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ABSTRACT

We report on a search f o r the f lavor -changing neutral -
cur rent decays K°|_ •*• Ti°e+e", K \ + e+e" and
K°i_ + ^e*. L imits obtained for these processes
are RR(K°L + ir°e+e-) < 3.2 x i n - 7 , RR(K°L + e+e")
< 1.2 *10~ 9 , BR(K°L + u±e+) < 1.9 x 1 0 " 9 .

The decays K ° L + TT°e+e" and K°|_ + e+e" occur as a

consequerice of strangeness changing neutral currents and are h igh ly

suppressed in the Standard Model . The decay K°|_ + ^e* is

forbidden by lepton generation number conservat ion . The decay

K°|_ + iTQe+e" through one photon exchange is a CP v i o l a t i n g process.

Decays to Tr°e+e~ can proceed through vector or scalar cu r ren ts , whi le

decays to e*e~ are mediated by axial vector or pseudoscalar cu r ren ts .

The decay K+ + ir+e+e" is known to occur1 w i th a branching r a t i o

of (2.7 ± 0.5) x 10" 7 . Theoret ica l est imates2 of the decay ra te for

the CP-conservi ng decay K°s * TT°e+e" range from one-tenth of the

rate for K+ + Tr'*'e+e" to 2.5 times that rate whi le the rate fo r s im i l a r

K ° L + i t°e+e- decays is expected to he reduced by the factor e2 in

the absence of any d i rec t CP-v io la t ing ampl i tude. Theoret ical

est imates2 of the t r a n s i t i o n K°|_ + iroe+e" range from 2 .10" 1 2 to

3 » 1 0 - u . The branching r a t i o fo r a CP-conservi ng decay t r a n s i t i o n
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through two v i r t u a l photons is expected to oe below 1 0 " 1 1 . The decay

K ° L + noe+'e" is then an excel lent window to search for l i g h t scalar

p a r t i c l e s that couple to e+e~. In such searches the K°|_ branching

r a t i o is expected to be about 8.4 times the K+ branching r a t i o to TT+

and a l i g h t s c a l a r , 3 Furthermore, some non-standard models of

CP-invariance v io la t ion 1 * p red ic t branching r a t i os higher than

3 . I t ) " 1 1 . The present 90% confidence level l i m i t 5 f o r th is decay i s

BR(K°L > 7T°e+e-) < 2 .3 .10" 5 .

The decay K ° L + e+e" is suppressed in the standard model w i th

respect to the observed rare decay K°|_ + u
+ i r because of the small

value of nig/m^. The u n i t a r i t y l i m i t 6 for K°|_ + e+e" is

B R ( K ° L + e+e-) > 2.5 x I D " 1 2 . This decay is then p a r t i c u l a r l y

sens i t i ve to new in te rac t ions proceeding through pseudoscalar

cur ren ts . The present l i m i t 7 i s BR(K°j_ + e+e") < 4.5 x 10 " 9 . The

u n i t a r i t y l i m i t fo r K \ + u +
u " is BR(K°L + u+u") > (7.0 + 0*3)

x 1 0 - 9 .

The data fo r th i s study comes from an experiment conducted at

the Brookhaven AGS. The diagram of F ig . 1 shows a schematic

representat ion of the experimental apparatus. A neutral beam,

produced in the forward d i r e c t i o n by the i n t e r a c t i o n of 24 GeV protons

on a copper t a r g e t , passed 7.47 m through vacuum and an 8 Tesla-meter

c lear ing f i e l d , i n to a 2.87 m long decay reg ion . Gamma rays from the

target were attenuated by a 2.5 cm lead beam p l u g . The momenta of the

charged p a r t i c l e s from K-decays were then determined by a magnetic

spectrometer made up of two upstream sets of m i n i - d r i f t chambers w i th

maximum d r i f t distance of 3 mm ( labeled A and B ) , a magnet wi th a

f i e l d i n teg ra l of APt = 220 MeV/c, and two downstream mini d r i f t

chambers ( labe led C and D). The geometrical acceptance was 3.5% for

K \ + e+e~, 3.7% for K°L > u ± u * , and .024°', for K°L + n°e+e-.

