¢m. From the
range. considerations (sce Table 1) we know that any event with a
sccondary range preater -than 12.5 ¢m could be only KI-LZ or I'{}J' The
314 events belonging to this category were labeled 12-cm cvents.
These are treated under KH cvents in Subsection 11 (e).

When the first phase of track following was complcted; we found
tha.ﬁ avpproximatgly 90 evcxjts had _5(:&_01’1(1.’-.1.1'105 which could not be

followed for 12.5 cm or to their endings. These secondaries were

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

in their path directions), disappeared in flight (DIF), or produced
stars in flight (SiF). The DIF events, SIF events, lost or out-of-

stack (LOS) év_ents, and Ke ‘events are treated in Subsections 1I {a),

3

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

brief discussion of the'use of ionization measurements.
() 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 wi.,th great care by different scanners.
As a result only one of them remains in the DIF category. The
secon.dary.of thi.s‘remain‘ing DIF eQexxt has been refollow‘cf:d‘ and its
scatteririg béhaviox; indicates it is probabl'y aﬁ ¢". Ionization measure-
ments and further following resolved the rest of the events.  The |

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

This catcgory containcd 40 interactions of which 17 had stars at

D>5 c¢m (D = the distance from K* decay point). Among all secon-
daries of K" decay the pion is the only pérticle that is strongly inter-
acting and capable of producing a star in flight. Thercfore this
category can contain only Kﬂ'zand T events. Fl.;rlvhermore, as the
maximum range of a nt from 7' decay is 4.cm, only 23 SIF events .
can be candidates for both KTrZ and 7'. The i_oﬁizatiox1 method was
used to resolve these events. -We obtained calibration‘ curves (see
Fig. A-3, Appendix I), which relate blob density (in blobs/100u) to
residual 'rénge, according to the procedures elaborated in Apbendi# I.
Blob counts were compared with these curves in order to effect the
unambiguous resolution of all 23 SIF events which had stars at

D <5 cm. The disposition of the 40 SIF évents is given in Table IIIL.

{(c) LOS Events (Lost or Out—ofStack Events). .

Th:irty-five tracks belonged to this class. | Although the lost
events have be.en r.echec.kcd very carefully there rema_.in some whose
secondaries .s<till cannot be followed 12.5 cm or ito‘ their endings.
Their identities have Been détermincd as shown in Table IV. |

(d) Ke Events.

3

There are two possible reasons why an event originally classified

as Ko3 may not be a true Ke3: (i) the primary is a p, or (ii) an crror ‘

made during the first track following led from the true secondary
track to an e track. In order to minimize the possibility of making
errors in the identific‘ati_on of these events, two steps have been

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

indcpendently refollowed.

o
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Although the éxposur(-:“was arfahged so that oﬁly tilc Kfco_‘mponen‘t
of the beam would stop in the stack; K decays occurred upbeam from
the scan volume. Iﬁ. thié case, the secondary u.«;uélly would bcv‘jpv or
7 (which in turn decays into p). Therefore, we shoﬁld ‘not be sur- |
Ipris.e'd if some p—e evénts were mistaken for K —e events. "vFo.r this
reas:on gll the primaries of the 62 eyents originally clab‘s.edb 'a.s Ke3
were.s“t‘pdig\:ldb. The result shOWéd that 12 of these were p. > e decays. -

) N "\‘ - N .
' The second possibility for error stems from the fact that in all
\ R ) _ .

