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ABSTRACT: A description of the detector and present status of
an experiment to search for the decay /sT+-+7r+i/I7 at Brookhaven
National Laboratory is presented.

1. I N T R O D U C T I O N

A search for the decay iif+—*-TT+I/I7 is being undertaken in Experiment 7S7
at Brookhaven National Laboratory. This rare decay mode is mediated by flavor
changing neutral currents, forbidden in first-order by the GIM mechanism, and
occurs only in higher-order diagrams in accordance with the standard model of
the electroweak interaction.1' So far the predictions of the standard model agree
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vveil with the experimental results up to the level of first-order interactions. There-
fore, a precise test of the standard model at higher-orders is strongly desirable.
Suppressed decays such as K+—*-H+VV are sensitive to higher-order interactions
because there are only small contributions of "long distance effects". The second-
order diagrams in K° — A'0 mixing and K^ —* fi+n~, in contrast, suffer large long
distance effects (either electromagnetic or hadronic) which introduce large ambi-
guities. Therefore, the search for the decay K+ —*-'T vv provides a comparatively
clean test of the second-order weak interaction. 2^

The second-order diagrams for K+—yit^vv are in Fig.l. showing two inter-
mediate weak vector bosons involved in the loop. The calculated branching ratio
of K+—*TT+VV 3"~8^ is given per the lepton flavor by

B{K+ _ , 0.61 x 10- 6

\VU. j=c.t
(1)

where D(XJ) is a function of Xj = (mj/mw )2, rrij and mw are the mass of the
charge 2/3 quarks and of the intermediate weak vector boson, respectively. Vjj is
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Fig.l Second-order diagrams for —Tr+t/V .



the Kobayashi-Maskawa (K—M) matrix 9) given by

C\C2c3 -s2s3e
lS QC053 + s2c3e

10 j ( 2 )

c2s3e
li cis2s3 - c2c3e'6

where a, $i are cos#i, sin#i respectively of the K—M mixing angle 9{ and 6 is
the CP violating phase. For small K—M mixing angle, the branching ratio is
approximated by

B(K+ -> K+viUl) = 0.61 x 10~6|£»(xc) + s2{s2 + s3e
lS)D{xt)\

2 (3)

The second term in eq.(3) is expected to dominate owing to the heavy mass of the
top quark. As a result, the branching ratio of K+—>ir+vv is very sensitive to the
K—M matrix elements, especially s2 and S3, as well as to the mass of the top quark.
Recently, using the observed large B°d — B\ mixing 10\ the B meson lifetime n n )

and T{b —• u)/T(b —* c) l2\ s2 and S3 were evaluated and the branching ratio of
K+—>ir+vv was predicted.8^ In Fig.2, the limit of the branching ratio for the three
lepton generations is shown to be in the range (1 — 8) x 10~10 depending on the
top quark mass. The proposed goal of the experiment is just in the range of the
prediction of the standard model. This prediction can be improved if the K—M
matrix elements are better known or the top quark is found. Conversely, a signal
for K+—*TT+VV in the predicted region will give constraints on the K—M matrix
elements and the top quark mass. In particular, Vt^ (or 52), one of the smallest
K—M matrix elements, could be determined more precisely than from the B® — 3j
mixing which has also an ambiguity arising from the hadronic matrix elements.

The observation of A"+—>-K+VV well above the prediction will indicate new
physics beyond the standard model. The possibilities include (1) extra lepton
generations6'13', (2) extra quark generations14^ or (3) existence of a light weakly-
interacting neutral particle or particles. Hypothetical candidates would be super-
symmetric particles6'15' (photino, shiggs, etc.), the familon16* which arises from
flavor-symmetry breaking, the axion17\ the majoron18\ or the hyperphoton19\

The present experimental upper limit for K+—*TT+VV is B(K+ —* x+i/F) <
1.4 x 10~7. 20 ' There is a large window of three orders of magnitude to search for
new physics between the current limit and the prediction of the standard model.

