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We present measurements of time-dependent CP asymmetries in B® — wK?, f(980)KY, K7 and
K*K _Kg decays based on a sample of 535 X 10® BB pairs collected at the Y(4S) resonance with the
Belle detector at the KEKB energy-asymmetric e* e~ collider. One neutral B meson is fully reconstructed
in one of the specified decay channels, and the flavor of the accompanying B meson is identified from its
decay products. CP-violation parameters for each of the decay modes are obtained from the asymmetries
in the distributions of the proper-time intervals between the two B decays.

DOI: 10.1103/PhysRevD.76.091103

The standard model (SM) describes CP violation in B°
meson decays as being due to a complex phase of the 3 X 3
Cabibbo-Kobayashi-Maskawa mixing matrix [1]. In the
decay chain Y(4S) — B°B° — fcp fiag, Where one of the
B mesons decays at time #¢p to a CP eigenstate fp and the
other decays at time #,, to a final state f,, that distin-
guishes between BY and B°, the decay rate has a time
dependence [2] given by

RN
4TBO
XAl + q-[S;sin(Am,At) + A pcos(Am, A1)}
(1)

Here S; and A ; are CP violation parameters, 7po is the B
lifetime, Am, the mass difference between the two B
mass eigenstates, At = fcp — ty,e, and the b-flavor charge
g equals +1 (—1) when the tagging B meson is a B° (B).
For most decays that proceed via the transition b — sgq
(g = u,d, s), the SM predicts Sy = —&,sin2¢; and A ; =
0, where &, = +1 (—1) for CP-even (CP-odd) final states
[3]. If there is physics beyond the SM, the amplitudes for
these decays may receive significant contributions that
depend on a new phase that is different from ¢;. A
comparison of the effective sin2¢; values, sin2¢¢™ ob-
served in these decays, with sin2¢; obtained from the
decays governed by the b — ccs transition is thus an
important test of the SM.

Among the final states studied here, 0K and K§7° are
CP-o0dd, f,(980)K? is CP-even, while K* K~ K7 is a mix-
ture of both £, = —1 and +1. The SM expectation for the

P(Ar) =

PACS numbers: 11.30.Er, 12.15.Hh, 13.25.Hw

latter mode is S; = —(2f; — 1)sin2¢;, where f is the
CP-even fraction. Excluding K™K~ pairs that are consis-
tent with a ¢ — K"K~ decay from the B — K"K~ K}
sample, we find that the K™ K~ K2 state is primarily & F=
+1; a measurement of f, was obtained using an isospin
relation [4] with a 357 fb~! data sample and gave f, =
0.93 = 0.09(stat) = 0.05(syst); this implies an effective
&r=0.86 = 0.18 = 0.09.

Recently, it was found that the direct CP asymmetries in
B’ — K*7m~ and B — K*#° differ significantly [5],
contrary to expectations that they would be the same [6].
Additional insight into this situation may be provided by a
comparison of the measured value for A ;(B" — Kg7°)
with the value predicted by a sum rule [7] using asymmetry
measurements from the other B — K decays. Previous
measurements of CP asymmetries in b — sgq transitions
have been reported by Belle [8,9] and BABAR [10]. Belle’s
previously published results for B® — wK?, f,(980)K?,
K70 and K™ K~ K9 were based on a 253 fb~! data sample
corresponding to 275 X 10° BB pairs. Here we report
measurements incorporating an additional 239 fb~! data
sample for a total of 492 fb~! (535 X 10° BB pairs), and
improvements to the analysis method that increase its
sensitivity.

