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I. INTRODUCTION

Although the stu.dy of kaon decays has been a subjec.t of research for many
years, only relatively recently have enough quantitative results become availa-
ble to permit detailed comparisons with theoretical models. It is the purpose
of the present paper to review the state of our knowledge on kaon decay.

In attempting to collect into coherent form the results of the various
experimental groups, one rapidly finds that the error-assignment practices
adopted by experimepters vary so widely that the usual method of weighting
results inversely as the squares of their quoted errors is often more closely
related to the optimism or pessimism of the vg.l'i(j)us investigators than to the
informational content of their data. Therefore I have adopted the following
procedur‘es with respect to the treatment of the data:

A. In combining results of experiments involving substantially equiv -
alent experimental technique and analysis, I have assigned weights propor-
tional to the statistics rather than related to the stated errors. In ar.riving at
an estimate of the uncertainty for the averaged result, I have generally adopted
the relation between error and number of events given by the most conservative’

of the groups. Where different experimental methods have been used to arrive

This work was done under the auspices of the U. S. Atomic Energy Commission.
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at independent values of particular quantities, I have relied more heavily on
the estimated errors to obtain appropriate weights.-

B. I have in certain ca.se_'svrevised the quoted errors, usually up-
wards, if in the light of the statistical and systematic uncertainties they ap-
peared underestimated. Hence the errors qubted in this paper may differ
fr‘orn those given in the original references, and any mistakes arising from-
these revisions Shopld be blamed on me and not on the experimehters whose
results are quoted.

C. 1have tended to disregard old measurements with large uncer-
tainties in my present compilati(.)ns_. Systemaltic e'rrors in early experiments
are offen grossly underestimated, and I Iae_]i:e‘ve’ that there is much vil‘tue. in
giving more weight to a single recent measurement than to 'the average of a
large collection of old obsc—:iwajzicms, even though the estimated errors of
these two contributions may on the surface a.pp&:a:r the same.

In the discussion that fol].ov?s, I have omilted any detailed consideration
of ‘the‘ AS = AQ selection rule, K .»K mass difference, and CP violation,

1 772

because these are the subjects of other review papers at this Conference.

. K" RATES

A, Lifetime

- A e - 1
A recentl precision measurement of the K lifetime by Fitch et al. ™ has
been combined with another fairly recent determination to give the current

best estimate,

T = (1,243 £0.004) X 1070 sce.

It is interesting to note that this value is significantly larger than that previ-

ously accepted.

-
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B. Branching Ratios

Table I shows a compilation of the available data on the K branching
ratios and corresponding rates. A few detailed comments concerning some

of these numbers may be appropriate.

1. K. Mode
w2

There has been a wide variation in the results of K:Z branching—ratio
measurements, which has at various times led to suggestions that some of
the differences arise from real physical effects. 3 To add t’o the confusion,
two successive xe}non—bubble—chamber mea sure’ﬁqents of this branching ratio
give '18.6%4 and 22.4%5 respectively, each with a quoted error under 1%. The
major problem of the xenon experiments lies in the separation of the K;Z and
the K:;3 modes. Consequently for the purposes of this review, I have taken
from the xenon data the sum of the K;Z and KL3 branching ratios whose aver-.
age value is 24.6 +0.7% (the two xenon experiments agree fairly well on this
sum) and subtracted the K:;3 branching ratio from Table I, 3.2 £0. 3%, to '
obtain a K:Z branching ratio of 24.4 £0.8%, This figure aigrees very well
with the independent determination in a freon bubble chamber by Callahan
and Cline, 6 namely 21.8 £0.9%. Since the xenon-chamber experiment relied
on observing the TrO—decay photons, whereas that of Callahan and Cline did
not, the satisfactory agreement between these should set to rest any further
doubts that pions from the I\’.;Z mode are indeed always accompanied by the
decay photons from simultaneously produced

2. K'. Mode
e’

. . 7 :
In an experiment reported to the Conference, Bowen et al.  have looked

¥ + v (KJr mode under conditions in which the background is no

for the K+ - e eZ)

larger than the rate expected from the V-A coupling
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Their result is completely compatible with the V-A prediction, and rules out

with better than 90% confidence a rate larger than three times the V-A pre-

diction.
+ +
3. Ke3’ KP-3 Modes

The disagreements between various measurements of the KZZS and K:LB
branching ratios in,aicate clearly that the small error estimates given by the
experimenters are highly optimistic, and that sources of systematic e.rror
have been underestimated. Consequently, in Table I rather large errors
based on the spread of the experimental results rather than the quoted uncer-
tainties have been assigned to the K:3 and K;r?’ rates. The same is tru.e of
the quoted error in the 7 rate although the discrepancies between various
measurements are less serious than for the three-body leptonic modes. It
is to be hoped that in future k' decay experiments, the preoccupation with
large statistics will be somewhat tempered by a careful consideration of ways
of millimizing systematic errors, at least insofar as branching ratios are

concerned.

4. K and K", Modes
‘.14

ed
4+ + - + 8
Although both the AS = AQ Ke4(~> ™ +mT +e +v) and
K:4(~* TT+ + w4 |.JL+ + v)9 modes have been observed, there has been no evi-

dence for the corresponding AS = -AQ modes 1{24(“" a4t +e 4+ v)and

K+4(—-* TrJr + TT+ + p_ + v). However, since the final-state 7w interaction may
tend to favor the AS = AQ modes, it is difficult to obtain any strong limit
on the degree of forbiddenness of AS = -AQ amplitudes with respect to AS = AQ

~—

amplitudes.

