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Data collected in Fermilab experiment E731 was used to perform the first search for the decay KL-*n°vg. This decay is domi- 
nated by short distance effects and is almost entirely direct CP violating within the standard model. Cuts were developed to reject 
the background processes A--* n n o and KL--, 7t +e- ' /v.  No candidate events were seen. We find B R (KL--, n°v9 ) < 2.2. X 10- 4 at the 
90% confidence level. 

The decay KL--*X°V9 is uniquely well suited to the 
study of direct CP violation within the standard 
model. It is one of four related processes in which a 
kaon decays to a pion and a light lepton pair. These 
are (i) K+--,rc+e÷e- (K~e);  (ii) K + ~ + v ~  ( K ~ ) ;  
(iii) K°--.n°e+e - (I~e~); and (iv) K°~n%9 ( K ~ ) .  
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The first of these, + K .... has been observed [ 1 ] with a 
branching ratio measured to be 2.75 )< 10 -7 .  Unlike 
the other three, this process is dominated by long dis- 
tance effects. 

The branching ratio limit [2 ] for the second pro- 
cess, I~vv, is < 3.4 )< 10- s at the 90% confidence level. 
This decay mode is dominated by short distance ef- 
fects [ 3 ] described by one-loop diagrams involving 
virtual charm or top quarks. The top quark term is 
proportional to the magnitude of the as yet undeter- 
mined Vtd element of the CKM matrix. The standard 
model predicts that the branching fraction for this 
decay will be around 10-~0. 

For the third process, I~ee, the branching ratio [ 4 ] 
is < 3 . 5 ) < 1 0  - 9  for KL and the limit [5] is <4.5)< 
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10- 5 for Ks, at the 90% confidence level. The KL de- 
cay mode has both direct and indirect CP violating 
contributions [ 6 ]. The interesting direct piece is pri- 
marily a short-distance effect which can be fairly re- 
liably calculated. However, this term can be ex- 
tracted from a measurement OfKL--,n°e+e - only after 
the indirect piece has been determined from a mea- 
surement of F(Ks--,n°e+e - ). It will be necessary to 
subtract the CP-conserving amplitude arising from 
the n°7"7 * intermediate state [ 7 ] and measurements 
[8] of KL--,n°'/~, has been made. Experimentally a 
substantial background [ 9 ] from radiative Dalitz de- 
cays, KL-,e+e-'fT, also needs to be subtracted. 

In this paper, we report the results of a search for 
the fourth mode, K°~n°vg. This process has been 
considered theoretically [ 10 ], but because of the for- 
midable experimental difficulties, no search for this 
mode has previously been performed. The major at- 
traction of this mode is its potential for the study of 
direct CP violation in the standard model. There is 
no significant long-distance contribution to KL-, 
n°v9 and, based on existing upper limits for the K~vv 
mode, the amplitude from indirect CP violation is 
negligible compared to direct CP violating effects. The 
dominant, direct CP violating, contribution to the 
decay is proportional to the imaginary part of V~d. In 
the Wolfenstein [ 11 ] parametrization of the CKM 
matrix, V~d =A23( 1 - p - i t / )  and the standard model 
predicts 

BR(KL --, n°v9 ) = 1.5 × 10-~° (M,/100 GeV )2 A4t/2, 

where ,14, is the mass of the top quark. In the standard 
model, the magnitude oft/can be related to the known 
value of e: it is estimated [ 12 ] that t/lies somewhere 
between about 0.1 and 0,6. Based on the value [12] 
A=0.85 +_0.09, and the mass of the top quark deter- 
mined indirectly from LEP data [ 13] to be 157+_40 
GeV/c z, the branching fraction for KL-*n°V9 could 
be as large as 2× 10 -~°. 

The experimental signature for KL ~n°v9 is an ob- 
served single n o with unbalanced transverse momen- 
tum. Two decay modes of the neutral pion, n°-,yy 
and n°-,e+e-y, could be used for detection, each with 
its own experimental difficulties. If the ~'7 final state 
is used, the transverse position of the decay vertex 
within the neutral beam cannot be accurately deter- 
mined, and a very hermetic photon veto system is re- 
quired in order to reject background from KL~2n ° 

decays. Using the e+e-7 final state (Dalitz decays) 
permits the determination of the decay vertex so that 
the invariant mass and transverse momentum of the 
e+e-7 system can be calculated, allowing considera- 
ble background rejection. We have therefore elected 
for this first search to require a Dalitz decay, even 
though the Dalitz decay branching fraction is only 
about ~ of that for n°~'/~ ,. With this technique, we 
found that the most important backgrounds in this 
experiment were due to the decays A~nn°(n°--* 
e+e-y)  and KL~n+e-yv (and its charge conjugate) 
when the pion is misidentified as an electron. It was 
necessary to develop cuts to identify and reject events 
from each of these processes. 

