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Observation of the Decaykt — 7wt u* u~
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We have observed the rare decay*—#*u*tu~ and measured the branching ratio
MNK*—>atutu™)/T(KT— all) =[5.0 = 0.4(stad + 0.7(sysh + 0.6(th)] X 1078,  We compare
this result with predictions from chiral perturbation theory and estimates based on the decay
Kt —atete”. [S0031-9007(97)04785-6]

PACS numbers: 13.20.Eb, 12.39.Fe

We report the observation of the rare decky —  set a limit of BK*—» 7 utu™) =23 X 1077 (90%
mtutu~ and the measurement of the branching raconfidence level) [9]. The measurement BfK+ —
tio N(Kt*—- 7 u*u™)/T(K*— all). The electromag- = u*u~) allows further tests of the ChPT picture.
netically induced semileptonic weak processk$ — K'—7*[*/~ decays are also of interest for the light
7711~ (I = e, u) have been the subject of consider-they can shed on the closely related dedglys— 7% 1,
able theoretical study for over 40 years [1]. Thoughwhich are important in isolating the contribution of direct
gauge theory calculations in the free quark approximaCP violation in the deca); — 7%~ [10].
tion [2] gave a result in rough agreement with the sub- The experiment reported here was carried out at the
sequent observation & * — 7*e"e™ [3], the inclusion  Brookhaven Alternating Gradient Synchrotron from 1989
of QCD corrections [1,4] showed this agreement to beto 1991 using the E-787 apparatus described in Ref. [11].
fortuitous and established that these decays are, in fachn 800 MeV/c K* beam is tagged by &erenkov
long-distance dominated. Ecker, Pich, and de Rafael [5¢ounter and stopped in a scintillating fiber target. Decay
first applied the techniques of chiral perturbation theoryparticles from the target are detected in nested cylindrical
(ChPT) to this problem, and most recent discussion hakyers of trigger scintillators, a tracking drift chamber,
been conducted in this language [6]. In [5], the rate and “range stack” of scintillator layers read out with 500-
dilepton invariant mass spectrum &t — 7 "["]/~ are  MHz transient digitizers (TD), and 14 radiation lengths of
calculated in terms of a single unknown parameter,  Pb-scintillator photon detector. Azimuthally, the trigger
Consequently, this parameter also controls the ratio ofounters, range stack, and photon detector are divided
ratesT'(K* -7 u"u")/T(K*—>mTete™). Calcula- into 6, 24, and 48 sectors, respectively. Both ends of
tions of wy in various models [5,7] have ranged from the cylinder are instrumented with 12-radiation-length
0.49 to 2.04. Pb-scintillator “end cap” photon detectors. The entire

In the first experiment able to probe this picture,apparatus is in a 1-T solenoidal magnetic field.
Alliegro et al.[8] made a combined fit to the branching In each 1.5-s beam spill, approximatglyx 10° kaons
ratio and spectrum &€ * — 7 et e, obtainingB(K* —  enter the stopping target. Requiring a delayl.5 ns
mhete”) = [2.99 + 0.22(sta) + 0.14(sysbd] x 1077 between the entering and decay particles ensures that
andw, = 0.89703%. The value ofw, determined from the kaons stopped in the target before decaying. The
the branching ratio alone is20 = 0.04, a little more than trigger then selects decays in which two or three charged
1o above the value obtained from the simultaneous fitparticles reach the range stack witos#| < 0.5 (¢ is the
Our previous search for the decay madé — 7" u*u~  polar angle with respect to the beam direction) and none
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penetrate beyond 14 cm €6°. Events with more than to the target, increasing the effectiveness of the final
5 (10) MeV in the cylindrical (end cap) photon detectorskinematic requirements.

or more than 5 MeV in the outer region of the range For each track reaching the range stack, the momentum
stack are eliminated by the trigger. These requirementsieasured in the drift chamber can be combined with the
are aimed at the major backgrounds:" — 77 or  kinetic energy measured in the range stack to give the
K*—>7u*v,, followed by7’— ye* e~ (Dalitzdecay) mass of the particle. The rms resolution on this mass is

or by 7= yy with y—ete ; and K" — a7 7w 7.  10-20 MeV/c? for pions and muons in the momentum
In total, we accumulated about X 10° triggers from range of interest. Both analyses reject electrons by
3 X 10" stopped kaons. requiring m > 60 MeV/c? for any tracks reaching the

