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We measure the time-dependent CP violation parameters in B — K3K$K9 decays using 772 x 10°BB
pairs collected at the Y(4S) resonance with the Belle detector at the KEKB asymmetric-energy e*e”
collider. The obtained mixing-induced and direct CP asymmetries are —0.71 + 0.23 (stat) £ 0.05 (syst)
and 0.12 + 0.16 (stat) £ 0.05 (syst), respectively. These values are consistent with the Standard Model
predictions. The significance of CP violation differs from zero by 2.5 standard deviations.

DOI: 10.1103/PhysRevD.103.032003

In the Standard Model (SM), CP violation in the quark
sector is described by an irreducible phase in the
Kobayashi-Maskawa (KM) mechanism [1]. The charmless
three-body decay B® — K9K$KY is mediated by the b —
sqq quark transition, which is prohibited in the lowest-
order SM interaction. Instead, this CP-even decay occurs
via a “penguin” amplitude, as shown in Fig. 1. Deviations
from the SM expectations for CP-violating parameters
provide sensitivity to new physics [2].

Time-dependent CP violation can be caused by inter-
ference between the decay and mixing amplitudes. When
one of the neutral B mesons produced from the Y (4S5)
decays into a CP eigenstate, fp, at time z¢p, and the other
into a flavor-distinguishable final state, fi,,, at time 7,,, the
time-dependent decay rate is given by [3]

—‘AI‘/TB()
P(arn=°< (14 g[Ssin(AmyAt) + Acos(AmyAr))),

(1)

TRo

where Af = tcp — t,,, measured in the center-of-mass
(CM) frame, and the CP-violating parameters S and A
are related to mixing-induced and direct CP violation,
respectively. Here the flavor g is +1 (—1) when f,, is B0
(B), Ty is the B° lifetime, and Am, is the mass difference
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between the two mass eigenstates of the B’ — B® system.
The SM predicts that S = —sin2¢, and A =0 in B® -
KYKOKY, where ¢ = arg[-V 4Vi,/V.aV3] [4].

Previous measurements of S at Belle and BABAR have
yielded values of —0.30 + 0.32 (stat) £ 0.08 (syst) using
535 x 10° BB pairs, and —0.94703} (stat) £ 0.06 (syst)
using 468 x 10® BB pairs, respectively [5,6]. To search
for physics beyond the SM containing a new CP-violating
phase, we measure S and A in B® — K3K9KY decays with
the final Belle data set of 772 x 10® BB pairs.

The Belle detector is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber (CDC), an array
of aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter comprised of
CsI(Tl) crystals (ECL). These detector components are
located inside a superconducting solenoid coil that provides
a 1.5 T magnetic field. An iron flux-return located outside
the magnetic coil is instrumented to detect K9 mesons and
identify muons (KLM). The detector is described in detail
elsewhere [7]. Two inner detector configurations were used.

W+
_ Susty B
b < S o
=]
d
B’ < s Ks
S ko
d > d Ks
FIG. 1. Penguin amplitude for the B — KKK decays.
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A 2.0 cm radius beampipe with a double-wall beryllium
structure and a three-layer SVD were used for the first
sample of 152 x 10° BB pairs, while a 1.5 cm radius
beampipe, a four-layer SVD and a small-inner-cell CDC
were used to record the remaining 620 x 10° BB pairs [8].
The latter data sample has been reprocessed with improved
software, which incorporates an improved vertex recon-
struction [9,10].

The Y (4S5) is produced at the KEKB asymmetric-energy
eTe™ collider [11] with a Lorentz boost (8y) of 0.425; it
subsequently decays to B and B mesons, which are nearly
at rest in the CM frame. The Lorentz boost introduces a
sufficient distance between the B and B decay vertices to be
measurable nearly along with the z axis, which is anti-
parallel to the e™ beam direction. The distance is related to
At = (zcp = Zwg)/ Py, Where zcp and zy,, are the coor-
dinates of the decay positions of fcp and f,,, respectively.
To avoid the large backgrounds accompanying y and 7°
detection, we reconstruct the Kg only through its decay to
two charged pions. The event selection and measurement of
CP violation parameters are optimized using Monte Carlo
(MC) events. The MC events are generated by EVTGEN
[12], and the detector response is modeled using GEANT3
[13]. We simulate the B-meson decay to three Kg as
uniformly distributed in the available phase space.

