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ABSTRACT

The decay K" > e+vy has been investigated. For the structure-dependent part
with positive Y helicity (SD+) we obtain the bfanching ratio.F(SD+)/F(Ku2) =
= (2.16 = 0.37) X 10~% from 50 * 3 events observed in the kinematical region
Ee 2 235 MeV, EY > 45 MeV and @eY > 140°. TFor the corresponding part with negative
Y helicity we obtain an upper 1limit T(SD_)/T(SD,) < 11 (90Z confidence level) from
the sample of electrons with energies 220 MeV = Ee < 230vMeV and with no Y in the
backward direction. This upper limit implies that the ratio of structure-dependent

axial-vector and vector amplitudes lies outside the region -1.8 < aK/vK < =0.54.

For the decay K" > e"vw the limit I‘(K+ > e+vv5)/F(Ke2) < 3.8 (907 confidence

level) was found.
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INTRODUCTION

There are three decay modes of the charged K meson which give information

about the structure of the kaon: Kls’ Kgq’ and K > evy.

As KQﬁ decay yields information on the vector form factor only, the rare
decays Keu and KevY are the only possibilities at present to study both axial-vector
and vector form factors. These decays have comparable rates, but the signature of

+ + . . + + - + .
K = e Vy is so ambiguous, compared to that of K - m 7 e Vv, that the experimental

observation becomes much more difficult.

K;VY decay has already been observed earlier [1:|. We report here on an

experiment with an improved apparatus, which resulted in reduced systematical errors.

. . + +
There are two effects contributing to K - e vy decay:

- Internal bremsstrahlung (IB). This is a radiative correction to the ordinary
+ . . .
Ke2 decay, where the photon is emitted by the charged lepton (Fig. la). K:z

decay itself is mediated by the axial-vector current only.
. . +
- Structure decay (SD), where the photon is emitted from the K decay vertex

(Fig. 1b). Both axial-vector and vector currents may contribute. The cor-

responding amplitudes are denoted by aK and Ve

It has been shown by Neville EZ:Ithat the decay amplitude of SD can be separated
into two non-interfering contributions, denoted by SD, and SD_, which correspond to
positive and negative y helicities. The decay rates of SD, and SD_ are proportional

2, respectively.

to v, + a 2 and IVK - aK]

-
Yk
states (Fig. lc). Various calculations of Vg agree to about 207%, whereas estimates

*
and ay have been calculated, assuming the K and KA mesons as intermediate
for Yg = aK/vK yield less coherent results. The differences are mainly due to
different methods of handling symmetry-breaking [3-6].

Owing to the fact that the kaon is spinless and e’ and v have fixed heli-

cities (V-A interaction), SD+ and SD_ have different angular correlations of the
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decay particles, as indicated in Fig. 2. For SD, the Y is emitted preferentially
antiparallel to the e+, whereas for SD_ the Yy is emitted preferentially antiparallel
to the v. Consequently, the electron spectrum for SD+ is peaked at the maximum
energy EmaX = 247 MeV, whereas for SD_ it is peaked at Emax/z' An interchange of

e’ and v corresponds to an interchange of SD, and SD_.

[a Ny

For a quantitative discussion [2,7-97] the variables x = 2Ey/mK, y = 2Ee/mK an

z = ZE\)/mK are used. The decay rate of SD is given by

G2 e?m’ sin? @ -
d*w i C 2 _ 2 _ _ 2 _ 2 _ I
dxdy 2873 [IVK faglt -2t A-w s v alt A -9t a-w |
(1a)
2 2 7 _:2
P Ll AR )
SD, 2873 x 60 K~ K
2 2 7 i 2
; ) G° e m, sin GC o a2 (1)
SD_ 28713 x 60 KK ¢

GC is the Cabibbo angle and G is the weak coupling constant.

The kinematical correlation between the e+y angle and the e’ and Y energies
for Kevy decay is shown in Fig. 3a. The intensity distributions for SD, and SD_
(Fig. 3b) show quantitatively what has already been qualitatively outlined above.
Both SD+ and SD_ produce a Y spectrum with an average energy of %@Emax = 165 MeV.

