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A7) /T(Y ¥~ 2%~ + 277% =~ 5 while T(Y;* '~ A + 1%/
(v, Mo str= 4 27t + 2% ~ 1,3 in disagreement with
the requirements of charge independence. See also
references 3 and 7. The present data are not suffi-
cient to rule out I =1 for the resonant state. The ab-
sence of a strong effect in the ==+ and 07~ K*
events could be due to destructive interference be-
tween the production amplitudes from the initial I :-%
andI = g states of the 77 +p system. If this is so, the
resonant state must be produced in 7t +p interactions
in the same energy range. The absence of any effect
would then ensure the assignment I1=0.

12The possibility for resonances of this type was first
pointed out by R. Dalitz and S. F. Tuan, Phys. Rev.
Letters 2, 425 (1959). The model has been discussed
further by R. Dalitz, Phys. Rev. Letters 6, 239 (1961);
and Revs. Modern Phys. 33, 471 (1961).

3R, L. Shult and R. H. Capps, Nuovo cimento 13,
416 (1962), have emphasized the importance of the Y *
in the low~energy K~ ~d absorption reactions.

14The enhancement for an S-wave final state is propor-
tional to (sinde?/q)2, To obtain the correct energy de-
pendence we used tand =qly-p% /(1 +xa)l. A satisfac-
tory fit to the data is obtained with y=(248 MeV)‘l, a
=(110 MeV)™, and g =(175 MeV)~™!. For theI=0 KN
system, these values yield a complex scattering length
a+ib=-1,23+i0.75 F, in reasonable agreement with the
(b~) solutions of reference 12, or the type-II solution

of William E., Humphrey, Lawrence Radiation Labora-
tory Report UCRL-9752, 1961 (unpublished); and Ron~
ald R. Ross, Lawrence Radiation Laboratory Report
UCRL-9749, 1961 (unpublished).

15The peak is composed predominantly of = 7K’
events., Whether this is due to an interference with
the K* background or a nonresonant I =1 Zr amplitude
cannot be determined from the present data.

18The narrow width reported in reference 2 has been
interpreted as evidence for the existence of a centrif-
ugal barrier in the resonant state of the Km system.
In addition, M. A. Baqi Bég and P. C. DeCelles [Phys.
Rev. Letters 6, 145 (1961)] have favored the assign-
ment J =I by assuming a simple relation between the
production cross section and decay width given in ref-
erence 2, In view of the width observed in this experi-
ment these arguments are no longer compelling.

1T\, Gell-Mann, in California Institute of Technology
Synchrotron Laboratory Report CTSL-20, 1961 (unpub-
lished) and Phys. Rev. 125, 1067 (1962), has discussed
the possibility for the existence of such a particle with
1 =%, called the M meson. In this scheme the expected
mass is given to lowest order by mp;= 7:- (Bmy, +mp)
=780 MeV,

18y, Ne’emen, Nuclear Phys. 26, 222 (1961).

19The same calculation yields T'=42 MeV for the K*
at 885 MeV, so that J =1 for this state cannot be ruled
out by this argument.
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Three-body leptonic decays of K" mesons
K3 - L +m%+ v, Kp3" »e” +7°+ ) provide a
fruitful field for the study of strangeness-noncon-
serving weak interactions. Previous work in this
area includes determinations of rates,' studies of
pion energy spectra and angular correlations in
K,3 decay,? and investigations of the muon ener-
gy spectrum in K H3+ decay.®~% In this Letter we
present the results of a detailed analysis of 76
K 3+ events observed in a 12~inch xenon bubble
chamber.® In particular, we show that within the
framework of the usual V~-A Fermi interaction,
the muon and electron are coupled identically in
three-~body leptonic K" decay. In addition, we
place limits on the magnitudes and possible ener-
gy dependence of the “form factors” inherent in
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the decay process and compare these results to
those recently obtained from studies of the K LL3+'
muon energy spectrum.’

A number of authors”>® have shown that under
the assumption of vector coupling, the following
distribution function holds for either K63+ or K#3+
decay for the pion momentum and pion-neutrino
angular correlation:

P2(W?-P%-m _2)?