‘/

<5
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5. Neutral Lepton Currents

10 11

The rates of the decay modes K ~of+e +e” and K" = 4 p+ o
: _ 0
are less than 5 X 10 > of the corresponding K" = TTO te tvand KT = w4 p+ + v

rates.

6. Radiative Decay Modes

12 N 13

: . 0 . -
The rates for the modes K+ IR % and K=" +at4a + v -

are compatible with those expected from inner bremsstrahlung, without re-

quiring large direct-emission amplitudes.

1I1. KO RATES

A. Kg) - 21 Mode

1. Mean Life

. . . 0 e 2t .
A new precise determination of the K1 mean life has been combined

with some of the more recent measurements to give a new best estimate,

T = (0.866 £0.014) X 10”1V see.

2. K(; = 27 Branching Ratios

The K;) branching ratios suffer from the same malady that afflicts the

three-body leptonic K+-decay modes, namely the existence of three ''precise’
measurements which are not compatible with each other. "A weighted mean of
these three measurements is given in Table III. The error that has been

assigned reflects the spread in values rather than the quoted errors. The re-

' ~, 0
sult, of course, completely agrees with the IAﬂ = 1/2 prediction T(w 7TO)/ C{mrm) =
or its weakened form based on an admixture of }Aﬂ = 3/2 compatible with the

+ L,
an rate.

1/3
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2

B. KO Rates

Existing data on the rates for various I{g modes 'haye been obtained in
two ways:

1. In experimients in which KO are made in or close to the detectér by
" incoming beams of pions, charged kaons, or antiprotons, the numbers of
KO - leptons and KO > 37 decays are determined, and the total nu‘mber of
KO'S pro‘duced is obtained directly by observation of the usual K? — + T _
events. From the measured momenta and a\";.i_ilable path lengths, thé rates
for the observed Kg modes are then readily computed. For decays closé to
the KO production point, the problem of K? leptonic modes and the related
question of the validity of the AS = AQ selection rule comes into the analysis.
However, since the detectors are usually large'czompared to a K(i) mean life,
the results for the KO

2

The major difficulty connected with this technique lies in the prodigious

rates are not very sensitive to the AS/AQ problem.

Lﬁ(i) background which must be effectively prevented from si.xﬁuléting the decay
modes of interest. Thus, in the experiment of Franzini et al. 21 about 100
leptonic and 37 decays had to be separated from a background of some 1.0 000
Ki) decays. The problem is probably greatest if the detector is a Bydrogen
bubble chamber, being somewhat reduced in a heavy-liquid chamber by the
distinéti‘ve signature of soﬁe of the decay modes of interest. It is worth noting
that the one spark—éharnbér experiment that has contributed to this method of
obtaining rates solved this problem very satisfactorily by triggering only on |

: 0 . , . . .
decays separated by some two K, mean lives from the production point and by

1

using a rather large spark chamber to provide considerable decay path length.
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2. Detectors have also been set up directly in Kg beam;, thus completely
avoiding the K? background. Since the absolute Kg flux in such experiments is
generally not obtainable with any useful precision, only branching ratios into
modes to which the detector is sensitive can be determined. These branching
ratios can be combined with independent determinations of the Kg mean life,
as obta.ined from attenuation meéasurements, to calculate the absolute rates for
the decay modes. These considerations are of course only valid if there/is no
"completely undetected mode'' which would contribute to the mean life but not
to the observed branching ratios.

Most of these branching-ratio determinations have been made either with (
cloud chambers or more usually with hydrogen bubble chambers as the detectors.
It must b‘e emphasized tha't these determinations are far more difficult than the
corresponding ones for K" decay modes, and in a certain sense less satisfying.
Whereas in the case of the K.+ modes the individual events are identified as
belonging to one mode or another, this is usually not poésible for the Kg events,
In the latter éa,se, one must carry out a statistical ana.lyéis somewhat sensitive
to the energy and angular distributibns of the secondaries of the decay, and, more
seriously, quite sensitive to the measurement errors.

In the present analysis, the various results from both direct rate obser-
vations and branching-ratio determinations have been sub_’jected to a least-
squares fitting program. The input data and its sources are given in Table II,
and the results of the fit are listed in Table Ill. It is an assumption of the
analysis that the Kg - TT+TT_Y mode on which there exists only fragmentary
information can be neglected insofar as its contribution to the total rate is
concerned. The X2 for the overall fit is 7.23 for five degrees of freedom,

corresonding to a probability level of 20%. Thus the various experimental data

are reasonably self-consistent.
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iV. K - 31 DECAYS

A. Rate Comparisons

The Wéll—l(nown lAF‘ = 1/2 rule for nonleptonic decays leads to several
predictions for relations between the rates for the various K — 3w mbdes.'
Because the pion and kaon mass differences are not negligible in comparison
to the energy release in the decay, it is essential to compare not the rates

" but the ratios of rates to available phase space,

T
Y= —
o

where ® is the appropriate Lorentz-invariant phase space. Several sets of
these phase-space factors have appeared in the literature, but insofar as 1
have been able to tell, none of them are quite correct. A new set of Value.s,
believed to be accurate to about 1%, are shown in the second column of Table
IV with the Cor1;e sponding values of y shown in the third column.

