VOLUME 67, NUMBER 19

PHYSICAL REVIEW LETTERS

4 NOVEMBER 1991

Measurement of the Branching Ratio of the Decay K> — upu
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We observed 177.8 K?— uu events after background subtraction of 1.2 events in an experiment to
search for the decays K — ue and ee at the KEK 12-GeV Proton Synchrotron. Normalizing to the de-
cay Kf— n*n ™, the branching ratio B(K?— pu) =[7.9 £ 0.6(stat) £ 0.3(syst)]1x 10 ~° was obtained.

PACS numbers: 13.20.Eb

The decay KP— uu is a quark-flavor-changing neu-
tral-current process, and the study of this process has
played a profound role in developing the standard model
[1]. This decay proceeds through the second-order elec-
troweak interaction, and a precise measurement of its
branching ratio would provide a constraint on the param-
eters of the standard model. Both short- and long-
distance effects contribute to this decay. The absorptive
part of the decay amplitude is dominated by the long-
distance effect of a two-real-photon intermediate state,
and the unitarity bound [2] of B(K?— uu)= (6.83
+0.28)%10° was calculated from the measured
branching ratio of the decay K?— y7. In order to ex-
tract the short-distance effect, which is important for the
determination of the standard-model parameters [3], such
as the top quark mass and the Kobayashi-Maskawa
(KM) matrix element (ReV,;), the dispersive part of the
long-distance effect coming from a two-virtual-photon in-
termediate state needs to be estimated. Several theoreti-
cal attempts [4] have been made to estimate it. Since the
present estimates are too ambiguous to clearly extract the
short-distance effect, further experimental and theoretical
investigations are needed to solve this problem. The re-
cent experiments at BNL [5-7] and KEK [8] have given
more precise measurements of the branching ratio of the
decay KP— uu than the previous ones [9]. In this
Letter, we report a new measurement using our entire
data.

The detector system and the track-reconstruction rou-
tine have been described previously [8,10]. Here, the
analysis of the decay K?— uu and the correction pro-
cedures for the differences in the detector response be-
tween the decays Kf— uu and KP— n¥z~ will be de-
scribed.

The data taking was performed simultaneously for the
four decays K?— pe, ee [10], uu, and z*x~. The basic
trigger required a coincidence between an H1 counter
and the corresponding H2 counter (parallel coincidence)
for the decay K?— uu as well as the other leptonic de-
cays in both arms. A less stringent coincidence including
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the H?2 counter adjacent to the corresponding H 2 counter
on the beam pipe side (semiparallel coincidence) was
used for the decay K?— ntz~. Since both decays are
kinematically similar, the acceptances were not much
different from each other. The trigger for the decay
K?— ntr~ required semiparallel coincidence without
additional particle identification and was prescaled typi-
cally by a factor of 500. For the decay K?— pu, a muon
signal in each arm was required in the trigger as well as
in an off-line analysis. Another difference between the
two modes was the fact that pions undergo nuclear in-
teraction. The largest effect of the nuclear interaction
came from the interaction in the region between H1 and
H?2 hodoscopes. The corrections for the pion and muon
decays in flight were different from each other, and were
included in the calculation of the acceptances. In the cal-
culation a pion track was traced, including its secondary
muon track for the decay 71— puv.

The muon identifier, which was placed at the end of the
detector system in each arm, consisted of four iron blocks
with thicknesses of 10, 50, 30, and 30 cm, each of which
was followed by a scintillator hodoscope. The first two
hodoscopes were horizontally segmented by six scintilla-
tors, each of which was viewed from both sides. The last
two hodoscopes were vertically segmented by eight scin-
tillators viewed from one side. A matrix coincidence be-
tween a counter in the first hodoscope and the corre-
sponding counter or one of the adjacent counters in the
second hodoscope was required for the trigger. In the
off-line analysis, a muon identifier signal whose timing
was within 3 ns with respect to the H1-H?2 coincidence
was searched for along the extrapolated track obtained
from the track reconstruction routine in both the horizon-
tal and vertical planes.

Since the KP— n*x~ triggered events contained a
considerable number of events from the K;; decays, the
response of the particle-identification counters to the pion
and that to the muon were calibrated by using well-
identified pions from the decay K?— mev and muons
from the decay K— muv, respectively. The range-
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momentum relation using the four layers of the hodo-
scopes in the muon identifier was utilized for muon
identification. The muon identification was made by re-
quiring the presence of a proper muon signal in the muon
identifier and the absence of electron signals in both the
electromagnetic shower counter and the gas Cherenkov
counter. For pion identification, the absence of a proper
signal in both the gas Cherenkov counter and the muon
identifier was required. The efficiency of the muon
identifier was determined as a function of particle mo-
mentum.

The nuclear interaction rate for the pion was deter-
mined as a function of momentum by studying the data
from a run in which at least one hit on the H1 was re-
quired in one arm and semiparallel coincidence and an
electron signal were required in the other arm. After a
track was tagged as a pion from the decay K2 — zev in
the off-line analysis, the track was extrapolated to the H2
position. The interaction rate in the region between H 1
and H2 was estimated from the fraction of the loss of sig-
nals in the corresponding H2 counters. A Monte Carlo
calculation based on the FLUKA program [11] reproduced
well the interaction rate.