Other decay modes can also be sought by the E787 experiment such as
K+—*Tr+/i+(i~ and K+—»TT+77 . These decay modes are electromagnetically in-
duced weak processes where long distance effects dominate. In general, under-
standing of long distance effects is very important in order to extract the genuine
effect of the weak interaction from rare K decay experiments. Recently, there has
been theoretical progress using chiral perturbation theory.21"23' The study of the
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decay modes of K+—rir+y.*p and iif+-+7r+77 will provide important information
on the test of this theoretical framework.

The present experimental limits on the branching ratios are B(K+ —>
n+V+li~) < 2.4 x 10-6 24> and B(K+ -+ 7r+77) < 8.6 x 10~6 25>. Chi-
ral perturbation theory predicts B(K+ -* TT+^+/X~) = (3 - 8) X 10~8 21) and
B(K+ —* TT+77) > 4 x 10~7 22\ Both predictions are thus within the range
reachable by E787. Furthermore, the measurement of the branching ratio of
K+—VTT+77 is important because it could be a background for K+—nr+vV if the
photons are missed in the detector.

The decay K+—*w+fi+/i~ is a valid hunting ground for a light Higgs boson,
H, in the decay of K+ —* x+H. Since the coupling of the Higgs to a fermion is
proportional to the fermion mass, the decay H —* n+fi~ dominates in the mass
region between Ira^, < Ma < 2mff. The decay of the Higgs is also calculated to
be fast enough to be detectable. According to various theoretical estimates26^, th<



present experimental limit cannot exclude che existence of che light Higgs boson
in this mass range.

By tagging with r,he ~^ from the decay A'+ —> i T 7 ° . the E7S7 experiment
can also study the rare decay of ~° —* xx'. where x. x' are non-interacting particles.

2. D E T E C T O R

The signature of A"+ —r-^vv is a single rr+ unaccompanied by other signals
(i.e. K+ —> T + -f'not king"). Since the TT+ spectrum for K+—*~~ri/I' is not discrete,
other dominant decay-modes overlap the region of A'+—*it+ uV and could be sources
of background. Fig.3 shows the expected spectra of the range and momentum for
K^-^TZ^UV along with the other decay modes. The decays K+-+n~v (A'^?) and
K+—nr^ir0

 (A'JTT) are the two largest potential backgrounds. They could mimic
the K^—*TT+VV signals if the muon is misidentified as a pion in K^ o r if the
photons from the T 0 decay are undetected in KV2- I" order to minimize the
background, only the 20% of the total spectrum in the kinematic region above the
monoenergetic peak of KV2 (momentum -P(f+) > 205 MeV/c) is considered.

Even in the selected kinematic region, a lower momentum tail from the K^o
peak or a higher momentum tail from the K^ peak can contribute background
events. Therefore, important characteristics of the detector to reduce backgrounds
are (1) excellent TT/H particle identification and (2) efficient photon detection ca-
pability. For particle identification, the range, momentum and kinetic energy of
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Fig.3 Range and momentum spectra of A'+-*ir+j/i7 and background decays.



charged decay products are measured and their correlations are exploited to dis-
tinguish pions from muons. In order to enable precise measurements of these three
quantities and to maximize photon veto efficiency, the geometry of K+ decay at
rest was selected. In addition to the correlation of range/momentum/energy for
~/fi particle identification, the characteristic decay sequence of ir+ —* n+ —> e+ is
observed. The photon detection system, consisting of lead-scintillator sandwich,
covers nearly 4TT of solid angle.

Other potential background decay-modes appearing in the kinematic region
of interest are 7\'+ —> fJ.+u-(, K+ —> /Z+TT'V (K^) and K+ —+ TT+77, etc. which
can be rejected by a combination of the 7r//i particle identification and the photon
veto. The other possible background sources are beam pions scattering into the
detector following K+ stops, or K+ charge exchange reactions, etc. In order to
reduce these kinds of backgrounds, the beam counters have efficient K+ beam
identification and high rejection capability for secondary incident particles from
the beam line, and an active highly-segmented scintillation-fiber target system is
used to track the K+'s and the TT+'S.