The K9 is selected from charged pion pairs using a neural
network (NN) [14,15] with 13 inputs: the K(S) momentum in
the lab frame (>0.06 GeV/c¢); the distance between the
pion tracks in the z-direction (<20 cm); the flight length in
the x-y plane; the angle between the Kg momentum and the
vertex displacement vector; the angle between the Kg
momentum and the pion momentum in the K% rest frame;
additionally, for each daughter pion: the distance of closest
approach to the interaction point (IP); the existence of the
SVD hits; and the number of axial- and stereo-wire hits in
the CDC. The mass ranges allowed are 0.474 GeV/c? <
M(ztn~) < 0.522 GeV/c? when only one pion hits the
SVD, and 0.478 GeV/c? < M(z*n~) < 0.517 GeV/c?
otherwise.

To identify the signal B-decay, we use the energy
difference AE = Ey.,, — Egp and the beam-energy-con-

strained mass My, = \/(Epeam)> — | Dp|>c?/c?, where
Epeam is the beam energy, and Egz and pjg are the energy
and momentum, respectively, of the BY candidate. All
quantities are evaluated in the CM frame. The B° candi-
dates are required to lie in the region of My, > 5.2 GeV/c?
and |AE| < 0.2 GeV.

We find that seven percent of the events have more than
one B° candidate. When there are multiple B° candidates in
an event, we choose the one with the smallest y? as defined
by 22 = Y0, [(M(x77) = myo) fo,]2, where M;(x*x")
and o; are the invariant mass and mass resolution for the ith
K9, respectively, and m k¢ is the nominal K9 mass [16].

The dominant source of background is continuum
ete” = qq(q =u,d,s,c) events. To suppress this back-
ground, we use another NN with the following inputs: the
cosine of the polar angle of the BC-candidate flight
direction in the CM frame (cos 0p); the cosine of the angle
between the thrust axis of the B® candidate and that of the
rest of the event (cos@7); and a likelihood ratio obtained
from modified Fox-Wolfram moments [17]. The NN out-
puts (Onn) range between +1 and —1, where Oy close to
+1 (—1) indicates a signal-like (backgroundlike) event. The
O\ criterion is obtained by maximizing a figure-of-merit
(FOM = Ng,/+/Nsig + Nyz), where N, and N, are the
number of signal and continuum MC events. The FOM is
maximal at the value of Oy = 0.08. The signal region is
defined as My, > 5.27 GeV/c? and |AE| < 0.1 GeV. The
Onn requirement retains 81% of the signal and reduces
continuum background by a factor of 10 in the signal
region.

The Ony is transformed by using the formula

ONN - ONN,min)

O]/\IN N log <ONN - ONN
,max

The value of Onnmin is selected to be 0.08, thus maxi-
mizing the FOM. The value of Onnmax 1s set to 0.99, the
highest observed value of Oyy.

Among the B® — K9K$K?Y decays, there are quasi-two-
body intermediate states, where both b — ¢ and b — s
transitions contribute. The former contaminates the meas-
urement of CP violation in b — s transitions. Among
possible b — ¢ transition-induced B decays, we expect
significant contributions solely from B® — y.o(r.o =
KOKY)KY decays; this contribution is estimated to be
16.3 + 3.1 events. We use the invariant mass, Mok, to

veto B® — y.oK% decays: we reject the B candidate if any
K(S) pair among its decay products has an invariant mass
within =26 of the nominal mass, where o is the recon-
structed y,., mass resolution from simulation. The veto
range is 3.388 GeV/c? < Mgy < 3.444 GeV/c?, and

this removes 83% of the B® — y,,K% decays.

