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We report on a search for the decay K1 — 7°v¥ by the Fermilab E799 Collaboration. The
partial width for this mode is related in a calculable way to the CP violation parameters of the
standard model. In particular, the decay K; — 7°u¥ is predicted to proceed almost entirely via a
direct CP violating amplitude. No events were observed, allowing us to set an upper limit on the
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branching ratio of B(K1 — n°vT) < 5.8 x 1075 at the 90% confidence level.

PACS numbers: 13.20.Eb, 11.30.Er

The rare decay mode K; — 77 has received con-
siderable attention lately in the search for direct CP vi-
olation [1]. In the standard model, the decay rate for
this mode is dominated by direct CP violating ampli-
tudes, namely, the electroweak penguin and W box dia-
grams. These same diagrams are responsible for the CP
violating channel expected in the K; — wlete™ pro-
cess as well. In the case of K — 7n%te, the decay
amplitude receives contributions from both the C'P-odd
component (K3) of the K, and the C P-even component
(eK1), where € is the indirect CP violation parameter in
the K%-K9 system. The direct CP violating amplitude
(attributed to K3) is expected to be comparable to [2],
or smaller than [3], the indirect CP violating amplitude
(attributed to €K;). In the case of K; — n°v¥, how-
ever, the indirect C' P violating contribution is expected
to be roughly 1800 times smaller than the contribution
from the direct CP violating amplitude [1]. Hence, ob-
servation of K — 0¥ events near the predicted decay
rate would provide strong evidence for direct C'P viola-
tion. In the Wolfenstein parametrization of the Cabibbo-
Kobayashi-Maskawa matrix [4], the rate for K; — 70w

3758

is proportional to 72 and also depends upon the value of
the top quark mass [1]. Values for B(K[ — 7%u7) are in
the range (0.4-11) x 10~ !! for currently allowable values
of n and myep [5], and have a typical value of 1 x 10-11
for n = 0.22 and myop = 120 GeV/c?. The only previous
search for the decay mode K; — 7% was conducted
by the Fermilab E731 Collaboration, which reported an
upper limit of 2.4 x 1074 at the 90% confidence level [6].

The search for K — m%uvU presented herein was con-
ducted by the Fermilab E799 Collaboration, whose pri-
mary goal was to search for the rare decay K — mfete™
[7]. The goal of this analysis was to detect an isolated
neutral pion kinematically consistent with a K — 7%uw
decay. A distinguishing feature of this decay is that the
7% may have a value for P,, the momentum of the 7
transverse to the K line of flight, as large as 231 MeV/c¢;
by contrast, neutral pions from common sources such as
K; — m07%7% and A — nn® decays may have P; only
as large as 139 MeV/c and 104 MeV /c, respectively. Be-
cause of the difficulty in detecting 7° -+ v decays and
measuring their P; in an experiment with a large de-
cay region, such as E799, we search for candidate events
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in which the 70 underwent Dalitz decay, 7° — e*te™ 7.
This allows measurement of the decay position and, con-
sequently, P; and me,. Although the use of 70 Dalitz
decays results in reduced sensitivity due to the smaller 7°
branching fraction, these constraints allow us to achieve
good separation between signal and background.

Since the experimental signature for K — 7%/¥ con-
sists of identifying one isolated 7° Dalitz decay, sev-
eral background processes contribute to the data sam-
ple. Among those with 7%’s in the final state are the
K; — 7% K; — 7%%° K, — 7wtw 7° and
A — n7® decay modes. The three K processes distin-
guish themselves from the signal mode by the presence of
extra photons or charged pions in the final state. The A
decay mode is kinematically bound to have a value of P,
less than 104 MeV/c, ignoring detector resolution. The
semileptonic mode K; — wm+e~7 and its charge conju-
gate, together known as “K.3,” contribute as well when
the charged 7 is misidentified as an electron and when the
decay is accompanied by a photon, either radiated from
the electron or due to other accidental beam activity.

E799 utilized the existing beam line and detector of
Fermilab experiment E731 with a few modifications. A
description of the detector has been published previously
(8]; however, the detector elements important to this
analysis are discussed below. The two K beams were
produced from an 800 GeV proton beam incident upon
a beryllium target and traveled approximately 120 m in
vacuum to the beginning of the decay volume. The av-
erage momentum of decaying K ’s in the decay volume
was 50 GeV/c. The primary component of the detector
for this analysis was the charged particle spectrometer
consisting of a pair of drift chambers before and after an
analyzing magnet which gave a momentum kick of 200
MeV/c transverse to the beam direction. Downstream
of the spectrometer, an electromagnetic calorimeter 18.7
radiation lengths deep provided the photon detection ca-
pability. The calorimeter was composed of 804 lead glass
blocks, each 5.8 cm by 5.8 cm in cross section, and had
two 11.6 cm by 11.6 cm holes to allow passage of the
K, beams. A lead and lucite sampling calorimeter was
placed 3 m behind the holes in the lead glass array for
purposes of vetoing electrons and photons escaping down
the beam holes of the lead glass calorimeter. A scin-
tillator hodoscope with one vertically segmented plane
followed by one horizontally segmented plane was placed
between the charged spectrometer and calorimeter for the
purpose of fast triggering capability. An additional scin-
tillator bank was located behind the lead glass calorime-
ter to identify instances of energy leakage out of the back
of the array associated with hadron activity. A lead wall
was placed between the calorimeter and this hadron veto
to terminate electromagnetic showers in the calorimeter
and enhance the signal of hadron showers. Photon veto
modules were located at a number of positions through-
out the detector and decay volume.

