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The unmeasurable cross section for IrsP ~ PIr+2r
—in

diagram 4 was calculated in terms of the most recent
data for Ir+p +E-Ir2r using isotopic-spin arguments. "

The combined form factors and off-shell corrections
lead to the following expressions in the different
diagrams:

diagram 3: A(4eI, A2)A(4o2, A')G '(A')

diagram 4: A (40,A2),
with

G2(A2) Q4 (Q2) it12 (A2)

A(~, A2) =G2(A2)A2(~, A2).

In diagram 3, for or&1.45 GeV we used

A (~ A ) =(q «/q. .)'r'(A )$1+C(~ A )g'G'(A )

where G(A2), I'(LV), and C(4e, A2) are the same as in
Ref. 39 and q, II (q, ) is the modulus of the three-mo-
mentum of an off- (on-) shell 2r in the c.m. system of a

"We have avoided using the approximate expression L'EII. (18)
in Ref. 46) which neglects the sizable amplitude for isotopic
spin T(v4r) =2. A detailed discussion of this point is given by J.H.
Scharenguivel, Ph.D. thesis, Cambridge University, 1966 (un-
published).

mS state with an invariant mass ~. In all other cases we
used

(A2+ 2) ——I

A (Io,A2) = 1+

The additional diagrams obtained from diagrams 3 and
4 by interchanging initial or 6nal-state protons are also
included in the calculations neglecting all interference
terms. Except where noted, the cutoff parameter
LEq. (4.10) of Ref. 39j was chosen to be v=30 142.

This choice gave approximate agreement in the total
cross section between the model and the experiment.

Distributions were calculated using a Monte Carlo
program pHvsxx, " in which the complete kinematics
of each generated event is available. Thus any desired
selection criteria may be easily applied in order to com-
pare the model with the corresponding experimental
selection.

For the reactions PP ~ PPIr+2r 2rs and PP —+

pn2r+Ir+Ir, diagrams 5—7 and 8—10, respectively, were
considered. Graphs with all the pions at the same vertex
and interference between the diagrams were neglected.

"P. Soding (private communication). We used a modified
version for the calculation of diagrams (5)—(10) of Fig. 22.
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Measurement of the Branching Ratio and Positron Momentum
Spectrum for the Decay X' ~ 22'+ e++ v
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The branching ratio and positron momentum spectrum have been measured for the E,&+ decay mode.
The shape of the momentum spectrum, containing 17 000 events, is consistent with pure vector coupling
with a form-factor momentum dependence given by X+=0.08+0.04. Upper limits on a possible mixture
of scalar or tensor coupling are, respectively, [ fs/f~~ &0.23 and

~ fr/f+~ &0.58. The branching ratio is
found to be (4.92+0.21)%, based on 960 events. The semiieptonic 4tI= $ rule is tested by comparing the
E,3+ and E,30 rates. We conclude that the present data on E,3 decays are in disagreement with this rule.

E assume that the matrix element' for E,3 decay
is

~=L~EfBU.(1+V2) U.+sf+(P +p )-UV-(I+Vs) II.
+(I/~ )f.p- Pt f/. - (1+v)I/.3,

where pE and p are the four momenta of the K+ and

*Now at the Rutherford High Energy Laboratory, Chilton,
Berkshire, England.

f Now at the University of Lancaster, Lancaster, England.
f. National Science Foundation Postdoctoral Fellow 1965—66,

on sabbatical leave from the University of Maryland, College
Park, Md.

The factors m~ and 1jm~ are introduced to give fg, f+, and
fr the same dimensions. The matrix element of the hadronic

2r', respectively. The form factors fs, f+, and f& for
scalar, vector, and tensor coupling are functions of
q'= (pE—p )". We assume that the q' dependence for
vector coupling is given by the first two terms of a
power-series expansion,

f+(q') = f+(o) (I+)+q'/m-')
The experiment was performed at the Rutherford

High Energy Laboratory, using a 700-MeV/c separated
vector current should be written ,'[f+(px+p~)+f (p» p—~)j. —
The contribution from f however is proportional to m, /4NE and
has been neglected.

