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Improved Sensitivity in a Search for the Rare Decay K? — ete~
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In a search for the decay K? — ete™, no candidates have been observed. We determine
the sensitivity from the detected number of C'P-violating K? — 77~ decays and place a 90%
confidence level upper limit on the branching ratio of B(KY — ete™, |[Mkx — Me.| < 6 MeV/c?) <

4.1 x 10711,

PACS numbers: 13.20.Eb, 12.15.Mm

The decay K¢ — ete™ is the helicity-suppressed coun-
terpart of the effective flavor-changing neutral current
process K¢ — p*p~ which has played an important role
in the development of the standard model. Recent mea-
surements of the K9 — u*u~ branching ratio [1-3], near
the QED lower limit obtained from the contribution of
the on-shell part of the two-photon intermediate state [4]
(often called the unitarity bound), imply that this decay
is dominated by standard model processes. A search for
the decay Kg — ete™ at a sensitivity approaching the
standard model level of 3 x 10~12 is then sensitive to
new contributions which may not be suppressed by the
V — A structure of the weak interaction. This Letter de-
scribes a search for the decay K9 — ete™ and reports a
significantly improved upper limit on the branching ratio
to this process [5,6]. The limit is still roughly an order
of magnitude above the standard model prediction.

The data presented here were taken as part of
Brookhaven National Laboratory experiment 791 (BNL
E791), concurrent with a search for K9 — u*e¥ and a
study of K9 — p*tpu~ at sensitivities better than previ-
ously achieved. The data were collected in periods of 15
and 12 weeks during the 1989 and 1990 runs of the Al-
ternating Gradient Synchrotron (AGS). The kaon beam
line, the typical running conditions, and the E791 detec-
tor have recently been described elsewhere [7]. Here we
restrict our description to a summary of those elements

This result is a significant improvement over previous measurements, although still
above the standard model prediction of 3 x 1072,

critical to the K9 — ete™ search.

The spectrometer consisted of five pairs of drift cham-
bers and two analyzing magnets with transverse momen-
tum impulses of 300 MeV/c and 318 MeV/c of opposite
sign. For the 1990 run the two most upstream cham-
bers were replaced with larger modules placed closer to
the neutral beam, resulting in a 43% increase in accep-
tance for K2 — ete™ events. Downstream of the drift
chambers were two pairs of vertical and horizontal trig-
ger scintillation counter hodoscopes (TSC’s) and particle
identification (PID) detectors. Electrons were identified
with time information from a threshold gas Cherenkov
counter (CER) and pulse height information from a lead-
glass array (PBG). The PBG array was composed of two
layers, a converter array (3.3 radiation lengths) and an
absorber array (10.5 radiation lengths).

Trigger decisions were made at multiple levels. The
first two levels (referred to as LO and L1) were made in
hardware. The third level (L3) was based on a software
algorithm running in a farm of 3081/E computers [8]. (A
level 2 trigger was designed but never used in either run-
ning period.) The LO trigger was defined as an overlap
coincidence of the four TSC’s in which the hits in the
vertical and horizontal views were required to be con-
sistent in position and time. A “minimum bias” signal
was formed from a coincidence of the LO trigger signal
with signals from the three most upstream drift cham-
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bers on each side of the spectrometer. The L1 trigger
selected ee candidate events, defined by a coincidence of
the minimum bias signal with a CER signal on each side
of the apparatus. It also included minimum bias events
prescaled by 2000, from which the sample of K? — 7+~
events used to calculate the sensitivity of the experiment
was selected.

The L3 trigger decision was based on the two-body
mass (Me.) and the collinearity angle (6 ), defined as the
difference between the kaon direction obtained from the
target and vertex positions and the reconstructed two-
body momentum direction. Electron pair triggers were
required to have 6% < 100 mrad?, M., > 460 MeV/c?
and, in 1989 only, M., < 550 MeV/c?. The efficiency of
this algorithm was measured, using minimum bias events
passing the event quality and kinematic cuts described
below, to be 66% (1989) and 91% (1990). The improved
efficiency in 1990 was achieved with modifications to the
code to find events with missing hits and events contam-
inated with extra hits in the chambers more effectively.
Also, an inherent bias against like-charge events in the
1989 L3 algorithm was removed from the 1990 L3 algo-
rithm. These events were important in understanding
backgrounds to the K9 — e*e~ search.

Events with at least two tracks traversing the full spec-
trometer and originating from a common vertex were re-
constructed and further analyzed off line. The invariant
mass and collinearity were recalculated and the trans-
verse momentum (pr), defined to be the product of the
two-body momentum with the collinearity angle, was cal-
culated. Events with M., > 470 MeV/c? and either 6% <
10 mrad? or p2 < 800 (MeV/c)? were selected. In the
analysis of the 1989 data it was also required that M., <
530 MeV/c?. Events satisfying these criteria were then
fit using a full magnetic field map to determine their kine-
matics more accurately. The minimum bias sample was
further prescaled off line by a factor of 3 (2) in 1989
(1990). Thus the overall prescale of the K¢ — ntr~
normalization sample was 6000 (4000).

