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ABSTRACT

In an experiment at the Brookbaven National Laboratory AGS

we have studied a number of radiative decays of the K _ (TT TT'Y,
JLI

e e~Y and 'A M-"Y)« The charged particles from these decays were

detected in a 5000 wire proportional chamber spectrometer and the

gammas were detected in a 194 elezent lead glass Cerenkov counter

array.

Preliminary results, based on ~ 25% of our total data sample,

are as follows: The branching ratio K°. •* TITTY (direct)/K°T -* all =
Lt Li

5.5 ± 1.0 x 10" . One example of the previously unobserved decay

K°T •* eey has been found, yielding a branching ratio of 8.3 ± 8.3 x
Xi

10 . No examples of the decays K°. •* iiu,Y, een°, and ti(iTr° were

found, yielding improved upper l i a i t s of K , •* U^Y/K^ "* a^ "̂

1.3 x lo"8, K°T-> eeTT°/K°T -* a l l < 1.4 x 10"5 , K°. -+ |i|J.Tro/Ko
T -• a l l

< 2.5 x 10 with 90% confidence.
*Work supported by the Energy Research and Development Administration.
tpresent address: Fermi National Accelerator Laboratory, Batavia, Illinois 60510.
^Present address: CEN-Saclay, 91190 Pif sur Yvette, France.
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We present preliminary results of an experiment to measure the

rare radiative decays K°L*TT TT"Y, e e'v, and \i+\i~y. The experiment was also

sensitive to certain other rare decay ccde3 such as e ê~ir° and IMI~IT
O.

K°L -» Tr+TT"Y is important as a decay which might exhibit CP violation and

2
as a proving ground for various theories of weak radiative decays. The

decays K _ •+ e e Y and u |A"Y have been suggested as si tes for possible
JU

3 4

anomalous effects and structure , which would manifest themselves as

deviations from the rate and matrix elegants which can otherwise be calculated

reliably given the measured K°L -* YY rate. K°L •* e e"v° and (J. p.~TT° are

important as tests of higher order effects in weak interactions.

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 nsr at an angle of 4.7° to the circulating proton

beam. Eight radiation lengths of uraniua in the beam directly ahead of the

first collimator were used to convert the y rays. Two sweeping magnets

eliminated charged particles in the bean. The beam contained ~ 10 K°T

and ~ 2 x 10 neutrons /pulse. The K° nomentum averaged ~ 6 GeV/c and the

useful 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 MWPC spectrometer

system which has been described previously. With the magnetic field set to give

a transverse momentum kick of 105 MeV/c the system had a mass resolution of 4MeV/c2

for K° L -• TT IT" decays. A hydrogen Cerenkov counter (C) at atmospheric pressure

with 12 independent optical sectors(Ci)f.Ould distinguish electrons from pions at

momenta below 8 GeV^.Muons with momenta greater than 1.5 Ge\£were identified
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o
by their penetration of 780 grams/cm of material (mostly heavy concrete).

To be accepted as a muon, a particle 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 & O i. oasis ted of eight horizontal counters four on

each side of the beam, while the second OOcontained eight vertical counters.

Muons were accepted with > 95% probability, whereas a study of kinematically

unambiguous K T -* TT TT'TT" 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 cm and 6~7;5 x 15.0 x 22.5 en?counters arranged vertically

in 2 rows, each presenting 7.5 cm (2.6r.l.)of lead glass to the beam.

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

o
each presenting 25 cm (8.5 r.l.) to the beam. A 45 x 45 cm hole was left in the

2
center of the front wall and a 30 x 30 cm 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 ADO channel. Short term calibration of

the counter was accomplished by means of an Am 241 doped sodium iodide

crystal glued to the front face of each black, while long term calibration

was provided by position and momentum analyzed electrons from the copious K ,

decays. A 38-element scintillation counter hodoscope (07) placed between the

front and rear walls provided fast timing information on both

charged and neutral particles. The lead glass hodoscope achieved an energy
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E 6 S7resolution of -^ • y^.^y. and a position resolution of a ~ 1.2 cm for

electron and photon showers. Two large lead-liquid scintillator shower

counters (Y t i) flanked the aperture of the upstream face of the analyzing

magnet. These counters, set in anticoincidence, served to reduce the

trigger rate due to K° L -• w TT"TT° decays in which only one Y strikes the

lead glass array.