nonrare ‘K+ decay modes except KHZ and T, at least one of the secon-

dar_ie‘s"'i_s a n.O which decays into either two photoris, or ovne'photon vandv
onevDalli_tz‘p‘air, or two Dalitz pai?s. In other WOrds,‘ since =30 7°
aré produced per 100 KJr decays, there are =60 p_hotoné pef 100 K+
dec;abys.‘ Assuming that the average energy éf t.hevphotoris from 1_70
deca;r is 100 MeV (67.5 MeV inm° rest‘framev), we  calculate thag _

the (':‘orrespon,d‘ing mean {ree path for pair production in e¢mulsion by

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

photons from ‘no’ decay coﬁQert into eljeé,tron -pairs in t‘he ‘stack.
Therefore, for‘evéry ldO K+ decays in the svtack, abou;c 1420 ei tracks
are prbduced. Almost all of these. ei.tracks point general’l'y,lsack
toward the scan volume, which is very- small cpmpéred with the

whole stack. It ié therefo.re estimated (details given in Appendix II)
that, given a follow-through error, one has a pzrobabi’lity of at leé'st‘v
40% of being led to an el‘ectr(;n_(or positron) track. This ;?e_asonirlg
demonstrated the necéssity of refollowing a_ll_‘seconda'rivesv of‘the

remaining K, 3 events.® Accomplishment of this task revealed that 14

of the original Ke3 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 Ke3 is shown in Table V.

(e) KH Events.

There are 359 Kp events, of which 314 are 12-cm events and v45

origirially labeled LOS, DIF, or K events. The secondary of each

el v
of these has not been followed to rest but was identified as a p from
either a range meaéﬁremenf or a combined range and ionization
measurement, vW‘e still, however, needed to determine‘how many of
them b.elong to the KI*3. m&de. This was accomplished by use of the

10-12

known energy spectrum of the Kp and the number of KH3 events

3
. . + .
in which the p° was observed to decay at rest. Since ranges were

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

spectrum for the muons from KH3 decay. A histogram of this range

spectrum is shown in Fig. 2. Spme 10% of this area lies above 12.5 cm.

From the number of K“3 events found with R < 12.5 ém, we deduce

“tracks were in the 12- to 18-cm interval.

that three additiional KP3

D. Determination of Scanning Efficiency

All track endings found during the original scan and classified
as possible K's were searched for a secondary on at least tw6 different
occasions by the original scanner, provided no secondary was seen
during the firét search. The events for which no visib_le‘_secondaries
were found in any of these searches were labeled No-.Visible -Secondary
(NVS) events. These have subsequently been investigated .wi.th gréap
care in order to provide one of the two piecés of informatioanp.on which

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

A =3
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the NVS events is discussed in Subsection (a) below. In Subsection (b)
we discuss the efficienty program. This furnished the second basis
for efficiency evaluation.

(a) NVS Events Program.

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

pective pellicle z dimensions were again searched for sccondarics.

If no secondary was found to be associated with an ending, then the
primary was followed back to see if it belonged to the incoming K" beam.

Finally, each residual NVS event whose primary did belon‘g to the beam

‘'was subjected to yet another rigorous search for a secondary.

_ The results of this program are listed below:

1. 1070 NVS events were found to be contained in the middle

2/3 of their respective pellicle depths.

2. Secondaries weré ultimately observed fox; 382 out of the
Qrigirial, 1070 NVS events.
3. The prifnari.es of 684 of the original NVS events do not
belong. to the K-+ beam. | |
4>. " There remain ovnlyblfour endings whose primary appears.
to b‘elo.ng to the incoming K+ beam but for which no sécondary was found.
From this result We»'concludé that virtually all the K" secondaries
have béen»vob'served. All events with seconaarieé. in the ‘conles found
ciui‘ing ghe c;)urse of the NVS event. program have Been follpwed through -
and included in our sample. .

(b) Efficiency Rescan Program.

Some appropriately chosen parts of the original scan area have

been rescanned independently by different scanners who were instructed
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to record every track ending coming from the upper hemisphereland
lYin}g in the middle 2/3 of the pebllicle depth. The results were compared
"with the original scans to detemnine which_ endings in the ‘same érea were
found in corhmon, in the original scan only, or in the efficienéy rescan
only. The original scanriing efficienéy 60. is calculated in a conventional

way. Let us assume that

NT = "true' number of K+ decays occurring in a scan area,
N0 = number of K" decays found during original scan in
that area,
N_ = number of K" decays found during rescan in the area,
and Nc = number of K' decays found in common.

