VOLUME 64, NUMBER 23

PHYSICAL REVIEW LETTERS

4 JUNE 1990
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We report on results of a dedicated search for the CP-violating decay K, — 7% *e ~. We have found
no evidence for this decay mode and obtain a 90%-confidence upper limit of 5.5%10 ~° for its branching

ratio.

PACS numbers: 13.20.Eb, 11.30.Er, 12.15.Mm

The decay K; — n% *e ~ has recently received con-
siderable attention because of its potential for shedding
light on the mechanisms responsible for the violation of
CP invariance. The lowest-order electroweak contribu-
tion to K, — n% *e = (a one-loop-induced strangeness-
changing neutral current coupled to the e Te ~ pair by a
single ¥ or Z°) is forbidden in the absence of CP viola-
tion. In the Kobayashi-Maskawa (KM) six-quark model
of CP violation, K; — n% *e ~ is expected to receive
comparable CP-violating contributions from a direct K,
decay amplitude and from an indirect amplitude arising
from the CP impurity (¢K,) of the K state.

Calculations'™* within the standard (KM) model ob-
tain very small values for the K; — 7% *e ~ branching
ratio, typically in the range 10~ ''-107'2. The CP-
conserving contribution to K;— 7% Te ~ through a
7%yy intermediate state is also expected to be small, al-
though there is theoretical uncertainty over its impor-
tance relative to the CP-violating contributions.’~’ Re-
cent measurements® provide a limit B(K; — % te ™)
<4x10 "8 that is several orders of magnitude above any
standard-model prediction. In this unexplored range the
decay K;— 7% te ~ provides an excellent means to
search for light scalar particles that couple to e e ™ or
to detect effects expected in nonstandard models*®'? of
CP violation.

In the following we present first results from Brook-
haven Alternating Gradient Synchrotron experiment
845, a dedicated search for K, — n% Ye ~. This search
was conducted with a reconfigured detector, shown
schematically in Fig. 1, employing many elements from a
detector optimized'' to search for K, — u e+ (Ref.
12) and K, —ete .1

The measurements were made on K; decays occurring
in a neutral beam produced by the interactions of 24-
GeV/c protons with an 18-cm-long copper target. The
production angle of the neutral beam was 2°, and its
divergence (15 mrad vertically by 2.3 mrad horizontally)
was defined by a series of brass collimators embedded in
heavily shielded sweeping magnets. About 10 m of

shielding and 6 Tm of sweeping field separated the tar-
get from the beginning of the decay region. The final 1.5
m of shielding consisted of boron-loaded concrete. A
2.5-cm lead plug was placed in the neutral beam to re-
move high-energy y rays originating in the target. The
neutral beam was transported in vacuum (70 um Hg)
from the defining collimators to the end of the 6-m decay
region. The evacuated decay region was terminated by a
window consisting of 0.43 mm of Kevlar and 0.13 mm of
Mylar.

Charged-particle trajectories were determined with
four sets of chambers, two upstream (A and B) and two
downstream (C and D) of a momentum-analysis magnet.
The magnet had a 91-cm vertical gap and mean-field in-
tegral corresponding to a momentum transfer of 114
MeV/c. The chambers had 3.2-mm drift cells, and each
set of chambers provided four measurements (X, X', Y,
and Y') over a 1-m? region. Space points on charged-
particle trajectories were determined with good resolu-
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FIG. 1. Schematic plan view of the E845 detector. The
neutral beam enters from the left. Note the different horizon-
tal and vertical scales.
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tion (250 pm) and high efficiency (99%). In order to
maximize the acceptance, the neutral beam passed
through the active regions of the chambers. Each
chamber set presented less than 10 ™3 of an interaction
length of material to the neutral beam.

Electrons and positrons were identified by a hydro-
gen-gas threshold Cerenkov counter (C) operating at at-
mospheric pressure, as well as by the pattern of energy
deposited in a segmented lead-glass calorimeter. The
Cerenkov counter has a nominal 2-m-long radiator
volume and was divided into four cells, hereafter referred
to as quadrants. Each quadrant was viewed by a 12.7-
cm-diam EMI-9823B quartz-window photomultiplier
tube by reflection from a front-surface spherical mirror.
Cones of simple construction covered with aluminized
Mylar were used to increase the light collection at the
phototube. The efficiency of the Cerenkov counter was
determined to be 92% using electrons (from K,3 events)
in the data sample.

y rays were also detected in the lead-glass array that
consisted of 244 blocks of Schott F2 glass, each of di-
mension 6.4X6.4x46 cm (length). The blocks were ar-
ranged in a square (1-m?) array with a 12.7% 38-cm?
hole in the center to pass the neutral beam. In addition,
64 larger blocks defined a fiducial border around the
periphery of the central array. The energy resolution of
the lead-glass array for electrons was oz/E =7%/E "?
+1.6% (E in GeV), and the position resolution was 13
mm for 1-GeV electrons.

