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ABSTRACT

In an experiment at the Brookhaven National Laboratory AGS
we have studied a mumber of radiative dacays of the KOL (11+T|‘-Y,
e+e-y and ;.'.+p.-y). The charged particles from these decays were
detected in a 5000 wire proportional chamber spectrometex and the
gammas were detected in a 194 elecent lead glass Cerenkov counter

array.
Preliminary results, based oa ~ 257 of our total data sample,

are as follows: The branching ratio KOL i Tmy(direct)/KoL -+ all =

5.5+ 1.0x 10-5. One example of the previously unobserved decay

KOL -+ eey has been found, yielding a branching ratio of 8.3 & 8.3 x

165. No examples of the decays K°L »ouuy, eerr°, and p.p.'rr° were

found, yielding improved upper lizmits of KOL -+ uu:v/lq + all <

1.3 x 166, KOL-* een'°/K°L +all <1l.k x 10'5, K°L - pm'rofKoL -+ all
< 2.5 % 10°% with 90% confidence.
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We present preliminary results of an experiment to measure the

rare radiative decays K“L"n"'rr"y, e+e'*{, and p.+p-.y. The experiment was also
sensitive to certain other rare decay mcdes such as éf"e"ﬁ" and l_,;+u'ﬂ°.

KOL - rr"'rr'y is important as 2z decay wvhich might exhibit CP violation and
as a proving ground for various theories of weak radiative de::ays.2 The
decays KOL - e+e-'v and |.|.+|.L"Y have been suggested as sites for possible
anomalous effect53 and struct:ure"', which would manifest themselves as
deviations from the rate and matrix elecents which can otherwise be calculated
reliab1y5 given the measured KOL -+ vy rate, K°L -+ e+e'rr° and u+p'rr° are
important as tests of higher order effects im weak interactioms.

The experiment was carried out at the Brookhaven National Laboratory
AGS in a neutral beam off the internal G-10 target. Three collimators
defined a solid angle of 18 lJ-Sr at an angle of 4.7° to the circulating proton
beam. Eight radiation lengths of uranium in the beam directly ahead of the
first collimator were used to convert the y rays. Two Sweeping magnets
eliminated charged particles in the bezm, The beam contained ~ 106 KOL
and ~ 2 1.07 neutrons/pulse. The KOL comentum averaged ~ 6 GeV/c¢c and the
uséful spectrum extended from 2 to 16 GeV/c.

The experimental arrangement is shown in Figure 1. The neutral beam
passed through a veto counter (D) and into a 6m vacuum decay tank. Charged
products of the decays were detected in a 3-chamber 5000 wire MWEC spectrometer
system which has been described previously.7 With the magnetic field set to give
a transverse momentumkick of 105 MeV/c the system had a mass resolution of 4MeV/c2
for KOL nd Tr+1'r" decays., A hydrogen Cerenkov counter (C)} at atmospheric pressure

with 12 independent optical sectors (Ci)r:ould distinguish electrons from pions at

momenta below 8 GeVi, Muons with momeata greater than 1.5 Gelwere identified
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by their penetration of 780 g):ams/c::v.2 of material (mostly heavy concrete).

To be accepted as a muon, ap;rﬁ.cle had to fire the appropriate scintillator
in each of two hodoscopes, one placed after 600 gms, and the other after the full
780 gms. The first hodoscope (u.H) vonsisted of eight horizontal counters four on
each side of the beam, while the second (p.v)contained eight vertical counters.
Muons were accepted with > 957 probability,7 waereas a study of kinematically
unambiguous KoL + mhyeno decays demonstrated that only ~ 4% of pions satisfied
these conditions. .

Photons were detected in a 194-element lead glass Cerenkov counter
array. The array was divided into 2 hodoscopes. The front wall consisted of 32-
7.5 x 15.0 x 45.0 cu? and 6-7.5 x 15.0 x 22.5 cuf counters arranged vertically
in 2 rows, each presenting 7.5 cm (2.6r.1.)of lead glass to the beam.