At the KEKB energy-asymmetric e* e~ (3.5 on 8.0 GeV)
collider [11], the Y(4S) is produced with a Lorentz boost of
By = 0.425 nearly along the z axis, which is defined as
opposite to the positron beam direction. Since the B® and
B are approximately at rest in the Y(4S) center-of-mass
system (cms), Az can be determined from the displacement
in z between the two decay vertices: At =~ Az/(Byc).
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The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD), a
50-layer central drift chamber (CDC), an array of aerogel
threshold Cerenkov counters (ACC), a barrel-like arrange-
ment of time-of-flight scintillation counters (TOF), and an
electromagnetic calorimeter (ECL) comprised of CsI(TI)
crystals located inside a superconducting solenoid coil that
provides a 1.5 T magnetic field. An iron flux return located
outside the coil is instrumented to detect K9 mesons and to
identify muons. The detector is described in detail else-
where [12]. Two different inner detector configurations
were used. For the first sample of 152 X 10° BB pairs, a
2.0 cm radius beampipe and a 3-layer silicon vertex detec-
tor (SVD-I) were used; for the latter 383 X 10° BB pairs, a
1.5 cm radius beampipe, a 4-layer silicon detector (SVD-
II), and a small-cell inner drift chamber were used [13].

The intermediate meson states are reconstructed from
the following decays: 7’ — yy, Ky— 77, w—
7t~ ° and f,(980) — 7" 7r~. Charged tracks, except
those from K — 7+ 7~ decays, are required to originate
from the interaction point (IP). We distinguish charged
kaons from pions based on a kaon (pion) likelihood
L k(=) derived from the TOF, ACC, and dE /dx measure-
ments in the CDC. Photons are identified as isolated ECL
clusters that do not match to any charged track. To recon-
struct the w candidates, candidate photons from 70 — yy
decays are required to have E, >0.05 GeV. The 0
candidates must have invariant masses that satisfy
0.118 GeV/c* <M, < 0.150 GeV/c?* and have momen-
tum in the cms greater than 0.35 GeV/c. The w7~ 7
invariant mass is required to be within 0.03 GeV/c? of the
nominal w mass. Pairs of oppositely charged pions that
have invariant masses between 0.890 and 1.088 GeV/c?
are used to reconstruct f((980) — 7" 7~ decays. For the
B? — K97° mode, candidate photons are required to have
E, >0.05 GeV (0.1 GeV) in the barrel (end caps) and the
reconstructed 770 candidate is required to satisfy
0.115 GeV/c* < M,, <0.152 GeV/c?. In the K* KK}
reconstruction, we exclude the candidates with K+ K~ pair
within 15 MeV/c? of the nominal ¢ meson mass to reduce
the ¢ contribution to a negligible level. The K9 selection
criteria are the same as those described in Ref. [8].

We identify B meson decays using the energy difference
AE = E{™ — E;™  and the beam-energy-constrained

beam
mass My, = \/(Eggsm)z — (p§™)2, where E{™ s the

beam energy in the cms, and E3™ and p3™ are the cms

energy and momentum, respectively, of the reconstructed
B candidate. The signal candidates are selected by requir-
ing 5.27 GeV/c? < My, < 5.29 GeV/c? and that AE be in
a restricted range that depends on the decay mode:
(—0.10,0.08) GeV for wKj, (—0.06,0.06) GeV for
fo(980)KY,  (—0.150.10) GeV  for KJ7° and
(—0.04,0.04) GeV for K*K~ K% candidates. The domi-
nant background for the b — sgq signal comes from con-
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tinuum events (e"e” — wuii, dd, ss, cc). We discriminate
against these backgrounds using event topology: contin-
uum events tend to be jetlike in the cms, while et e~ — BB
events tend to be spherical. To quantify event topology, we
calculate modified Fox-Wolfram moments and combine
them into a Fisher discriminant [8]. We calculate a proba-
bility density function (PDF) for this discriminant and
multiply it by a PDF for cosfg, where 05 is the angle in
the cms between the B direction and the beam axis. The
PDFs for signal and continuum are obtained from
Monte Carlo (MC) simulation and a data sideband, respec-
tively. These PDFs are then used to calculate a signal
(background) likelihood L pie), and we impose mode-
dependent requirements on the likelihood ratio Ry, =
£sig/(£sig + ‘Ebkg)-

The b-flavor of the accompanying B meson is identified
by a tagging algorithm [14] that categorizes charged lep-
tons, kaons and A’s found in the event. The algorithm
returns two parameters: the b-flavor charge ¢ and r, which
indicates the tag quality as determined from MC simula-
tion and varies from r = 0 for no flavor discrimination to
r =1 for unambiguous flavor assignment. If r < 0.1, the
accompanying B meson provides negligible tagging infor-
mation and we set the wrong tag fraction to 0.5. Events
with r > 0.1 are sorted into six r intervals.