The e lect rons were i d e n t i f i e d by a 3 m. long atmospheric

pressure hydrogen Cerenkov counter . Pions wi th energies less than R

"leV were not reg is tered by the Cerenkov Counter. The e lect ron

energies were measured in a lead glass array cons is t ing of 244 blocks



of Schott F2 glass with dimensions of 6.35 cm x 6.35 cm x 46 cm. The

glass blocks were arranged in a 1 m x 1 m array w i th a central 12.7 cm

x 38 cm hole to pass the neutra l beam. The blocks were o p t i c a l l y

i so la ted w i th 50 vm. aluminized mylar. The pho tomu l t i p l i e r bases

employed a va r iab le high vol tage power supply which was connected to

the photocathode and a f ixed high voltage power supply which was

connected to the ninth dynode of a 12 stage tube. This reduced

var ia t ions in gain as a func t ion of beam i n t e n s i t y . Custom b u i l t ADC

modules were used to in tegra te the charge from the lead glass

counters. The signals were in tegra ted for 120 nsec. An " i n - t ime b i t "

was set i f a leading edge above an e f f ec t i ve threshold of 500 MeV

occurred w i t h i n ± 5 nsec. of the t r i g g e r . The pedestals were recorded

at random times during the beam s p i l l . The ADC modules subtracted the

pedestals and only read out channels above a threshold of 70 MeV. We

accepted t y p i c a l l y 8 x 1 0 u protons per AGS pu lse , which generated

approximately 107 counts/m'Vsec. in the de tec to r . The data was

co l lec ted from February to May, 1988.

Four t r i g g e r types were co l l ec ted : ue, ee, y u , and TTTT. A l l

t r i gge rs required d r i f t chamber h i t s on the l e f t and the r igh t of the

neutral beam i n the bend view d r i f t chambers. As defined by the

hardware t r i g g e r , electrons were pa r t i c les that t r iggered the Cerenkov

counter and deposited at least 1.2 GeV in the glass array; p a r t i c l e s

which penetrated a 1.05 m steel f i l t e r were def ined as muons; those

par t i c l es tha t did not ac t i va te the n or e t r i g g e r s but penetrated the

glass ar ray , but not the steel f i l t e r were c l a s s i f i e d as p ions. The

TT-T t r i g g e r was prescaled by a fac to r of 128. A Fastbus processor

aborted events which did not have A, B, and C d r i f t chamber h i t s

compatable w i th two tracks in the bend view which or ig inated in the

iecay volume. However, no o n - l i n e cuts were made to re ject three body

decays. The data acqu is i t ion l i ve t ime was t y p i c a l l y 90*,.

The ee t r i ggers la rge ly der ive from Keg decays such that the

pion energy is above the Cerenkov threshold whi le the ue t r i gge rs were

generated fo r the most part from !<e3 decays where the pion e i t he r



punches through the steel f i l t e r or decays in f l i g h t to a muon that

passes through the f i l t e r . The energy deposited in the lead glass for

electrons from the Ke3 decays was compared w i th the momentum

determined in the magnetic spectrometer to provide an accurate

o f f - l i n e c a l i b r a t i o n of the lead g lass. The lead glass energy

reso lu t ion was determined to be o/E = 11V/E" (E in Ge\M. The reso lu-

t ion was measured to be 7%/,'E when the glass was purchased. We

a t t r i b u t e the d i f ference to rad ia t ion damage. Most of the blocks

appear not iceably yellow compared to new lead g lass . The lead glass

pos i t ion reso lu t ion was measured to be t 6 mm. The e f f i c i ency of the

Cerenkov counter was 93* fo r inbending e lec t rons and 83% for

outbending e lec t rons .