A schematic side view of the detector is shown in Fig.4. It has an acceptance
of 2?r for ;r+ detection. Incoming kaons are stopped in the target located at the
center of the detector, and pions from K+ decay are momentum-analyzed as they
pass through a cylindrical drift chamber and are stopped in a stack of scintillators
(range stack) which measures the range and kinetic energy of the pions. The decay
sequence of ir+ —* /z+ —* e+ is measured using transient digitizers on the range
stack phototube signals. Surrounding the range stack and drift chamber is the
47r photon detection system comprised of barrel and endcap sections. All these
systems are contained in a normal solenoid magnet which produces a magnetic
field of 10 kG along the beam direction. A typical online event display for Kr2 is
shown in Fig.5, where the pion is stopped in the range stack and the two photons
from TT° decay are detected in the barrel photon-veto system. A brief description
on the E787 detector can also be found elsewhere.27)

2.1 Beam Counter System

A 775 MeV/c kaon beam from the Low Energy mass-Separated Beam (LESB-
1) at the Alternating Gradient Synchrotron (AGS) is slowed by 50 cm of BeO
degrader and stopped in the scintillator target. Typical intensity of the kaon beam
was about 150 k stopped K+ per spill and the ratio of K+ : K+ was about 1:2 5
in the 1988 run. The kaons were selected by a differential Cerenkov counter which
uses a lucite radiator. The energy deposited (dE/dx) in a 6 mm-thick scintillator
located in front of the target can also be used to select kaons. The other
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Fig.5 Display of a KTs event showing
the T + track and stop in the range
stack and the signals of the two
photons from the T° in the barrel
photon veto.

elements of the beam counter system include a beam hodoscope and a fast multi-
wire proportional chamber. They are used to monitor the beam profile as well as
to identify multiple entries of beam particles into the detector. The wire chamber
contains three planes in which the first plane has vertical wires and the other two
have wires at ±45° to the vertical. A gas mixture of CF4:Isobutane=80:20 is used
for fast response.

2.2 Target System

The target system28^ consists of 378 clusters of scintillation fibers. Each
fiber has a round cross section with a diameter of 2 mm and is aluminum-coated.
Six fibers are epoxied together to form a triangular-shaped cluster which has 75%
scintillator material. The arrangement of the 378 clusters in the target is shown
in Fig.6. Each cluster is viewed by a 3/8 inch photomultiplier tube (Hamamatsu
R1635-02). Typical attenuation length in the scintillation fiber is about 2 m and
the light output is about 5 photoelectrons per MeV. The total diameter of the
target between the flat surfaces is about 10 cm. The high segmentation utilizing
scintillation fibers was designed to enable measurement of the energy and range of
the decay pions as well as of the energy and position of stopping .K"+'s. The radial
resolution of the decay vertex is ~ 2mm. The segmentation also allows rejection of
backgrounds in which photons convert in the target. The tracks of A'+ 's and TT+ 'S
are identified by the timing and energy information. The incident kaons have large
prompt-energy deposit, typically 50 MeV, while decay pions have relatively small
energy at a later time. The K+ lifetime measured in the target is shown in Fig.7,



where the time resolution is a ~ 1 ns. In order to reject the K+ decay-in-flight
and prompt scattering, only delayed events later than 2 ns with respect to the K+

stop timing were valid in the triger mode of K^—t-n+vv .
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2.3 Drift Chamber

The cylindrical drift chamber 29) is used to measure the momenta of the
charged decay particles in a magnetic field of 10 kG. It occupies the volume from
11 cm to 45 cm in radius and 50 cm in length. It consists of 256 cells in 5
radial layers. The wires in layers 1, 3 and 5 are axial and those in layer 2 and 4
are at stereo with angles of -3.5° and +3.7°, respectively. These stereo wires give
information on the track positions along the axis of the drift chamber (z direction).
A single cell consists of 6 instrumented sense wires of 20 fim gold-plated tungsten
with wire separation of 5 mm and 19 field wires of 170 /im Be-Cu wires located
at each boundary of the cell. There are two additional field wires at each end of
the sense wire row. The sense wires are staggered by ± 254 /«n to resolve the
left-right ambiguity. A gas mixture of Argon:Ethane=50:50 with ethanol is used
and a typical drift velocity is 5 cm//isec at atmospheric pressure. The maximum
drift time is about 300 ns. In a magnetic field of 10 kG, the Lorentz angle is about
25°. The position resolution of the hits in the plane perpendicular to the beam
axis (xy plane) is about 150 pm. at the middle of the cell; the z position resolution
of the hits obtained from the stereo wires is about 2.5 mm.

