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ABSTRACT
We propose to search for the rare kaon decay Ky ~n9e+e- with a sensitivity of
~1x10-11, Theoretical predictions of the branching ratio range from 0.4x10-12 to 0.6x10-9.
Within the Standard Model, this decay mode may have a sizable CP violating decay
amplitude such that € ree/€ ~ 1. A high sensitivity search for this decay will test different

models and provides a new window to explore the question of direct CP violation.
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1) Physics Background

The amplitude for Ky —~nde*e- is composed of a CP conserving part and a CP violating
part. The leading CP-conserving amplitude proceeds through two-photon exchange while the
CP-violating one may proceed via one-photon exchange [1,4]. Within the framework of the
Standard Model (SM) where CP violation comes from the phase 6 in the Kobayashi-Maskawa
matrix [2], K = nle+e- may have a sizable AS=1 CP-violating effect (€'ree/€ ~ 1). The
Superweak Model [3] predicts €pee to be zero.

In terms of the CP eigenstates Ky (even) and K (odd), Ky is written as (K3 + €Ky) and
one may describe the contributions to the Ky —~mle+e- decay amplitude as follows: (a) the CP
conserving amplitude via two photons exchange K;—n0y" v*, where ¥ is an off-shell photon;
(b) the mass matrix ‘indirect' CP violation amplitude which comes from the small K; impurity
of K ; and (c) the 'direct CP violation ampiitude €' from the 1-photon exchange K7—>n0y" part
of Kp.. Within the Standard Model, part (c) could be described by the 'electromagnetic penguin’
diagram (Fig.1) and is comparable to or larger than part (b) in magnitude. Theoretical estimation
of the 'size’ of this penguin is under active pursuit by our theoretical colleagues. While the
predictions [1] of the branching ratio in general are around 10-11, the Weinberg Model [5]
predicts the branching ratio as high as 0.6x10-9.

The Ky —nle+e- decay is an attractive avenue for the observation of 'direct' CP
violation, particularly should detailed studies of the 2x decays of the neutral kaon (€'/e) prove

inconclusive [6,7].



2) Current Experimental Status and the Branching Ratio Limit of K; ~nle+e- from E-731

Currently there are two other efforts to search for Ky —~nl%+e-, one at BNL (Proposal
845) and the other one at KEK. Both have been approved and are currently under construction
with the goals of 10-10 sensitivity. There were three recent experimental results on the limit of
branching ratio of K;—~+nle+e-. The BNL,CERN and FNAL results [9,10,8] are <3.2x10-7,
<4x10-8 and <4.2x10-8 respectively.

In this section we describe the FNAL result [8] obtained with 20% of the E-731 data;
together with the detector performance, the trigger, and the reconstruction method. We then
describe the needed changes for the proposed experiment in the following sections.

Figure 2 shows the detector layout. Two neutral Ky beams (1/2 x 1/2 mrad?) were
created at 4.8 mrad by 800 GeV protons striking a Be target. The data was taken within one
month of running time (80 hours/week) with 0.7x1012 proton per spill. One of the two beams
always hit a regenerator for the 2r €'/€ measurement and is not relevant in this discussion. The
drift chamber system with eight x-planes and eight y-planes (2000 wires total) measured the
positions and momenta of the charged particles. These planes had a position resolution of about
100 pm and were at least 98% efficient. The singles rate in the chambers was about 20 kHz on
the hottest wire. The 804 circularly stacked leadglass array measured the positions and energies
of electrons and photons. Each block is 5.82 cm (H) x 5.82 cm (W) x 60.2 cm (L), giving a
depth of 19.2 radiation lengths. There were two holes (11.6 cm x 11.6 cm) separated vertically
by 11.6 cm at the center of the array for the beams to pass. The position and energy resolution
for electrons were about 2 mm and 1% + 5% / VE/(GeV) respectively. For online triggering
purposes, we instrumented each of the leadglass phototube outputs with a 60 MHz flash ADC.
These comprised the front-end electronics for a two-dimensional cluster finding trigger
processor, while also serving to suppress out-of-time photons. A cluster was defined as a
'neighbor-connected' island of leadglass blocks each with more than 1 GeV.

