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ARSTRACT

We report on a search for the flavor-changing neutral-
current decays k% «» nlete-, K% + efe- and

K% =+ u¥e®. Limits obtained for these processes

are RR(k% + xle*e-) < 3.2 x 10-7, RR(KO » ee")

< 1.2 %1072, BR(X% » y*e®) < 1.9 x 10-9,

The decays k% » rle*e~ and KO =+ a*e= occur as a

consequence of strangeness changing neutral currents and are highly
suppressed in the Standard Model. The decay K% =+ y*e¥ is
forbidden by lepton generation number conservation. The decay
KDL » r"efe~ through one photon exchange is a CP violating process.
Decays to nlete~ can proceed through vector or scalar currents, while
decays to e%e” are mediated by axial vector or pseudascalar currents,

The decay K* » ntete~ is known to occur! with a branching ratio
of (2.7 £ 0.5) x 10-7. Theoretical estimates? of the decay rate for
the CP-conserving decay K°5 ~ nlete- range from one-tenth of the
rate for K* + gYete- to 2.5 times that rate while the rate for similar
K7 + n?e*e~ decays is expected to be raduced by the factor &2 in
the absence of any direct CP-viglating amplitude. Theoretical
astimates® of the transition K% =+ r’e*e~ range from 2.10-12 to

3.10-'1,  The branching ratio for a CP-conserving decay transition
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through two virtual photons is expected to oe below 10-!l, The decay
KOL + gle*e- is then an excelient window to search for light scalar
particles that couple to e*e=. In such searches the KOL branching
ratio is expected to be about 8.4 times the K* branching ratio to o*
and a lignt scalar.3 Furthermore, some non-standard models of
CP-invariance violation“ predict branching ratios higher than
3.10-'1, The present 90% confidence level 1imit> for this decay is
BR(K? =+ wlete) < 2.3.10-5,

The decay K% » e*e~ is suppressed in the standard model with
raspect to the observed rare decay KOL > utu- because of the small
value of mg/m. The unitarity 1imit® for KO » e*e- is
BR(K®_ » e*e=) > 2.5 x 10-!'2, This decay is then particularly
sensitive to new interactions proceeding through pseudoscalar
currents. The preseat limit” is BR(KD + e*e=) < 4.5 x 10-9. The
unitarity limit for KO » p*y= is BR(KO » y*u™) > (7.0 = 0,3)

x 10-9,

The data for this study comes from an experiment conducted at
the Brookhaven AGS. The diagram of Fig. 1 shows a schematic
reprasentation of the experimental avparatus. A neutral beam,
produced in the forward direction by the interaction of 24 GeV protons
on a copper target, passed 7.47 m through vacuum and an 8 Tesla-meter
clearing field, into a 2.87 m long decay region. Gamma rays from the
target were attenuated by a 2.5 cm lead beam plug. The momenta of the
charged particles from K-decays were then determined by a magnetic
spectrometer made up of two upstream sets of mini-drift chambers with
maximum drift distance of 3 mm (labeled A and B), a magnet with a
field integral of apt = 220 MeV/c, and two downstream minidrift
chambers (labeled C and D). The geometrical acceptance was 3.5% for
K7« e*e~, 3.7% for KO » yu¥, and .N24% for K9 » rlete-.

The electrons were identified by a 3 m, long atmospheric
pressure hydrogen Cerenkov counter. Pions with energies less than 3
eV were not registered by the Cerenkov cuunter. The electron

anergies were measured in a lead glass array consisting 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 with a central 12,7 cm
« 38 cm hole to pass the neutral beam., The blocks were opticaily
jsolated with 50 ym. aluminized mylar. The photomultiplier bases
employed a variable high voltage power supply which was connected *o
the photocathode and a fixed high voltage power supply which was
connected to the ninth dynode of a 12 stage tube. This reduced
variations in gain as a function of beam intensity. Custom built ADC
modules were used to integrate the charge from the lead glass
counters. The signals were integrated for 120 nsec. An "in-time bit"
was set if a leading edge above an effective threshold of 500 MeV
occurred within £ 5 nsec. of the trigger. The pedestals were recorded
at random times during the beam spill. The ADC modules subtracted the
pedestals and only read out channels abave a threshold of 70 MeV, We
accepted typically 8 x 10! protons per AGS pulse, which generated
appreximately 107 counts/m?/sec. in the detector. The data was
collected from February to May, 1988,