The \A?‘ =,4/2 rule requires that the final 3w states in both K+ and Kg
decay have I = 1 (for Kg decay the I = 0 is forbidden by CP conservation).

This leads to the following predictions:

Y (TT+TT+-TT-) = 4y (wi_vovo) (1a)

v (TTOTTOTTO) = 3/2y (n‘l_w—no). (1b)

Inspection of Table IV shows that both of these predictions are very well
fulfilled by the experimental data. However these really test mainly whether
the 1= 3 symmetric final state is present to any significant degree, and hence
' . -> . . ~ .
rule out sizable IAI ‘ = 5/2, 7/2 contributions, but not IAI ' = 3/2 contri-

: —- :
butions. However for a pure ‘AI [ = 1/2 transition one also has the relations

<
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Y (1r+rr~1r0) = 2y (TT+1TOTTO) (1c)

and

y @00 =y ey oy @t %0, (14)

which are significantly affected by the presence of ’Ar‘ = 3/2 components.
According to Table IV, relation (1d) is satisfied within the errors of meas-
urement. Although relation (1c) fails by about 1.7 times the rather small
standard deviation, the discrepancy is not sufficiently large to be considered
a significant piece of evidence against the validity of the ]Arf = 1/2 rule in
describing the K = 3w decays. It is of interest in this connection to point out
that the direct rate measurements of the Kg AR TTO mode agree very
well with Eq. (1c), 27 and that the discrepaﬁcy arises cbmpletely from the
experimental data on the branching ratio I‘n(+ - O)/T“Charged. If one examines
the various measurements from which the average branching ratio given in
Table II is obtained, it can be seen that the overall consistency is not véry
good, and, in fact, that the two measurements presented to this Conference,
namely 0.178 :tO.01733 and 0.144 +£0.004, 32 differ by two standard deviations.
In view of these considerations, one must conclude that the IAFl =1/2 'rate

predictions are all satisfactorily fulfilled by the present experimental data.

B. Pion Energy Spectra

1. Linear Representation

It'is well known that the pion energy spectra in K — 37 decay do not
precisely follow phase space. Weinberg has suggested that the matrix element

be expanded in the :forrn:41

. a
M=1 -2 (8, - 8,),
l’nﬂ-
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where : ~ a is a constant, ,
P ¥ =M, -m ) - 2MT,,
m ™ i

5, = (P i K K

i K

i denumerates the three pions, with i = 3 representing the

odd pion in K+'decay or the TrO in Kg - TT+‘IT—TTO decay,
. ~ - _ 2 . ‘
_ Sy = 1/3 (S, + S5 +S5) = (M - m )" - 2/3 QM.
and :
T. = kinetic energy of ith pion in the K rest frame.

]

The spectrum is then given by the product of the phase space and the squared

matrix element .

2 2a
MIT=1 =5 (8, - 8)
m
™
or . .
.v 2T :
2 _ 2a 3 P
M | =4+ M T "T -1,
m max ;
m L J

o o 2 .
where the quadratic term in ‘Ml has been neglected. {f the 3w final state

has I = 1, the "a'" values for the stete and Tf+TTOTTO modes obey the relation42

a (+00) = - 2a (++-). : (2a)

Furthermore, if the decay obeys the ‘Al" = 1/2 rule, the slopes of the énergy

. . . : T 0 + - .
distributions in K = @ Fo )TTO and KZ oty TrO must obey the relatlon42

a (+-0) = a (+00). ‘ (2b)

The experimental results of various groups for the three decay modes of
interest are listed in Table V. It is evident that the data show very good
agreementv with (2b). On the other hand, the slope for the 7 decay mode
shows a tendency to be somewhat smaller than that expected from relation
(2a). This disagreement‘éf about 1.7 standard deviations is again not suf-
ficiently large to be considered as a significant di:sagrecnnent with the pre-

diction (2a).
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In conclusion, it can be said that the increased precision made possible
by recent experiments with improved statistics has shown up no significant
violation of the |Ar' = 1/2 rule in K = 37 decay either in relation to the total
rates or in relation to the pion energy spectra. It is, of course, desirable to
check by additional studies that, with still further increases in data, those

deviations now on the edge of being significant do decrease.

2. The 0 Resonance

An I1=0, J=0 pion-pion resonance with mass about 400 MeV has been
suggested by Brown and Singer49 to account for the large three-pion branching
ratio of the m. These authors have further suggested that one could account
for the departures of K - 3w spectra from pure phase space by supposing that
these decays proceed through the intermediate state K -7 + 0 > 3m. The
application of the Brown-Singer theory to experimental data on M decays gives
as best fit values:

aget1? a2l
mg =395 5% T ;= 100" (7 MeV.