The rear wall consisted of an 8 x 20 array of 15.0 x 15.0 x 25 cm3 counters,

each presenting 25 cm (8.5 r.l.) to the beam. A 45 x lx-5.<:rn2 hole was left in the

center of the front wall and a 30 x 30 cm2 hole was left in the center of the

rear wall to allow passage of the beam. Analogue information from each
counter was gated Into a separate AD\ channel. Short term calibration of
the counter was accomplished by means of an Am 241 doped sodium iodide
érystal glued to the front face of each btlock, while long term calibration
was provided by position and momentunm amalyzed electroms from the copious Ke3
decays., A 38-element scintillation counter hodoscope (UV) placed between the
front and rear walls provided fast timing information on both

charged and neutral particles. The lead glass hodoscope achieved an energy

crmpveac -



g
resolution of = 7;?%“) and a position resolution of g~ 1.2 cm for
electron and phor.on showers. Two large lead-liquid scintillator shower

counters (¥ ant 1) flanked the aperture of the upstream face of the analyzing

magnet. These counters, set in anticoincidente, served to reduce the
o

trigger rate due to KOL “+ 7 1'{.ﬂ° decays in vhich only one y strikes the

lead glass array.

The electronic triggering requiremeats were as follows.

All modes: (D) (Y i) (2 in each spectrometer plane)«(> 3 clusters
in UV timing counters)

«(» 3 clusters in the lead glass rear wall).
mrYy: {(above) * (l.';;-i;) vy
eey : (above) . (C iTi) (A 5 j)
HWY : (sbove) * (22,0 ° (22 )

In addition many runs were taken under special trigzering conditions,
€.8. Ke3 and K 3 runs, runs with the Yanti switchal out, etc, For each event
data from the MWPC's, ADC's, TDC's, latches, etc. were collected via CAMAC
by a PDP-15 computer vhich performed various monitoring tasks and wrote the
events onto magnetfc tape. A fraction of the events were tra.-mitted wia
an on-line link to a PDP-10 computer for reconstruction.

Altogether, approximately 2.7 x 107 events ware collected. The present
praper is based on an analysis of ~ 257 of the data., The vast majority of these
were !f°L b n+ﬂ'ﬂ° events, where neither y froa the n° decay struck the Yanl:i.'
About 10% of the KOL - 7nn® recorded had both y's detected in the lead glass.

These were used as a running normalization for the experiment,



Figure 2 shows the two-y cass spectrun of a sample of ﬂ"'n'w events.
A clear n° peak with & resolution of & = 8,7 He\'lcz is evident. then we
plot the 4 body n"’n'w effective rass for events in the n° pesk we get
the histogran shown in Figure 3, a virtually background-free K° mass peak
with a resolution of ¢ = 12 NeV/cZ,
Candidaces for sll mcdes considered in this paper were required to
meet the following criteria; (1) good decay vertex within a fiducial volume
in the vacuun chamber, (2) at least ome in-time v,(3) v and charged tracks
within a fiducial sres at the lead glass array, (4) vy and charged track clusters
separated in both lesd glass and UV tining counters.
The Ty candidates also had to satisfy; (1) Bf:u > .2 c.v/r?,(z; 1’029<-.002.
(3) 480 <H(mMY) < .520 Gev/e?, (5) (1 - cosl ) <0.3 % 107" (vhere
) is the angle betwsen the inconing kaon direction and the 3-mosmencun

Ty
of the final scata), (5} no C N fired, and (6) neither charged track satisfied

the good 1 conditions.

The sey candidstes had to satisfy; (1} appropriate Ci and 'ri counters
fired, (2) neichar charged track satisfied the good 4 conditions, (3) each
charged track satisfied .5 < ‘hﬁ 8 CcaV/c, (4) for each charged track the
ratio (energy deposited in the lead glasg/facmentun as measuzed in the
speciicueter)vwas batween 0.75 and .25, (5) POZ <-,002, (6) 480 <M (eey)

< 1520 Gev/c?,me () (1-cosd ) < 0.3 x 107>,

The een® candidates had to satisfy eevy conditions (1) - {4) above, and
(5) a secord ¥ was present within the lead glass fiducial ares, (6} .105
<HOYY) < o165 Gev/e2, (7) 48D <M (uen®) < .520 Gev/e?,md B(1-cosd o

< 0.3 x 1077,
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The uuy candidates had to satisfy: (1) for each track an appropriate By and

fired, (2)for each charged track 1.5<pm<7 GeV/c,(3) no C i fired, (4)for each

*H
chargzed track the lecad glass pulse hefght was in the minimum ionizing range,
2 -5
. <. - <0. -
(6) .480< HNI-? 520 GeV/c“, and (7) .(l cosamy) 0.3 x10