The E-731 neutral trigger required exactly four clusters, 30 GeV or more energy

deposited in the leadglass, and no hit in the 'trigger plane' (z=137m, see Fig.2). Hence this
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trigger was sensitive to nle*e- candidates in the downstream decay region. The momenta of the
e+ and e- and the decay vertex of the candidates were determined by the drift chamber
spectrometer. The e+ and e~ were identified by matching the tracks with the clusters, and
requiring 0.85 < E/P < 1.15, where E is the cluster energy and P is the track momentum.
Figure 3 shows the E/P distribution for electrons from calibration data. The 70 mass resolution
was about 4 MeV (Fig.4) and the yy mass was required to be within 10 MeV of the nominal n®
value. By then constraining the Yy mass to the nominal value, the reconstructed kaon mass
(Mpee) would have a resolution of about 4.5 MeV. The square of the transverse momentum
(P¢2) of the nle+e- system with respect to the line connecting the decay vertex and the
production target had a resolution of about 50 MeVZ2. The candidates are shown in a two
dimensional Myee vs P2 plot (Fig.5 ). A candidate is defined to have P2 < 200 MeV2 and 489
< mg < 507 MeV,; these cuts include about 95% of the signal. No candidate is found in the
signal region and there is virtually no background.

The acceptance is 9.5% for a fiducial downstream decay volume of 22.2 meters and
kaon energy between 30 and 150 GeV, assuming a uniform three-body phase space
distribution. The upper limit B.R.(Kp~n%+e- ) < 4.2 x 10-8 (90% confidence) is obtained by
normalizing to a sample of 58.8 x 103 Ky —~2n0 decays. This result corresponds to 20% of the
E-731 data sample.

E-731 had better resolution and lower background than the experiments performed so
far. Most of the merits come from the higher kaon energy spectrum. The complete E-731 data

set which is being analyzed currently, has ~ 8x10-9 sensitivity and we expect to have our result

within the next few months.



3) Run Plan

We describe below the changes and needs to our current detector and Meson Center
beamline for the proposed ~1x10-!! sensitivity search with two Fixed Target Tevatron periods.
A 'Phase I' two month run has ~2x10-10 sensitivity and a 'Phase II' five month run has ~1x10-11

sensitivity.

1) Phase I (1989-1990)
We need:

a) 2x1012 protons per spill for a two month period (assumes 80 hrs/week) for data taking
and two weeks for wning, calibration, rate studies erc.;

b) to move the lead-mask photon veto plane (see Fig. 2) from the current position z=120m
to z=100m to increase decay fiducial region;

¢) to remove the vacuum 'trigger planes’;

d) to implement four modules of TRD for additional n/e rejection;

e) to instrument the two small beam holes at the leadglass with electromagnetic calorimeters
to increase acceptance;

f) to implement a tracking trigger processor to reduce trigger rate.

Items b),c),d),e), and f) are discussed in the next section.

The Meson Center beam line configuration need not be changed. We will reduce the
amount of upstream beam absorber (from the current 3" of Pb and 18" of Be to only 3" of
Pb) so that the kaon yield increases by 2.5, although the neutron flux then increases by a
factor of five. We gain an additional factor of 6 with 2x1012 protons per spill and using both
K beams (scaled from our published result which was obtained with 7x1011 pps and one

K1 beam). The K| flux per spill will then be ~8x107, and the neutron to K ratio in the beam

will be ~2:1.




The acceptance of the detector was calculated as follows. Kaons are generated with an
energy spectrum in accordance to Malensek's formula (1 1] for a decay volume of 59 meter
from z=100 m to the first drift chamber (z=159 m) and energy from 20 to 220 GeV. These
events passed the hardware trigger requirement and were fed through the analysis with the
cuts described (Mee >150 MeV, 125 MeV < mp0 < 145 MeV, 489 MeV < mg < 507 MeV
and P;2 < 200 MeV?2). The acceptance for a decay fiducial length of 59m and kaon energy
from 30 to 150 GeV is 10%. This calculation assumes the instrumentation of the two beam
holes at the leadglass with a high rate and radiation resistant calorimeter (a gain of 2 in
acceptance). Figure 6 shows the acceptance vs Mee without the Mee>150 MeV cut.