Four trigger types were collected: ,e, ee, uy, and py. All
triggers required drift chamber hits on the left and the right of the
neutral beam in the hend view drift chambers. As defined by the
hardware trigger, electrons were particles that triggered the Cerenkov
counter and deposited at least 1.2 GeV in the glass array; particles
which penetrated a 1.05 m steel filter were defined as muons; those
particles that did not activate the y or e triggers but penetrated the
glass array, but not the steel filter were classified as pions. The
mr trigger was prescaled by a factor of 123, A Fastbus processor
aborted events which did nct have A, B, and C drift chamber hits
compatable with two tracks in the bend view which originated in the
leray volume, However, no on-line cuts were made to reject three body
decays. The data acquisition livetime was typically 90%,

The ee triggers largely derive from Key decays such that the
pion energy is above the Cerenkov thresnold while the e triggers were

generated for the most part from X, decays where the pion either



punches through the steel filter or decays in flight to a muon that
passes through the filter. The energy deposited in the lead glass for
electrons from the Kgy decays was compared with the momentum
determined in the magnetic spectrometer to provide an accurate

of f-line calibration of the lead glass. The lead glass energy
resolution was determined to be o/E = 11%//E (E in GeV)., The resolu-
tion was measured to be 7%/vE when the glass was purchased. We
attribute the difference to radiation damage. Most of the blocks
appear noticeably yellow compared to new lead glass. The lead glass
position resalution was measured to be + 6 mm, The efficiency of the
Cerenkov counter was 93% for inbending electrons and 83% for
outbending electrons.

Measurements of the decays K’ + »lx*n~ serve to determine a
normalization for the KOL + nete~ decays as well as providing a
useful measure of mass resolutions for the topclogically similar
rla*e~ final states. The charged tracks were required to pass
requirements on track quality and distance of closest approach at the
vertex. Events were rejected if there were more than two tracks®
pointing to the vertex. All events were required to have at least two
gamma clusters in the lead glass besides the two clusters associated
with the charged tracks. The gamma clusters were required to be in a
fiducial region which excluded the biocks around the beam hole, Only
tnose gamma clusters were selected such that greater than 1 GeV was
deposited in the cluster and tr2 intime bit was activated. Figure 2a
shows a histogram of the measured yy invariant mass for such events.
ror avents with more than two gamma clusters, all yy invariant mass
cnmbinations are shown, Only events with exactly one yy combination
within 30 MeV/c? of the n0 mass were selected. [f the invariant mass
of the yy set within 30 MeV/c? of the =° mass is constrained to the n?
mass, the K-mass is determined to an uncertainty of ¢ = 3.7 MeV/c?,
dith this result as a normalization, the mass tincertainty for the

final state «Ye*e~ was calculated to be g = 4.4 MeV/c2,



The avents are also constrained by the requirement that they
point back to the target. For otherwise acceptable %rF 1= events,
g(8) = 1 mr, where 3 is the angle between the line from target to the
decay point and the total momentum vector. We require s*n n® events
to be within 12,5 MeV/c? of the K mass and have 82 < 10 mr2, The
rtaond effective mass and 82 distributions are shown in Figs. 2b and
2¢c respectively. These distributions are especially clean., No
corrections have been made for backgrounds under the peaks,

The resolution for eTe= decays is determined from the
kinematically similar K% =« x*n~ sample. Figure 3a shows the -ty
effective mass for inbending events. The distribution in 82 is shown
in Fig. 3b. The mass resolution is 2,3 MeV/c? for inbending events
and 4.0 MeV/c? for outbending events. The resolution in g is 0.33
mrad for both event samples. We require n*x~ events to be within
three sigma of the K mass and have 82 < 1.5 mr2. However, radiative
effects?® are important for decays to rle*e- and ete~. For example 15%
of X% » e*e~ decays will have an e*e- effective mass more than 20
MeV/c? below the K mass.

