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We have determined an upper limit to the branching ratio for the so-called structure-dependent radiation
in the radiative decay mode E+—+ e++v'+y. The measurement was made by searching for moderate-energy
photons in large-angle coincidence with positrons in the momentum region above the maximum allowed in
E',z+ decay and below the momentum of E,z+. We obtai'n with 90% confidence I',„„sn/F (all) (7.1X10 ',
assuming yx —AE(0)/VE(0) )0. This in turn yields

~
UE(0)

~

(0.24cVE, which is consistent with E
dominance.

'HE radiative decay mode E+ —+ e++v,+y is of
interest because much of the radiation to which

it gives rise probes the detailed structure of the states
that couple the decaying kaon to the outgoing leptons.
As a consequence, measurement of the form factors of
this decay mode provides a useful test of the strong-
interaction models invoked to describe the process.
Furthermore the coupling constants that make up the
fo™factors are related by SU(3) and current algebra
to the coupling constants of other systems; hence
tests of these SU(3) relations and current-algebra
sum rules become possible. Finally, a direct comparison
may be made between this radiative decay mode and
the corresponding decay mode E+~ e++ v,+wv.

The differential decay rate for the structure-depen-
dent (SD) part of the process K+ ~ e++v,+y is given
by'

d2PsD
=3 47X 10s

~
Uzm&

~
'L(1+&&)'(x+y—1)'(1—x)

dÃdp

+(1—yx)'(1 —y)'(1 —x)j, (1)

where x=2E,/mx, y=2E,/mx, and the electron mass
has been set equal to zero; yz=A~/VE, and Az and
V~ are the SD radiative axial-vector and vector form
factors, respectively. The q' dependence of the form
factors has been neglected, and time-reversal invariance
has been assumed. The terms in Eq. (1) multiplying
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j

(1+pe)' and (1—y~)' correspond to noninterfering
Anal states with right- and left-helicity p rays, respec-
tively. From Eq. (1), U —A helicity requirements on
the leptons, and the conservation of linear and angular
momenta, it follows that high-momentum positrons
from this SD process are accompanied predominantly

by right-helicity photons, and that these photons are
emitted predominantly at large angles with respect to
the positron momenta.

On the other hand, one has for the E,~ inner brems-
strahlung (IB)'

dPIB

de cos8

ni', s 1+cos0 (x—1)'+1 1
(2)

2w' 1—cos8 L2+x(cos8 —1)$' x

where n=1/137, I', s is the rate of K —+ ev, and 0 is the
angle between electron and photon directions. We see
that in IB decays, low-energy photons (corresponding
to high-energy electrons) are emitted almost exclusively
at small 0. Thus searching for high-momentum positrons
from E+ decays in large-angle coincidence with p rays
should yield a clean sample of SD K —+ eve events, if
the positron momentum is greater than the maximum
allowable for E,3 decays.

The branching ratio for the analogous pion decay
mode vr+~e++v, +y has been measureds to be
w~evp (x and y)0.7)/w~tv=(3. 0&0.5)X10 '.
These authors assume the value of the vector form
factor V obtained from conserved vector current, and
use their measured branching ratio to obtain a value of

y =A /V. They find the quadratically ambiguous

2 Sidney A. Bludman and James A. Young, Phys. Rev. 118,
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solutions y =+0.4 and. —2.1. The positive value of
is in agreement with the calculated value assuming

that the axial-vector structure of the decay is dominated
by the Aj meson. 4 5

As a byproduct of a previously reported experiment'
we have determined an upper limit to the branching
ratio for the SD radiative decay K+ —+e++v,+y. A
diagram of the apparatus is shown in Fig. 1. Briefly, a
coincidence of the three threshold gas Cherenkov
counters A, 8, and C assured the observation of a clean
sample of electron events from the decays of stopped
kaons. Selection of positrons from E~ev and high-
positron-momentum X~evp events from the very
abundant positrons emitted in K,3 decays was accomp-
lished with the magnet-spark-chamber momentum
spectrometer. The photons in large-angle coincidence
with positrons were identihed by the p-ray counter, as
indicated in Fig. 1.