Then the original and rescan efficiencies for ecach plate are .

given by
o - €p = No/Np

Er ,: Nr/NT s

Np = NgN /N, » (2)
- where from Eqs. (1) and (2) we can easily calculate €g- The results
are listed in Table VI.

The tofal arc‘eak covered in the original scan was 338 mmz, and

that covered in the efficiency rescan was 96 mmz. Although each

individual plate efficiency was determined from a partial rescan area,
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we may assume that e_fficiency to be applicable to the entire plate
because the ofiginal scan fof each plate was carried out éntirely by one
" partircular scahner. Furthermore, the rescaﬁ area was distributed
evenly over the entire original scaﬁ area. By counting the K’ decays
found in the middle 2/3 of each plate during the original scan,‘ we are

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

Table VII we list all the relevant quanfities.

I11. RESULTS
Two sections follow. - In the first section we estimate the "true'
- branching ratios -lwi'th éfficiency cdrrection. In the secon'd_seCtiOn we
make general remarks on this experiment and compare our results with

those obtained by other groups and with some predicted values.

- A. Branching Ratios of the K+,Decays

(a) Observed Branching Ratios.
The selection (')f each 1—prong event v'/a.S basgd on the emission

direction of the sé_céndarry. However, this cvrite.ribn cannot be applied -

directlyvto the T events, since these aré 3-prong ev.ents., By assuming

. + . : :
that K decays isotropically, we can write

™

N N '
_de . _3c o (3)
Nyr Nip o
@
Ild '
where N, = total number of 1-prong events found in the middle 2/3,
) ‘ B X . . “ ) v
' N = number of 1-prong events lying within the cones,

N3. = number of 3 -prong events to be associated with the
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cones (namely, number of T events to be used in
this branching ratio experiment),

and

N, = 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 are able to solve Eq. (3) for N, . (or N).

We find
N, = 244X 681 .. 43,6, (4)
3814
or
N_ = 43.6. o (5)

With N'r evaluated, we can calculate the uncorrected branching

‘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 oné is related to the
partial efficiencies for finding exam;)les'of differeﬁt KJT decay modes.-
The second one involves possible errors in following secondaries. It
is convenient to deal with the secohd item first bécause 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 opposedtoa ™ or p
track was at least 40%. For this reason, we had all the original Kc3

events refollowed independently.

PSR
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This demonstrated that fourteen’ of these events‘were not Ke3.
The maximum nuinBef 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 m/u 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 7 track with kinetic energy less than
25 MeV (corresponding to ionization greater than 38.6 blobs/100 rr;icrons

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

: any secondary with ionization equal to or larger than 38.6 blobs/100

microns can be observed W_ith- eff_icienc.y 100%. For any secondary with
ibnization lower thdn 3.8.6,b-lqbs/100 microns the effipie-néy \.avill decrease |
with no definite relal;ionship known to us. As the simplest ‘app'rox'imation,
we assume that the relétioﬁship_is linear, i.e., the efficiency €, can
be expressed as a 1inéar function of i)lob density Bi., |

_ 1-m(B, 5 - Bij for B, < BZ'S, | )
€. = : - T (6)
1 for B, >B,;,
where m is to bé de‘termined, Bi refers to a particuly{ar blob:density
vcorresponding to E;, and B, reprevsénfts the blob density covrrespond'— v

ing to a ZS—MeV,pion. ‘The quantity €, is defined by
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N,/e, = N* , ' (7)

where Ni = observed number of events belonging to the i th decay mode
and Ni‘ = true number of events belonging to the i th mode.