The electronic triggering requirements were as follow..

All modes: (D)• (Y^-^)• (2 in each spectrometer plane)*(5 3 clusters

in UV lining counters)

»te 3 clusters in the lead glass rear wall).

vnyz (above)•(uu«u „)«C
11 V

eeY :

(above) •(^iH

In addition many runs were taken under special triggering conditions,

e.g. K - and K . runs, runs with the Y__t< switched out, etc. For each event

data from the MHPC's, ADC's, TDC's, latches, etc. were collected via CA.MAC

by a PDP-15 computer which perforaed various monitoring tasks and wrote the

events onto magnetic tape. A fraction of the events were transmitted via

an on-line link to a PDP-10 computer for reconstruction.

Altogether, approximately 2.7 x 10 events ware collected. The present

paper is based on an analysis of ~ 257. of the data. The vast majority of these

were i'°L •* n TT"ITO events, where neither Y from the n° decay struck the Y el«

About 10% of the K° L -* n TT"TT° recorded had both y'a detected in the lead glass.

These were used as a running normalization for the experiment.



Figure 2 shows eh* two-y ca«s spectrua of a sample of tr n"w events.

A clear TT° peak with a resolution of c • 8.7 HeV/c i3 evident. When we

plot the 4 body n T?"*VY effective rats* for events in the n° peak we get

the histogras shown in Figure 3, a virtually background-free K° mass peak

with a resolution of CT - 12 MeV/c2.

Candidates for al l nodes considered in this paper were required to

meet the following criteria; (1) good decay vertex within a fiducial volume

in the vacuua chamber, (2) at lease one £n-tiae Y*P) Y and charged tracks

within a fiducial area at the lead glass array, (4) y and charged track clusters

separated in both lead glass and UV tfaiag counters.

The TTjry candidates also had to satisfy} (1) E *̂* > .2 G«tfc,(2> P02 <-.OO2,

(3) .480 < M{mTv) < .520 CeV/c2, (4) (I - c o s S ^ ) < 0.3 x «T 5 (where

is the angle between the incooiag kaoa direction and the 3-Btoaentua

of the final state), (5) no C. fired,aad (6) neither charged track satisfied

the good u, conditions.

The eev candidates had to satisfy; (I) appropriate Ĉ  and T£ counters

fired, (2) neither charged track satisfied the good v- conditions, (3) each

charged track satisfied ,5 < jyg 6 C*V/c, (4) for each charged track the

ratio (energy deposited in the lead glasjg/tunantua m* measured in the

sp«c!r.:oaster)wa« between 0.7S and 1.25, (5) P02 <-.O02, (6) .480 < H (eey)

< .520 CeV/c2,«» (7) ( i - e * ^ , ^ ) < 0.3 x 10"5.

the cen° candidates had to satisfy aev conditions (1> - (4) above, and

(5) a second y v*» present within the lead glass fiducial area, (6) .105

<M(YY> < .165 CeV/cZ, (7) .480 <M (eew°) < .520 2

< 0.3 x 10"5.



- 5 -

The puy candidates had to satisfy: (1) for each track an appropriate |i and

5iH fired,<2)for each charged track 1.5<PUB<7 GeV/c,(3) no Ct fired, (4)for each

charged track the lead glass pulse height was in the minimum ionizing range,

(6) .480< Hlullll < .520 CeV/c2, and (7) (l-cosS ) < 0.3 x 10"5.

The JSUTT0 candidates htd to satisfy titty conditions (1) - (4) above,

and (5) a second Y was present within the lead glass fiducial area,

(6) .105 <M(YY> < .165 GeV/c2, (7) .480 < Mduin9) < .520,Getf/c2 and(8)<l-cos8 )
rr i l

< 0.3 x 10"5.