We search these data f&r* — 7+ u* ™ events using range stack.
two experimental signatures analyzed in parallel. One The final requirements of the two analyses differ
signature requires complete reconstruction of the threesharply. In the three-track analysi&* — 7 7 e*v
track K" — 7 utu~ events in the drift chamber and decays dominate the background. Some positrons are
target. Not only can momentum conservation be ensureckjected by restricting the number of range-stack counters
for such events, but particle identification techniques suclllowed on each track, further suppressing showers. To
asdE /dx measured in the drift chamber can be applied teeliminate remaining background events with electrons or
all three tracks. The other signature uses the fact that thgositrons, information from drift chambei& /dx, dE/dx
spectrometer, in which accepted charged tracks penetraite the first layer of the range stack, and time of flight from
little material other than scintillator, is a hermetic detectorthe trigger counter to the range stack are combined into a
of kinetic energy. The segmentation of the kaon stoppindikelihood whose acceptance and rejection are measured
target allows separation of the kaon signal from theon samples of knowre™ and 7* [13]. Requiring a
decay-product signals, andk&a" — 7=t u* u~ event can  90%-confidence-level elimination of electrons results in a
be recognized by its total kinetic energy of 143 MeV, sample of 22 events. Figure 1 shows the total transverse
even if one of the tracks is not reconstructed outsidenomentum,|Xpr|, calculated by extrapolating the three
the target. This “two-track” signature [12] is important tracks back to the decay vertex and correcting for energy
because Monte Carlo simulation indicates that only 10%o0ss in the target, versus the three-track invariant mass
of K* - 7*u*u~ events that pass the trigger have aof this sample. The assignment of" or ™ is chosen
third track that leaves the target. to minimize |Spr| (the mass enters only in corrections

The preliminary event selections for the two signaturedor propagation in the target), but™ and u* are not
are similar. First, reconstructed tracks are required t@therwise distinguished. Monte Carlo simulation of
originate near the kaon track in the target. Next, noK™ — 7" u*u~ indicates that about 80% of the events
event is accepted having a track with momentum greatghat remain after preliminary event selection should appear
than thekK*— 7+ u*u~ end point of 172 MeV/c— in the signal box, the smaller of the two boxes in the
most other kaon decays have a higher-momentum trackigure. There are 13 events in this box.
Events with photons or showering electrons are rejected The background in the signal box is estimated by
if they have energy deposited in the photon detectorsounting the number of events in a background box
or in range stack modules isolated from the charged

tracks (typical threshold- 1 MeV). To avoid excessive 16
loss of acceptance from the high accidental rates in N{M i
these detectors, only depositions within 1.0-3.5 ns of the %
charged tracks (depending on analysis and detector) are =12
used. Further rejection of events with electrons comes §10 B
from demanding that the total energy measured in the = sl
inner range-stack layers be less than 150 (120) MeV for  *
the three- (two-)track analysis. s 6

At this point, the major backgrounds are 4L
Kt—>atm e"v, KT > 7% v with Dalitz decay,

+ - ; 2r .
and K" — 7" 7w 7, the last of these entering only o )
the two-track sample. Dramatic reduction of these 0 ——— S
400 450 500 550 600

backgrounds occurs when we require that two positively
charged tracks reach the range stack. For the first two _ _ _ _ _
backgrounds, this requires that the positron reach thElG. 1. Kinematics of final sample in the three-track analysis.

range stack, and all the electron identification techniquet=Pr! is the total transverse momentum (near zero for signal),
andm,,, is the three-track invariant mass-4ix for signal).

OT .bOth analyses Cf,n _be b:ought+to+b%ar on it. It isThe inner and outer boxes are for determining signal and
difficult for both 7™'s in K™ — a7 7 "7~ events t0 packground (see text). There are two events ilip,|* >
reach the range stack. If they do, the is confined 16000 MeV?/c>.