Electron identification was established off-line using the lead
glass information. The momentum measured in the magnetic spectrometer
was required to be close to the energy measured in the lead glass
array. The distribution in E/p for Ke3 events from pe and ee
triggers is shown in Fig. 4., The tail at large E/p is due to
accidental overlap at high rates and is not seen in low intensity
runs. We require E/p > 0.75 for electrons, Furthermore, the electron
momentum was required to be below the pion Cerenkov threshold of R
GeV/c for the nle*e- search and the ete~ effective mass was required
to be greater than 150 MeV/c? to reject »° Dalitz decays. The
momentum asymmetry A = (pmax - pminl)/(Pmax * Pmin) was
required to be less than N,6 for the e*e- search. From Monte Carlo
calculations it was determined that > 97% of ete- decays satisfy the
momentum asymmetry constraint.



Figure 5§ shows a plot of the ete- effective mass vs. 52 for
efe- triggers which satisfy the above criteria. We find no events
consistent with K9 » e*e=. The nearest event with an acceptahble g2
is 25 MeV/c? below the K mass. The events below the K mass are
consistent with Monte Carlo calculations of Kg3 events with the pion
misidentified as an elactron., The normalization for KOL + ete~ is
determined by the numper of observed kKO + ntn~ decays. A
correction of 15% was applied to account for background contributions
in mass and 82, The background subtracted data was then fit as a
function of K energy and decay position to determine the K'g
contamination., [t was determined that effectively 78% of the nx=n
decays were due to KOL. Then using the known nw branching ratio and
the ratio of =2e to nn acceptances as determined by Monte Carlo
calculations, the single event sensitivity to K°L + ete” was
determined to be 7.2 x 10-'0, We then determine the 90% confidence
level limit BR(KO « ete~) < 1.6 x 102, Combining this result with
our 1987 limit” gives a final limit BR(K? + ete-) < 1.2 x 10-9,

A plot of m{n%%*e=) vs. 5% is shown in Fig. 6. There were no
r’a*e~ candidate events consistent with pointing back to the target.
Only one of the events in the plot survives a more stringent lead
glass cut of .35 < E/p < 1.25. The acceptance of the experiment to
+7ete~ was calculated by Monte Carlo methods as a function of the ete-
effective mass. The dileptons were generated isotropically in their
rest frame. The normalization for nle*e- was determined through an
accounting of the topologically similar decay K% + #%+*n=. The 90%
confidence level limits on K7 « «le*e- are shown as a function of
e'e- effective mass in Fig. 7. For a population of events distributed
uniformly in the Daiitz plot, the 9N% confidence limit is
BRI > nlee") < 3.6 x 10-7,

Quring ar earlier run in 1987, approximately one third of the
1ita was taken without on-line cuts to reject 3 body K decays. The

ANC in-time hit was not implamentad far that run, There was one event



consistent with painting back to the target (a2 = 0.7 x 10-%),
However, the nle*e- effective mass was only 431 MeV/c?, Furthermore,
this event, which had additional hits in the first two drift chambers,
was consistent with the decay K% =+ % with both ¢%'s undergaing
Dalitz decay!®, A cut was applied to the data to reject events with
extra track stubs®, This cut rejected about 1.5% of the normalization
avents, 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® .+ xlete~) < 3.2 x 10-7,

The constraints of kinematic reconstruction are especially
important in searches for K% « "y~ and y*e¥ to discriminate
against backgrounds from KOL + myv and 7ev with the pion decaying to
or being misidentified as a muon. For example, if the neutrino is
produced with very little energy in the K rest frame and the muon from
= decay is directed along the r 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 ¢ decays so as to affect
the momentum measurement, the measured dilepton mass can even exceaed
the K mass. Then, however, the event will not have an acceptable 82,
Je expect similar background distributions in the p*e® andy*y-
searches.