The normalization K°L •• 7I+TT"?TO candidates had to satisfy; (1) no Ĉ

fixed,(2) neither charged track satisfied the good-u conditions,(3) a

second in-time y was present within the lead glass fiducial area, (4) All

4 cluster* in the lead glass and in the UV timing counters were distinct,

(5) .105 <K(YY) < .W5 GeV/c2, (6) .460 <M(TT"*TI-YY) < .S35 GeV/c2, and (7)

< ) * 3 * i0"5<

The normalization procedure was as follows. The detection efficiency for

K°, ** IT <.;~ITO decay under the above conditions was calculated by means of a

Monte Carlo prograa. Then the maber of K decays in a given sanple, N,was set

equal to the observed K?j,-*nl'wV/(detection efficiency x BR(K°L-nT+Tr"tT°)). The

t^^rt^'rt0 branching ratio was taken to be 0.1225 . Then for each decay mode, the

detection efficiency was calculated again via the Monte Carlo program, and the

branching ratio was set equal toN-1 x (Nunber of observed events/detection

efficiency) for that mode. This method of normalization has the advantage of being
o

unaffected by uncertainties in the incoming X beam flux, and of being

largely invulnerable to rate effects. Also, particularly in the case of

TITTY, the normalization events are topologically extremely similar to the

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

in this case. One disadvantage of this method in the TITTY, WY> and eey
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cases i s that the K° -• TT TT"TT° events have one more Y than the mode being

nonaalized. This makes the normalization 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 Y anti counters were removed from the trigger. Then the

number of K T •• TT TT~TT° decays in which only 1 Y i s detected can be compared ;'

with the Monte Carlo prediction, made on the basis of the 2Y sample. These

events are almost identical to TTTTY events in their sens i t iv i ty to Y eff iciency,

shower spreading, UV counter efficiency, e t c . The number of single-y

K°T ** TT TT"TT° events agreed with the prediction to within 20%.

Figure 4 shows the mass spectrum for a sample of TITTY candidates in which

a l l of the cuts except that on M(TTTTY) have been imposed. The K T •• Trrry peak
2

i s c lear ly v i s i b l e . The background peak centered around .440 GeV/c i s due

mainly to R , •• TT TT~TT decays in which one of the charged tracks was scattered
Lt

or decayed before the last MWPC. It is evident that: this background is clearly

separable from the TTTTY events. Figure 5 shows the distribution in (l-cos9 n )xlO

of a sample of TITTY candidates passing al l the other cuts. Again a clear peak with

l i t t l e background is evident. Figure 6 shows the distribution in k , the Y c.m.

energy of al l events passing *11 TTTTY cuts. The spectrum falls rapidly as k increases

in a manner consistent with inner-breasstrahlung, and then starts rising again to
2

peak near 100 MeV as would be expected from a CP conserving Ml direct Y emission.

In fact, as shown on the figure, this spectrum is well fit by the sum of the

distributions given by these two matrix elements when they are inserted into

the Monte Carlo program. Unfortunately, the inner bremsstrahlung region (k < 60 MeV)

is partly contaminated by a background due to K°. -» TT TT~ decays in which one

pion interacts in material downstream of the MWPC's (particularly in the



- 7 -

lead g lass front w a l l ) , producing an extra shower in the lead g lass

which i s then mistaken for a photon. I f the TOT mass a l so f luctuates

to the low s ide of the K^mass, the phenomenon can y ie ld an event which w i l l

pass the ttny c u t s . The k d i s t r ibut ion of these events i s expected to be

ratfier l i k e that of true inner-bremsstrahlung mry events . Further work i s

needed to completely resolve the inner-bremsstrahlung sample. In the f i t

shown in Figure 6 these events were assumed to have exact ly the same k

d i s t r i b u t i o n as inner-bremsstrahlung events . F i t s with various other

assumptions were made, and i t became evident that the e f f e c t of even the

most extreme assumptions as to the shape and i n t e n s i t y of th is background had

no more than a 107. e f f e c t on the amount of d i r e c t emission given by the f i t s .
* M 2 . M^Z

This i s because k * =rr^ , and with a TOT mass reso lut ion of
2 m Y o + -

~ 4 MeV/c i t i s near ly impossible for s K , • • H I T induced background to

a f f e c t the region with k > 60 MeV. The mean of t h i £«ts g ives a branching

r a t i o for K° -* TflTy of ~ 5.5 x 10" 4 At the present stage of our ana lys i s we

a t t r ibute aa error of = 1.0 x 10" to th i s f igure , due mainly to uncer ta int i e s

remaining i n the normalizat ion. The s t a t i s t i c a l error on any given f i t i s only

~ ± 0 . 4 x 10" . This number corresponds to about 300 d i r e c t l y emitted TITTY'S
in the present sample. The one previous experiment yielding a positive

K L ~* V

K°T -• a l l

p p p y

result, found K L ~* V ^direct • 6.0 ± 2.0 x 10"5, based on 24 events.