The vertex position for the f-p decay is reconstructed
using charged tracks that have enough SVD hits. A con-
straint on the IP is also used with the selected tracks; the IP
profile is convolved with the finite B flight length in the
plane perpendicular to the z axis. The pions from Kg
decays are not used for vertexing except in the analysis
of B®— K)7°. The typical vertex reconstruction effi-
ciency and z resolution are 95% and 78 um, except for
B? — K97" decays. The vertex for B® — K%7° decays is
reconstructed using the K' 2 trajectory and the IP constraint,
where both pions from the K} are required to have enough
SVD hits in the same way as that for other f-p decays. The
vertex reconstruction efficiency depends both on the Kg
momentum and on the SVD geometry; the efficiency with
SVD-II (32%) is higher than that with SVD-I (23%) be-
cause of the larger outer radius and the additional layer.
The typical z resolution of the vertex reconstructed
with the K9 is 93 um for SVD-I and 110 um for SVD-
II. The f,, vertex determination is obtained with well-
reconstructed tracks that are not assigned to fcp. The
typical vertex reconstruction efficiency and z resolution
are 93% and 140 pum.

Figure 1 shows the reconstructed variables My, AE and
R,y after flavor tagging and vertex reconstruction (before
vertex reconstruction for the decay B° — K{m°). The
signal yield for each mode is obtained from an unbinned
maximum-likelihood fit to these distributions; the
M(7w* 7~ 7% distribution is also included in the fit for
the B’ — wK? mode. The signal shape for each decay
mode is determined from MC events; these shapes are
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FIG. 1 (color online).

AE distribution within the M, signal region and with R/, > 0.5, M, distribution within the AE signal

region and with R, > 0.5 and R/, distribution within the My, — AE signal region for (a), (b), (c) B* = wK?, (d), (e), (f) B® —
fOK(S), (g), (h), () B® — Kg’]TO and (j), k), 1) B® — K*K’Kg. The solid curves show the fits to signal plus background distributions,

and the dashed curves show the background contributions.

adjusted for small differences between MC and data using
control samples that have similar final states but higher
statistics [e.g. B~ — fy(980)K~ to calibrate B® —
f0(980)K2]. The background has two components: contin-
uum, which is modeled using events outside the signal
region, and BB background, which is modeled with MC

events. The signal yields in the A E-M,. signal window are
summarized in Table L.

In the signal distribution PDF [Eq. (1)], the effect of
incorrect flavor assignment is incorporated and the result is
convolved with a resolution function Rg;,(A?) to take into
account the finite vertex resolution. The resolution function
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TABLE 1. Estimated signal yields N, in the signal region for
each mode.

Mode gf Nsig
0K} -1 118 £ 18
fok? +1 377 £ 25
K97® -1 515 + 32
K"K K +0.86 + 0.18 = 0.09 840 *+ 34

parameters, along with the wrong tag fractions for the six r
intervals, w; (I = 1, 6) and possible differences in w; be-
tween B? and B° decays (Aw,) are determined using a
high-statistics control sample of semileptonic and hadronic
b — ¢ decays [8,15].

We determine the following likelihood for each event:

P, = (1 - fol) f[fsig?sig(At/)Rsig(Ati - At,)
+ (1 = fig) Pokg (A )Ryio (At; — Ar')]d(AY)
+ foPo(At). (2)

The signal probability f, depends on the r region and is
calculated on an event-by-event basis as a function of M,
AE and Ry, [and M(7w* 7~ @°) for B — wKj]. The
addition of R, is one of the main improvements com-
pared to our previous analysis [8].