The intensity distribution of IB in the Kevy Dalitz plot is completely different,

as shown in Fig. 3c. Interference terms between SD and IB are negligible.

In view of its small branching ratio [F(SD)/F(Ke3) = 1/3000:|, SD can only be
measured near or above the maximum electron energy of Ke3 decay, which is 228 MeV
(y = 0.92). As the electron spectrum for SD_ is peaked at its end-point energy,

y = 1, about 207% of its electron spectrum can be observed above the Ke3 spectrum.
The separation between the decays Ke2 and SD, can be achieved by detection of the
Y-ray. As the ey angular correlation for SD, is strongly peaked backwards, it is
possible to separate SD+ from the bremsstrahlung tail of Kez’ where the ey angular

correlation is strongly peaked in the forward direction.
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In our experiment we identified SD, events in the kinematical region y > 0.95,
Oey > 140° and x > 0.18, which is indicated in Fig. 3a. Here the fraction of
events from SD_ is suppressed by a factor 400 compared to SD+ and IB is expected

to be three orders of magnitude smaller than SD+.

We also searched for SD_ decay at electron energies below the Ke2 line, sup-
pressing the contribution from the decays Kea and SD, by demanding that no Y was
seen in the region Oey > 140°. As the electron spectrum of SD_ is peaked at
Emax/2 = 123 MeV, the observable fraction of SD, events is much smaller than that

of SD_ decays. The kinematical region used for the search of SD_ decay is also

indicated in Fig. 3a.

We emphasize that our experiment was mainly sensitive to SD+.

APPARATUS

The experimental set-up, shown in Fig. 4, was used for a simultaneous study
of KQB [10:, Kzz [113 and Kevy decays. We mention here only those parts of the
apparatus relevant to the Kevy analysis. Kaons from a low-energy K beam derived
from the external proton beam of the CERN PS [12] are stopped and decay at rest in
the target T. The momentum of the charged decay particies is measured in a magnetic
spectrometer equipped with drift chambers D;-Dg [13] and counter hodoscopes H, A
and B. Electrons are identified by the gas Cerenkov counter G. Opposite to the
spectrometer the lead-glass counter L detects y-rays with Oey > 140°.‘ The crucial

points of the experiment are described below in more detail.

2.1 Target region and K-stop definition

For one stopping kaon, 40 pions passed the target. They were rejected by the
plexiglas Cerenkov counter E, and the slow K' were positively identified by a high

threshold in the hodoscope E.
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The target was made of 6 slabs of plastic scintillator, 0.5 cm thick each,
and was inclined at 30° to the beam axis. Thus the energy loss of the decay par-
ticles in the target was small, whereas 707 of the incoming K" stopped inside the
target. The pulse height was measured in each target slab individually and the
trigger accepted K" as stopped if any target slab showed an amplitude which was
at least four times bigger than that of the passing pions. On the average,
13,000 K" were stopped per PS pulse. The hodoscopes E and H defined the timings

. . + . . . .
of the incoming K and the outgoing decay particle, respectively. .

To separate the decays SD+ and Kea on the basis of the electron momentum, it
is essential that only K" decaying at rest are accepted. In the analysis we obtained .
a pure sample of such events by demanding that either the timing difference between
counters E and H was bigger than 5 nsec ('late decays'") or that the amplitudes in
the target slabs showed the typical rapid increase of the energy loss along the
path of a stopping particle. The corresponding amplitude cuts were derived from
the -amplitude behaviour of the late decays using the abundant number of Kes and Kuz

.. . . . +
events. An additional cut in the amplitude of H rejected all events where the K

stopped in H.

After application of these conditions the fraction of K decays in flight was
less ﬁhan 0.02% of all events. This limit was estimated by comparing the measured
momentum distribution from KU2 decays which occurred during the first 5 nsec after .
a K stop with the one for late decays. The loss of good events owing to the dif-

ferent cuts was less than 157, whereas the reduction of the data was about 357.