In this experiment, no electron event arising from a
E+ decay whose momentum was greater than 234

4¹J. Carron and R. L. Schult, University of Illinois Report
(unpublished).
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859 (1967).
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if observation of an electron-y-ray coincidence is
required.

It is possible, however, to set a somewhat better
upper limit on the rate K ~ eve if we require only the
observation of positron events in the momentum region
234 to 247 MeV/c, without regard to coincidences with

p rays. There are contributions from K,2 and IB decays
in this momentum region which must be subtracted
from the observed number of positron events before an
upper limit on E+-+ e++v,+y may be calculated.
Ke estimate an expected number of 6.1&0.65 positron
events in this momentum region due to these sources,
assuming V—A theory with ii—e universality. (This
number includes a small contribution from K„~ and K,3

events. ) There were five positrons actually observed in
this momentum region. LSee Figs. 2(a) and 2(b).j For
all positive values of yir, we obtain with 90% confidence
the improved limit on the total branching ratio

1'sD '"~/1'all &7.1X10 7K&0 (3)

From this value we obtain an upper limit on the
vector form factor

I Vir(0) I &0.24/M'ir, ply&0.
7 R. Rockmore, Phys. Rev. 1"j'7, 2573 (1969).

(6)

MeV/c was observed in coincidence with a count from
the y-ray detector, as shown in Fig. 2(a). The finite
resolution of the apparatus caused the K,3+ electron
spectrum to spill out to 234 MeV/c from 228.5 MeV/c.
This result was used to set an upper limit on the SD
decay K —+cry. Normalizing by means of a known
fraction of the K,3+ positron spectrum, we obtain with
90% confidence

Fan/F, ii &1.3&&10 ', Z,& 234 MeV/c, (3)

where I",~~ is the total K+ decay rate. .
As stated earlier, the percentage of high-momentum

positrons in the Dalitz plot (accompanied by pre-
dominantly right-helicity photons) is determined by
the (1+yz)' term in Eq. (1). Thus, the upper limit
which the experiment can set on the total branching
ratio for K~evy is dependent on the value of y~.
Values of (pa~ have recently been calculated by two
authors. 47 The results of the various methods vary
from )ya( =0.1 to )yir) =0.6. Small values of
are likely because of the lack of any known intermediate
state whose mass is lower than that of the E~ which can
dominate the structure of the decay via axial-vector
coupling. The mass of the Ez predicted by SU(3) is
1310 MeV, compared to the known K* mass of 885
MeV, which can dominate the structure by vector
coupling. Also, as mentioned before, the positive solu-
tion of y is in agreement with the theoretical prediction,
and thus a positive value of y~ is not unreasonable.

We obtain, with 90% confidence, for the total
branching ratio for arsy positive value of pre,
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Fio. 2. (a) Spectrum of high-momentum positron events in coincidence with a y ray. (b) Spectrum of high-momentum positron events
not in coincidence with a y ray.
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If the structure of the decay via vector coupling is Riazuddin-Fayyazuddin (KSRF)s relation and the
assumed to be dominated by the E*, one has Das-Mathur-Okubo" sum rule (gir'.„s/Ma' ——g...'/M, '

—p s)

and thu. s in turn

IGir'ir ger"-IIM«038
I'his yields

I ger', „I/Mlc'(1. 6M~ =0.22 GeV, (9)

if we assume the relation derived from SU(3) sym-
metry, ' Grr'lc, =-'sG„,=0.98/GeV, where G„, is ob-
tained from the observed oi —+ w+y decay rate. Taking
into account the e6'ect of first-order symmetry breaking
modi6es this value only slightly. s

The upper limit of Eq. (9) may be compared to the
combined prediction of the Kavrarabayashi-Suzuki-

Weal Jay Carron, thesis, University of illinois, 1969 (un-
published).

using the value of F from the experimental w —+p, p

rate. A comparison may also be made with the result
obtained by assuming K*dominance in E,3+ decay, viz. ,

I
grc', „I/Mrc"=0.138 GeV. (11)

We may conclude that, if pz is positive, the coupling
constants required in a calculation of the rate-determin-
ing form factor Vir(0) based on K* dominance are not
significantly larger than those predicted by SU(3) and
appropriate current-algebra sum rules. In addition, V~
itself cannot be more than about a factor of 2 larger

9K. Kawarabayashi and M. Suzuki, Phys. Rev. Letters 16,
255 E,

'2966); Riazuddin and Fayyazuddin, Phys. Rev. 147, 1071
(1966).IT. Das, V. S. Mathur, and S. Okubo, Phys. Rev. Letters 19,
470 (1967).
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than the value predicted by the K* dominance model,
which also accounts for the magnitude of the vector
form factor in K,3+.