The trigger for this search required (1) a coincidence of
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FIG. 1. Plot of eey mass for data (histogram) and Monte
Carlo simulation (crosses) before imposing kinematic cuts to
eliminate the backgrounds. The majority of events come
from K.3 decays with misidentified pions, producing the large
hump at 300 MeV/c?. The peak at 135 MeV/c? is due to
A — nn®, 7° — ete™ v decays, while that at 500 MeV/c? is
from K Dalitz decays.

hits in the trigger hodoscope consistent with two tracks,
(2) an analog sum of the lead glass calorimeter signals
above a threshold of 6 GeV, (3) a veto of charged par-
ticle hits in any of the photon detector modules, (4) a
number of “hit pairs” in each drift chamber consistent
with two tracks, and (5) three distinguishable clusters
of energy deposition, each greater than 2 GeV, in the
calorimeter. Because of the high rate of events passing
these requirements, the trigger was prescaled by a fac-
tor of 14. The rate was dominated by K.3 decays with
radiative or accidental photons.

In the off-line analysis, tracks were reconstructed from
the drift chamber information and association of energy
clusters in the calorimeter. Extra clusters which were
not matched with tracks were assumed to have been de-
posited by photon candidates. Events with two tracks
were then required to fit to a decay vertex. The fitted
vertex was required to lie between 120 and 159 m down-
stream of the target, a region with good photon veto
coverage. Background from K — 7%7%70, 70 — ete—vy
and K1 — 7%7%, 7% — e*te~v was then rejected by dis-
carding events with activity in the photon veto modules.
The vertex uncertainty for signal 7° Dalitz decays is typi-
cally large (1.4 m) due to the small opening angle between
electron pairs, yet restricting the vertex location uncer-
tainty to less than 3.0 m was necessary to limit the error
in the P, measurement, rejecting poorly reconstructed
A — 7% 70 — ete~ v decays.

Several cuts were imposed in order to reduce the num-
ber of K 3 background events. Electrons were identified
by requiring that the cluster energy and track momentum

3759



VOLUME 72, NUMBER 24

PHYSICAL REVIEW

LETTERS 13 JUNE 1994

agree within 15% and that the transverse profile of each
cluster energy distribution be consistent with that of a
single electromagnetic shower. With the E799 detector
96% of electrons satisfied these requirements, compared
to 2.5% of pions from K.3 decays. Because of the high
rate of accidental activity in the lead glass blocks closest
to the beam, only photons further than one block (5.8
cm) from the beam holes were analyzed. This further
reduced the number of K3 decays where an accidental
photon accompanied the decay products. The distribu-
tion of the eey invariant mass for the remaining data
and sum of simulated decay modes is shown in Fig. 1.
Dalitz decays of the neutral pion were selected by requir-
ing that the ratio of the candidate electron-positron in-
variant mass to the total eey invariant mass be less than
0.30. This cut rejects most of the K 3 events because the
charged tracks in K3 decays are not usually close to each
other, as is the case in 7% Dalitz decays. Furthermore,
in 7% Dalitz decays the photon is preferentially emitted
back to back with the ete™ pair in the 7° rest frame,
whereas the photon in a radiative K 3 decay is emitted
at a small angle with respect to the electron. Events
were discarded if the sum of the cosines of the angle be-
tween the electron and photon and the angle between
the positron and photon was greater than —1.5, where
the angles have been computed in the eey rest frame.
The remaining K3 background was rejected by requir-
ing that the measured P; be greater than the kinematic
limit for K° — w+e~ vy, given by
2 2
Pi(mey) < Ko ~ Mrey
2m KO

Because of the pion assignment ambiguity in this anal-
ysis, there are two such limits. The measured P; was
required to be greater than both. This cut was also very
effective at removing the K — w*7~ 7%, 7% — v back-
ground where only one photon was identified. The re-
sulting plot of P; and the eey invariant mass, Meey, is
shown in Fig. 2 for the K; — 7% simulation and for
the data. The final signal requirements were that 125
< Meey < 145 MeV/c? and 160< P, <231 MeV/c, con-
sistent with a neutral pion of large P;. No events from
the data remained after this cut.