We investigated other small but possible effects on the
relative yields of the decays K?— uyu and KP— z¥n ™.
The dead-time effect on the z*z~ mode was (1.3
% 0.3)% smaller than that on the uu mode [12]. To in-
vestigate the effect due to accidental hits in the detector,
randomly triggered events were collected for various
beam conditions and were superposed onto events pro-
duced by a Monte Carlo calculation in the same data for-
mat as that of the actual raw data. They were analyzed
using the same track reconstruction routine. A decrease
in the tracking efficiency for the K?— n ¥z~ event with
increasing beam intensity, which was observed to be 10%
to 20%, was well reproduced from these superposed
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FIG. 1. Scatter plot of the uu effective mass (M,,) vs 6% A

box indicates the boundary of the fiducial region: 493
< M,, <502 MeV/c?and 6? < 3 mrad.

Monte Carlo data. However, the effect on the relative
acceptances due to accidental hits was found to be small.
The effect due to dead sense wires, typically 10 out of
4864, was very small. These corrections, which were 1%
as a whole, were included in the acceptance calculation.
The inefficiency in the electronic latching of a bit to tag a
pu trigger was negligibly small (< 0.3%).

In order to get a high-quality track, cuts on the track
fitting were made: x2<4 and (p,—pl+I|ps—pD/p
< 0.06, where p,, ps, and p are the momenta of a track
measured in the upstream and downstream halves of the
spectrometer and in the whole spectrometer. After apply-
ing the cuts to reject the background unassociated with
the K decays which were described in the preceding
Letter [10], we obtained clean samples of the uu and
n*tn~ events. Figure 1(a) shows a scatter plot of the
effective mass (M,,) vs 67 for the uu events, where 6 is
the angle between the momentum vector of the uu system
and the target-to-vertex direction. Figures 2(a) and 2(b)
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FIG. 2. Distributions of (a) M,, with 6> <3 mrad? and (b)

62 with 493 < M,, <502 MeV/c2 Solid curves are results ob-
tained from a Monte Carlo calculation.

2619



VOLUME 67, NUMBER 19

PHYSICAL REVIEW LETTERS

4 NOVEMBER 1991

show an M, distribution with 62 < 3 mrad? and a 67 dis-
tribution with 493 < M,, <502 MeV/c 2, respectively. A
peak centered at the K mass is clearly separated from
the background region. The background events in the re-
gion M,, <490 MeV/c? are due to decays in flight in the
forward direction and misidentification by the muon
identifier of pions from the decay K?— muv. The back-
ground in the region M,, > 490 MeV/c? can be explained
by decays in flight in the spectrometer of pions from the
decay KP— muv and by double misidentification of both
pions and electrons from the decay K — mev as muons.
The M,, and 62 distributions are shown in Figs. 3(a) and
3(b) for the #* 7~ events. The mass peak is centered at
the K mass with a standard deviation of 1.28 MeV/c?,
and events are concentrated around 62=0 with a 1.0
mrad? resolution. The spectra of the mass and 6% for
both modes were well reproduced by a Monte Carlo cal-
culation, as illustrated by the solid curves in the figures.
According to the acceptance calculation, the fractions of
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FIG. 3. Distributions, after correcting for the prescaling fac-
tor, of (a) M_+_ - with 62 <3 mrad? and (b) 6% with 493

<M, + - <502 MeV/c2. Solid curves are results obtained
from a Monte Carlo calculation.
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events which fell in the fiducial region, 493 < M < 502
MeV/c? and 6% < 3 mrad?, for the decays K?— pu and
KP— ntn~ were estimated to be (98.2+0.1)% and
(94.7 £0.1)%, respectively.

The number of uu events in the fiducial region was
179. The number of uu events in the region 493 <M
<502 MeV/c? and 3<62<9 mrad? was 5 and the
number of real uu events in the same region was expected
to be 2.6. Therefore, the number of background uu
events in the fiducial region was estimated to be 1.2
[(5—2.6)/2=1.2]. The number of K?— ntn~ events,
N,+,-, was determined to be 1.59%10° by subtracting
the background events from the number of events in the
fiducial region. The number of background events in the
fiducial region was estimated to be 1.51x10? as the aver-
age number of events in the 9 MeV/c? wide regions adja-
cent to the mass fiducial boundaries. The numbers of the
KP)— uu events and KP— ntn~ events after having
been corrected for the prescaling factor were 177.8
+13.4%+ 1.2 and (6.37 £ 0.02 % 0.06) x 107, respectively.
The first uncertainty in each number is the statistical
fluctuation and the second one is the systematic uncer-
tainty from the background subtraction. As a check of
the internal consistency of IV, +,-, it was calculated from
the 7tz mass distribution without requiring particle
identification, where the background was given by a
Monte Carlo calculation for the K3 decays. The result
agreed well (to within 1%) with that obtained from the
method above.

The ratio of the acceptance for the decay K?— uu to
that of the decay KP— n*x~ was 0.839+0.013. The
average values of the corrections for particle identifica-
tion were 0.763 +0.006 and 0.937 % 0.003 for the uu and
atn”, respectively. The loss due to nuclear interaction
for the decay KP— n+ 7z~ was 0.057 +0.006. Using the
current value [7]1 B(K{— n*727)=(2.03+£0.04)x10 3
we obtained the branching ratio

B(KP— pu)=I[7.9%0.6(stat) £0.3(syst)1x10 7.

Our value of the branching ratio agrees well with our pre-
viously published one: (8.4 1.1)x10~° based on 54 uu
events [8]. It is also in agreement with the value of Hein-
son et al. [13], which is (7.6 £0.5+£0.4)x10 ~°. They
claim that when combined with their earlier result [6],
the average branching ratio becomes (7.0+0.5)x 10 ~°,
which overlaps with our present value within errors.
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