The amplitude infermation of the target was also used to determine the slab
in which the stop occurred. By this means, the energy loss of the decay particle

in the target could be determined with a precision of 0.5 MeV.

2.2 Momentum analysis

The spectrometer consisted of a magnet with a bending power of 5 kG °m,

3 drift chambers in front of the pole faces, and 3 drift chambers behind them.
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All chambers allowed the determination of horizontal and vertical coordinates.

The resolution was ¢ = 0.3 mm. The spectrometer covered a solid angle of

Q4T = 1.67.

The momentum of the decay particles was calculated using combinations of three
chambers. If there were several combinations possible, the combination which was
known to give the best resolution for KUZ decays was used. The comparison of the
momenta calculated with different chamber combinations allowed the rejection of

spurious tracks.

For the determination of the over-all momentum resolution, including the energy
loss in the target, the u's of 236 MeV/c from Kuz decay were used, for which a line

with 5 MeV/c FWHM was obtained (Fig. 5).

2.3 Electron identification

The electron identification was based on the Cerenkov counter G, which is

described in detail elsewhere [14].

The counter was filled with isobutane at atmospheric pressure. The Cerenkov
light of the electrons was reflected by an approximately spherical mirror onto an
array of 22 phototubes Philips}56 DVP 03. Electrons were identified by a coinci-
dence of at least 2 phototubes. As a mirror we used an inflated aluminized mylar
foil, 25y thick. Thus the thickness of the counter along the electron path corre-

sponded to 4.3 x 107% radiation lengths.

After suitable timing and pulse-height cuts to reduce the background, the
efficiency of G for electrons was & = 0.89 £ 0.01 and the probability of misiden-
tifying muons from Kuz as electrons was 6 x 107%. This muon contamination was

caused by random coincidences between the counter and Kuz decays and could be sub-

tracted statistically.



2.4 y-ray detection

Y-rays were detected by 3 wedge-shaped lead-glass blocks, each viewed by
3 phototubes 58 AVP. The blocks were stacked vertically as indicated in Fig. 4c.
The thickness of the lead-glass in the direction perpendicular to the beam was
equivalent to 7 radiation lengths. The pulse height was measured for each block
separately and the timing was determined using the mixed signal of all blocks.

The plastic scintillation counter V. vetoed charged particles.

L

The counter was calibrated concurrently to the data taking with 7° from K1T2
and Ke3 decays, for which the charged decay particle was detected in the spectro-
meter. From Ke3 decay, electrons at the upper end of the momentum spectrum were
used only, so that the 7% momentum was known. The observed m° line width was

90% FWHM.

For SD_ events with y > 0.95 the y-detection efficiency was determined by
Monte Carlo calculations, taking into account the combined effect of the energy
cut and of the geometrical acceptance of the counter. The result was

€ (SD.) = 0.92 * 0.04. The method was checked on K_ and K decays.
v+ T2 es3

As the counter was placed very close to the beam axis, it had to sustain a
high counting rate. In the analysis a 12 nsec wide timing gate was introduced to
reduce random background. Because of this cut, events with an associated Yy signal
were lost if the y signal was preceded by a random signal within the acceptance
of the time digitizer. This loss, which was calibrated with Ke3 and K1T2 decays,

reduced the detection efficiency by a factor r = 0.76 + 0.01.

For SD_ candidates an amplitude corresponding to a Yy energy of more than
45 MeV was required in the analysis. Since the average Yy energy is 165 MeV, this

cut was low enough to avoid large uncertainties in the detection efficiency.



2.5 Data taking

The data were taken concurrently for the three decay modes K23 ElO], K22 Ellj
and Kev . The trigger for Ke\)Y decay required a coincidence between the counters H,
G, A, and B within 30 nsec after a K stop, indicating that an electron from K
decay had passed the spectrometer. The Y counter was not included in the trigger.
A fraction (1/256) of all K" decays was registered as a monitor and for calibration

purposes. This sample contained mainly KUZ and an decays.