To identify the B meson flavor, a flavor tagging
algorithm [18] is used that utilizes inclusive properties
of particles not associated with the signal decay. This
algorithm returns the value of ¢ (defined earlier) and a
tagging quality variable r. The latter varies from r = 0 for
no tagging information to r = 1 for unambiguous flavor
assignment. The probability density function (PDF) for
signal events modifies Eq. (1) by taking the wrong-tag
fraction, w, and its difference between B® and B°, Aw, into
account:
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e—\At\/rBo
—(1 + qu + (1 — 2w)q
4130

x[Ssin(AmyAt) + Acos(AmyAt)]).  (3)

,Psig(A[’ Q) =

The events are categorized into seven r bins. For each of
these bins, w and Aw are determined by high statistics
flavor-specific B meson decays [10].

The parameter Az in Eq. (3) is determined through vertex
reconstruction for the signal B meson (Bcp) and the
accompanying B meson (By,,). For reconstruction of the
Bcp vertex, we use those Kg trajectories in which both
daughter pions have SVD hits in the z direction. B.p can
have up to three K g that satisfy this requirement. According
to the signal MC, 14% of events do not have any K9
producing sufficient SVD hits. The IP information is
incorporated as a virtual straight track along the z axis,
called the “IP tube,” to provide a constraint for kinematical
fits to reconstruct the B decay vertex. The Bop vertex is
obtained from the available Kg trajectories and the IP tube.
The IP tube is also used to reconstruct the By,, vertex using
the charged tracks not assigned to Bcp, as described in
more detail in Ref. [19]. Because of this treatment, we can
reconstruct the Bep (Byg) vertex with only one Kg
trajectory (charged track).

Events with poorly reconstructed vertices are rejected by
requiring:

(1) |At] <70 ps;

(2) avertex quality for each of B¢p and By, of less than
50, when the vertex is constrained by multiple
tracks; and

(3) uncertainties on the z position of the vertices for both
Bcp and By, of less than 0.2 mm when the vertex is
constrained by multiple tracks, and less than 0.5 mm
when the Bep (By,) vertex is constrained by a single
K(S) trajectory (single track).

The vertex quality is > per degree of freedom, where y? is
obtained from the vertex fit without the IP tube constraint.
After the poorly reconstructed events are discarded, the
remaining data events amount to 73% of the total number of
events in the signal region.

We determine the signal yield by performing an extended
unbinned maximume-likelihood fit. The fit is done in the
AE-My.-Ofy three-dimensional space, with the PDF of
each event category (signal and background) expressed as
the product of the one-dimensional PDFs. The signal PDFs
are modeled as a double Gaussian, a Gaussian, and an
asymmetric Gaussian, respectively, and the background
PDFs are modeled as a first-order polynomial, an ARGUS
function [20], and an asymmetric Gaussian, respectively.
The parameters of the signal PDF are fixed according to fits
to the signal MC; the parameters of the background PDF
are left free in the fit. The fit result is shown in Fig. 2. In the
signal region, the signal yield is 258 + 17 events and the
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FIG. 2. Result of signal-extraction fit to AE (top) in the
redefined signal region of M. and Oy, My, (middle) in the
redefined signal region of AE and O}y, and the O} (bottom) in
the redefined signal region of AE and M, distributions. The red,
blue, and green dashed lines represent the total, signal, and
background PDFs. The points with error bars represent data.

purity is 74%, where —4.72 < Oy < 7.24 is further
required for the signal region.

We determine the CP-violating parameters .4 and S by
performing a second unbinned maximum-likelihood fit.
The contribution to the likelihood function from the jth
event is

Pi=(1-fy) x {fjig{/d(At/)R(Atj—At’)

X ,Psig(At,’ Qj)} + (1 - f;ig)Pbkg(Atj):|
+ faPa(At)), (4)

where R(At?) is a resolution function. The resolution
function consists of three components: detector resolutions
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FIG. 3. Background-subtracted At distribution (top) and asym-
metry distribution (bottom) obtained from data. In the At
distribution graph, the red solid line and open circles represent
the fitted curve and data for B°, while the blue dashed line and
filled circles represent the fitted curve and data for BY, respec-
tively. In the asymmetry distribution graph, the points represent
data and the solid line represents the fitted curve.