Here we describe briefly the features of the experi- 
mental apparatus relevant to this search. Two neutral 
KL beams (each ½ ×½ mrad z) were created at 4.8 
mrad by 800 GeV protons striking a Be target. One 
of tile two neutral beams hit a regenerator in order to 
produce a Ks flux, but only decays from the other 
(vacuum) beam were used in this search. The trajec- 
tories and momenta of charged particles were recon- 
structed using four drift chambers and an analyzing 
magnet which imparted a horizontal transverse mo- 
mentum (P~) kick of about 200 MeV/c. Each drift 
chamber consisted of two Xplanes and two Yplanes; 
each plane had a resolution of approximately 100 ~tm. 
A roughly circular array of 804 lead glass blocks was 
used to measure the energies and positions of elec- 
trons and photons. Each block measured 5.82 cm by 
5.82 by 60 cm long, this depth being equal to about 
19 radiation lengths. We obtained photon energy and 
position resolutions of a / E -  2.5% + 5%/v/E and ~ 3 
ram, respectively. In the lead glass array, there were 
two 11.6 cm by 11.6 cm beam holes whose centers 
were 11.6 cm above and below the center of the ar- 
ray, through which the neutral beams passed. These 
two beam holes were viewed by a beam hole calorim- 
eter which was about 30 radiation lengths ( 1.3 inter- 
action lengths) long. There were altogether twelve 
planes of photon veto counters at different positions 
in the spectrometer which were used to detect decay 
products outside the chamber and calorimeter accep- 
tances. In this search we used KL decays occurring in 
a region 31 m long. Further characteristics of the E731 
detector have been described elsewhere [ 14 ]. 

The trigger used to collect the events analyzed here 
required two or more charged particles, one each on 
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the left and right sides of the second drift chamber 
( 1.63 m wide× 1.42 m high located about 3 meters 
upstream of the analyzing magnet). It also required 
charged particle hits in opposite quadrants of a scin- 
tillator hodoscope just in front of the lead glass calo- 
rimeter, with some overlap between quadrants near 
the center of the detector. These requirements were 
only rarely satisfied by n ° Dalitz decays since the 
electron-positron pair usually has a very small open- 
ing angle [ 15 ]. 

In the analysis, a signal event candidate is required 
to have two charged tracks and one photon, where a 
photon is defined as an energy cluster in the lead glass 
not matched to either track. Both tracks were identi- 
fied as electrons by the requirement that 0.925< 
E/p< 1.075, where E is the total energy of the calo- 
rimeter cluster matched to the track, and p is the track 
momentum measured in the drift chamber system. 
All three clusters' shapes were required to be consis- 
tent with the shape expected for electromagnetic 
showers. The E/p and shape cuts together gave a n/e 
rejection of about 100 for track momentum in the 
range of 2-20 GeV/c. Radiative K~3(KL-,neTv) 
background events in which the pion was misidenti- 
fied as electron were reconstructed by assuming that 
one of the two tracks was a pion. The neutrino is not 
observed, but using mass and Pt constraints, its mo- 
mentum (and therefore that of the decaying kaon) 
can be calculated up to a two-fold ambiguity in the 
longitudinal component. The cosine of the angle be- 
tween the electron and photon in the kaon center-of- 
mass frame is then calculated based on the assump- 
tion that the smaller oft he two kaon energy solutions 
is correct. The resulting distribution of cosines, shown 
in fig. 1, is not sensitive to this assumption. The dis- 
tribution peaks sharply near + 1 since the photons in 
neyv background events are produced by internal or 
external bremsstrahlung, and so tend to be collinear 
with the electron. Events were rejected if cos 0~> 0.95 
for either possible assignment of one track as an elec- 
tron and the other as a pion. 

The energy of the photon was required to be greater 
than 5 GeV in order to reject the usually softer pho- 
tons which were accidentally coincident with I~3 
events. To reject events with radiative external con- 
version and backgrounds resulting from accidental 
activity, we required 12<M~e<48 MeV/c 2, 
M=~v< 500 MeV/c 2, and P~¢ < 17 MeV/c where Me¢ 
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Fig. 1. The histogram is the distribution of cos 0~ r for events sur- 
viving all other cuts. The peak at + 1 is from radiative K~3 de- 
cays. This background is removed by discarding events with 
cos O~> 0.95. The curve shows the distribution predicted by a 
Monte Carlo simulation of KL--*n°v9 with n°--,e+e-'t .  

and M=e~ are the invariant masses of the assumed ee 
pair and ne~{ system, and p~e is the transverse mo- 
mentum of the ee pair relative to the kaon flight di- 
rection. Although the Mee value for a real n ° Dalitz 
decay could be higher than 48 MeV/c 2, the cut was 
set to further reject the remaining K~3 background 
with the misidentified pion as electron. This misi- 
dentification shifted the reconstructed Me~ invariant 
mass down by the pion mass value, however due to 
the characteristics [ 15 ] of the M,~ distribution of n ° 
Dalitz decay, the signal sensitivity suffers only a small 
loss. These cuts reduced the acceptance by about 8% 
in a Monte Carlo signal simulation while reducing the 
number of events of the data sample by a factor of 
18. 