As in the search for the decay K9 — u*e¥, selec-
tion criteria were devised without studying events in the
kinematic region in which signal events are expected [7].
Specifically, events in the region defined by |Mee — Mg | <
10 MeV/c? and 6% < 2 mrad? were excluded from anal-
ysis until the selection criteria had been chosen. All
selection criteria except PID were applied to both the
K9 — ete™ and the normalization data samples.

Candidate events were required to have a vertex at
least 9.75 m from the target and within a region defined
by the beam divergence. Events with charged particle
trajectories which projected to the vacuum flanges or
other thick materials were eliminated. The charged par-
ticles were required to have momenta above 1.5 GeV/c
and below 12.0 GeV/c. The reconstructed kaon momen-
tum was required to be below 20 GeV/c. (The mean
kaon momentum of detected K¢ — 7ntn~ events was
8.0 GeV/c.) Track and vertex quality were assured by
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FIG. 1. A scatter plot of the fraction of energy deposited
in the convertor layer of the PBG (Ec/Etot) versus the ratio
of the deposited energy to measured momentum (FEtot/P),
for particles from minimum bias data. Particles in the region
above and to the right of the indicated contour are identified
as electrons in the PBG.

cutting on x?’s calculated during the fitting procedure.
The asymmetry in the two charged particle momenta,
|p1—p2|/|p1+p2|, was required to be less than 0.67 in or-
der to remove A® — p* 71~ events from the K — ntn—
normalization sample.

The signals in those elements of the CER and PBG
detectors to which fitted tracks projected were compared
to those expected for different particle types. To be iden-
tified as electrons, particles were required to have an as-
sociated CER hit within 4 ns of the event time, where
the rms timing resolution was measured to be 0.95 ns
for electrons from K% — w*eFv decays. In addition,
these tracks were required to have an appropriate sig-
nal in the PBG array. Specifically, particles identified as
electrons had to lie above and to the right of the con-
tour indicated in Fig. 1. That contour was determined
empirically from the study of K? — 7w*eFv events so
as to obtain optimum pion rejection consistent with high
electron identification efficiency.

Events with M., above 470 MeV/c? still remained
after applying the above criteria. Potential sources of
high mass ete~ pairs are K? decays into ete~ete™,
ete~ v, or 77, the latter two with photon conversions in
the vacuum window or upstream drift chambers. The
background from these sources was studied by Monte
Carlo techniques and by looking in the data for events
either with extra tracks in the two upstream drift cham-
ber planes or with like-charge ee pairs. Background
from K9 — m*eFv decays is highly suppressed since it
requires a pion to be misidentified as an electron and
is kinematically restricted to values of M., below 478
MeV/c? in the absence of measurement errors.

In order to test our understanding of the sources of
high-mass ee pairs of both like and unlike charge, we
focused our attention on the 1990 data, since the 1989
L3 code had an unmeasureable bias against like-charge
events. Figure 2 is a scatter plot of 0% vs M., for the
1990 data. Events with one particle momentum above
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FIG. 2. Scatter plot of 93( vs M., for events from the 1990
data set which satisfy all selection criteria except those on 6%
and M... Events identified as originating from K9 — n%e¥v
have been removed. Like-charge events (identified with o’s),
and events with one or more extra tracks detected in the up-
stream two drift chamber planes (identified with +’s) have
been restored to the plot.

pion CER threshold and M., < 478 MeV/c? have been
eliminated for clarity; these events are K3 in which the
pion is misidentified as an electron in the PBG. Real
K? — ete™ events would be concentrated on the plot
around 6 = 0 and M., = My = 497.67 MeV/c2.

We have estimated the number of events expected in
Fig. 2 from K? — ete v and K? — eTe~ete™ by the
Monte Carlo technique [9]. The K? — ete~y Monte
Carlo simulation used the Kroll-Wada differential decay
spectrum [10], modified by inclusion of a vector-vector
term in the K? — ~vv* form factor [11-13]. If the real
photon in the K? — eTe™y process is sufficiently soft,
the event can take on an ete™ invariant mass arbitrarily
close to Mk. Assuming a K9 — ete™~ branching ratio
of 9.1 x 1076 [12,13], we predict 2+ 1 events from K? —
eTe~~ within the phase space of Fig. 2. The uncertainty
in this prediction is dominated by the uncertainty in the
K9 — ~+* form factor.

The Monte Carlo calculation of the K¢ — ete~ete™
events in Fig. 2 was based on the differential decay spec-
trum of Miyazaki and Takasugi [14] for double internal
conversions. A flat K? — v*v* form factor was assumed.
This is a reasonably accurate approximation since the
largest contribution to the events in Fig. 2 arises when
two low-mass intermediate photons convert asymmetri-
cally. (The effect of the form factor is small when the
intermediate photons have low mass.)