Since the K , and K'n'Z secondaries have unique cenergies, we
M ] ,

2
can apply Eq. (6) directly to these two modes to obtain [su:: Appendix I

for the values of BpZ and an]

€ 1- m(B,.-B

25” B.2)

B

u2 =1-21.44m, (8) -

and

ETrZ .:]_ -m(BZS-—B =1 -~ 18.45 m. ' (9)

TTZ)

The KH3’ Ke3’ and 7' modcs . have continuous spcectra. Thus,

for these modes we must define their mean efficiencies:

B B
_ / 25 . v aN / max g
€H3 = 5 . [1-m(BZ5- B)] g 9B+ L - g§ 9B, - (10)
. min r S 2,5'
max : : _ .
—_— = - dN ;
€e3 4[13 _ [l-m(B;5-B)] g~ dB, (11)
min ] : _ .
and
. /BZS | ;AN /Bmax AN |
g, = . 7[1_m(1325- B) ] 5 9B+ : . 3B dB, (12)
min : 25 ‘

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

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

®
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- Since the efficiency for a thrée—pvrcng event was found to be -

approximately 1001‘_70-, for the T events,

N, = N.= (13)

By using the definition of the ovér_all scanning efficiency € for

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

’e‘i as follows:

ZN ‘N N N, N
L= ZN =-ﬁ§+:ﬁ;+_ﬂ§+N+—§:_+—e3. (14)
€ epz €P-3 € 5 €., €3
The cbrrected*branching ratios are then defined by
o= NY/EN). | o us)
for the parameter mj _ =
To solve Eq. (14),Awe first have to calculate 693’ €e3, €
Note thaF
aN dN dT '
as 9B = gt a8 9B (16)
10-412

which can be evaluated for KH3 by use of the energy spectrum

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

be evaluated 51m1larly’for 7! by use of the at energy spectrum 3 14

‘ €03 is obtained in Appendlx I1.
and the . relatlon between energy and ionization for plons,\ The results

of the calculations are given in Table X.
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-

B. Discussion of Results

(va) Comments.
(i) Since the majority of the events in this experiment were identified
by track following, practically no ambiguity exists between KPL and K.

events, or between T' and K-n' events.

events, between KHZ and KH3 2 ‘
(i1) 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 events, has led to the conclusion that our branching

3
ratios reflect no significant errors due to mistakes in track following.
(iv) We believe the most important conclusion of this experim_erit 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
: + o e ~
rates for various K' decay modes. Table XII contains comparisons of

some of our results with predicted values. 15-17
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Appendix I. Calibration for Ionization Measurements

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 an and ten known KHZ were so

chosen that their origins were distributed over ten plates: from

D-132 to D-141. The ionization aloﬁg ecach second‘ary from the point

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

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

three portions of each plate (i.e., upper, middle, and lower portions)
and then over the entire depth of each plate. " Since the sccondarics of -

the K_rr and KF‘lL2 modes have unique energies and the loss of encrgy at

2

such energies along a path of 2 mm in standard emulsion is neglipible,

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

\

getic -entities which should yield two constant ionizations in a Z2-mm

-path. Our results' demonstrated that the variations with respect to

depth in each ‘plat‘e‘were all smaller than £1 blob per 100 mic rbns,,

and variations from one plate to another were even smz;ller. Figure
A-1 depicts the variation of blob density with pellicle depth. ~The upper
curve refers to at at the KTrZ decay point, and the l.ower curve to: p+ at

the KpZ decay point.

(b) Kinetic,Energy as a Function of Residual Range R.
Since the residual range R (rather than kinetic energy T or
velocity ) is measured direc'tly in emulsion, it is convenient to | o

ekpress kinetic énergy as a function of R. 18.
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v

The exact value of the mean excitation énergy I for standard

emulsion is at present qnceftain. The old figure 118’ 19

-of 3>31 eV .wés
employed in the calculation of iohization, although there is réce.nt'
'evidencezo that the best value of I is somewhat loxyer. The range énd
energy-loss rate are, however, inse‘nsitive to I, and usc of the old
value may be justified by noting that the ranges thus calculated agreve
w-el_l with the ranges of th'e'KrrZ and KpZ secqndéries, which were

measured incidental to this experiment.