Scaling from our current E-731 result with a two month run, we obtain a sensitivity
~2.0x10-10 at 90% confidence. This run is also essential for detector engineering and

development for the subsequent search.

ii) Phase II (1991-1992)
We need:
a) 3x1012 proton per spill for five months (assumes 80 hours/week) for data taking and one
extra month for calibration, tuning etc.;
b) the neutral beam production collimator and associated elements of the Meson Center beam
line need to be reconfigured from the current two 1/4" x 1/4" holes to one 1" x 1" hole;
c) the projected beam size at the leadglass array is 16" x 16"; therefore a similar size high

rate, radiation resistant fine-segmented calorimeter is needed.

The kaon flux essentially scaled as the area of the beam, i.e. a gain of eight compared to

Phase I or ~6x108 per spill. The sensitivity is ~1.0x10-11 for the run.



4) Current Detector and New Hardware
We need the following changes and additions to our detector:

a) The 'trigger plane' counters (z=137m), which are two 40cm (W)x 60cm (H) x .1cm (T)
scintillation counters in vacuum are a source of accidentals from beam interaction. It will
be removed in Phase I. There will be no material in the decay region until the vacuum
window (z=159m). The lead mask, which is located at z=120m, will be moved to
z=100m to increase the decay fiducial length. The operations involved for the movement
are straight forward.

b) The Transition Radiation Detector (TRD) provides non-destructive particle identification.
The main properties of transition radiation from the detector viewpoint could be
summarized as follows: i) the practical detected energy interval of TR photons is 3-20
KeV with the peak at ~10 KeV; ii) the photon yield of realistic radiators is low
(~0.1y/cm); and iii) the emission angle of TR is very small, so that TR is always detected
together with ionization losses of the particles in TRD; dE/dx is the main background for
TR detection, unless the particle is deflected by a magnetic field. The usual TRD structure
is of the multi-layer radiator/detector type. A m/e rejection ratio of ~100 (with 90%
electron efficiency) [17,18] has been achieved with four modules of TRD. Each module
will consist of the transition radiator material layer followed by a xenon filled wire
chamber. For easy handling and construction, the radiator under consideration is
polypropylene fibers 20-40 pum diameter and 60-80 mm long compressed to a density of
~0.1 gm/cm3 and ~ 7-10 ¢cm in thickness. This radiator compares favorably with the Li
foils and polyethylene foils in TR yield. The xenon filled 1.8m (W) x 1.8m (H) x 1.5 cm
(D) chambers have lcm sense wire spacing and need only x or y plane readout. Each
sense wire will be instrumented with a 100 MHz, 8-bit FADC's to record the pulse height
profile so that the ‘cluster-counting' technique [19] could be performed. The radiation
length is about 1% per module. Developmental work on a full size prototype (Fig.8)

which includes front-end and readout electronics, wire chamber design, and Monte Carlo




calcuiation (TR yield and signal analysis) is being carried out by the collaboration. We
project the full implementation in Phase L

(c) The calorimeter covering the central region is required to be fast in order to reduce
accidental overlaps and to withstand 30 krad/week of radiation without sacrificing good
resolution (large light output) and good two-cluster separation (short Moliere radius).
Two candidates are being considered:

i) BaF; scintillator has a fast emission component with 0.6 ns decay time at 220 nm as
well as a slow component at 310 nm [20]. Using a UV broad-band filter (35%
transmission at the peak), the fast component alone can be selected. It has been shown
that BaF; survives a radiation exposure of order 107 to 108 rad, and that the recovery of
transmission with time is good especially for the fast component [21]. The Moliere radius
is about 80% of that for F2 leadglass.

ii) the PbFy Cerenkov counter has been neglected for 20 years until very recently, when it
attracted attention due to its fast timing, short radiation length (1cm), small Moliere radius
(50% of F2), and possible radiation hardness [22]. The light output per GeV and per unit
wavelength is about 60% that of F2 leadglass; the transmission range, however, extends
down to 270 nm, and in the end it may give better resolution than F2.

We plan to test these calorimeters by installing them in each of the two holes in the Phase
I run. The successful candidate will replace the central region (about 18"x18") for the
Phase I run. Figure 9 shows the test assembly for the BaF,. The division into front and
back halves will allow us to improve the energy resolution for photons.

(d) A Track-Processor is under design and construction for E-773 [23]. This processor has
several INMOS T800 Transputers (a 10 MIPS RISC CPU chip) to calculate quantities
from the drift chamber hit patterns to reduce trigger rate. This upgrade constitutes an
important part of our triggering abilities for both E-773 and this experiment.