~The metric is chosen so that q'=m~~+m '—2m', where
E is the total energy of the pion.
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Fxo. 2. (a) Momentum spectrum of
non-Lerenkov events for the interval
160 to 260 MeV/c showing the IC s
and E„s peaks. (b) Momentum spec-
trum of Cerenkov events below 250
MeV/c. (cl Final Z, s+ spectrum with
best 6ts to pure vector, scalar, and
tensor couplings.
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scalar and vector-tensor mixtures. The form factors
fs and fT were assumed constant. The upper limits
were, respectively,

~ f8/f+ ~

(0.23 and
~ fr/f+ ~

(0.57 at
the 90o/o confidence level for X+=0 and

~
fs/f+.

~

(0.18
and

~ fr/j+~ (0.58 for X+=0.08.r The limits allow for
systematic uncertainties in the bremsstrahlung and
ionization losses. The scalar limit is comparable with
other experiments. The tensor limit is however lower
than previously obtained. ' A fit was also made for pure

' There is no vector-tensor or scalar-tensor interference if
terms in m. /m~ are neglected. Thus, these Gts involve two param-
eters. The limits

~ fs/f+ ~
&0.23 and

~ fr/f+ ~
&0.58 correspond to

intensity limits Iz/IT/&0. 10 and I&/I«0. 02, respectively.
(a) G. L. Jensen, F. S. Shaklee, B. P. Roe, and D. Sinclair,

Phys. Rev. 136B, 1431 (1964); (b) R. Cester, P. T. Eschstruth,
G. K. O' Neill, B.Quassiati, D. Yount, J. M. Dobbs, A. K. Mann,
W. K. McFarlane, and D. H. White, Phys. Letters 21, 343 (1966);
(c) E. Bellotti, E. Fiorini, and A. Pullia, Nuovo Cimento 52A,

vector coupling allowing X+ to vary. We find X+=0.08
~0.04 where the error quoted is partly statistical
(&0.03) and partly systematic (&0.03).

We observed 960 positron events and 18540E„~
events when talking data without counter 9. These
events were used to determine the E,3 branching ratio.
We find

r (E„+)/r (all) = (4.92a0.21)%%u,

assuming a E„s branching ratio' of (63.46+0.38)'P&.
Since we observe only that part of the spectrum above
90 NfeV/c, the result depends on the spectral shape.

1287 (1967); (d) G. E. Kalmus and A. Kernan, Phys. Rev. 159,
1187 (1967).

'A. H. Rosenfeld, N. Barash-Schmidt, A. Barbaro-Galtieri,
W. J. Podolsky, L. R. Price, P. Soding, C. G. Wohl, M. Roos,
and W. J. Willis, Rev. Mod. Phys. 40, 77 (1968).
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TasLE I. Summary of E,3+ branching-ratio measurements. sec, we find

Authors~

(a) Birge et al.
(b) Alexander et al.
(c) Roe et al

(d) Borreani et al.
(e) Shaklee et al

(f) Callahan et al

(g) Auerbach et al

(h) Young et al
8(c) Bellotti et al.

This experiment

a See Ref. 11.

K 3'.
branching

ratio

3.2 &1.3
5.1 &1.3
5.0 +0.5
5.12~0.36
4.7 ~0.3
3.94+0.17
4.97&0.16
5.3 ~0.9
5.2 +0.5
4.92+0.21

Method

Emulsion
Emulsion
Xenon B.C.
Hydrogen B.C.
Xenon B.C.
Freon B.C.
Spark chambers
Emulsion
Heavy liquid B.C.
Spark chambers

F(E,s+)= (4.00~0.09)&(10 sec '

corresponding to a Cabibbo angle" 8, given by

sin8, =0.230~0.003, for X=0
ol

=0.224~0.003, for P =0.02.

The E,3' branching ratio of the El,' is quoted" as

1' (E. ')/F (all) = (37.2%1.0)%,
which, using a measured lifetime" for the El.' of
(5.37&0.12)&&10 ' sec leads to

F(E.es) = (6.92+0.23) &&10e sec '.
The value quoted corresponds to pure vector coupling
with )+=0.02.'0 We find that the branching ratio is
increased to 4.96% for X+=0 and decreased to 4.78%
for X+=0.08. Allowance has been made for this varia-
tion in the quoted error.