2.4 Range Stack



Pions passing through the drift chamber are stopped in a stack of plastic
scintillators (range stack) where the kinetic energy and the range of the pions are
measured. The range stack is composed of 24 identical azimuthal sectors, each
consisting of 21 layers of 1.9 cm-thick plastic scintillation counters. The light from
the scintillator r< is detected by 2 inch photomultiplier tubes (EMI-9954KB) placed
at both ends. The light output at each end is approximately 15 photoelectrons
per MeV. Two layers of multiwire proportional chambers are interspersed in each
sector to measure the axial and the azimuthal positions of the track. The hit
positions in the wire chamber were used to improve the range measurement in the
online event selection as well as in the offline analysis.

2.5 Photon Detection System

The photon detection system is comprised of barrel and endcap sections. The
barrel is segmented in 48 sectors covering 2ir in azimuth and ±95 cm in the beam
direction. Each sector consists of 75 interleaved layers of 1 mm lead and 5 mm
plastic scintillator, covering 14 radiation lengths. The 75 layers are grouped into 4
radial segments and each of them are viewed at both ends by 3 inch photomultiplier
tubes located outside the magnet. The light output is about 10 photoelectrons per
MeV. In order to avoid photons escaping through the cracks between the segments,
the boundaries of the segments are tilted to be non-projective to the target.

Two endcap photon detectors are installed at the upstream and the down-
stream ends of the central drift chamber. Each detector consists of 24 azimuthal
segments of 66 interleaved layers of lmm lead and 5 mm scintillator, covering 12.4
radiation lengths. The scintillator layers are oriented perpendicular to the beam
axis. Light from the scintillators is absorbed in fast wave-length shifter (BBOT)
bars perpendicular to the outer edge of the scintillators viewed through lightguides
by 2 inch photomultiplier tubes. The light output is about 10 photoelectrons per
MeV, similar to that in the barrel veto. The fraction of visible energy of photons
is about 0.3 for both the barrel and endcap photon detection systems.

2.6 Transient Digitizer System

Each transient digitizer30* makes a digital record of the waveform of an analog
signal from the range stack as a function of time and is used to recognize the decay
sequence of n+ —» /z+ —> e+ in order to identify pions. We have developed 500
MHz transient digitizers with 8-bits dynamic range. The sampling rate of 500 MHz
was achieved using two interleaved 250 MHz flash ADC's (Tektronix TKAD50S).
The memory depth is up to 0.5 msec. For the E787 experiment, a time window
of ±5 /̂ sec with respect the K+ decay timing was chosen to detect the relatively
slow (i —• e decay (r^ = 2.2 //sec). The system has zero-suppression capability to
reduce the number of data words to be read. The data are read via a FASTBUS



controller with a fast readout time. A typical spectrum of TT —• n decay observed
by the transient digitizer is shown in Fig.S. At present one hundred channels of
transient digitizers are used to digitize the range stack signals covering the stopping
layers of interest by summing four azimuthaily adjacent counters. They are also
used in the online fi rejection.
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2.7 Data Acquisition System

All counter channels are instrumented with ADCs and TDCs, for the most
part LeCroy FERA CAMAC ADCs and pipeline FASTBUS TDCs. The system is
based mainly in FASTBUS and the ADC data are read from CAMAC through an
ECL bus interface to FASTBUS. A SLAC Scanning Processor (SSP) microproces-
sor is used as the master in each FASTBUS crate to perform the event selection
and to gather and store data in its memory during beam spills.