(e) We have twelve planes of photon veto counters (Fig.2) located at various positions of the

detector. Background with accidentals (see section 6) from K—3n0 decays will be further
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reduce by strategically positioning additional upstream (z<100m) photon veto counters to

detect photons that fall outside the calorimeter acceptance.

The current leadglass array does suffer from radiation damage (~ 6 rad/week for the
worst block which translated to ~2% loss in gain). A high intensity UV light source was used
to 'cure’ the damage (>90% recovery). The procedure typically took about 24 hours. The
group has accumulated a vast amount of experience on this subject. The source of the damage
is also under active pursuit and there are indications that it largely comes from hadron
interactions in the vacuum 'trigger counters' which will be removed.

The singles rate of the drift chambers is muon flux dominated. The chambers were
operated with 2x1012 pps for four months during the 1987-1988 run. We have confidence that

they will perform as well in this experiment.
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5) Trigger and Data Acquisiton

In Phase I, by requiring the total energy in the leadglass array to be more than 25 GeV
and four clusters found by the trigger processor in the leadglass array, the trigger rate scaled
from E-731 is estimated to be 10 KHz. Requirement of two tracks in the drift chambers
(hodoscope B has more than 1 hit and the track processor finds two tracks) will further reduce
the rate to 600 Hz. The trigger rate largely comes from Kj —n+n-nt? decays. With the
hodoscope located behind the lead wall in veto and one out of the four TRD modules in the
trigger, the rate drops to ~100 Hz. The current date acquisition system, which is FASTBUS
based, has an event deadtime of <1 msec. The projected system live-time is ~90%.

In Phase II, with the modified collimator with 3 x 1012 protons on target, the trigger
rate will be ~ 800 Hz. We anticipate to employ an ACP system online to calculate kinematic
quantities such as event invariant mass and E/P for tracks and be able to veto the K —~mn+r-n0

decays. The group has extensive experience with the ACP for offline analysis.
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6) Background Sources

The background to K—nle+e- decay, if assumed to be coming from other K decay,
could be categorized into combinations of three effects: namely, 1) missing final state photons,
2) particle mis-identification and 3) overlays with accidentals. In this section, we shall describe
the various background sources and the corresponding levels predicted by Monte Carlo
calculations. The Monte Carlo program used is the same one as used in the 21 €'¢
measurement and includes very detailed simulation of the detector responses and resolutions.
Various modes of K and & decays were generated with the corresponding form factors. With a
cut of 0.9<E/P<1.1 on the charged particles, the n/e rejection ratio is about 100. We also
assumed a 7/e rejection ratio of 100 with four modules of Transition Radiation Detector. The
cuts applied to define a good event are the same as used in the acceptance calculation.

The backgrounds which involved accidentals were simulated with the Monte Carlo
generated decay overlaid with the 'accidental trigger' data taken during the E-731 run. This data
measured the true detector response weighted by the instantaneous proton intensity. The
'accidental’ data used corresponds to 2x10!2 pps on target.

The various backgrounds shown below could be expressed as,

Event .
e A . ]
Event gen II(bry) xII(rejecty)x

acceptance
where Event pags is the number of simulated events that pass all cuts, Event gep is the equivalent
number of events generated, br; are branching ratios involved, reject; are /e rejection of the
detector, and acceptance is 10% for signal as described previously in section 3.

We list below various simulated backgrounds and their corresponding predicted levels:
i) and ii)

K, »n'n’n®
> e"ey <1.0x10°15
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i) Ky~ 370 with a 10 undetected and another ni° Dalitz decay with the Y undetected or
fused with others; and ii) K— 370 with a n% undetected and another 10 double Dalitz decay

with one of the two pairs undetected. Both cases have a missing 70, thus the reconstructed

K mass is at most 363 MeV; these backgrounds are negligible.

ii1)
K, - n’n’n’

Lb etey
eey [ <2.6x10-10 (90%CL) ]
KL~ 3n0 with two ®9 each Dalitz decay of which the two 7y fused with others or
undetected and also two of the four electrons undetected: B.R.(K —~319=0.21,
B.R.(n0—¢eey)=0.012; with 2.63 million events generated, none was reconstructed.
Although the background is then calculated to be only <2.6x10-10 at 90% confidence level,
it is only limited by amount of computing time accessible.