The 1un° candidates hed to satisfy puy conditions (1) - (4) above,
and (5) a second y was present within the lead glass fiducial area,
(6) .105 < M(yy) < .165 cevlcz. (7) .480 < M(upr®) < .520,(;eW¢:2 and(8) (l-coseww)
< 0.3 x 107,
The normalization KOL + 712 candidates had to satisfy; (1) no C,
£ired, (2) neither charged track socisfied the good-p conditioms, (3) a
second in-time Yy was present within the lead glass fiducial area, (4) All
4 clusters in the lead glass and fn the UV timing countera were distinct,
(5) .105 < M(yy) < .165 Gevlcz, (6) .460 <H(ﬂ+ﬂ'w) < ,535 ch/cz, and (7)
(1- cosd__ ) <0.3 x 107,

mryy
The normalizaticon procedure was as follows. The detection efficiency for

&% - a'i:n® decay under the above conditions was calculated by means of a

L
Yonte Carlo prograa. Thes tha mumber of K decays in a given saople, N,was set
sgusl to the observed K°L-m""rr'n"/ (decection efficiency x BR(K°L-Vn+n°n°) ). The

K° ot n® branching ratio was taken to be 0.122510'. Then for esch decay mode, the

L
detection efficiency was calculated again via the Monte Carlo program, and the
branching ratio was set equal to N~1 x (Number of observed events/detection
efficiency) for that mode. This method of normalization has the advantage of being
unaffected by uncertainties in the incoming Knbem £flux, and of being
largely invulnerable to rate effects, Also, particularly in the case of
mry, the normalization events are topologically extremely similar to the

decay mode being measured. Counter inefficiencies, etc. tend to cancel

in this case. One disadvantage °f this method In the mmy, ppy, and eey
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cases is that the KOL -+ n+rr-rr° events have one more ¥ than the mode being
nornalized, This makes the noFmalization more sensitive to uncertainties
in the y efficiency, and the probability of shower spreading. In order to
assess the Monte Carlo program in this respect we took a number of special
runs in which the ¥ anti counters were removed from the trigger. Then the

number of K°, - 11+11-rr° decays in which only 1 vy is detected can be compared

L
with the Monte Carlo prediction, made on the basis of the 2y sample. These
ayents are almost identical to Ty events in their sensitivity to y efficiency,
shower spreading, UV counter efficiency, etc. The number of single~y

K, - i n® events agreed with the prediction to within 207%.

L

Figure 4 shows the mass spectrum for a sample of My candidates in which
all of the cuts except that o;x M{@TTy) have been imposed. The KOL -+ Ty peak
is clearly visible. The background peak centered around .440 Gevlt:2 is due
mainly to KOL - 7 n® decays in which one of the charged tracks was scattered
or decayed before the last MWPC. It is evident that this background is clearly
separable from the Ty events. Figure 5 shows the distribution in (].-coserm,y)xlo5
of a sample of my candidates passing all the other cuts. Again a clear peak with
1icttle background is evident, Figure 6 shows the distribution in k*, the y c.m.
energy of all events pessing all Ty cnuts, The spectrum falls rapidly as k* increases
in a manner consistent with inner-breasstrahlung, and then starts rising again to
peak near 100 MeV as would be expected from a GP conserving M1 direct Y emission.
In £fact, as shown on the figure, this spectrum is well fitu by the sum of the
distributions given by these two matrix elements when they are inserted into
the Monte Carlo program. Unfortunately, the inner bremsstrshlung region (k*< 60 MeV)
is partly contaminated by a background due to KOI. - nhn” decays in which one

pion interacts in material dowmstream of the MWPC's (particularly in the
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lead glass frout wall), producing an extra shower in the lead glass

which is then mistaken for a photon, If the T mass also fluctuates

to the low side of the K% mass, the phenomenon can yield an event which will
pass the mmy cuts., The k* distribution of these events is expected to be
rather like that of true inner-bremsstrahlung Ty events, Furthe;: work i.'s
needed to completely resolve thé inner-bremsstrahlung sample. In the fit
shown in Figure 6 these evenis were assumed to have exactly the same k*
distribution as inner-bremsstrahlung events. Fits with various other
assunptions were made, and it became evident that the effect of even the
most extreme assumptions as to the shape and intensity of this background had

no more than a 107 effect on the gmount of direct emission given by the fits,

M M
* TV - T
This is because k = ——zjl———— , and with a 7T mass resolution of
Y
o +