Previous branching-ratio measurements" are sum-
marized in Table I. We see that all measurements are
in reasonable agreement except for the measurement
of Callahan eI, ul.

Averaging all results except that of Callahan et ul.
we find"

F(E.,+)/F (all) = (4.94+0.11)%

and, assuming a E+ lifetime' of (1.236+0.003))C10 '
' The present best estimate of )+ is 0.023+0.008. W. J. Willis

Rapporteur's talk at Heidelberg Conference on High Energy
Physics, 1967 (unpublished).

"(a) R. W. Birge, D. H. Perkins, J. R. Peterson, D. H. Stork,
and M. N. Whitehead, Nuovo Cimento 4, 834 (1956); (b) G.
Alexander, R. H. W. Johnston, and C. O'Ceallaigh, ibid. 6,
478 (1957}; (c) B. P. Roe, D. Sinclair, J. L. Brown, D. Glaser,
J.A. Kadyk, and G. H. Trilling, Phys. Rev. Letters 7, 346 (1961);
(d) G. Borreani, G. Rinaudo, and A. E.Werbrouck, Phys. Letters
12, 123 (1964); (e) F. S. Shaklee, G. L. Jensen, B. P. Roe, and
D. Sinclair, Phys. Rev. 136B, 1423 (1964); (f) A. C. Callahan,
U. Camerini, R. D. Hantman, R. H. March, D. L. Murphee,
G. Gidal, G. E. Kalmus, W. M. Powell, C. L. Sandier, R. T. Pu,
S. Natali, and M. Villani, ibid. 150, 1153 (1966); (g) L. B.Auer-
bach, J. M. Dobbs, A. K. Mann, W. K. McFarlane, D. H. White,
R. Cester, P. T. Eschstruth, G. K. O' Neill, and D. Yount, ibid.
155, 1505 (1967); (h) Poh-Shein Young, W. Z. Osborne, and W. H.
Barkas, ibid 156, 1464 (1.967).

"The average branching ratio, excluding the result of Callahan
et al., is (4.94&0.11)'Po, giving a y' of 3.2 for 8 degrees of freedom.
The average of all results including those of Callahan et al. is
(4.66+0.09)% with a x' of 28.6 for 9 degrees of freedom.

It follows therefore that

F(E, ')/F (E.+) = 1.73&0.07.

The dI=-', rule predicts a ratio of 2.05, allowing for
phase-space and radiative corrections. "Thus the dis-
agreement between the predicted and observed ratios
appears highly significant. "However, it should be noted
that the El.' lifetime quoted is based on one accurate
measurement'~ and that the E.3' branching ratio or
absolute decay rate has not been measured to better
than 10% in any one experiment. The error quoted is
obtained by an over-all fitting procedure. '

We are grateful to the Directorate and staff of the
Rutherford High Energy Laboratory for their constant
support. We acknowledge the technical assistance of
R. D. Downs, J.H. Bibby, and the late P. A. V. Chadd.

"N. Cabibbo, in Proceediegs of Thirteenth International Con
ference on High Energy Physics (University of California Press,
Berkeley, Cal. , 1967), p. 30."W. J.Willis, Rapporteur's talk in Proceedings of the Heidelberg
International Coeference on Elementary Particles, edited by H.
Filthuth (Interscience Publishers, Inc. , New York, 1968).

»The rsi=s' rule predicts I'(IC,~')/P(IC, e+) =2. The phase-
space correction is +1.35 j& for vector coupling with a constant
form factor. The radiative correction is +1% [E. S. Ginsberg
(private communication) ]."This discrepancy may be explained by the presence of approxi-
mately 3% of bI =) amplitude relative to dI =-,' amplitude."T.J. Devlin, J. Solomon, P. Shepard, E. F. Beall, and G. A.
Sayer, Phys. Rev. Letters 18, 54 (1967).

~3 emote added irI, proof. Following recent measurements of KI.
branching ratios, F(K,30}/F(K,3+}=1.98~0.08; J. W. Cronin,
Rapporteur's talk at Vienna Conference on High-Energy Physics,
1968 (unpublished).