This decay requires that both e*e- pairs have to decay asymmetrically, the correct four
bodies detected out of a eight-body final state decay and small energy loss from the

undetected particles. It is unlikely that this background is significant, but a high statistics

Monte Carlo calculation will be performed.

eey <1.x10-13 (90%CL)
KL~ 2n0 with a 9 Dalitz decay with the y undetected or fused: the background is

negligible with the cut of Mee>150 MeV made. Figure 7 shows the Mee spectrum of the 70
Dalitz decay.
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http:31t�)=0.21

v)

K, — n’gf
RO
eeve’e

<4.x10-13 (90%CL)
K1,2n0 with a 0 double Dalitz decay with two of the four electrons undetected: with
B.R.(KL.~219)=0.1% and B.R.(n0—eeee)=3.2x10"3; no event survived with 1.82 million

generated. The background is <4.x10-13 at 90% confidence.

vi)

0
KL~—>:¢

n®
L e"ey

eTey <3.3x10-12 (90%CL)

K—279 with both 10 Dalitz decay and two out of the four e*/e- undetected:
B.R.(KL—~2n%) =0.1%, B.R.(n0—eey)=1.2%; no event survived with 1 million events

generated. The background is <3.3x10-12 at 90% confidence.

vii)
K, — 7 r? i
Lsee- [1.8x10-11]

K—2n0 with a n° decay to ete~ : B.R.( K—2n0)=0.1% and B.R.(xP—e*e")
=0.18x10-6; with 10% acceptance,we should be able to observe this at 1.8x10-11 level but it
could be easily handled because Mee would be reconstructed as =0 mass with 2 MeV

resolution.

viii)
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e e
KL—>1t7#t’}'C

ete) <1.x10-13 (90%CL)

o~

K—m+1-n0 but with both charged pions misidentified as electrons : B.R.(K—n+rnl)
=0.124; pion rejection ratio of (104)2; no event survived out of 0.287 million generated; the

background is <1.x10-13 at 90% confidence.

ix)
K, = n'rnlev

(e?) <1.6x10-13 (90%CL)

K—n+nle- v with the charged pion misidentified as electron : B.R.(K_—»n*nlev) =
6.2x10-5 and 104 pion rejection; no event survived with 0.91 million generated. With 90%

confidence, this background is <1.6x10-13,

X)
KL - e*e"y + Yace or

+ o
KL — e ey + 2V 5 3x10-12

K—e+e- v (K Dalitz decay) overlaps with one or two accidental ¥ : B.R.(K—~e*e- )
=1.7x10-5 ; equivalent to 32.4 million decays was generated and overlapped with the
'accidental' data, one event survived. The background is 5.3x10-12,

Xi)

(e”e) 2.2x10-13
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K—n+n- vy (radiative 2n) overlaps with an accidental y and with both charged pions
misidentified as electrons: B.R.(Ky—~n+n- v, y threshold at 30 MeV) = 4x10-3, pion
rejection ratio of (10-4)2; 30 events passed all cuts out of 11.4 millions generated, the

background is 2.2x10-13.

Xii)
K, - Te"VY + Ve

+
(e 2.2x10-12

K—n+e- v ¥ (radiative K.3) overlaps with an accidental y and with the charged pion
misidentified as electron: B.R.(K¢3)=0.387 and 5% of which a v is emitted with center of
mass energy greater than 5 MeV, pion rejection of 104; 10 events survived all the cuts out

9.45 millions generated. The estimated background level is 2.2x10-12,

xiii)

+ oy
K, = e v + 2y,

(e") <7.3x10-12 (90%CL)

Ke3 decay with two accidental ¥'s and the charged pion misidentified as electron:
with B.R.(Ke3)=0.387, pion rejection of 104; no events survived with the equivalent of
122 miilion generated and overlapped with the 'accidental’ data. The estimated

background is <7.3x10-12 with 90% confidence.