Unfortunately the K - 37 data provide relatively little information on the pos-
sible existence of the ¢ meson, principally because the highest possible w-nw
invariant r'nass in the K decay is 40 MeV lower than the above value of m; .
Indeed, as pointed out by Taylor et al., 51 as long as the 3w data require no
quadratic terms in the matrix element, one can only use this K-decay infor-

mation to derive a relation between m_ and 1’.“0 such that the predicted mean

g
slope of the spectrum agrees with the experimental data. The above pair of

values for m and FO is not in very good agreement with the data from either
the T or the 7' mode. 46,47

A stronger item of evidence against the O hypothesis is provided by

X t_ - i N + +. X .
the m wm spectrum in the Ke4~ decay (KJr ~et+ ot -4 v).8 Figure 1



-12 UCRL-16473

shows the experimental dipion mass distribution for the 69 events obtained
in the Wisconsin-Berkeley collaboration. Curve No. 4 which corresponds to

the above O parameters is in total disagreement with the data.

V. K —»w+ (e,p)+v DECAY

e

A. Rate Comparisons

It has been proposed that the strangeness-changing current, in the
current-current interaction scheme, has the properti.es of an isotopic spinor
in charge space. 52 The ]Afl = 1/2 rule for leptonic decays implies the |
following relations between K" and Kg rates of decay into the three-body

leptonic mode s:

1_‘Ze

12H = 2F+F' | (3b).

2.P+e (3a)
Furthermore, the angular and energy spectra for the Kg and KV decays are
predicted to be precisely the same. Rather than checking directly whether
the data satisfy Eq. (3), it has been found more convenient to consider the

equivalent relations

I +

2t Ty ) . (4a)

and

! Zp/l 2e L +p

/T - _ (4b)
The advantage of using (4) is that almost independeht sets of experimental

data are used to check (4a) and (4b); hence the experimental errors in the

two tests are almost uncorrelated. From Tables I and III we find

1.05 £0.08

It
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and /
r. /T
_2W %e (.98 £0.14.

/P+e

r
e

Agreement with the [A?‘ = 1/2 predictions is excellent, _

B. Angular and Energy Spectra

. 1. Theoretical Preliminaries

If one assumes vector coupling and locality of the lepton current, the

matrix element can be written in the form
Mo (o 1K) u (@) v, (14 vgh v (By),

where <17(]J)\!K> =1/2 8 (P + P ), +1/2f (Py - P ).
Thé form factors f,, f .are functions of.onl" q2 = (M,, -m )2 - 2M_ T
: TR Y K 4 K"’
the square of the invariant four-momentum transfer, and are relatively
real if time-reversal invariance holds in the decay. Furthermore, if the
muon differs from the electron only through its mass, the functions f+ and
.f_ will be the same for either lepton. However, since the f_ term leads to
factors proportional to the lepton mass, my which are negligible for electron

decay, only the form factor f+ comes into p-lay in the Ke3 mode. Finally, if

the leptonic IA?’ = 1/2 rule is valid, the functions f+ and f must be the same

0
2

If one considers the possibility of other than vector couplings, one can

for K+ and K, decays except for a multiplicative factor of N2.
write two other matrix elements corresponding to scalar and tensor coupling

respectively each multiplied by a single form factor.
2 K_Jr Decay
) e3

Data on KZ decay have come principally from a xenon-bubble-chamber

3
: 54,55 _ . .
experiment and more recently from the Wisconsin-Berkeley freon-bubble -
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chamber run. 56 Both experiments have established that the scalar and tensor
matrix elements fail completely to account for the experimental information,
whereas the vector matrix element gives a satisfactory representation of the
data. This point is most convincingly demonstrated in Fig. 2 taken from the
freon experiment which shows the dis.tl‘ibution of the angle Qg between pion
and dilepton lines of flight in the dilepton rest frame. The predictions for
this distribution are sinza_n_l, constant, and coszaﬂ_l for the vectof, scalar,
and tensor matrix elements respectively, independently of the q'2 dependence
of the form factors. The fit to the vector prediction is excellent, whereas
the others are completely ruled out.

The energy dependence of the form factor er has been studied in two
independent analyses of xenon-chamber film, in t}ﬁe freon-chamber run, and
in a study of the positron energy spectrum observed in a hydrogen bubble

14 .
chamber. The results expressed as expansions of the form

o4 2, 2
f*_ =1+Xgq /mTT

are summarized in the left column of Tabhle V1. A histogram of the experi-
mental pion-energy distribution, compared with that expected for a constant
form factor, is shown for the freon-chamber data in Fig. 2. It is clear that
there is no evidence whatsoever for any energy dependence of the form factor

f+, the average value of X being 0.00 %£0.02.

O _
3. he3 Decay
- . . . : 0 , . . o
Energy and angular distributions in Ke3 decay were {irsti investigated in
a hydrogen chamber by Luers et al., 28 and more recently were the subject
of both another bubble-chamber experiment by Eisler et al. 31 and a spark-

chamber experiment reported by Fisher et al. > All the data strongly favor

the vector mairix element as expected.’
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Surprisingly enough, the energy depende_nce of the form factor f+ in
K23 decay appears to be substantial and, in fact, to dibsagr‘ee with the pre-
viously quoted KJF' result. The behavior of the form factor as determined
in the spark-chamber ex’per'1ment5'7 is shown in Fig. 3. Although this energy
dependence is primarily suggested by the data of Fisher et al., it is not
inconsistent with the Luers data. The average value of N for the combined
Luers and Fisher experiments is N = 0,12 £0.04, which, if the stated errors
are taken seriously, is incompatible with the K’ value. These results can

also be expressed in a different form for f+,
£y = Ca A

where M is the mass of an appropriate J =1 intermediate Km state. The
values of A and M for the K(ZJ experiments are summarized in the right
column of Table VL