The level of background expected to contribute to the
signal region was estimated by simulating each of the
background sources. The A — nn®, 7 — ete~y Monte
Carlo events were normalized to the data in Fig. 1 in
the range 120 < M ey < 150 MeV/c?, Mee/Meey < 0.3,
and P; < 120 MeV/c. Background events from these A
decays are clustered below the signal region in Fig. 2(b)
and contribute fewer than 0.1 events to the signal box.
The semileptonic K.3 Monte Carlo events were normal-
ized to the 360< mMee, <460 MeV/c? region of data in
Fig. 1 where this mode is dominant. The K.3 back-
ground events appear in a diagonal band stretching from
directly above down to the right side of the signal region
in Fig. 2(b) and contribute less than 0.2 events. The
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FIG. 2. Scatter plot of P, versus eey mass for (a)
K — n°7 simulation and (b) data. No K. — 7°u¥ can-
didates were found in the data. Decays from A — nz® are
clustered below the signal box. The K.3 events populate the
area to the right and above the signal region. A total of
0.6 £+ 0.2 background events are expected in the signal box
from the simulation. The plot of the K — m°UT simulation
represents a hypothetical branching fraction equal to 20 times

our upper limit.

Ky — 7t 7% (7% — vy and 7° — ete™v) Monte
Carlo events were normalized to the range 200 < Meey <
360 MeV/c? and P; < 80 MeV/c of data in Fig. 1 after
subtracting the contribution expected from K3 decays.
The K; — ntn~ 7% mode was easily rejected and con-
tributed fewer than 0.1 events to the final plot. The
K; — 7%7° and K; — 7%r%r% Monte Carlo simula-
tions were normalized using their known branching frac-
tions and the integrated K decay flux determined by
observing the decay K; — ete™~ as discussed below.
The K; — 797°%, 7% — ete~~ background is kinemati-
cally similar to K; — w97 and is expected to contribute
0.5+ 0.2 events to the signal region. The K — m%7%7°,
70 — eTe” v mode appears evenly distributed over the
entire region of the final plot, because the detected pho-
ton is typically not from the 7° — ete™v decay but
from one of the other two m° decays. This background
contributes 0.1+0.1 events to the signal box. Altogether,
0.6+0.2 background events are expected in the signal box
of Fig. 2(b).

The Monte Carlo simulation was also used to deter-
mine the efficiency for detecting events from the signal
mode K;, — 7%v7, 7® — eTe . The generated spec-
trum for Eo in the K, center of mass system was taken
to be [1,9]
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FIG. 3. Histogram of ee7y mass for data and K1 — ete ™y
Monte Carlo. This mode is used to normalize the integrated
K flux in the search for K; — 7%%, n° — ete~ . There
are 233 events in the selected mass region indicated by the
arrows.

where the pion decay form factor fi(g?) has been
parametrized as 1 + A1q%/m2, with the measured value
A+=0.032 [10]. This is the expected distribution calcu-
lated from the standard model.

The integrated K flux was determined by simultane-
ously reconstructing the K Dalitz mode, K — ete™7,
chosen because of its similarity to the signal mode in par-
ticle identification and geometric acceptance. That is,
any uncertainty in electron identification efficiency and
geometric acceptance canceled to first order in the ratio
of detection efficiencies used for computing the branching
fraction of the signal mode. The normalization mode was
analyzed in parallel with the signal mode search with all
the same requirements except P; < 60 MeV/c (30) and
440 < Meey < 560 MeV/c? (£30). Figure 3 shows the
full data sample with 233 events in the selected mass
region. Also shown are the results of the Monte Carlo
simulation of K; — ete™~ normalized to the 233 events.

The single event sensitivity S for K, — 7%7 can be
computed from the relation

B(KL - e"’e"‘y) Nnvo €eey
.B(TI'0 — €+€_’)’) Nee'y 57rll7’

S(Kr — D) =

where N, is the number of observed events and ¢, is
the net efficiency for accepting and identifying events of
type . The net efficiency for the K; — ete~ v mode
was 0.83% while that for K; — 707, 70 — ete~v was
0.11%. This difference in net efficiencies is due primar-
ily to the greater deflection of electrons away from the
calorimeter in K; — 7%% (7° — ete7y) decays than
the typically more energetic electrons in K; — ete™y
decays by the analyzing magnet. The systematic uncer-

tainty in determining the ratio of these net efficiencies
was estimated by studying the effect of varying parame-
ters associated with the calorimeter calibration and spec-
trometer calibration; however, the dominant source of
systematic uncertainty contributing to B(K; — 7°vp)
was found to be the uncertainty in B(K; — ete™v) of
5% [10]. The single event sensitivity for this search was
(2.48 £ 0.16 £ 0.19) x 1075, where the first uncertainty
is statistical and the second is systematic. This implies
B(K — n%p) < 5.8 x 107° at the 90% confidence level.
This upper limit includes a correction due to the uncer-
tainty in the single event sensitivity [11].

Our upper limit on the branching ratio of K; — n°vv
represents an improvement in sensitivity of roughly a fac-
tor of 4 compared to the previous limit [6]. Future rare
kaon decay experiments will achieve greater sensitivity
in the search for this mode with improvements in K,
flux, data acquisition capability to handle the high trig-
ger rates, and background rejection. Of particular im-
portance are hermetic photon veto systems and better
e/7 separation.
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