The trigger system is organized in three levels of increasing complexity. At
each trigger stage the reduction of the trigger rate is roughly a factor of 10, to a final
trigger rate of about 50-100 events/spill. The first level trigger is based on ECL
logic circuits and requires the proper range region for the decay products in the
range stack, no energy in the photon veto system and delayed timing with respect
to the K+ stop. The second level uses memory lookup units (MLU) to refine
the range of the pions using the information from the target and from the wire
chambers in the range stack. In the third level, the SSPs use an algorithm for event
selection based on rejection of muons using the transient digitizer information, a
cut on the track energy, and a cut on the extra energy in the range stack due to



photon conversion. The data are formatted in the SSP and sent through a CERN
FASTBUS Interface (CFI) between beam spills to a MicroVax II host computer.

3. DETECTOR PERFORMANCE

The detector was completed just before the first run in February-May, 19S8.
This run was devoted mostly to calibration of the subsystems and to trigger studies.
During this run approximately 10J0 stopped K+ were accumulated for the trigger
modes of K+—*TZ+VV , K+—>Tr+ft+n~ ai*d K+—>it+-y~f . The data are presently
being analyzed. The performance of the detector, based on these data is described
below, focussing on the measurement of range/momentum/energy, the analysis of
the transient digitizer data and the photon veto efficiency.

3.1 Range/Momentum/Energy Correlations

The two-dimensional plots in Fig. 9 show the correlations between range,
momentum and kinetic energy of the charged decay products for a mixed sample
of ivM2 and -K^ events. This sample has full acceptance for Kn2 but only K^
events at large angles satisfy the trigger. Since range and energy-deposit in the
target are not corrected for, the peaks of K^ and KV2 are shifted and smeared
out and results in two distinct bands corresponding to pions and muons. These
correlations allow good discrimination of pions from muons in the low energy
region.

Fig. 10 shows the two-dimensional plots of the total kinetic energy vs. total
range and of the total momentum vs. total range for the same mixed sample of
K^ and Kn2, where range and energy in the target are corrected for. It can be
seen that the two sharp peaks of K^ and K^ are well separated. The region of
interest for K+—*ir+vT> signals lies between the two peaks.

In Fig.ll , the distributions of total momentum, toyal range and total kinetic
energy of pions in the /STT2 samples are shown. Momentum resolution (standard
deviation) of A P / P ~ 2.4%, range resolution of &R/R ~ 1.1 cm, and energy
resolution of AE/E ~ 3% are obtained, consistent with Monte Carlo estimates.

3.2 Transient Digitizer Analysis

The transient digitizer system is used to distinguish pions from muons by
observing the decay sequence of 7r+ —̂  (i+ —> e+ . The rr+ decays with a lifetime of
26 ns into a n+ with 4 MeV kinetic energy which in turn decays into e+ and two
i/'s with a 2.2 fis lifetime. The endpoint of the e+ energy is about 50 MeV. The
principle of pion identification by the transient digitizers is based on searching for
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three pulses from the vicinity of the pion stop in che range stack, which satisfy the
decay properties (energy and timing) above.

In offline analysis, the identification of the decay of TT+ —• / i+ is performed
by pulse-shape Stting of the transient-digitizer spectrum from the pion stopping
counter for a time period up to ~ 150 ns after the pion stop. The pulse-shape fitting
to the spectrum is done according to two different hypotheses; the first presumes a
single pulse (/* hypothesis) and the second presumes double pulses (T hypothesis).
The chi-squares of the two hypotheses are compared to determine whether the
second pulse associated with the ir —> y. decay exists. A general minimization
program MINUIT was used and the fitting parameters are amplitude and time
of each pulse. Tne template of the puke shape was determined by averaging the
single pulse spectra. Typical examples of the fitting results are shown in Fig. 12.
The advantage of this approach can be seen in the second event where the second
pulse lies on the tail of the first pulse. Since the pion lifetime is 26 ns and the
typical pulse width from the scintillator is as much as 20 ns, this kind of event
is likely. The time spectrum of /z+ from T decay is shown in Fig. 13, where the
second pulse can be found as early as 8 ns from the time of the pion stop. The
pion lifetime measured is consistent with the accepted value of 26 ns.

upstream
event 1 I .'\

ft
1

upstream
event 2 ': / \

l}i V ,

j fi hypothesis

j T hypothesis

Ii V_ A.
downstream

f I V , i /i hypothesis

J ;\

V \
IT hypothesis

time (nsec) time (nsec)

Fig. 12 Transient digitizer pulse
shape fitting. Two
typical events are dis-
played, where the fit-
ting results of \i hy-
pothesis and x hy-
pothesis are shown for
the upstream and down-
stream ends of the tran-
sient digitizer data.
Solid lines are fitted
curves and dotted lines
are data.
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Fig. 13 x — \i decay time spectra from the transient digitizer data.