In the course of a hydrogen bubble chamber K(Z) experiment, qukins5
et al. have identified by bubble density some 737 K23 dezc:ays.- Because of
the qﬁadratic ambiguity in calculating the primary momentum for each event,
they obtain two possible values for the center-of-mass energies of both pion
and electron (the 1leut1'ino energy is obviously unambiguous). Figure 4 gives
their pion-energy spectrum, with each event plotted as one-half for one value
and one -half for the other possible value of the pion energy. The histogram
is the result of a Monte Carlo calculation .gsing an energy-independent form
factor. It is seen that the agreement is in fact very g.ood, ;1nd particularly
that there is no systematic tendency for the data to fall significantly bbelow
the predictions at high values of the pion energy, as would be expected from
the form-factor variations obtained in the experiment of Fisher et al. On the

other hand, the agreement between theory and experiment for the neutrino



-16 - UCRL-16473

energy distribution obtained by Hopkins et al. is not good; consequently their
results cannot ‘now be considered an unqualified endorsement of the present
theory with constant form factors.

It is important to emphasize that the errors and confidence levels
quoted in Table VI are purely statistical, and what conclusion one draws from
the apparent disagreements between the 1{23 and K23 results concerning the
energy variation of the form factors depends upon one;s optimism concerning
systematic errors. Because of the greater technical problems associated
with Kg experiments, it seems probable that they are more subject to large
systematic errors. It is clear that further study, with great attention paid
to experimental biases, is needed to verify whether or not the KZ3 and K23
fo,r.m factors behave differently and the ’AIW = 1/2 leptonic rule is thereby
significantly violated.

4. K+ Decay

p3

Although several experiments to investigale various aspects of K:_LB
decay have been carried out, 1 will mostly confine myself here to a discussion
of the results oblained by the W‘isc.onsin—Be1‘.]<.el.ey—Rive'rsid.e—Ba ri (WBRB)
collaboration from a stopping K+ run in the Berkeley heavy-liquid chamber
filled with freon. 15 Apart from some early disagrecments, the conclusions
of the other experiments agree satisfactorily with those of the WBRDB group;
however, the latter experiment has far more numerous statistics than the
others.

. + . . . +
Analysis of the KJ decay is more complicated than that of the Ke3

|3
because the theory presents us with two rather than a single form factor.

Furthermore, the possible viclation of time-reversal invariance implies that

the form factor ratio £ = f-/f+ is not necessarily real, and hence there is yet
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another possible parameter.  To limit the number of variables one can reason-
ably attempt the analysis with the assumption that f+ and § can be treated
as constants, a supposition which in fact agrees well, insofar as f+ is con-

cerned, with the KZ data and e-u universality. If we then accept this as-

3
sumption, all experimental information concerning energy spectra, angular
correlations, and polarization will depend only on £, the value of f+ entering
only in the magnitude of the absolute rate.

Information concerning Ref and Im & have been obtained from four
sources within the same WBRDB experiment. These are independent from
each other in the sense that either different subsets of events are used or the
quantities measured are kinematically independent. The four sources and the
results obtained from them are listed in Table VII. A few. additional clarifying
corﬁmer_its may be helpful here:

(@) The pt energy spectrum (based on 2650 events) was studied between 42
and 94 MeV to remove background from 7' and K:Z decays.' All muon energies
were determined by range with suitable chamber-geometry corrections applied
to the distributions.

(b) The longitudinal polarization was determined for 2950 events with muons
in the energy range between 40 and 100 MeV. It is worth noting that Borreani
et al. have recently measured the muon longitudiﬁal polarization in the 6- to
27-MeV energy range. 29 Their result is completely consistent with the other
polarization data, but eliminates, on the basis of polarization measurements
alone, alternative values of é that for the earlier data can also provide an
adequate fit. 60 A summary of all longitudinal polarization data taken from the
Borreani paper is shown in Fig. 5.

(c) The a0 energy spectrum at known muon energies between 40 and 90

MeV was studied for some 444 events in which both gamma rays materialized.



-18- UCRI1.-16473

The dependence of population on muon energy was not used here because of .
possible biases arising from the requirement of double photon conversion.

As indicated in Table VII, this analysis gives rather little information on

llmﬁ, , but a rather good value for Re&.

(d) ‘The p+ total polarization was studied in the muon energy range
40 < TPL < 90 MeV for 397 events where again both photons convert, per-
mitting a determination of the decay plane.

The results of the analysis can be summarized as follows:

(1) The vector nature of the interactiop is well established. This is
clearly seen in Fig. 6 which compares the experimental TTO spectrum at
fixed muon energies for the 444 events discussed in (c¢) above with the ex-
pected spectra for the scalar, tensor, and vector couplings. Iurthermore,
the consistency of the values of £ obtained from the various measurements
gives further confidence in this conclusion.

(2) At the level of precision of the experiment there is no evidénce for
violation of time-reversal invariance. ‘

(3) Comparison of the measured ratio of K;:g and KgB rates with that ex-
pected from the value of £ determined from the Klt3 data permits verifi-

cation that 'f (lJ,)i = 'f (e) lwithin the uncertainty of a few percent.