EVENT ANALYSIS

3.1 K - e+vY (SD+)

From the events registered with the K - evy trigger those were selected which
show a vy signal with E > 45 MeV in coincidence with the electron. Their electron
momentum spectrum is shown in Fig. 6. At lower momenta (p < 230 MeV/c) it is do-
minated by the Ke3 decay. The spectrum expected from Kea decay was calculated
taking into account internal bremsstrahlung, bremsstrahlung gnd Bhabha scattering
in the target, and the measured momentum resolution. Good agreement is obtained
(Fig. 6) with the experimental points below the Ke3 end point at 22? MeV/c. At
higher momenta the data show an excess of events over the calculatgd Ke3 spectrum,

extending up to 250 MeV/c. , .

The further analysis is restricted to the momentum region P, 2 235 MeV/c

(y > 0.95) in which 57 events are contained. Besides Ke decay the following

vy

processes could give rise to ey coincidences in this region of electron momenta:

i) K due to non—-Gaussian tails in the decay resolution or to K" &ecays in flight.
Both effects are taken into account in the calculated Ke3 momentum spectrum,
where the experimentally observed line shape from K.uz decay was inserted. We
expect 4 £ 1 events from Ke3 decay with measured momenta P, 2 235 MeV/c.
Additional evidence for the absence of decayé in flight is given by the decay

time distribution of our sample (Fig. 7), which agrees with‘the'K+ lifetime.
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ii) Ke3 decays where the high momentum positron is due to the 7% either through
a Dalitz pair or through an external pair (m° from KTT2 or Ku3 decays fail to
yield positrons with high enough momenta). Four positrons with
235 MeV/c < p < 250 MeV/c are expected from this source to fall into the solid
angle of the spectrometer. From the decay kinematics it follows that they are
accompanied by nearly antiparallel emitted e’ from the K decay and are there-

fore vetoed by VL'

iii) Ke events with random y signals. This source contributes 1 * 1 events, as
2

calculated from observed Ku2 events with a random y signal.

iv) Kuz events with random signals in both the y counter and the gas Cerenkov
counter. This contribution was evaluated from the timing distributions of

both counters and found to be 2 *+ 1 events.

The total estimated background sums up to 7 + 3 events. We attribute there-
+ + . . . .
fore 50 * 3 events to the decay K - e vy. Since the contribution from SD_ is

< 2 events, as will be shown below, they are essentially due to SD, decay.
This assignment is supported:

+ . . .
i) by the shape of the e momentum spectrum; the dotted curve in Fig. 6, which
is in good agreement with the data, was calculated for §D, kinematics and

normalized to 50 events above p = 235 MeV/c;

ii) by the shape of the pulse-height spectrum of the lead-glass‘counter, shown in
Fig..8a. This shape definitively rules out Ke3 decay and random coincidences
as the origin of these events (cf. Figs. 8b and 8c). The poor energy resolu-
tion of the counter does not allow a positive identification, but the spectrum

is in reasonable agreement with the expected shape from SD, decay.

= + .
We conclude that NSD+ 50 + 3 events from KevY(SD+) have been observed in

this experiment. The number of Kuz decays corresponding to the sample of Ke\)Y
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events was evaluated from the monitor trigger sample to be NKuz = 2.203 x 107 events.

The branching ratio for SD, decays with y > 0.95 is then given by

N
SD+

——— = (3.65 = 0.61) x 1075 .
reYEGNKu2

R(y > 0.95) =
The error comes mainly from the statistical uncertainty of NSD (167), a smaller
+
contribution from eY (4%). The fraction of SD, events with y > 0.95 turns out to
be 0.169 * 0.006, where the errors reflects the uncertainty in the momentum cut.
The branching ratio for SD, decays obtained in this experiment is therefore

F(SD+)

= ———— = (2.16 * 0.37) x 1075 .
P(Kuz)

0 25
1.05r0:30 is given. This yields with the branching

In Ref. 1, P(SD+)/F(Ke2)

ratio from Ref. 11 the combined result of both experiments:

r(sp,)

- -5
T?K;:T (2.28 £+ 0.33) x 10 .