F(P, 6)dPd cosf = Em[lﬁ sinZGfV2
mL2

+X/I? (MKfV +(W+P cos@)gv)% dPdcosf. (1)

Here P is the pion momentum and E is the total
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pion energy,; 0 is the angle between the pion and
the neutrino; My is the K mass; W=Mg-E; my
is the pion mass; m; is the lepton (p or e) mass;
and fy, gy are functions (“form factors”) of ¢®
=Mg®+mq®-2MKE, the square of the invariant
four -momentum transfer. We assume time-
reversal invariance and hence take the form
factors to be real. Experimental studies have
confirmed the validity of Eq. (1) for the descrip-
tion of the Ke3+ mode.? However, it should be
noted that for this decay mode, the term contain-
ing gy is practically zero, since the ratio of the
electron mass to that of the K meson is very
small; consequently, information concerning this
term must come exclusively from the investiga-
tion of the Ku3+ decay mode.

The K 3 events under consideration are a
specially selected group that fulfill the following
requirements: (1) The K" decay occurs in a giv-
en fiducial volume; (2) the ut stops in the cham-
ber with a range greater than 1 cm; and (3) both
y rays from the 7° convert into electron pairs with-
in a given fiducial volume., These requirements
insure that (a) K “3+ events are separated from
the much more numerous K 1,2 decays on the
scanning table, and (b) the measurements of the
muon energy and direction and gamma-ray di-
rections provide enough information for a com-
plete reconstruction of the event. This statement
has one qualification: The reconstruction is

F(P,E )dPdE
I b

2P
E

= 2 2 - - P2
{fv[ 4Eu +4WEH (W2-P m,

For each event, the K 3+ reconstruction calcu-
lation yields an appropriate P value with an aver-
age error of 8 MeV/c, and the E“ value comes
directly from the muon range measurement. For
comparison with our observed (P,E“) distribu-
tion, the function F(P,E ) is multiplied by the
known probability of observing in our chamber a
stopping muon of whatever range corresponds

to E,,. We can roughly describe this probability
by saying that it is high for kinetic energies up
to 60 MeV, drops to 50% at 70 MeV, and is neg-
ligibly small above 100 MeV. It should be noted
that this restriction only limits the range of
probable observation of ¢2/m® to 0.9 <¢?/m;?

L
2)] + 4ngV(W'Eu) ST

double-valued, and the correct solution is chosen
from a comparison between the predicted gamma-
ray energies and the observed ionizing path lengths
of the electron pairs. In general, the two solu-
tions predict widely different energies for the
gamma rays, and even crude experimental infor-
mation on this point can define the correct solu-
tion.

The above criteria for selecting the K“3+ sam-=
ple leave one important source of contamination,
namely 7/ (7’ » 7t + 27°) decays in which only two
out of the four gamma rays convert in the cham-
ber. Some of these events can be reconstructed
as fake K 3 decays with secondaries of range
less than 8 2 cm (the maximum range of the 7t
in 7/ decay). These 7’ events cannot be reliably
distinguished from K 3+ decays by observation
of the characteristic 7~ u~-e decay chain, since
the range of the p from the 7= u decay is only
1.3 mm. To examine the effect of this contami-
nation, we have put a large sample of 7’ decays
generated by a Monte Carlo procedure through
the K “3+ reconstruction calculation. The result
is that virtually all 7’ events can be eliminated
by suitably restricting the n%decay configurations
accepted for events in the ambiguous (7’ or K “3+)
category. We estimate that our final sample of
76 events contains about three 7”°s.