_i< _i_

(4) The data permiit some study of the energy dependence of f+, but give

almost no information on this point for f . Indeed for f+, the value of X\
obtained is A = 0.00 £0.05. Again this result is in excellent agreement with

that fox KZ decay, but not with the spark-chamber data on Kg3 decay.

3

0
5. Eﬂé Decay
Carpenter et al. have made the first detailed study of 1{33 decay in a

/

. . 40 . -
spark-chamber experiment. As always, problems arising from the



-19- UCRL-16473

quadratic ambiguitie‘s_ in reconstruction of the kinematics maké the analysis

much more difficult than for K’ decays. From aﬁ analysié .of t'he.Dali.tz plot.
from some 1371 events with suitable cérrections for this ambiguity problem
they arrive at the following c'onclusions.

(i} Their data agree with the Vectof interaction and strongly disagree
with j;ensor or scalar couplings regardless of form—factor variations., This
result is evident from vthe neutrino energy distributions at fixed pion energies
shown in Fig. 7.

| (i) The data are c01n13atible wi‘ph constant form_factors and yield for &,

on the assumption that Im§ = 0,

€ = 1.2 £0.8

where the quoted error is la rgely systematic. This revsul't is‘ of course fully
consistent with the KI. data. |

(iii) The data aré also compatible with substantial energy variations in.
the form factors. Thus if one assumes a dominant K-7 intermediate state

of spin 1 and mass M,

£, (0)
£ @2y Lt
y @)= =y
M™ -q
and
MZ - I\/I2
2, 2, K L
fla) =1 (@) ——p—
"M
a good fit is obtained with
M = 5407130 ey

experirmnent and

This result is consistent with that obtained for f+ in the K23

with the measured ratio of the Ke and K , rates. The quality of the fits for

3 p3

both assumptions (ii) and (iii) are shown in Fig. 8.
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(iv) There is no evidence for violation of time-reversal invariance in
that none of the theoretical fits to the data are improved by considering a

complex E&.

VI. FINAL REMARKS

The conclusions fl‘OI’ﬂ the foregoing exposition are basically that the
theoretical models, namely the ‘Ar‘ = 1/2 rule for leptonic and nonleptonic
decays, and the vector interaction with p-e universality agree very will
with the totality of the experimental data. The sole exception is that the form
factor f_l_ for KeB decay appears to have a nruch stronger energy dependence
in Kg than in K+ decay.. The performance of further K(z) experiments with, if

possible, a good understanding of systematic errors will clearly be of great

interest in clarifying this point.
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Table I. KjL rates

) . . Rate ‘
Mode Branching ratio -1 Remarks

v (sec™ 1)
All Modes ) (8.045 £0.027) X 10"
gkt ot () 63.5 0, 7% (5.11 £0.06) X 10"

Tty g0 (@) 21.6 £0.6 % (1.74 £0.05) X 107

L S A 4.49 £0.25 % (3.61 £0.20) X 10°
BT Ay 3.17 £0.35 % (2.55 £0.28) X 10°
K" w ot gty (€ 5.59 £0.11 % (4.50 +0.09) % 10°
KWt 00y n0 () 1.68 £0.06% (1.35 £0.05) X 10°
K+ > e '+ V<a) "‘1.6><10_5 ‘~1.3><103
KT b n r et 4 (@) (3.6 £0.8) X 107> (2.9 £0.6) X 10°
KT a4 "“H+ + a) (7.7 £5.2) ><10'6 (6.2 £4.2) X 10‘&
gt . 0 (a) S - -4 D! i

R RN (2.2 £0.7) X 10 (1.8 £0.6) X 10 55MeV < T _4<80MeV

KY ot gt v e ™) (10 2004) x107% (8.0 £3.2) X 107 B > 10MeV
kYot rat p ey 7@ <2x 4078 < 1.6 X 102}

! . : . AS/AQ = -1 transition
k' >yt g Pt v@) <3 x 10'6 <2.4X 102‘
KT >ty et ye” (a) <114 X 1'0‘6 < 0.8 X 10° o

Involves neutral

K+ -ty H—l- Fo (a)‘ < 3 X 1076 < 2.4 % 102 lepton currents
(a) See text fvdr discussion.
(b) .Calculated from 1 - sum (other branching ratios).
{c) Input data on l)i’én'chil‘lg ratio;

4.7 £0.3% (Ref. 5)  5.12 #£0.36% ,(Ref. 14)

5.0 £0.5% -(Ref. 4)  4.04 £0.24% (Ref. 15)

Values measured relative to the 7 mode have been renormalized to the T rate

quoted in the Table.
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Table I. (continued)
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(d) Input data

(e) Input data

(f) Input data

'.82
.54
.71
.10
T

2

+0,

+0

+0,

+0,

+0,

+0,

+0,

5% (Ref. 5)

20% (Ref. 62)

.19% (Ref. 15)

12% (Ref. 17)
15% (Ref. 18)
2% (Ref. 5)
3% (Ref. 4)

3% (Ref. 19)

1.8 20.2% (Ref. 5)
.5 £0.2% (Ref. 19)
1.7 £0.2% (Ref. 4)

.71 £0.07% (Ref. 20)




Ref.

Ref.

—

5.

Ref. 21.

Input data:

27.