Measurements of the decays K°|_ + rr°TT+ n~ serve to determine a

normal izat ion for the K ° L * Tt°e'he~ decays as wel l as prov id ing a

useful measure of mass reso lu t ions for the t opo log i ca l l y s i m i l a r

TT°e+e" f i n a l s ta tes . The charged tracks were required to pass

requirements on track qua l i t y and distance of closest approach at the

ver tex . Events were re jected i f there were more than two t r a c k s 8

poin t ing to the ver tex. A l l events were required to have at least two

gamma c lus te rs in the lead glass besides the two c lusters associated

with the charged t racks . The gamma c lus te rs were required to be in a

f i duc i a l region which excluded the blocks around the beam ho le . Only

those gamma c lus ters were selected such that greater than 1 GeV was

deposited in the c lus ter and t r s int ime b i t was ac t i va ted . Figure 2a

shows a histogram of the measured YY i nva r i an t mass for such events.

For events w i th more than two gamma c l u s t e r s , a l l YY invar ian t mass

combinations are shown. Only events wi th exact ly one YY combination

wi th in 30 MeV/c2 of the TT° mass were se lec ted . I f the inva r ian t mass

of the YY set w i th in 30 MeV/c2 of the TT° mass is constrained to the TT°

mass, the K-mass is determined to an uncer ta in ty of o = 3.7 MeV/c2.

With th i s resu l t as a normal iza t ion , the mass uncerta inty for the

f ina l s ta te TT°e+e" was ca lcu la ted to be a = 4.4 MeV/c2.



The events are also constrained by the requirement that they

point back to the t a rge t . For otherwise acceptable n°Tt+7T~ events ,

a[d) =• 1 mr, where 9 is the angle between the l i n e from target to the

decay point and the to ta l momentum vector . We require ir^iTir0 events

to be w i t h i n 12.5 MeV/c2 of the K mass and have 92 < 10 mr2 . The

!T+ITITQ e f f e c t i v e mass and e2 d i s t r i b u t i o n s are shown in F igs . 2b and

2c respec t i ve l y . These d i s t r i b u t i o n s are espec ia l l y c lean. No

correct ions have been made fo r backgrounds under the peaks.

The reso lu t ion for e+e" decays is determined from the

k inemat ica l ly s im i la r K ° L + TT+H~ sample. Figure 3a shows the IT+IT"

e f f e c t i v e mass for inbending events. The d i s t r i b u t i o n in a2 is shown

in F i g . 3b. The mass reso lu t ion is 2.3 MeV/c2 fo r inbending events

and 4.0 MeV/c2 for outbending events. The reso lu t ion in e is 0.33

mrad fo r both event samples. We require TT+TT~ events to be w i t h i n

three sigma of the K mass and have 92 < 1.5 mr 2 . However, r a d i a t i v e

e f f e c t s 9 are important for decays to it°e+e" and e+e~. For example 15%

of K°|_ + e+e" decays w i l l have an e+e" e f f e c t i v e mass more than 20

MeV/c2 below the K mass.

Elect ron i d e n t i f i c a t i o n was establ ished o f f - l i n e using the lead

glass i n fo rma t i on . The momentum measured in the magnetic spectrometer

was required to be close to the energy measured in the lead glass

array. The d i s t r i b u t i o n in E/p fo r Ke3 events from ye and ee

t r i gge rs is shown in F ig . 4. The t a i l at large E/p is due to

accidental overlap at high rates and is not seen in low i n t e n s i t y

runs. We requi re E/p > 0.75 f o r e lec t rons . Furthermore, the e lect ron

momentum was required to be below the pi on Cerenkov threshold of A

GeV/c for the TT°e+e" search and the e+e" e f f e c t i v e mass was required

to be greater than 150 MeV/c2 to re ject it0 Dal H z decays. The

momentum asymmetry A = (pm a x - pm in)/(pmax + Pmin) was

required to be less than D.6 fo r the e+e" search. From Monte Carlo

ca lcu la t ions i t was determined that > 97", of e+e" decays sa t i s f y the

momentum asymmetry cons t ra in t .