(c) Blob Density B as a’Fan’tion of Residual Range R. -

.The blob densitieé of secondai‘y tracksatddfcrcnt R's.vfr.(’)m‘known
KpZ and an events have vbeen mvea'suréd. V'The _experiméntal dat;'i are
plofted in vFig.. Ab—3 with an .empirical calibration cu;rve d‘raw’r>1 to fit.
them. This curve has beér} used as the bﬁasi.s for iciientif’yin-g'se'con-'

daries by means of ionization measurements in this experiment.

Appendix II. Electrons in the Experiment

In this appendvix we_'elaborate the evaluétioh of tw'o'impoftant
quantities related to the electrons_(ei)'irn this expc:riment. One is
the mean blob densityrof the e'+ tracks for Ke3 e;/ents, aﬁd the other
is the number of ei tracks produced around the scan volefne in the
stack.

(a) Mean Blob Density of the e’ Tracks for Kc3 Events.

The partial efficiency for f_inding a Ke3 was defined by Eq. (11).
This can be simpiified by norrﬁalizing dN/dB. to unity into the form
. vBrﬁax' : A
— _ o v dN
€e3 =1 - mB25 + 4 B 95 - dB,
' ' min .

where m is to be determined.
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© By the definition of dN/dB dB, we can interpret the integral as

follows:

max aN ,‘ :
B 5+ dB £ (B) (mean blob density for the
dB : ¥ . _
g e’ tracks in K.3 events).
The value of (B) can be determined by measuring the blob
dcnsity'of cach e’ track at the K+ decay point for Ke3 events and
taking the average of the measurements. As the result of our blob

counting for the Ke3 events, we have obtained

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

By substivtuting Eq. (A-1) and the value of B.

95 (i.e., 38.6 blobs

per 100 microné ) into Eq. (11), we obtain the relation between m

and €3 - |
. : + .

(b) Average Ratio Between e and (7w + p) Tracks Around the Scan

Volume.
- ' . + L%
As the final produwts of all decay modes of K mesons are ¢ and

v, it is essential to know the spatial distribution of the e tracks in

order to evaluate the number of possible errors in track following. A
1 :

rough approximation is carried out below.
: : ~ ' £,
(i} Mean energy, mean free path for the photons and ¢ in different -

decay modes.

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

to list the mean energy of the 7° and the related mean energies for

.photoris and for péirvs in Table A-L
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(ii) Number of ei tracks . .. per 100 K+ mesons at different R.

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

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

- * '
, the humber of e tracks produced from all the modes
. i ) . .

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

r

. _ ' -R'/5.04, '-.R'/5.01
ne(R) = 100 ‘.4rp3(1 -e 4) + _4re3(1 -e .

)
+ 25 (1 _,é-R/s.voo) 4 8xl,(1 - e-R/6.76)>

' : . ' '
+ Z.I'TV_ o + r,T. }- ) (A—Z)

: (ffom 21r+) . ' (frorvn_.‘iﬂ'*)

Tihe increment. of the e:h track bcait\&een R' ;cmd R'+dR' is :
(dne/dg')dR'.' Since the et tracks .carir.xot'tra;rel indefinitely in emul-
sioxi, we'havé to‘mz.xke corrections‘_ f_or: this effecf.. For ‘simplici'ty,
lé,t us SL:ppose all e% tr_‘ac'k‘s. produced from all the modes had a unique
range of 4. 5 cm. Then we find the total number of e:b tracks at

different R to be

- v - +R : ' dne
X — X ] . '
Ne(R) —/; H [(R + 4. 5) ’- R o dR (A-3)
where
[ ' I 1.at R<R' + 4.5 cm, ,
H [(R' + 4,.5) - RJ = o (A-4)
0-at R>R' + 4.5 cm, '

After performi_ng the numerical integ'f_afion of (A-3) we obtain

v Ne (R) as a function of R. _ ‘This is pldtted in i“ig. A-4, .
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(iii) >Number bf n" and p+ tracks at different R’ fromvall}modes.