The background that involve accidentals could be further suppressed if one assumes

the extra one or two photons actually come from K—3n0 decay by vetoing on the five or

four otherwise undetected photons with the veto planes (see section 4(a) and (d)).
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7) Summary

We propose to search for the K; —n%+e- decay mode with a Phase I run during the
next Fixed Target period (1989-1990) following the scheduled E-773 (a CPT violation test in
neutral kaon system [22]) run period. With 650 hours of 2x1012 pps, no change to the existing
beamline and a modest upgrade of the current E-731 detector, this run will yield ~1x10-10
sensitivity.

A Phase II run (1991-1992) with 1600 hours of 3x1012 pps and a modest
modification to the MC beam configuration will yield a ~1x10-1! sensitivity. We hope we have
convinced the readers of the technical feasibility to perform the experiment at Fermilab. The
K —~mde+e- decay mode besides providing a test of Standard Model, offers an attractive
alternative to explore CP violation which is a central issue in elementary particle physics. We

feel that if the decay is observable within the experimental sensitivity, we should see it first.
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Appendix I. The n0 — e+e- decay and other Rare Kaon Decays

We describe some other rare decay modes which are also within the experimental reach
of the proposed experiment. Besides providing a very interesting physics playground, these
decays also serves as 'calibration’ at different sensitivity level.

a) n0 — e+e-

Basically this decay could be described by a fourth order electromagnetic diagram
(Fig.10) and the branching ratio is calculated to be > 4.8x10-8 (the unitarity limit). The
published B.R. (n®— e+e-) = (1.8+/- 0.7)x10-7, comes from two measurements [13,14]; but
there is mild controversy on the validity of the results. A new technique was used to search for
this decay in the current E-731 data. We have collected about 15 million reconstructed K— 370
decay with the 'six-cluster' trigger data. The signature of 0 — e+e- is then two tracks matched
with the leadglass showers and reconstructed a n9, the four extra clusters reconstructed as 2n0,
and all six clusters reconstructed as a kaon coming from the target. Figure 11 shows the
scatterplot of Mge vs M3y for 30 % of the total sample and corresponds to a limit of <2.5x10-7
(90% confidence). There is no background and we believe this 'tagged pion' technique could
be exploited much further and a definite measurement could be made.

(b) Kp—=mOyy

The predicted branching ratio of Ky —~n9y+y[1,12] is ~7x10-7. The current
experimental limit [24] is B.R.(K—n%Y7) < 2.4x104. This decay is interesting in the context
of Chiral Perturbation Theory and is crucial for the theoretical prediction of the amount of CP
violation in Ky —n%*e- decay. We plan to search for the decay via the 10 Dalitz decay. The
e+e- vertex, reconstructed 710 mass and K; mass provides an unambiguous signature.

(¢) KL e*e- v ( K, Dalitz decay)

The world total observed number of these decay was four and the published branching
ratio [16] is (1.7+/- 0.9)x10-5, Twelve events were reconstructed from a partial E-731 data
set. Figure 12 shows the reconstructed kaon mass vs electron pair mass distribution. The kaon

mass resolution is about § MeV and the mass peak is well separated from the low mass events
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(from radiative Ke3). We estimate about 100 events from the entire data set. There is

theoretical interest [15] in the distribution of the e*e- invariant mass.
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Figure 1

Three diagrams giving a short distance contribution
to the process K»r1717: (a) the 'electromagnetic
penguin', (b) the 'Z penguin', (c) the "W box'.
(From C.0.Dib,I.Dunietz,and F.Gilman of ref.1)
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Figure 2
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Schematic of the detector in the Meson Center beamline.
Items labelled with boxes are new equipment. The '"Trigger
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Figure 3  Distribution of E/P in the_1eadg]ass
from the electron calibration data.
The resolution is about 4% rms.
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Figure 4  Distribution of the =° mass reconstructed from
K »m*n"n° decays.The resolution is 4 MeV/c2.
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momentum for (a) K »n*n-n° and (b) K -+€e. The events in
the plots were selected with a »°mass cut of 2.5c and the
boxes represent the signal region.




ACCEPTANCE

0.20 -

0.15—

0.10

0.05=

0.00

T T T T T

H 4 e 1 H i |
0 30 60 90 120 150 180 210 240 270 300 330 360
Mee (MeV/c2)
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The Mee distribution for the =° Dalitz decay.
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Figure 9 The beam hole calorimeter.
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Figure 10 The Feynman diagram of +°- ee decay.
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data. The box represent 90% confidence
signal region.
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