For the purposes of our analysis it is convenient
to rewrite Eq. (1) with new variables P and E w
where EH is the total muon energy:

2 2
m
L

mz 8y

m
Z(Wz—PZ-WLLZ)}deE“. (2)

<6.8 instead of the total range 0.6 <q?/m;® <1.1;
e., the behavior of the form factors fy and gy
can be studied over practically their whole range
of variation.
To make our analysis definite, we have taken
for fy; and gy, the first two terms of a series ex-
pansion in ¢*:

fV=A(1+>\q2/mn2) for |al<0.1, (3a)

= B(1 +A'q2/mn2) for [2’I<0.1, (3p)

&y
where A, B, ), and )\’ are taken to be real con-
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stants. The above restrictions on x| and '],
which permit variations in f and &y of nearly a
factor of two over the range of g%, seem reason-
able because:

1. Our determinations of A from K, 3+ decay
are fully compatible with these restrictions.

2. Most of the various models proposed for the
calculation of fy, and g 9=11 oijve rise to forms
which can very well be represented by the ex~-
pansion in Eq. (3) with values of A, 1’ that never
go beyond 0.07.

The parameters A, B, ), )’ need not be the
same for K 3+ and Ke3+ decay if the muon and
electron are not coupled identically. With suf-
ficient data, one can obtain, in principle, A,, 2,
from a study of K 3 decay, andAH, W B“ Ay
from work on K, 3 decay. As noted earlier, B,
and ), are unobservable We can then check
umversahty by verlfymg the equality of A,, X,
with A Ape Our K ll3 data are not adequate to
carry out this program in full, and we are unable
to determme A, and u' with good accuracy. How-
ever, we: st111 make a significant test of u-e uni-
versahty{.by taking x p= == A and permitting both
A and )’ to"assume various values in the range
glven in Eq. (3). For each set x, »’, we use our
K3 and Keg+ data to determine A4,, A
B . The ratio A /A, so obtained 1s nearly in-
dependent of x, A’/ and has the value 1.07+0.18.

In other words, if we assume the same pion en=-
ergy dependence for fVe and fV“, we find that
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FIG. 1. Relation between A and A. Horlzontal solid

and dashed curves are for nominal K eS rate and *1
standard deviation variation in rate. Vertical solid
and dashed curves are for nominal A and +1 standard
deviation variation in A, as determined experimentally
from the 'K,‘ethr 7% momentum spectrum.

452

their ratio agrees with unity within the 18% ex-
perimental error.

We now assume universality and combine all
our results to obtain the best possible mforma-
tion on fy, and gy From the measured total K,
decay rate,! we calculate A as a function of x,
which we plot in Fig. 1 in the form of a band
whose limits correspond to +1 standard deviation
in the Ke3+ rate. The ordinates in Fig. 1 are
normalized so that when Eq. (1) is integrated
over P and cos@, one obtams the K 3 rate in
sec™, Using the K 3 pion momentum spectrum,
we then determine the value of A and obtain
0.036+0.045.12 The central value and the one-
standard-deviation limits on x are shown as ver-
tical lines in Fig. 1.

We now take as exact the measured values of
the K,3" rate and A (i.e., A=7.0x10"% MeV -2
sec™Y2; »=0.036) and calculate B as a function
of A’, using only the measured K“3 rate. The
result is double-valued and is plotted in Fig. 2
as two bands whose limits correspond to +1 stand-
ard deviation in the K 3+ rate. If, instead, we
combine the above A, X with only our (P’EH) dis-
tribution, we obtain the single, somewhat broader
band also displayed in Fig. 2. It is clear that of
the two solutions permitted by the rate data, only
the upper one in Fig. 2 is consistent with the re-
mainder of the information, the lower one being
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FIG. 2. Relatlon between B and A\’ as determined

from K 3 data. Dashed curves outline region al-
lowed by one standard deviation variation in K 3
rate. Solid curves outline region allowed (at one
standard deviation level) by K M3+ (P,E “) distribution.
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ruled out with a confidence of better than 99.99%.
This result is in disagreement with the conclu-

sion of Dobbs et al.,® based on their study of the
K 3+ muon energy spectrum, that the lower so-
lution in Fig. 2 is favored.!®

If we combine all our K o information, our
best estimate of B is 1.6 X1072 MeV ™2 sec™V2,
The uncertainties in this number arise from the
following causes:

(a) the statistical errors in the K 3+ data, in-
cluding both the rate and the (P’EM) distribution,
which contribute +2.4x1072 MeV ™2 sec~2,

(b) the impossibility of determining from our
data the value of \’. The rather weak dependence
of B on A»’, shown by the central curve of Fig. 3,
leads to an uncertainty in B which is small rela-
tive to the error discussed in (a).