By neglecting the small contributiqn due to. 7 and T', wé can
estimate Nv(R) frqm sz by considering the fact.thata = track witvh
23 biobs per 100 microns.or of a residual range 4.3 ¢m (i.e., 1.5
minimum ionization ) is so heavily ionizing“that an error involved in
following such a track is very improbable. In other wo-rdvs, we would.

include a © track from an for only 7.7 cm. 'We thus obtain

N(R)= ri, H[7.7-R]=19.3H [1.7-R]',  (A-5)

where : ~

Ji
H[ 7.7 -R] =4 .
[0at R>7.7 cm.

at R< 7.7 cm, ' | (A-6)

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

tracks from both KHZ and KHB up to 12.5 cm. We may thus write
down NH(R) as
N (R)=71', +1', =64.8+54=67.2. - A-T)
LR = T, brls ‘ | | (A-T)

The distributions N and NH "arc also plotted in Fig. A-4.

(iv) .Average ratio between Né and (Nn_f NP).

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

and (Nﬁ + Np)_over a distance from R = 0 to R = 12.5 cm. We find

dR

/12.5 cm N_(R)
‘ [N (R)+ N (R)]

12.5 cm
/ v dR
O ~

0 ‘ ' .
= 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 decreases approximately as 1/R2. Thus, -

i

the probability for making a follow-through error is considerably -
greater for small values of R, wh’cr’e Ne/(NTT + N‘H) z‘ 1. Our experience
in refollowing the events or‘iginally classified as ‘Kej confirms this
expectation that most errors should occur for values of R less tlhan

=7 cm. Fllrthérmofe, the inclusion of all m* from KwZ decay is
unrealistic, because any error that led to such a track would most
probably have been detected as an apparent sz with unreasonable

pion range. Three such errors were, iﬁ fact, found and corrected
during the 0riginal_following. We believe that there is a probability

of at least‘ 40% that a given follow-through error will lead to an ei.

track.
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Appendix III. w Decays in Flight

The possible number of m decays in flight among K., events in
this experiment is evaluated here. -'I‘he result shows that we rna)./
expect two or.three m decays in flight. Becéuse of the negligible
effcct of this number on oﬁr b rar}ching ra'tios,‘ no péx’ticular e'ffobrt ‘

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

below.
Let Ndf = No. of m's decalying in flight in a total of N_, évents.
By definition, Ndf can be related to an by.
N -tfr ‘ ’
| Ngg = Nyl - ™70, | (A-9)
where N-Tr2 = No. of KTTZ (includes both dec’éying at rest and in
flight), '
' o -9 '
St R 2.84 X10- " sec (moderation time for a 108.6-MeV
p . . - -~ . -
. 22
7 from an)’
and ‘
T = 2.55 X 10.8 sec (mean life of rr+_). 22
By approximating N o= 134, we obtain
N~ 134 (1 - e 0°0100) - 5 2. (A-10)
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Table I. Ranges of secondaries of nonrare decay modes of k'

Decay -

modes

Q- " Tor T " 'R or R

max . max
(MeV) - (KE in MeV) Range in
standard emulsion
(cm)
388.4 . 152.5 21
253.4  134.1 18
219.2 108.6 - 12
75.0 - 48.1 | 3.5
84.2 53.2 - ) 4
358.3 - 227.9 o 122

“Electron range is poorly defined (see Ref. 8) becaus_e the straggling

is large.
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Table T1. Mode classification for DIF cvents.

No. of Identity
Events . _
4 Kp(unambiguous)

KH (probable)

Method
Range measure -

ment-and
ionization

Remarks

To be treated in Sub -
section (e) (Two were

- followed to-12 ¢mm in

2 ,K‘TTZ

Range measure -

the second following)

‘Onc interaction at

ment and D=5.68 and the other
ionization at 6.03 cm (both were
included in SIFY)
1. Ke3 (probable) Range measure -
" ment, lonization,
and scattering
behavior
1 Not a K decay Recheck of the The primary was a p

primary

from a m decay and
the secondary was an
e. '
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Decay modes of SIF events.