Figure 5 shows a plot of the e+e~ e f f e c t i v e mass vs. g2 fo r

e+e~ t r i gge rs which sa t i s fy the above c r i t e r i a . We f ind no events

consistent w i th K ° L + e + e" . The nearest event w i th an acceptable 92

i s 25 HeV.'c2 below the K mass. The events below the K mass are

consistent w i th Monte Carlo ca lcu la t ions of Ke3 events wi th the pion

n i s i den t i f ied as an e lec t ron . The normal izat ion fo r K \ + e+e~ is

determined by the number of observed K°|_ + TT+ TT~ decays. A

cor rec t ion of 15% was appl ied to account for background con t r ibu t ions

in mass and 9 2 . The background subtracted data was then f i t as a

funct ion of K energy and decay pos i t ion to determine the K°s

contaminat ion. I t was determined that e f f e c t i v e l y 78% of the n i

decays were due to K°|_. Then using the known TTTT branching r a t i o and

the r a t i o of ee to trn acceptances as determined by Monte Carlo

c a l c u l a t i o n s , the single event s e n s i t i v i t y to K°|_ + e+e~ was

determined to be 7.2 * 1 0 " 1 0 . We then determine the 90% confidence

level l i m i t R R ( K ° L + e+e") < 1.6 x 10" 9 . Combining th i s resu l t wi th

our 1937 l i m i t 7 gives a f i n a l l i m i t BR(K°L * e+e") < 1.2 x 1 0 " 9 .

A p lo t of m(7T°e+e~) vs . g2 is shown in F i g . 6. There were no

TT^e^e" candidate events consis tent with po in t i ng back to the t a r g e t .

Only one of the events in the p lo t survives a more s t r ingent lead

glass cut of .85 < E/p < 1.25. The acceptance of the experiment to

T°e+e~ was ca lcu la ted by Monte Carlo methods as a funct ion of the e+e~

e f fec t i ve mass. The d i leptons were generated i s o t r o p i c a l l y in t h e i r

rest frame. The normal izat ion for ir°e+e~ was determined through an

accounting of the topological l y s im i la r decay K°i_ + TT^TT"". The 901

confidence leve l l im i t s on K°|_ -• TT°e+e" are shown as a funct ion of

e+e~ e f f e c t i v e mass in F ig . 7. For a populat ion of events d i s t r i b u t e d

uniformly in the Dal i tz p l o t , the 90" confidence l i m i t is

BR(K°L * v V e - ) < 1.6 * 1 0 - 7 .

Tur ing an ea r l i e r run in 1937, approximately one t h i r d of the

data was taken without on - l i ne cuts to re jec t 3 body K decays. The

ADC in-tirT,e h i t was not implemented for that run . There was one event



consistent with pointing back to the target (a2 = 0.7 x 10" 6),

However, the ir°e+e" effective mass was only 481 MeV/c2. Furthermore,

this event, which had additional hits in the first two drift chambers,

was consistent with the decay K \ •* TT°TT° with both TT°'S undergoing

Dalitz decay10, b cut was applied to the data to reject events with

extra track stubs8. This cut rejected about \.%% of the normalization

events. After applying this cut, there were no events left in the

region shown in Fig. 6. Combining the results from both runs, the 90%

confidence level limit is BR(K°|_ + n°e+e-) < 3.2 x 10"7.

The constraints of kinematic reconstruction are especially

important in searches for K°|_ + u+u" and ^e* to discriminate

against backgrounds from K°|_ + TTUV and nev with the pion decaying to

or being nisidentified as a muon. For example, if the neutrino is

produced with very little energy in the K rest frame and the muon from

TT decay is directed along the IT trajectory, the dilepton effective

mass equals 489 MeV/c2. However, in this case the transverse momentum

with respect to the target for nearly transverse K decays will be

unbalanced by approximately 9 MeV/c. If the n decays so as to affect

the momentum measurement, the measured dilepton mass can even exceed

the K mass. Then, however, the event will not have an acceptable e2.