Figure 7 is a plot of (l-cos9eeY) x 10 vs M(eey) for eey candidates

passing all other cuts. One evenr stands out as having an almost perfect mass

and angle for a K£-» eey decay. When the usual cut on anple is made, no

other event is closer than 100 MeV/c from the K^ mass. This absence of an*?

apparent background, and the fact that we know of no significant.background
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process that contributes in this region LeaOs us to accept the event as

the first observed example of the decay K° -* eev* The kinematic
2

characteristics of the event are as follows M • 0.500 GeV/c , l-cos9

0.015 x 10"5((whereas (1-cos9 )» 0.497 x 10"5)), M - 0.320 GeV/c2,

k • 0.147 GeV/c. Although it may seea that the two-electron mass is

rather high in view of the familiar low M peaking in Dalitz decays, in

fact our acceptance is so biased against low e-e mass events that the
2

expected yield is rather flat in M , all the way up to ~ 0.450 GeV/c .
Accepting this event and calculating the acceptance assuming a Kroll-Wada

5 K L "* e + c~Y -6
type matrix element leads to a branching ratio of — - 8.3 i 8.3 x 10

K°. •• all

which is certainly consistent with the prediction of a standard Kroll-Wada
-6

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

4 - 5 events in our total sample.

There are no candidates for K°. -» e e~7T° events. Assuming that the
it

number of events observed, (or unobserved) obeys Foisson statistics we quote

an upper limit for the branching ratio corresponding to the observation

of 2.3 events at the 907. confidence level. Calculating the acceptance

with the assumption of a phase space distribution for the matrix element,
K°T •• e^e'n0 -5we obtain an upper limit '• — ̂  1.4 x 10 . We know of no previous

experimental upper limit for this branching ratio. Potential V> V- y and

\i. ( A T 0 decays are not separated as cleanly from background in our apparatus

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

of accepting a pion as a H is ~ 1 in 25, whereas the probability of accepting

a pion as an e is < 1 in 10 , and because the uuy and pun0 decays are kinemati-

cally much closer to K°. -* IT TT"TT° decays than are the eev and eeir0 modes. We

find one event passing all cuts in both the case of ufiy and of W«T°.

In each case this is consistent with our estimate of the background
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o + «• odue to K T -* rT TT n so that we can claim no evidence for the observation
Li

of these decays. Again, quoting an upper lisiit corresponding to the
K° -» liny _6

observation of 2.3 events at the 907, c.l., we find $ 1.3 x 10
.K°T-» all

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

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

13improvement in the previous upper licit. the branching ratio predicted

by the standard theory is ~ 2 x 10" . Proceeding in a similar manner for
K° L •» H+M.-T

0 ,
Che WITT case we find an upper limit of •$ 2.5 x 10~ at the

L
907. c.l. Here we have used a phase space distribution in the calculation

of the acceptance. This represents a 20-fold reduction in the best-previous
13upper limit for this decay.

In suntaary, with 25£ of our data sample analyzed, we have measured the

branching ratio ** ff ^direct, aad have found the matrix element to be
° 1
L

consistent with a CF-conserving Ml transition. We have observed the first

example of the decay K° L •* e e*v and have established improved upper limits

for the branching ratios of the decays K0^ -» e e"n°, |I+H."Y» and U."V"TT°.
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Figure Captions

1. Layout of the apparatus.

2. M(YY) for a sample of rr TT"YY events

3. M(IT+TT~YY) for events in which .105 < M(YY) < .165 GeV/c2

+ - • -5

4. M(TT IT Y) for a sample of TITTY candidates with (1-COS9TTTTY) < 0.3 x 10 .

5. (l-cos9n )xlO5 for a sample of Trrry candidates with .48 < Mirny< .52 GeV/c .

6. k distribution for s l l events passing the TITTY cuts. A f i t to inner

bremsstrahlung + an Ml direct transition is shown.

7. (l-cos9 ) x 10 vs M(eey) for eey candidates passing a l l other cuts .
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