Input data:

(1.4 20.4) X 10° sec™! (Ref. 21)
(3.26 £0.77) X 10° sec™ ! (Ref. 26)
(2.57 £0.30) X 10° sce™ ! (Ref. 27).

sec

0.73 x0.15
0.81 £0.19 (Ref. 29
0.85 +£0.18 (Ref. 30
0.680 0,053 (Ref.

(Ref. 28

)
)
)
65).
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Table II. Input Data for Kg Rate Determinations
" : v s 4 -1 (a
U ol = (1.85 £0.18) X 10" sec (@)
- - e T -1 ()
= 4 16 \ '1.; 5 =
charged (1.47 £0.18) X 10 sec |
r‘e = (0.81 £0.10) X v’ sec™t (€
Pty = (0.94 £0.13) X 10" sec 1 (4)
(4 -0) = (0.254 £0.025) X 10" sec™ | (€)
T (000) - (0.53 £0.09) X 10" sec™ ! ()
ro/T = 0.70 0.05 (&)
28 e
i° (+-0) _
SR = 0.152 z0.005 1V
T e
charged
_(00U) ,
T - 0.25 +0.06 )
charged . o
Input data (5.3 +£0.6) X 10’8 sec (Ref. 23)
on mean 1.5 .8 .
life: (6.’1_1"2) X 10 7 sec (Ref. 24)
Ref, 22 with correction due to the new value of the K;) mean life.
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Table II. (continued)

457 +0,03 (Ref. 28)

151 £0.02 (Ref. 29)
+0.03

15700 (Ref. 30)

159 £0.015 (Ref. 31)

144 0,006 (Ref. 32)

478 £0.017 (Ref. 33).

(h) Inpilt data:

o Cc o o O

o

(i) Input data: 0.24 +£0.08 (Ref. 34)

0.25 £0.08 (Ref. 35).
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Table III. KO Rates

Mode Branching Ratio Rate (sec-1) Comments
All Ki’ Modes (&) (1.155 £0.019) X 1010
K? > 704 0 () 30.9 2. 27 (0.357 20.025) X 1019
K? oty g ) 69.1 2.2 % (0.798 +0.025) X 1010
Al K)) Modes () (19.9 +1.0) X 10°
0 % (c) 6 3
- ¥ _ ) X
Ky, >m +eftv 738.4 £1.4% (7.64 £0.44) X 10 Normalized so
0 + (c) : . 6 that total
L X :
Ky »m +pf+v 26.6 +1.3% (5.30 £0.38) X 10 Branching ratio
L0t - 0 (c) X 100 for these modes
K, >m +m +m 11.8 £0.5% (2.34 £0.13) X 10 = 100%
Kg R AT A 23.2 £2.0% (4.60 £0.50) X 10° 4
Kg»n* by (D) <0.3% <5 % 10%
Kg oty (@) (1.58 %0.12) X TR (3.15 £0.17) X 10% CP violating
0, + . -
Kp=p typ |
KO et b e” (f) <1O_4 <2 X 103 Invcral‘ves‘ neutr_al
2 lepton currents
N _
Kg - e + H:F
Kg—»zy (g) <1073 <2 % 10%
(a) Input data on lifetimes: (0.90 £0.05) X 10719 sec (Ref. 36)
(0.94 £0.05) X 10”10 sec (Ref. 36)
(0.885 £0.025) X 1010 sec (Ref. 36)
(0.85 £0.04) X 10_10 sec (Ref. 36)
(0.87 £0.065) X 10"V sec (Ref. 36)
(0.86 £0.04) X 10° " sec (Ref. 36)
(0.848 £0.044) X 1019 sec (Ref. 241)

(b) Input data for [T(2r®)]/[C(2m)]: 33.5 £1.4% (Ref. 66)
28.8 £2.1% (Ref. 67)
26.0 £2.4% (Ref. 68)
(¢) From fit of data vin Table II.
(d) Ref. 63.
. (e) Compilation by J. Cronin, presented at Argonne Weak Interactions Conference.
(
(

f) Refs. 40 and 61,
g) Ref. 64.




-33.

UCRL-16473

Table IV. Rate comparisons for K — 37 Modes

Phase-space Y = Rate/®
Mode factor, & (sec“i)
K' > nt o+ 0T 1.00 (4.50 £0.09) X 10°
Kt - 1'r+ + ‘ITO + 'rrU 1.24 (1.09 £0.04) X 106
Kg O 1,22 (1.92 £0.11) X 10°
Kg e 1,49 (3.09 £0.34) X 10°
Tests of [/.\.I” =1/2
Experimental | Predicted
(TT+TF_TTO) ‘
Y 0.88 %0.07 1.00
+ 00
2y (w'mwT)
(TTOTTOTTO)
Y 0.91 £0.12 1.00
F_+_- +
yim mm ) - y(w wmw)
(1T+1T+Tr“) |
R R 1.03 +0.04 1.00
4y(m w )
(vOTr ™)
X 1.07 £0.12 1,00
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Table V. Measurements of odd-pion spectra in K = 37 decay