In order to reduce accidental backgrounds which simulate the ir —* fi signal.
some additional constraints were made on the result of the pulse-shape fitting.
Since the muons from the TT —• \i decay are monoenergetic, a useful cut requiring
4 MeV in the second pulse can be made. Typical energy resolution of the second
pulse a ~ 14% is shown in Fig.l4(a). The other constraint is related to the spatial
position of the muons. Since the range of the muons from the TT —• p decay is
about 1 mm, the spatial position of the muon is the same as that of the pion. In

o
u

2 5 "

2 0 :

10 -

5 j

n - J

a = 14%

a
o
u

100 200 300

E (unnormalized) - t ) - (t - t ) , (nsec)

Fig.l4(a) Energy of the second pulse
from the transient digitizer
data.

Fig.l4(b) Time difference of the first
and the second pulse at both
end of the pion-stopping counter



order to verify this, the time difference between the first and the second pulse at
both ends of the counter (upstream and downstream; are compared: if the second
pulse occurs at the position of the pion stop, the time difference at boch ends
should be equal. The spectrum of the time difference is shown in Fig.l4(b), where
the mean is located at zero and its standard deviation is about 1.1 ns. Using these
constraints, accidentals can be rejected.

UPSTREAM DOWNSTREAM

layer 16 layer 16

iaver 15 lavev 15

time (nsec) time (nsec)

Fig. 15 Transient digitizer data
of different layers for
one typical event. The
pion came from the
target, passing through
the layer 13 and was
stopped in the layer
14. The x — n de-
cay was observed in
the layer 14. The
decay positron from
ft —• e decay went
outwards through the
layers 14, 15 and 16.

Fig. 15 shows the transient-digitizer spectra of a pion event from several ad-
jacent layers. In the event shown, the pion coming from the target stopped in
layer 14 and the second pulse associated with the •K —> /z decay was detected only
in layer 14, but not in the adjacent layers. Later, the decay positron from the
fj, —> e decay passed through several layers. The constraints put in the global TT
recognition are (1) no pulses in adjacent counters at the IT —* y. decay timing, and
(2) the starting point of the fi —̂  e decay positron should be in the pion stopping
counter. The time spectrum of the n -+ e decays thus obtained is shown in Fig. 16.

3.3 Photon Veto Inefficiency

The energy resolution of the photon detector was tested by measuring the
energy sum of two photons from the decay ir° —> 77 in K-^i events. The result is
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shown in Fig. 17, where the mean of the distribution agrees well with the total ~°
energy from Kv<i and a standard deviation of about 38 MeV is obtained. From
this, the photon energy resolution is estimated to be cr/E = 8%/y/E(GeV).

The total inefficiency for detection of 7r°'s was measured by comparing the
number of ATff2 events in the momentum spectrum of the K+—+-x+vv data with
and without the photon veto. The measured inefficiency for w° detection, with a
threshold of 1 MeV visible energy and the intime requirement of \tv — t^\ < 10 ns,
is at the level of 5 x 10~6. This result may lead to a new experimental upper limit
on rare it decay, TT° —> xx', where x, x' are non-interacting particles, for which a
detailed study is in progress.
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00 200 300
ENERGY (MeV)



4. SUMMARY

The detector for the E787 experiment at Brookhaven National Laboratory
has been completed and the first run was taken in 1988. The analysis of the data
taken in the 1988 run. which correspond to ~ 1O10 stopped iv + 's. is now underway
to search for K+—*t:+vv , K+—»7T+/X+/J~ and A'+—••ir+77 decays.

This research is supported in part by the U.S. Department cf Energy
under Contract No. DE-AC02-76CH00016.
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