Using a branching ratio for this decay of 4 x
1078 [15-17] we predict 7 + 1 events in the full region
of Fig. 2. The uncertainty in this prediction is primarily
statistical. Half of the 7 events are expected to be like
charge (5 are observed) and 2 of these 7 will contain one
or two extra tracks in the upstream drift chambers (3 are
seen).

Finally, approximately 1 event is expected in Fig. 2
from the photons from K? — ete™y and K¢ — vy
decays converting in the vacuum window or first drift
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FIG. 3. Scatter plot of 6‘?( vs M., for events from the com-
bined 1989 and 1990 data sets which satisfy all selection cri-
teria except those on 6% and M... Events identified as origi-
nating from K9 — n%eFv are included in this plot.

chamber. Thus the total predicted level of events in Fig. 2
from the decays K? — ~vv, K? — ete™ v, and K? —
ete~ete™ (10+2 events) agrees well with that observed
(11 are seen).

Approximately half of the events in Fig. 2 are elimi-
nated by requiring the events to have oppositely charged
particles and requiring that no extra track project to
within 1 cm of the event vertex. The minimum crite-
rion for an extra track is that it have hits in both views
of the first two drift chamber planes. The loss of real
events due to the extra track cut was estimated to be
0.8% for both K — ete™ and K? — 77~ events,
based on measurements using K9 — n*eFv events.

Figure 3 is a scatter plot of (9%( vs M., for events from
both data sets which pass all selection criteria described
above. Events in this plot are classified as K2 — ete™ if
they have 8% < 2.0 mrad? and a mass within 6.0 MeV /c?
of the K mass. The values of the cuts on 6% and
M., were chosen to minimize the probability of including
background events in the signal region while maintain-
ing good acceptance. The value chosen for the mass cut
corresponds to approximately 3o in the resolution. The
collinearity cut was left at 2 mrad?, as tightening this cut
was expected to have little effect on backgrounds. Monte
Carlo calculations of the background sources described
above predict that we should see fewer than 0.15 event
in the signal region of Fig. 3. No events satisfy these
criteria.

In the decay K? — e*e™, the invariant mass of the
eTe™ pair can be reduced if a photon is radiated via the
inner bremsstrahlung (IB) process. Therefore, the signal
region is restricted to events in which the energy of the
radiated photon is less than 6 MeV. Events with radiated
photons of greater energy account for 17% of the total
IB-corrected K? — ete™ rate [18]. We do not apply a
correction to account for this effective loss in acceptance.
A negligible fraction of the IB-corrected rate fails the
collinearity cut exclusively.

Based on our observation of no signal events, we deter-
mine a 90% C.L. upper limit on the K9 — e*e~ branch-



VOLUME 71, NUMBER 24

PHYSICAL REVIEW LETTERS

13 DECEMBER 1993

TABLE 1. Factors entering into the calculation of the
K2 — ete™ limit for the 1989 and 1990 data sets.

Variable 1989 1990
N 15118 + 151 31354 & 217
R 6000 4000
Anr/Ace 1.78 + 0.01 1.69 + 0.01
€nn 0.954 + 0.004 0.954 + 0.004
€ee 0.733 £+ 0.009 0.775 + 0.007
€eL3 /el 1.00 + 0.01 1.01 + 0.01

ing ratio by evaluation of the following expression:
B(KY - 7t717) Apr €nr €23
RNrr

Ny is the number of detected Kg — 7wt~ events, af-
ter the prescale factor R. The branching ratio B(K? —
ntrT) = (2.03 £0.04) x 1073 [19]. The ratio of K? —
mTm~ to K? — ete™ acceptances Anr/Ac. was deter-
mined from a Monte Carlo simulation of the detector.
The correction for pion loss due to interactions in the
spectrometer and TSC is €,; this was obtained by anal-
ysis of specially triggered data. The efficiency for iden-
tifying electrons has been measured using K3 decays in
our minimum bias sample. From this the K9 — ete~
particle identification efficiency €., was derived. Finally,
€3 /eL3 is the ratio of efficiencies of the L3 trigger for the
m+t7~ and ete” modes. The values of these parameters
are given in Table I for the two data sets. The uncer-
tainty in the relative acceptance and efficiencies for the
K? — ntn~ and K? — ete™ decay modes is less than
5%; this has a negligible effect on the limit quoted [7,20].

We place 90% C.L. upper limits on the branching ra-
tio for the process K¢ — ete™ of B(K9 — ete™) <
11.9 x 107! (1989) and B(K? — ete™) < 7.8 x 10711
(1990). These limits include events with less than 6 MeV
of radiated energy. These new results, combined with our
previous limit [5], give B(KY — ete™, |Mx — M| <
6 MeV/c?) < 4.1 x 107! at 90% C.L. This is consistent
with the predictions of the standard model.
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