Accepted events were required to have two charged
tracks consistent with electron identification, and at least
4 GeV of energy deposited in the lead-glass array. An
electron was identified at the trigger level by the activa-
tion of one Cerenkov quadrant, and a downstream scin-
tillation counter (E) in the same quadrant. In addition,
the energy deposited in the corresponding quadrant of
lead glass was required to be greater than 800 MeV, as
determined by a fast-analog-summing network. One of
the electrons was required to activate an upstream scin-
tillation counter (F). Discrimination at the trigger level
against penetrating pions and muons was obtained with a
scintillation-counter veto array (G) placed downstream
of a 15-cm-thick lead wall behind the lead-glass array.
Scintillation counters (V) covered with three radiation
lengths of material were used to veto events with y rays
outside the fiducial detector acceptance. The y veto
counters were located around the exit window (69 cm
high by 76 cm wide) of the decay tank, and outside the
fiducial face of the lead-glass array.

Unbiased triggers, without particle-identification, en-
ergy, or veto requirements, were collected concurrently,
prescaled by a factor of 10000. From this sample
Ki—ratr o decays were identified and used to deter-
mine the resolution of the detector and the sensitivity of
the experiment. The unbiased triggers also provided
data that were used to monitor the performance of
specific elements of the detector (e.g., the Cerenkov-
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counter efficiency).

In order to suppress potential backgrounds, time and
pulse-height information was recorded for the trigger
counters and calorimeter elements. Times for the
Cerenkov counter were determined with a resolution of
860 psec with respect to the event time, as defined by the
F and F scintillation counters. Digitization of the pulse
heights from the lead glass required an integration time
of 100 nsec. However, times for lead-glass pulses cross-
ing an effective threshold of 300 MeV were determined
with a resolution of 1.5 nsec. The timing resolution of
the detector was essential for the rejection of back-
grounds arising from the overlap of two K decays— for
example, K; — mev, with the pion misidentified as an
electron, in coincidence with two y rays from another K
decay such as K; — 37z°% The pulse heights of the F and
C counters were recorded to aid in the (off-line) rejection
of K;— 2n° and 37° decays with two n%s suffering
highly asymmetric Dalitz decays. In these events, even if
only two complete tracks through the analysis magnet
were found, the Dalitz pairs might be revealed by pulse
heights observed in the upstream detectors. Since no
events consistent with the kinematics of K; — 7% Te ~
were found, the counter pulse-height information was
used only to monitor the performance of the detector.

The data were collected with a Fastbus data-acquisi-
tion system'!'* that rejected uninteresting events in
several levels of on-line processing. Typically about 10'?
protons per (1-sec) pulse were directed onto the target,
resulting in a beam flux of 3% 10® neutrons per pulse. At
this intensity the counting rate was about 6 MHz/m? at
the face of the lead-glass array. About 500 triggers per
pulse were recorded and about 80 events were written to
tape per pulse after passing on-line event-selection cri-
teria. In particular, wire-address (but not drift-time) in-
formation was used from the X and Y chambers to
search for at least two track candidates originating in the
decay region.'®> The data-acquisition live time was typi-
cally 90%. In all, about 10® events were collected.

The off-line event analysis required that two oppositely
charged tracks meet, with a distance of closest approach
< 1.25 cm, at a point in the neutral beam between 46
and 608 cm upstream of the first chamber (4). The
tracks were required to satisfy electron-identification cri-
teria. Each track had to be uniquely associated with a
Cerenkov-counter pulse occurring within *2.5 nsec of
the event time. The momentum (p) of each track was
required to be less than the Cerenkov-counter threshold
for charged pions (8 GeV/c). The energy (E) of an
electron as measured in the lead glass had to be con-
sistent with its momentum: 0.75 < E/p < 1.25. In addi-
tion, the transverse profile of the shower in the lead glass
was required to have a second (energy-weighted) mo-
ment of less than 32 cm?. The n/e rejection ratio was
about 5x10 7>, and electrons were identified with an
overall efficiency of 90%.