for Bep and By,g, nonprimary track effects for By, and a
kinematical approximation due to the difference in the lab
momentum of Bcp and By, owing to nonzero CM
momentum [19]. In Eq. (4), f, and P, are the fraction
and PDF, respectively, of outlier events for a very long tail
shape in the At distribution, and f}® is the signal fraction
obtained from the signal extraction. Py, is the Ar
distribution of background events. This PDF is the sum
of a 6-function and an exponential function, both convolved
with a background resolution function. The parameters of
these functions are determined by fitting events in a data
sideband region, defined as 0.15 GeV < |AE| < 0.20 GeV
or M, <5.26 GeV/c?. The unbinned maximum-likelihood
fitin the signal region is used to determine the CP violation
parameters, where the world average values are used for 70
and Amy [16]. The measured S and A are —0.71 £+ 0.23
and 0.12 £ 0.16, respectively, where the uncertainties are
statistical. The background-subtracted Ar and asymmetry
distributions are shown in Fig. 3 [10].

The estimated systematic uncertainties are summarized
in Table 1. The systematic uncertainty is calculated by
varying the fixed parameters in the fit for S and A, and
all uncertainties are summed in quadrature. For inputs

TABLE I. Systematic uncertainties.

Source S A
Vertex reconstruction 0.031 0.038
Flavor tagging 0.002 0.004
Resolution function 0.016 0.014
Physics parameters 0.004 0.001
Fit bias 0.012 0.009
Signal fraction 0.024 0.021
Background At shape 0.016 0.001
SVD misalignment 0.004 0.005
Az bias 0.002 0.004
Tag-side interference 0.001 0.008
Total 0.047 0.047

obtained from data and MC, we use 1o and 2¢ variations,
respectively.

The systematic uncertainty on the vertex reconstruction
is determined by varying the x-y plane smearing parameter
for the IP profile, charged track requirements for the B,
vertex reconstruction, criteria to discard poorly recon-
structed vertices for measurement of CP violation, and
correction of helix parameter errors for vertexing. The
systematic uncertainty from flavor tagging due to the
parameters w and Aw are estimated by varying these
parameters by their uncertainties. We vary each resolu-
tion function parameter by its uncertainty. For physics
parameters, we calculate differences in S and A by varying
world average values of 7z and Ampgo. For the systematic
uncertainty on the fit bias, we measure CP violation
parameters using the signal MC events, mixed signal
MC with continuum toy MC events, and mixed signal
toy MC with continuum toy MC events at the ratio
expected from data. The larger of the difference between
the input S (A) and the output S (A) and the statistical error
on the output S (A) is considered as the uncertainty due to
the fit bias. The systematic uncertainties due to the signal
fraction and background A¢ shape are obtained by varying
the parameter f* and Py, in Eq. (4), respectively. For
possible SVD misalignment, Az bias, and tag-side inter-
ference, we quote the systematic uncertainties obtained
from a study of a large control sample of B — (c¢)K?
decays [10].

The significance, taking both statistical and syste-
matic uncertainties into account, is calculated using a
two-dimensional Feldman-Cousins approach [21]. The
significance of CP violation is determined to be 2.5¢ away
from (0,0) as depicted in Fig. 4, which shows the two-
dimensional confidence contour in the S and A plane.

In summary, we have studied time-dependent CP vio-
lation in B® - KOKOKY decays using the final dataset
containing 772 x 10® BB collected at the Belle experiment.
The NN methods for K9 selection and background sup-
pression and improved vertex reconstruction, along with
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FIG. 4. Confidence contour for & and A. The contours
represent 1o, 20, and 30 from inner to outer. The point with
error bars represents the measured values of S and A. The circle
is the physical region defined by S* + 4% < 1.

increased statistics, result in a more precise measurement
than the previous Belle one. The measured values of S and
A are

S = —0.71 £ 0.23(stat) £ 0.05(syst),
A =0.12 + 0.16(stat) £ 0.05(syst).

The results are consistent with the world average value of
—sin2¢; (—0.70) [22] as well as with the SM prediction.
These results supersede our previous measurements
in Ref. [5].
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