M (MeV/)
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surrounding the signal box (see Fig. 1) and using a Monter "7 " 77~ decays with additional energy releasedsn
Carlo prediction of the ratio of background events in thenuclear capture. To estimate the sizes of the signal and
two regions, taking into account the fraction of signalbackground, a function consisting of two Gaussians and
events outside the signal box. The background estimateal second-degree polynomial is fitted to the spectrum
this way is2.4 = 2.2 events. This is consistent with (see Fig. 2). The number of the signal events from the
an estimate using trigger counté¥/dx, which is not fit is 196.0 = 16.7. The fitted number of background
an ingredient of the particle identification likelihood, to events in the interval 10 < Ey;, < 160 is 25. Varia-
count events in the signal box with an". It is also tions in the signal with the functional form assumed
consistent with an absolutely normalized Monte Carloin the fit are included in the systematic error discussed
calculation. The net signal from the three-track analysidelow.

is thus10.6 = 4.7 events. To confirm identification of the main peak in Fig. 2

The final requirements in the two-track analysis imposeas K* — 7" u* =, the TD's are used to look for a
momentum conservation. For the small minority of #* — u™ decay in the last counter on each track. This
events in the sample with three reconstructed tracks iallows an estimate of the number of ™ and 7" 7™
the drift chamber, we demand that the vector sum of thgairs in the final sample in different regions of the energy
momenta be less thaé0 MeV/c. For the rest of the distribution. The fraction ofr ™ u™ pairs in the signal
events, the expected energy of the third track and its anglegion (110 to 160 MeV) is consistent with the ratio of
in the plane transverse to the beam are calculated froffitted signal and background, and the peak attributed to
the two reconstructed tracks, assumikig —» 7 utu~. K '—a 7 7 is mostly #* 7t pairs. Monte Carlo
Requiring that the “stub” of the third track seen in the studies show that the number of «* pairs in the signal
target be within 0.9 radians of the expected directiorregion due to a decay in-flight of one of the pions in
rejectsk ™ — 7+ 7~ et v, which has a missing neutrino. a K™ — 7*# "7~ decay is negligible. The othek*
Requiring that the energy of the stub be within 25 MeV ofdecay involving ar* u* pairisk*— 7 7" u*v. The
its expected kinetic energy rejects bdth — 7t 7 e¢*r  maximum total kinetic energy of the charged particles in
and K" — 777~ because ther~ in these events this decay is 108.9 MeV and the number of these events
usually deposits substantial energy after nuclear capturein the signal region is estimated to be less than five.

The total kinetic energy distribution of the final two- The number of stopped kaons is determined by nor-
track sample is shown in Fig. 2. The large peak at aboutalizing a sample ok * — u" v events, taken simulta-
135 MeV coincides with the Monte Carlo distribution neously with theK* — 7+ u* u~ sample, to the known
for K* -7+t u*u~. The discrepancy between the peakbranching ratio. Several possible systematic errors in the
position and the expected 143 MeV results primarilyfinal branching ratio cancel via this procedure. To esti-
from fibers in the target where energy deposits frommate the acceptance f&* — 7" u™ u~, Monte Carlo
the kaon hide the energy deposited by decay particlesimulation is used for kinematic factors and data are used
UnrejectedK ™ — 7+ 7"~ events produce the smaller for accidental losses, particle identification, and timing
peak at 80 MeV. The background extending into therequirements. The simulation used the matrix element
K*—m*tutu~ signal region is mostly due t& * —  from ChPT [5] with the parameter, = 0.89 [8]. Both
analyses have acceptance in the region of dimuon invari-
ant mass fromm,, = 211 MeV/c? (the end point) to
m,, =~ 300 MeV/c? (where ther ™ can barely reach the
range stack).

The trigger efficiency varied from 5.3% to 9.3% over
the course of three years [14]. The full acceptance for
the trigger and three-track analysis varied fr@3 X
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107* to 9.6 X 10~* over the three years of data. The
[ branching ratio from the three track analysis[#9 *
20 - 1.7(stay + 0.4(sysb] x 1078, The estimated systematic
[ error is dominated by uncertainty in the acceptance,
10 3 obtained by comparing a parallel measurement of the
i i S— . K*— 7"~ e" v branching ratio with the world average
% 50 100 150 200 250 branching ratio.

Total kinetic energy (MeV) The full acceptance of the two-track search, including
o _ trigger efficiency, varied from 0.011 to 0.017, resulting
FIG. 2. Total decay-product kinetic energy of events surviv-j, "5 branching ratio off5.1 * 0.4(sta) + 0.7(sysb] X

ing the two-track analysis. The peak at 135 MeV corresponds g . . . .
to the expected kinetic energy Ki* — 7" u* u~ decay. The 9078, The systematic error includes the uncertainty in the

smooth curve is the fit to the spectrum with (solid) and withoutbackground shape, found by variations in the functional
(dashed) the Gaussian term for the signal. form used in the fit, and a catalog of uncertainties
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