~ 4 HeV/t:2 it is nearly impossible for a K L - w1 induced background to
%*
affect the region with k > 60 MeV. The mean of thc £fts gives a branching

ratio for K°, + mry of ~ 5.5 x 10, At the present stage of our analysis we

L
attribute an error of = 1.0 x 10'5 to this figure, due mainly to uncertainties

remaining in the normalization., The statistical error on any given fit is only
~ % 0.4 x 10-5.. This number corresponds to about 300 directly emitted nmy's
in the present sample. The one previous experiment yielding a positive

o -+ - 12
result, found K L S "Wdirect =6,0+ 2,0x 10 5, based on 24 events,

K% = all
Figure 7 is a plot of (l-coseew) x 105 vs M(eey) for eey candidates
passing all other cuts. One event stands out as having an almost perfect mass
and angle for a Kz-’ eey decay. When the usual cut on angle is made, no
other event is closer than 100 Mevlt.:2 from the KOI. mass. This absence of any

apparent background, and the fact that we know of no significant background



process that contributes in this region leads us to accept the event as

the first observed example of the decay K°L -+ eey. The kinematic

- 2 =
0.500 GeV/c“, 1 cosSee

characteristics of the event are as follows Mee ¥

Y
0.015 x 107> ((whereas (1-cos® )= 0.497 x 1079),m__ = 0.320 Gev/c?,

k* = 0,147 GeV/c. Although it may seen that the two-electron mass is
rvather high in view of the familiar low }Ie e peaking in Dalitz decays, in
fact our acceptance is so biased against low e-e mass events that the
expected yield is rather flat ian Mee' all the way up to ~ 0,450 Gevlcz.
Accepting this event and calculating the accep:anceoassuming a Kroll-Wada

K%, -+ ete"y -6
=8.3+£8.3x10

type matrix elements leads to a branching ratio of p
K L -+ all
which is certainly consistent with the prediction of a standard Kroll-Wada

type calculation, 7.8 x 10-6. Given this branching ratio we should see

4 - 5 events in our total sample.
There are no candidates for K°L - e+e°ﬂ° events. Assuming that the

number of events obsarved, (or unobserved) obeys Poisson statistics we quote

an upper limit for the branching ratio corresponding to the observation
of 2,3 events at the 90% confidence level. Calculating the acceptance

with the assumption of a phase space distribution for the matrix elenent,
o + -
we obtain an upper limic l(;\»__*_e_e_g" €14 x10 5. We know of no previous
Ky -+ all
experimental upper limit for this brarching ratio. Potential u+|.l-"y and

P-+[!:.‘IT° decays are not separated as cleanly from background in our appai:al:us

as 'are the corresponding electron decays. This is because the probability

of accepting a pion as a u is ~ 1 in 25, whereas the probability of accepting
apion as an e is <1 in 105, and because the upy and m&ﬂ° decays are kinemati-
cally much closer to KOL + whn O decays than are the eey and een® modes. We
find one event passing all cuts in both the case of pty and of pur®,

In each case this is consistent with our estimate of the background
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o - .
due to K L i n'+n 7° so that we can claim no evidence for the observation

of these decays. Again, quoting an upper limit corresponding to the

KO * Wiy .
L S1.3x106

observation of 2.3 events at the 907 c.l., we find

4 KOL"‘ all

where we have used a Kroll-Wada type matrix element in the Monte Carlo

calculation of the piy acceptance. This is approximately a 5-fold

improvement in the previous upper 1:’.::1(:.13 The branching ratio predicted

by the standard theorys is ~2 x 10'7. Proceeding in a similar manner for

-+ o 6

the upn® case we find an upper 1limit of ———§2.5% 10°
K L -* 811

90% c.l. Here we have used a phase space distribution in the calculation

at the

of the acceptance., This rzepresents a 20-fold reduction in the best-previous

upper limit for this decay.]'3

In sumary, with 25% of our data sample analyzed, we have measured the

+ -
branching ratio _K_ol-x":_“ﬂdirecc, and have found the matrix element to be
- all

consistent with a CP-conserving M1 transition. We have observed the first
exzmple of the decay KoL -+ e+e'y and have established improved upper limits

for the branching ratios of the decays KOL -+ e+e'rr°, u.+y."~(, and u.+u."n°.
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Figure Captions

Layout of the apparatus,

M{Yyy) for a sample of 1'r+n-W events

M(TT+1'|‘-W) for events in which .105 < M{yy) < .165 GeV/t:2

M(rr"}r'y) for a sample of Tmy candidates with (l-cosbmmy) < 0.3 x 107>,
(1'COSBW‘W)X105 for a sample of =Ty candidates with .48 < My < .52 GeV/cz.
k* distribution foi =211 events passing the nmy cuts. A fit to imner
bremsstralilung + an M1l direct transition is showm.

(l-cosseeY) X 105 vs M(eey) for eey candidates passing all other cuts.
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