We remark finally that a weakly interacting inter-
rnediate vector boson (W) may also mediate the decay
K —+cry.""The form factor obtained using the 8'
as an intermediate state is"

f(P P')
(baw'PI~') 9 f ~ —Qw(—p'P /2/if ~')3

(12)
3/Iw' —3Irr'+2Px P'

Reference 12 obtains the value of the coupling constant
b from the experimental value of the kaon lifetime, and
the value of gw'/Mw' from the P decay couphng
constant. The branching ratio PsDx '"7/P» is then
calculated as a function of the H/' mass. The anomalous

"Donald E. Neville, Phys. Rev. 124, 2037 (1961)."S. M. Herman, A. Ghani, and R. A. Salmeron, Xuovo Cimento
2S, 685 (1962).

magnetic moment of H/' and its quadrupole moment are
set equal to zero.

From the calculated branching ratio of Ref. 12 as a
function of M~, we obtain from the measured upper
limit on the branching ratio the lower limit, 3E~)0.95
GeV. This limit is somewhat lower than the limit,
3II~& 2 GeV, obtained by high-energy neutrino
experiments. ""
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As a test of the validity of quantum electrodynamics (QED) for heavy virtual leptons, cross sections for
wide-angle electron-pair photoproduction have been measured using hydrogen and carbon targets. Electron
pairs were detected in two independent mirror-image spectrometers which identified production angles and
momenta. A symmetrical arrangement was used in which interference between Bethe-Heitler and virtual
Compton graphs is identically zero. Data were obtained at electron production angles from 5' to 7' and
moments from 1 to 2 GeV/c, and were compared with theory by means of a Monte Carlo calculation. Up to
the maximum invariant mass of the electron pair 489 MeV/c', the data are consistent with the predictions
of QED for both targets, confirming the results of other recent wide-angle pair-production and bremsstrah-
lung experiments in this energy range. Expressing the results in terms of a cutoff parameter A., where any
positive deviation from QED is proportional to A 'Qi' (where Q~ is the mass of the virtual lepton), one obtains
h. &0.76 GeV/c' with 95% confidence. For a similar negative deviation, A&0.55 GeV/c'.

1. INTRODUCTION

~~URING the last. few years a number of experi-
ments have been performed to test the validity of

quantum electrodynamics (QED). QED is, of course,
the most complete of all available theories of elementary
particle interactions and describes a wide range of
phenomena with high accuracy. If it is pushed to
extreme limits, however, in which the interaction takes
place over a very short distance, it might be expected
to break down. The forms of breakdown which may
occur are modifications' of lepton or photon propagators
when the particles are well o8 their mass shells, modifi-
cation of the vertex function, and the introduction of
heavy electromagnetic particles. '

' S. D. Drell, Ann. Phys. (X. Y.) 4, 75 (1958).' F. E. Low, Phys. Rev. Letters 14, 238 (1965).

These forms of modification are not strictly inde-

pendent but any observed breakdowns could in practice
be described in terms of one of them. The class of
experiments with which we are concerned )wide-angle

pair production (WAPP) and wide-angle brems-

strahlung (WAS)) is generally interpreted as testing
the lepton propagator.

Much interest has been shown in this held since the
original WAPP (electron) experiments at CEA' and
Cornell4 showed an apparently serious deviation from
the predictions of QED. Subsequent similar experiments

' R. B. Blumenthal, D. C. Ehn, %. L. Faissler, P. M. Joseph,
L. J. Lanzerotti, F. M. Pipkin, and D. G. Stairs, Phys. Rev.
144, ii99 (1966).' R. M. Talman, Bull. Am. Phys. Soc. 11, 380 (1966).