3.2 K > e'vy (SD)

K+ > e+vy decays resulting from the SD_ term were searched for in the electron
energy range 220 £ E_ < 230 MeV by demanding that no y-ray was detected. In this

energy range, y-rays from K., and Ke (SD+) are emitted in opposite direction to

A"
the electron and efficiently detected by the counter L, while y-rays from

Kevy (SD_) miss this counter with large probability (see Figs. 3a and 3b). At
electron energies Ee < 220 Mev, fhe combined effects of the inefficiency of the
counter L and of the rise of the Ke3 spectrum prevent a search for KeVY (sD_). At

electron energies E, > 230 MeV, the Kevy (SD_) electron spectrum has fallen off so

much that there is no hope to separate it from the;Ke2 bremsstrahlung tail and from

misidentified Kuz muons.
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The momentum spectrum of electrons which gave no signal in the Yy counter L is
shown in Fig. 9. The thin line represents the measured spectrum and the heavy
line the spectrum after subtraction of random coincidences of KUZ events and signals
in the gas Cerenkov counter G (see Ref. 1l for details of the background determina-
tion). Between 220 MeV/c and 230 MeV/c, 32 + 1 electrons were observed, the error
being due to the uncertainty in the background.subtraction. There are three con-

tributions expected from sources other than Kevy (sp).

i) Owing to internal bremsstrahlung, external bremsstrahlung, and Bhabha scat-
tering in the target, we expect 14 + 2 electrons from Kez decay, calculated

from the observed number of events above 240 MeV/c.

ii) We expect contributions of > 9 events from Ke3 decay and of 2 2 events from
SD, decay, where the Y's were not seen in the Y counter L. These lower limits
were obtained using values for the inefficiency (1 - €) of the counter L,
which were calculated taking into account only the geometrical acceptance

and the conversion probability: 1 - E(Ke3) = 0.5%, 1 - e(SD+) = 47.

iii) We expect > 7 events from decay in flight of muons from Ku2 decays, where the

muon decayed between the target and the counter G.

These contributions sum up to > 32 events. The observed event rate can there-
fore fully be accounted for by the three processes discussed. For an upper limit

we obtain NSD < 9 events (907 confidence level).

A fraction of 6.4 x 1073 of all e’ from SD_ decay would yield measured momenta
between 220 MeV/c and 230 MeV/c in our apparatus, and at most 617 of these electrons

would be vetoed by a y-signal in the counter L.

For normalization to Ke2 decay we used the high-energy part of the electron
spectrum (Fig. 9), which contains 253 events in the momentum region between 240
and 255 MeV/c. These correspond to 68.4% of the total Ke2 spectrum, taking into
account the radiative tail from internal and external bremsstrahlung [11]. With

the numbers given we obtain the following upper limits at the 90% confidence level:
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P[.Kevy(SD_)]

< 10
F(Kez)
FerWGQ)]
- < 1.6 x 107%.
T'(K - all)

From this number we calculated that the contribution of SD_ to our SD,_ sample is

< 2 events, as mentioned above.

+ -—
3.3 K -» e+vvv

The upper limit for events in the momentum bite 220-230 MeV/c without a y-ray
can also be used to derive an upper limit on the decay mode K+ > e+vv6. Assuming
the electron spectrum given by Bardin, Bilenky and Pontecorvo [15:|, which is nearly

a phase space spectrum, we obtain

'K .. =)
W .33 (907 confidence level)

1-|(Ke2)

TR =)
EWWV' < 6 x 1075 (90Z confidence level).

T'(K -~ all)
On the corresponding muonic decay mode an upper limit

T o)

(K + all)

< 6 x 107 (907 confidence level)

was reported [16]-

CONCLUSIONS

From the branching ratios given in the preceding paragraphs, we obtain the

following results for KevY structure decay:
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r(sp,) = (1172 * 170) sec”!