To normalize the total exposure of the experiment, 
we reconstructed KL--,e+e-~/events from the same 
data sample. Fig. 2 shows the invariant e+e-7 mass 
distribution. Forty-nine events are seen. Based on the 
measured branching ratio for this mode [ 16 ] and the 
Monte Carlo calculated acceptance of 4.75 X t 0-  3, the 
total number of kaon decays to which the detector 
was exposed is about 1.08 × 10 9, This agrees to within 
5% with the result of an independent flux calculation 
based on a sample of about 3.3×105 K L - + n + g  - 

events collected simultaneously. 
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Fig. 2. Distribution of the reconstructed kaon mass for Kc--*e*e-7 
candidates. There are 49 events lying between 480 and 520 MeV/ 
c 2. The width of the gaussian fit is 9.5 MeV/c 2. 

Even though the beam production target was about 
100 meters upstream of the decay volume, some very 
high energy (250-350 GeV) A hyperons produced at 
the target lived long enough to enter the fiducial vol- 
ume. The neutron from the decay A- ,n r~° (~°~  
e+e -7 )  usually went into the beam holes. To reduce 
background from this source, we rejected any event 
in which more than 10 GeV was deposited in the 
beam hole calorimeter• Because sufficient accidental 
activity in the beam hole calorimeter would cause 
good events to be discarded, this cut reduced the ef- 
fective flux by about 5%. The G spectrum of recon- 
structed ~°'s from A - , n ~  ° peaks just below 100 MeV/ 
c, near the kinematic limit of 104 MeV/c  for this de- 
cay. Fig. 3 shows the distribution of reconstructed 
e+e -7  invariant  mass versus P~ after all cuts. The 
empty box in the figure contains the region within 
which we search for KL ~ n°v':' events. The events be- 
low the box are the remaining A~nTt ° ( r t ° - , e+e -7 )  
background. Events outside the sensitivity box but 
away from the rc ° peak are from the small fraction of 
radiative K~3 decays surviving all cuts. 

The search region is de fned  by the cuts 115 < 
M ¢ , <  155 MeV/c z and 140<P~ ~v <240 MeV/c. The 
high limit of p~v is the largest possible Pt of the rt ° 
from KL--,n°v9 could have attained with resolution 
effect (231 MeV/c is the kinematical limit with no 
resolution effect). Fig. 4 shows the distr ibution of re- 
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Fig. 3. Reconstructed e+e-7 invariant mass versus the transverse 
momentum for events surviving all cuts. The box represents the 
n°v9 search region as described in the text. The vertical axis pro- 
jection clearly shows the residual A--,nn ° events. The remaining 
backgrounds are due to radiative IQ 3 decays, and K~3's in acci- 
dental coincidence with photons, both with misidentified pions. 

constructed e + e - 7  invariant  mass versus P~ from 
Monte Carlo simulated data of Ki-- ,~°v~(~ °--* 
e+e -7 )  after all other cuts. Assuming a matrix ele- 

ment  with a pure vector form factor, about 40% of 
KL-~°vg(rc°--*e+e-7) events lie within the defined 
search region (the box shown in fig. 4). Including this 
factor, the Monte Carlo calculated acceptance for 
K L - ~ ° v g ( ~ ° - , e + e - y )  is 8 .2× 10 -4 for kaon ener- 
gies between 20 and 220 GeV and decay vertices be- 
tween 106 and 137 meters downstream of the target. 
We see no events within the search region, and there- 
fore conclude with 90% confidence that the branch- 
ing fraction for the decay KL-~°V9 is less than 
2 .2× 10 -4. 

Searches with far greater sensitivity will be re- 
quired in order to observe this process at the level 

predicted by the standard model. 

This work partially fulfilled the requirements of a 
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Fig. 4. Mon te  Carlo s imulated d is t r ibut ion o f  reconstructed e + e - 7 

invariant mass versus the transverse momentum for events sur- 
viving all cuts. The box represents the n°v9 search region as de- 
scribed in the text. 
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