No. of .
Events

17

21

Identity

K'rr2

KnZ

T

Me‘thod

Range measure-
ment '

Ionization

Ionization -

Remarks

~ Star at D>5 cm

vStar at D <5 cm

Starat D <5cm




- -32- L UCRL-16973

Table IV. Decay modes for LOS events.

No. of
Events

Identity Method ~ Remarks

v sz (probable)

K_,{unambigu- Ionization, range,
e .
ous) and observation of
behavior at end '

20

6

K (unambiguous) Ionization and ' Treated in Sub-
M ' range “section {e)

Kp(p"robable)

B Unre solVed.

i

LR LTI e 2T




%

i

-33.

UCRL-16973

Table V. Disposition of events originally classified as \Ke3‘v'

Me Lhod

Following and refol-
lowing both primary
and sccondary

Remarks

Following and refol-
lowing both primary
and secondary

i To be treated in Sub -
section (e) (all were
followed to 12 cm in
the second following)

Refollowing and sub -
sequent 1onization
measurements

One was included in
SIF (5 ¢m) and the
other in Lost Events

" No. of Identity
Events
36 1(63
12 K
. ST
2 KwZ
12 B> e

Following back
primary
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Table VI. Results of efficiency rescan.

UCRL-16973

Plate

number

D-132
D-134
D-136
D-138

D-140

N
c

137

229

377

217

268

NO.

140

237

393

224

282

N
T

143

234

414

227

279

Original scan
efficiency -

0.958
0.979
0.910
0.956
10.961

S
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Determination of overall efficiency for the experiment.

Plate N; €. N./c.
number : ) . .J J
1-prong T decay
_ L events , _
D-132 348 19 0.958 3831
D-134 1248 72 0.979 , . 1348.3
' D-136 1019 58 10.910 - 1183.5
'D-138 558 48 0.956 . 633.9
D-140 641 47 0.961 - 716.7
ZN. = N - 3814 + 244 = 4058,
S ip 3p
Z(Nj/cj) = 4266,
ENJ.
€ = 0.951.
ZiN.?G.S .
NI

Notations: Nj =

number of possible K' decays fo‘und in the

‘middle 2/3 of the dépth in Plate number j.

overall scanning efficiency for the expcriment.

total number of 1-prong events found in the

~middle 2/3 _(includés 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 X
- 12-cm ' _Scatter-
events ing at
 or . end of
Decay - Decay lost SIF DIF follow - N,
mode at or through sumb :
rest (<5 cm) (®5 cm) : number
) out of
stack events
K 71 356 427
a2
K 35 3 38
B3
K_, 88 8 19 9 | . 134
' 15 2 17
K 1 36 37
e3
Misc. 273 4 4P
.Nlc' = Nl = ‘681

ai-pron-g events but not K decay. Included in N

1C

because the values

of Ni listed in Table VIII refer to number of 1-prong events found

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

than K+ decays.

bUnre solved event.

A
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Table IX. Uncorrected branching ratios. -

Decay- N, Ty
| modc (number of events) (branching ratio)
K 427.1. 61.31%
M .
K 37.9 5.44%
p3 ‘
K 134 19.24%
me
T 43.6 6.26%
T 17 - 2.44%
K 37 5.31%
el ‘
zNi = 696.6 eri = 100.00%
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Table X. Partial efficiencies and corrected branching ratios. -

Decay € N; a : r!
miode Partial ("True'' number) (Corrected brahching
efficiency ratio) (%)
KPZ 94.46% - 452.15 + 21.26 : 61.75 + 2.90
KP3 96.39% 39.32 &+ 6.27 5.37 + 0.86
K., 95.03%. -  141.01 + 11.88 19.26 + 1.62
T 100.00% S 43,60 % 2.79 ' 5.95 % 0.38
T’ - 99.34% 4711 = 4.14 ~ 2.34. % 0.57
K_; 94.62% 39.10 = 6.25 5.34 * 0.85
IN} = 732.29  Zr} = 100.00.
a ANf1 = (N'i)l/2 for all decay modes except 'r.,
‘N - - . 1/2 ‘ , ,
AN, = (N )/ (681/3814) [see Eq. (14)].