The momentum asymmetry of the charged tracks,
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A=|(p+—p-)/(p++p-)|, was limited to 0.8. This
resulted in a further suppression of backgrounds involv-
ing K, ; decays, but a negligible loss of acceptance for the
n%e*e ™ and 7tz z° decay modes. For the 7% *e ™
decay mode the electron-positron pair mass was restrict-
ed to be greater than 145 MeV/c? to exclude back-
grounds arising from z° Dalitz decays.

Clusters of energy in the lead-glass array not associat-
ed with charged particles were identified as y rays. y
rays with energies above 500 MeV occurring within +5
nsec of the event time were included in the analysis. In
order to suppress backgrounds from neutral-beam in-
teractions, the minimum energy was 700 MeV for y rays
striking within 6 cm of the neutral-beam hole in the
lead-glass array. Each cluster was also required to have
a narrow transverse shower profile. The reconstruction
of a x° from two ¥ clusters assumed the decay vertex es-
tablished by the charged-particle trajectories.

Additional constraints were imposed in order to reject
events arising from coincident K decays. The analysis
required that the reconstructed kaon momentum be less
than 20 GeV/c. Events were rejected if they exhibited
track segments in the 4 and B chambers originating at
the vertex, or if charged-particle tracks were found pass-
ing through the neutral-beam hole in the lead-glass ar-
ray. Finally, 7% *e ~ events were required to have no
additional clusters in the lead glass with £ > 500 MeV
and within £ 5 nsec of the event time. Altogether these
requirements were found to result in a loss of about 5%
of otherwise good events.

The resolution of the detector for the K, — nl te ~
search was determined from the study of K, — z+z " z°
decays. Figure 2 shows the relevant kinematic distribu-
tions: (a) the yy effective mass; (b) the =tz x°
effective mass; and (c) 6%, the square of the angle be-
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FIG. 2. For a sample of K; — n*n~ x° decays the distribu-
tions of (a) the yy effective mass (MeV/c?); (b) the ¥z~ x°
effective mass (MeV/c?); and (c) 6%, the square of the target
reconstruction angle (mrad?).

tween the line from the target to the decay vertex and
the reconstructed kaon momentum vector. Events were
required to have a yy pair with an invariant mass within
34 MeV/c? of the n° mass. With the yy mass con-
strained to the n° mass, events were selected if the
77~ 70 effective mass was within 13 MeV/c? of the K°
mass, and if 8 <12 mrad?. The kinematic constraints
constitute cuts for values 3 standard deviations away
from the mean.

Using the 7+ 7~ 7% mass resolution of 4.3 MeV/c? as
a normalization, the uncertainty in mass for the alete™
final state was calculated by Monte Carlo methods to be
10.7 MeV/c2. The results of the analysis for the
7% *e ~ final state are presented as a scatter plot (Fig.
3) of the 7% *e ~ effective mass and 6% for events pass-
ing the criteria described above. Events from K
— 7% *e ~ decays are expected to be concentrated in
the (30) bounded region shown, corresponding to a
n% *e ~ effective mass within 32 MeV/c? of the K°
mass and 0% <12 mrad®. There were no event candi-
dates consistent with the decay K; — 7% *e ~. Back-
ground is expected from the decay modes K; — 7°z° and
K, — n%7°7° with two #x° Dalitz decays, from K,3 de-
cays with pion misidentification and accidental coin-
cidence with y’s from another decay, and the Dalitz de-
cay K;— e¥e "y with internal radiation. The latter
process is ultimately the most serious and will be dis-
cussed in detail elsewhere. '®

The limit on the branching ratio is obtained from the
following expression:

B(KL—' 7[08 +€ _)

N(ree) A(zxzrm) 1

N(zxrn) A(ree) C°
where NV (ree) =2.3 for a 90%-confidence limit since no
7% Te ~ candidates were observed. The number of K,

— 7t 7~ 7% events observed including the prescale fac-
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FIG. 3. Event scatter plot of the square of the target recon-
struction angle vs the 7% *e ~ effective mass.
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FIG. 4. Acceptance vs e‘te ™ effective mass for K

— % *e ~ decays assuming a uniform Dalitz-plot population.