We expect similar background distributions in the u ± e* andjj+y"

searches.

The decay K°|_ + u+u~ served co verify our estimation of the

sensitivity of the experiment. Various cuts were applied to reduce

backgrounds. The momentum asymmetry A = (p m a x - pm-jn)/

(Pmax + Pmin) was required to be less than 0.45. 93% of the TT+TT~

events pass this cut. Monte Carlo calculations show that 95" of

j-e* decays would pass this cut. Muons were required to penetrate

at least l.OSm of steel to satisfy the trigger. Furthermore, if the
iriuon stopped in the range stack, the energy obtained from the muon
range was required to be at least 70% of the momentum as measured in

the magnetic spectrometer. From our study of '< 3 events, only 3%



of muons fail this cut. Only inbending events were used in this

analysis.

A scatter plot of u+u" effective mass vs. 92 is shown in Fig.

fla. The distribution of m(u+u~) for events which point back to the

target to within 1.5 mrad2 is shown in Fig. 8b. There is a clear peak

around the K mass. All eight events are within 1.8 a of the K mass.

As stated above, we expect similar background distributions in the ^e

and uu data. Since there are no events in the fiducial region in the

ue sample (see below), we subtract no background from the number of uu

events in the fiducial region. The sensitivity of the experiment to

the decay K°|_ -* u+u" was determined through an accounting of the

kinematically similar decay K0)_ + TT+H". Corrections were made for

the efficiency of the muon trigger counters. Using the known TTTT

branching ratio, it was determined tiiat the single event sensitivity

to K°|_ + u +
u~ was 1.3 x 10"

9. Using the single event sensitivity

and the Particle Data Group world average BR(K°|_ + u+u") = (9.1 ±

1.9) < 10- 9, we would expect to observe 7.0 events, in good agreement

with the eight events in the fiducial region.

The same kinematic and muon identification requirements were

made on the ue triggers. Additional requirements were made on the

electron track. The electron momentum was required to be less than

the pion Cerenkov threshold of 8 GeV/c. Furthermore, the energy as

measured in the lead glass divided by the momentum measured in the

magnetic spectrometer was required to be greater than 0.75. 96% of

electrons satisfy this requirement. A scatter plot of y±e+

effective mass vs. 92 is shown in Fig. 9a. The distribution of m(ue)

for events which point back to the target to within 1.5 mrad2 is shown

in Fig. 9b. There are no events close to the K mass. The closest

event had an effective mass of 489.3 MeV/c2. This is 3.7 a below the

K mass. We then find no events consistent with the decay K°|_ + ue.

The single event sensitivity to the decay K ° L + ue was determined to

be 1.1 x 10" 9. The 901", confidence level limit is then BR(K°L ->• ue)

< 2.6 x 10" 9. Combining this result with our previous limit7 gives a



f ina l result BR(K°L + ue) < 1.9 x 10~9. This l im i t places

constraints on models with exotic gauge bosons: assuming the boson

couples to ue and sd with the universal weak coupling constant, the

mass of such a boson is related to the K°|_ branching rat io by

SR(K°L + ue) - 2.5 * 10"3 (Hx/1 TeV)-*. Our result thus requires

Mx > 34 TeV.
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MeV/c2, and m(Y1Y2e
+

1e
+

2e~1e~2) = 49? f1eV/c2, consistent with the IT0

and KQ masses respectively. The lead glass E/p for the high energy

positron and electron were 1.01 and 1.05 respectively. We calculate

the probabi l i ty of observing a TT°TT0 decay with both ir°'s undergoing

Dalitz decay such that a xYQ+e~ effective mass combination is 480

MeV'c2 or higher is less than 1%.
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b) D i s t r i b u t i o n of u
+ u" e f f e c t i v e mass for events with

92 < 1.5 mrad2 .
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Fig . 9. a) Scatter plot of ^ e
b) Distr ibut ion of ^e

82 < 1.5 mrad2.

ef fect ive mass vs. 92 .
ef fect ive mass for events with