values of the parameter a from the fit

. S.-S : M, T 2T
[M‘foi—Za(3 O):1+2a K "max ( 3 1)
m_2 m_>
m kg max
K+~>1r++'rr++1r_ K+r+1r++rr0+1r0 : Kg”’ﬂ++ﬂ-+1'_l'()
0.102 %0.028 @) _0.24 £0.02 (©) _0.24 %0.09 (&)
0.114 +0.02 ) -0.30 £0.05 (©) _0.24 +0.09 (P)
0.083. 0,028 () ' .0.24 0,04 )
0.083 £0.015 (9 _0.27 +0.05 )
_0.24 +0.05* &)
0.17 0.06 1)
-0.26 +0,06 (™)
Averages: 0.093 £0.011 -0.25 %0.02 -0.24 £0.02
Comparisons with ‘A'I—)’ =1/2
Expefimeiltal value » Predicted value
(Ol . :
a (m ) 2.7 £0.4 2
..I_ + - .
a(mmmw)
+ 0.0
i_ﬂ—”_Tol 1.0 £0.11 1
a(mmmw) . ‘
(a) Ref. 43 (f) Ref. 20 (k) Ref. 48
(b) Ref. 44 (g) Ref. 28 (1) Ref. 33
(c) Ref. 45 . (h) Ref., 29 : (m) Ref. 27
(d) Ref. 46 ‘ (i) Ref. 31

(e) Ref. 47 (j) Ref. 32
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Table VI. Ke, decay

‘Measured values of M (x1 standard deviation)

Ke;_ decay _b . . e | | Keg decay
0.038 +0.045 (&) : o 0.07 +0.06 (&)
20,04 0,029 P} o 0.15 £0.04 ()

-0.04 =0.05 ()

. +0.04 (d)
0.02 ' o3
Average: 0.00 %0.02 ’ 0.12 +0.04 -
: 1
f =
VAR
95% confidence levels for M
Ke; decay R ‘ Keg de'cay
M > 700 MeV | - , M = 600 1T Mev ()
M = 480 T110 ppey (0
-50
(a) Ref. 54 ‘ ) (d) Ref. 56
(b) Ref. 55 o | (e) Ref. 28

(c) Ref. 14 - ' (f) Ref. 57
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Table VII. K;:?) decay. Data are from Ref. 15,
Quantity Measured Result
p+ energy spectrum Re § = 0.0 té;
|Im €] = 0.0 1.0
p+ longitudinal polarization . - Re £ = -0.7 tgz
‘Im é’ = 0.5 tég

0 .
™ energy spectrum at fixed
p' energies

Re £ = 0.72 £0.37

for ]Im g‘ < 1

Total p+ polarization ' Re £ = -1.4 +1.8
}Im él = 1.6 £1.3

Overall result | Re £ = 0.34 £0.35
Im g = 0 69 +0.08

1.0

If one assumes Im & = 0 and po-e Universality

Combination of above measurements : 3
e et + v

Branc‘hlng ratio (I (KPL?’)]/-[F (KeS)] | 7 £

"Average of these values - £

0.47 0,30

0.42 £0.63

- 0.46 0,27

If one assumes Im £ = 0 but not p - e Universality

Combination of branching ratio
and above measurements

o) ‘ :. 1.00 +0.06
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FIGURE LEGENDS

[}

+

+ - : -
1. w ™ invariant-mass plot for 69 events of the type Kl4 > T
The histogram shows the experimental data. The plotted curves indicate
predictions for various models described in Ref. 8. Curve No. 4 corre-

sponds to the 0 parameters which fit the 1 data.

Fig. 2. Upper figure: Distribution of cosa_, ., where ay is the angle between

the dilepton line of flight and the pion in the dilepton rest system, in
KZ?) decay (Ref. 56). Lower figure: Pion kinetic-energy spectrum for the

same data. The curve refers to A = 0.02 in the formula for f+.

Fig. 3. Energy dependence of the form factor f+ in’K23 decay from Ref. 57.

Fig. 4. Pion energy spectrum in KS?, decay from Ref. 58,

Fig. 5. Muon polarization data as a function of muon energy for the K:B decay

frorﬁ Ref. 59.

Fig. 6. Pion energy spectrum of fixed muoen energies from 444 K:3 events

(Ref. 15).

Fig. 7. Neutrino energy spectrum for various bands of pion kinetic energy for

Fig. 8. Likelihood curves for fits to KO

KO. events (Ref. 40).
.3

u3 data, for £ (constant form factor),

and M (intermediate J =1 K-7 state) (Ref. '40)9

frT et 4

V.



_38-

I I ] | I | l |

241 | s wove phase space -
2 M= =0
S 3 Mo- 380 MeV,[ 5250 MeV
AN 4 Mo.-4OOMeV,I"o. I00MeV 7
: S M=1,0q =l

No. of events/ 20 MeV

\.x -
AN
‘ XX
| I | | | T .
320 360 400 440
M-”"”- (MeV) )
MUB-6080

Fig. 1



ol

Weighted events (arbitrary units)

Weii;hted events (arbitrary units)

-39-

Fig. 2

7 \\-
olb=e=l | 1 1
0O 02 .04 06 08 lo
Cos ap
T —I T ]' T ' T T 1 [ T
g
[ 1
-
R WU SR FON R Y IS G
20 40 60 80 100 120 - |40
w© Kinetic energy (MeV)
“MUB=3412



-40-

1.8
Kg3 form factor as function of pion 2energy
1.6} Straight line: f4 (q2) =O,65(I+O.l6-——r?]2—)
¢ T

1.4 Errors are purely statistical
1.2}
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Fig. 5
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COMPARISON OF S,V, AND T CURVES WITH DATA
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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

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.