tor was N (zzn) =22082x10000. The known branching
ratio for this mode is B(K, — n* 7~ z°) =0.1237. The
acceptances, 4(ree) =0.37% and A(xxr) =1.35%, were
determined by Monte Carlo methods for kaon momenta
greater than 4 GeV/c. The 7% *e ~ final state was gen-
erated by assuming a uniform Dalitz-plot population.
The dependence of the 7% *e ™ acceptance on the
electron-positron pair mass is shown in Fig. 4. The ac-
ceptance calculation included the measured temporal
and spatial variations of the Cerenkov-counter efficiency.
The correction factor C =0.86 accounts for additional
inefficiencies that affected only the 7% *e ~ mode. These
inefficiencies were primarily due to the dead time intro-
duced by veto requirements (G, V¥, and additional lead-
glass clusters). The final result obtained is B(K;
— 7% *e ") <5.5%107° (90% C.L.) which places fur-
ther constraints on nonstandard-model contributions to
this process. We have recently learned!” of a new limit
from Fermilab experiment 731, B(K,— 7% *e ™)
<7.5%107°, in agreement with our result.

We wish to thank the management and staff at
Brookhaven for the strong support that made the
changeover from E780 to E845 possible as well as expe-
ditious. We thank M. Lenz and J. Yelk for their techni-
cal contributions to the experiment. We also acknowl-
edge the important contributions to E845 by M. Mannel-
li and S. F. Schaffner resulting from their efforts on
E780. This research is supported by the U.S. Depart-

2758

ment of Energy under Contracts No. DE-ACO02-
76ER03075 and No. DE-AC02-76CH00016. One of us
(M.P.S.) received additional support from the Alfred P.
Sloan Foundation.

(@present address: Dipartimento di Fisica dell’Universita,
Instituto Nazionale di Fisica Nucleare, Sezione di Pisa, e
Scuola Normale Superiore, 56010 Pisa, Italy.

(present address: Continuous Electron Beam Accelerator
Facility, Newport News, VA 23606.

1J. F. Donoghue, R. Holstein, and G. Valencia, Phys. Rev. D
35, 2769 (1987).

2G. Ecker, A. Pich, and E. deRafael, Nucl. Phys. B291, 692
(1987); B303, 665 (1988).

3C. 0. Dib, L. Dunietz, and F. J. Gilman, Phys. Rev. D 39,
2639 (1989).

4J. Flynn and L. J. Randall, Nucl. Phys. B326, 31 (1989).

L. M. Seghal, Phys. Rev. D 38, 808 (1988).

6J. Flynn and L. J. Randall, Phys. Lett. B 216, 221 (1989).

’T. Morozumi and H. Iwasaki, KEK Report No. TH-206,
1988 (unpublished).

8G. D. Barr et al., Phys. Lett. B 214, 303 (1988); L. K. Gib-
bons et al., Phys. Rev. Lett. 61, 2661 (1988).

9X.-G. He, B. H. J. McKellar, and N. E. Tupper, University
of Melbourne Report No. UM-P-88/40, 1988 (to be pub-
lished).

101, J. Hall and L. J. Randall, Nucl. Phys. B274, 157 (1986).

''M. Mannelli, doctoral dissertation, Yale University, 1988;
E. B. M. Mannelli, doctoral dissertation, Yale University,
1989; S. F. Schaffner, doctoral dissertation, Yale University,
1989.

I2H. B. Greenlee et al., Phys. Rev. Lett. 60, 893 (1988); S. F.
Schaffner et al., Phys. Rev. D 39, 990 (1989).

I3E. Jastrzembski et al., Phys. Rev. Lett. 61, 2300 (1988).

1W. M. Morse et al., in Proceedings of the Workshop on
Triggering, Data Acquisition and Computing for High
Energy/High Luminosity Hadron-Hadron Colliders, Fermi-
lab, 1985, edited by B. Cox, R. Fenner, and P. Hale (Fermilab,
Batavia, IL, 1985).

I15No requirement was placed on the relative charge sign of
the tracks, nor were any requirements placed on number of iso-
lated energy deposits in the lead-glass array. This was done in
order to facilitate a study of K, — e*e "y and a search for
K.—e*e e*e”. These measurements will be presented
elsewhere.

1H. B. Greenlee, Yale University Report No. YAUG-A-
90/3, 1990 (to be published); W. M. Morse er al., Yale Uni-
versity Report No. YAUG-A-90/4, 1990 (to be published).

7A. Barker et al., Phys. Rev. D 41, 3546 (1990).