Total
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Table XI. Branching ratios (%) in k' decay measurced by different groups.

- Emulsion ' Xenon bubble chamber
Decay ~  a. ho 7 < d.
mode ‘Birge Alexander This _ Roe, Shaklece
ct al. . et al. experi- = .etal. et al.
{1956) - (1957) ment . (1961) S (1964)
sz 58.5 % 3.0 56.9 £ 2.6° 61.8 % 2.9 64.2 £ 1.3 63.0 + 0.8
| K, 28%10  59%13 54309 4.8+ 0.6 3.0%0.5
K., 27.7% 2.7 . 23.2+£2.2 19.3 1.6 18.6 £ 0.9 22.4 + 0.8
T 5.6 + 0.4 6.8+0.4. 6.0=%0.4 5.7 +£ 0.3  5.1%0.2
T 2.4 % 0.5 2.2+ 0.4 ~ 23£0.6 1.7 £0.2 18 %0.2
K, =~ 3.2%L3 5.1 1.3 5.3 £ 0.9 5.0 0.5 4.7 % 0.3
Ref. 3
bRef. 4
“Ref. 1
d
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Table XII. Comparison of the data with some predicted values.
Branching Measured Predicted Underlying theory
_ratios __value _value .

K., 0.618 + 0.029  0.677 + 0.011  Universality”

0.69 S-wave IK-m resonance
K 3/Ke3 - 1.00 ' 0.23 0.64 . P-wave K-w rCS()nanceb
T /T 0.39 . 0.10 0.325 Al = 1/2 rule®

Refs. 2 and 15..

bRef. . 16.

“Ref. 17.

B

-
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Tablg A-I. Mean ehe"rgy, mean free péth, and approximate range of.

? y and e¥,
& ~ Decay Mode E or (E) . (N S(R) :
' ' (Mean energy) (Meaanree (Approxeimate :
(MeV) - path of y) range of &F)
Ty e* (em) - (em)
‘ o
KH3~)W\' v , )
L)Zy , 220 110 55 5.04 4.6
44e |
) 0
Ke_3->e TV, |
o ‘“‘)_46 . 240. 120 - 60 5.01 4.9
K_, - wta®
w2 4 : )
de 245 123 62 5.00 4.9
pe
+_0_o
Ty T g . | | |
Lge 165 83 42 6.76 3.8
+ 3 '

»
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FIGURE LEGENDS

- Fig. 1. ‘Schematic diagram of exposure arrangement.
| P = vP.xfo‘ton beam (6.25 BeV)
T = Copperv.target |
M1v' = Bending magn'c;t 1
Ss = Stati.c mass selector
Q = Magnetic quadrupole

M2 = Bending magnet 2

S - = Slit

SC = Scintillation counter

Cu = Copper moderator (12vcnﬁ)

D = D-stack (15‘ cm thick)
Fig. 2. - Range spectrum for muons from KH?"
Fig. A.l. ~ Blob de’n’sity as function ofsj‘__}xnellicle depth (Z = 0 at I)ottdm).
Fig. A.2. Kinetic e:neljg).r as func‘;ion‘ﬁéf reéidual range for m and>

L mesons.
Fig. A.3. vBlc.)_b density as function of residual range of p mesons '
(0) and T mesons (m). | |
Fig. A.4. Number of v, p, and éi around sAc;an volume as functions

of distance from the volume.

. “‘(f.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

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

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

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