The decay KOL + uTu~ served to verify our estimation of the
sensitivity of the experiment. Various cuts were applied to reduce
backgrounds. The momentum asymmetry A = (Pmax - Pmin)/

{Pmax * Pmin) was required to be less than 0.45, 93% of the n¥q"
events pass this cut. Monte Carlo calculations show that 95% of
17e* decays would pass this cut. Muons were required to penetrate
at least 1.05m of steel to satisfy the trigger. Furthermore, if the
muon stopped in the range stack, the energy obtained from the muon
ringe was required to be at least 70% of the momentum as measured in

“"e magnetic spectrameter, From our study of K,3 events, only 3%



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

A scatter plot of ptu~ effective mass vs. 82 is shown in Fig,
Ra. The distribution of m{uy*y-) for events which point back to the
target to within 1.5 mrad? is shown in Fig. 8b. There is a clear peak
around the K mass. All eight events are within 1.8 g of the K mass.
As stated above, we expect similar background distributions in the e
and yy data. Since there are no events in the fiducial region in the
ue sample (see below), we subtract no background from the number of uy
avents 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 KOL + 1 n~. Corrections were made for
the efficiency of the muon trigger counters, UUsing the known nn
branching ratio, it was determined tiat the single event sensitivity
to K% » utu~ was 1.3 x 1079, Using the single event sensitivity
and the Particle Data Group world average BR(K9_ » p*p=) = (9.1 #
1.9) x 102, we would expect to observe 7.0 events, in good agreement
with the eight events in the fiducial region,

The same Kinematic and muon identificatior requirements were
mate on the ye 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 mrad? is shown
in Fig. 9b. There are no events close to the X mass, The closest
event had an effective mass of 489.3 MeV/c?. This is 3.7 g below the
K mass., We then find no events consistent with the decay KOL + ye.
The single event sensitivity to the decay KOL + pe was determined to
ve 1.1 x 10-%, The 90% confidence level limit is then BR(K? + ye)

< 2.6 x 10=%, Combining this result with our previous limit7 gives 2
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final result BR(KY + ye) < 1.9 x 10-2, This limit places
constrainis on models with exotic gauge hosons: assuming the boson
couples to pe and sd with the universal weak coupling constant, the
mass of such a boson is related to the K% branching ratio by
BR(KOL » pe) = 2.5 « 103 (M/1 TeV)=*. Our result thus requires
My > 34 Tev.
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The additional hits in the A and B drift chambers were not

consistent with originating at the decay vertex within the accuracy of

the drift chamber measurements. However, if theair momenta were about

170 MeV/c and 200 MeV/c, the trajectories were consistent with

ariginating at the vertex when the effects of multiple scattering in

the vacuum window and magnetic curvature in the small fringe field
between the A and B chambers is taken into consideration. These
particles would have curled in the spectrometer field and would not
have been observed in the C and D drift chambers. The effective mass

combinations are then m(y,e*,e”,) = 125 MeV/c 2, m(Y2e+2e‘2) = 145
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MeV/c?, and m(yy,etiet,e"e7,) = 497 MeV/c?, consistent with the »°
and kK9 masses respectively. The lead glass E/p for the high energy
positron and electron were 1,01 and 1.05 respectively. He calculate
the probability of observing a «%+0 decay with both #%'s undergoing
Dalitz decay such that a yyeYe~ effective mass combination is 480
MeV/c? or higher is less than 1%.
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Fig. 1. P1ar.\ view of the £780 detector. Note the different
horizontal and vertical scales.
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Fig. 2. Distributions of (a) yy effective mass, (b) n*n n? effective
mass for events with g- < 10 mr?, and (c) the square of the
target reconstruction angle for events within 12.5 MeV/c?2 of
the K mass.
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Fig. 3. Distributions of (a) the ¢ ¢~ invariant mass for inbending
events with g2 < 1.5 mrad? and (b) the square of the target
reconstruction angle for events within three sigma of the K
mass.
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Fig. 4. Distribution of energy measured in the lead glass divided by
momentum measured in the magnetic spectrometer for electrons
from Kgy decays.
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