T(sD_)
———— < 11 (90% confidence level).

r(sn+)

From the measured decay rate F(SD+) we obtain with the aid of Eq. (1b) the value

sin 6, x m x |vK + aK| = 0.0317 + 0.0023 .

The value of the Cabibbo angle derived from the Ke3 decay rate, assuming

f+(0) =1, is sin GC = 0.212. This yields

lvg *+ agl = (0.149 * 0.011) me' .

/v

The result on I'(SD_) can be used to derive limits for the quantity Yg = /g
Using Eqs. (1b) and (lc), we obtain |vK - aK| < V11 x ]vK + aKI. If T invariance

is assumed, this inequality implies
Yg < -1.86 or Yg > -0.54 .

As already pointed out in the Introduction, Vg has been predicted assuming the

*
K (892) meson as intermediate state. The result is Vg

* -
certainty of 20% arising from the relation between K Ky and w’m’y couplings E6J.

= 0.14 x mil, with an un-

Estimates of the ratio Yo based on the assumption of the KA(1240—1400) meson as

intermediate state, yield results between |YK[ = 0.05 and ]YKI = 0.6 [3—6].

Our result is compatible with all these theoretical predictions. The close

numerical agreement of our value for |vK + aKI with the predictions for v, suggests,

K
however, that the structure-dependent Kevy decay is essentially a vector transition

*
dominated by the K (892) meson.

The experimental results resemble those obtained for the corresponding AS = 0

decay m - evy [17,187 which also proceeds mainly by vector coupling.

- ?
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Diagrams contributing to KevY decay.

a) Internal bremsstrahlung. b) Structure decay. c) Structure decay

* . .
with K and KA as intermediate states.

Angular correlation and electron spectrum for a) SD+, b) SD_.

Ke\)Y Dalitz plot. x = ZEY/mK, y = 2Ee/mK'

a) e+y opening angles. The shaded regions indicate the kinematical
regions used for SD+ (y > 0.95) and SD_ (0.89 <y < 0.93) meas-—

urements.

b) Contours for the SD+ term (solid lines) and for the SD_ term

(dashed line).

¢) Contours for inner bremsstrahlung term.

Apparatus. a) Total view. b) Detailed view of target region;

¢) View of target region along the beam axis. K': incoming K" bean.
C: plexiglas Cerenkov counter. E, H, A, B, C: scintillation counter
hodoscopes. T: scintillator target. D;-Dg: drift chambers.

veto scintillation counters.

L: lead-glass yy-counter. V_, V

G:

G: gas Cerenkov counter; the location of its phototubes is denoted

L’

by PM. NalI: 18 Nal counters 17 x 17 X 24 cm®, nine above and nine
below drawing plane. P: 20 lead-glass counters 17 x 17 x 35 cm?®,
ten above and ten below drawing plane. The pole face of the bending

magnet is indicated.
Observed muon line from KUZ decays.

Observed momentum spectrum of electrons with a signal in the Yy counter.
Dashed curve: calculated Ke3 spectrum. Dotted curve: calculated SD,

spectrum. Solid curve: sum of calculated Ke3 and SD+ spectra.



Fig. 7

Fig. 8

Fig. 9
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Observed decay time spectrum of KevY candidates. Dashed line : time
spectrum after correction of loss due to K-stop condition. Smooth

+ . . . .
curve: expected K decay-time distribution.

Measured y-energy spectra. a) KeVY candidates. b) Kea decays
with P > 220 MeV/c. The spike at 240 analogue-to-digital converter
(ADC) channels was produced by events where one of the three ADC

units was set to the overflow channel. ¢) Y signals observed in

random coincidences with Ku decays.
- 2

Momentum spectrum of electrons without a coincident y signal., Thin
histogram: all events. Thick histogram: events after subtraction

of random background. Smooth curve: calculated Kez line.
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