(c) the errors in A and ) arising from the lim-
ited statistics of the Ke3+ sample. The effects
on B arising from variations of one standard de-
viation in the Ke3+ rate and in x are shown by the
various dot-dash curves in Fig. 3.

From the analysis presented here, we conclude
that:

1. Within the 18% experimental uncertainty, the
muon and electron couplings in the three-body Kt
leptonic decays have the same strength.

2. For the ratio gy /fy, we have 0.4+ 0.3 if the
form factors have no ¢? dependence.'* With the

T T T T T T T T
0. =
' S ammre—m
] ettt
(3
(2]
o
]
>
[}
=
m
<0O.l+ —
] 1 ] ! | ! L | |
-008 -0.04 (o] 004 008 -
/
X
FIG. 3. Relation between B and A\’ as determined

from all the data. The solid curve represents the
best value of B vs A’. The dashed curve shows the
effect of varying the K, 3+ rate by one standard devia-
tion; the dot-dash curve shows the effect of varying

A by one standard deviation.

q? dependence assumed in this paper, this ratio
is only slightly modified.

3. One can learn little about the ¢* dependence
of gy without very large statistics because, as
implied by Conclusion (2) above, the form factor
fy determines the main observable features of
K H3+ decay.

*Work done under the auspices of the U. S. Atomic
Energy Commission,

TPresent address: Inter-University Institute for
Nuclear Science, Brussels, Belgium.

1B, P. Roe, D. Sinclair, J. L. Brown, D, A. Glaser,
J. A. Kadyk, and G. H. Trilling, Phys. Rev. Letters
7, 346 (1961), which also summarizes the results of
earlier measurements,

2J. L. Brown, J. A. Kadyk, G. H. Trilling, R. T.
Van de Walle, B. P. Roe, and D. Sinclair, Phys. Rev.,
Letters 7, 423 (1961).

33, Taylor, G. Harris, J. Orear, J. Lee, and P. Bau-
mel, Phys. Rev. 114, 359 (1959).

43, K. Bdggild, K. H. Hansen, J. E. Hooper,

M. Scharff, and P. K. Aditya, Nuovo cimento 19, 621
(1961).

5J. M. Dobbs, K. Lande, A. K. Mann, K. Reibel,

F. J. Sciulli, H. Uto, D. H., White, and K. K. Young,
Phys. Rev. Letters 8, 295 (1962).

8Complete details of the event selection, data handling,
and statistical analysis are given by J. L. Brown, J. A.
Kadyk, G. H. Trilling, R. T. Van de Walle, B. P. Roe,
and D. Sinclair, University of California Radiation Lab-
oratory Report UCRL—10205, 1962 (unpublished).

TA. Pais and S. Treiman, Phys. Rev. 105, 1616
(1957).

%S, W. MacDowell, Nuovo cimento 6, 1445 (1957).

9J. Bernstein and S..Weinberg, Phys. Rev. Letters
5,481 (1960). )

195, W. MacDowell, Phys. Rev. 116, 1047 (1959).

HN. Brene, ‘L. Egardt, and B. Qvist, Nuclear Phys.
22, 553 (1961).

12This result is based on a sample of 217 Ke3+ events,
which includes 175 presented in reference 2, and is
analyzed in a similar, though slightly more sophisti-
cated, way."

31t is worth noting that the conclusions of Dobbs et al.
are based on the u* energy spectrum, whereas ours
come principally from the.n? energy spectrum. They
are incompatible in the sense that it is not possible to
fit Eq. (1) with the observed Ke3+ and KM3+ rates, the
muon data of Dobbs et al., and our (P,E“) data., It is
conceivable that the two results are reconcilable if one
abandons the theoretical framework on which Eq. (1) is
based. In view of the agreement between Eq. (1) and
the Ke3+ data, we consider this last possibility as the
least likely explanation of the disagreement.

11 the models proposed in references 9, 10, and 11,
the predicted ratio gV/fV is somewhat smaller (i.e.,
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