For B® — f,(980)KY, the fit to the AE, M, and R,
distributions yields the number of B® — 7* 77~ K? candi-
dates that have 7+ 7~ invariant mass within the f,(980)
resonance region, which includes other contributions (e.g.
B® — p°KY, K*7* and nonresonant three-body decays)
which peak like the signal. To estimate these peaking
backgrounds, we perform a fit to the 7" 7 invariant
mass distribution for the events inside the AE-M,, signal
region. We use Breit-Wigner functions for the p° and for a
possible resonance above the f,(980) mass region, which
is referred to as fy(1300) [16], with M = 1.449 GeV/c?
and I' = 0.126 GeV/c?. A Flatté parametrization [17] is
used for the f,(980) and an empirical model is used for the
sum of the other components (K*(892), K;;(1430)7 and
nonresonant). The parameters of these PDFs and the model
are fixed from data measurements [18]. The shape of the
combinatorial background is obtained from a AE-M,,
sideband region. The 77~ invariant mass distribution
after background subtraction is shown in Fig. 2 along
with the fit result. The fit yields 337 =27 B’ —
f0(980)K? events.

In Eq. (2), the PDF for background events, ’Pbkg(At), is
modeled as a sum of exponential and prompt components
and is convolved with a sum of two Gaussians, Ry,.
Parameters in Pp,,(A?) and Ry, are determined from a
fit to the Ar distribution for events in a AE-M,. data
sideband. P (A¢?) is a broad Gaussian function that repre-
sents an outlier component with a small fraction f,;. The

PHYSICAL REVIEW D 76, 091103(R) (2007)

Entries/(0.045GeV/c?)

M(x'7) (Gév/cz)

FIG. 2 (color online). 77~ mass distribution for the fng
events in the AE-My, signal box (shown here after background
subtraction). The histogram is the result of the fit whereas the
contributions are shown (solid line for £,(980), dashed for p°
and dotted for fy(1300)).

only free parameters in the final fit are S; and A ;; these
are determined by maximizing the likelihood function L =
[1:P:(At;; Sy, Ay) where the product is over all events.

Table Il summarizes the results of the fit for sin2¢$™ and
A;. For B” — K*K~ K, the SM prediction is given by
Sy = —(2f+ — 1)sin2¢$". The effective sin2¢; value for
this mode is found to be +0.68 = 0.15 = 0.03*22!. The
third error is an additional systematic error arising from the
uncertainty in f . We define the raw asymmetry in each At
bin by (N, — N_)/(N4 + N_), where N, is the num-
ber of observed candidates with ¢ = +1 (—1). Figure 3
shows this asymmetry for events with good tag quality
(r > 0.5) in each mode.

The dominant sources of systematic error for S, are the
uncertainties in the vertex reconstruction (0.01), in the
background fraction (from 0.01 for K¢m° to 0.04 for
wK?) and in the background A distribution (0.04 for
K¢ and 0.01 or less for others), and in the resolution
function (0.05 for @K and K¢7°). The dominant sources
of systematic error for A, are the effects of tag-side
interference [19] (0.04), the uncertainties in the vertex
reconstruction (0.02), in the background fraction (0.03 for
foK? and wK} and <0.02 for others). For the f,K9 mode,
additional systematics were included: uncertainties from
the M () fit (0.06 for Sy) and from the uncertainty in the
CP content of the peaking background (0.08 for S; and

TABLE II. Results of the fits to the Az distributions. The first
error is statistical and the second error is systematic. The third
error for sin2¢¢™ of K™K~ K is an additional systematic error
arising from the uncertainty in the £, = +1 fraction.

Mode sin2 st A,

wK? +0.11 £ 0.46 = 0.07 —0.09 + 0.29 = 0.06
fok +0.18 £ 0.23 = 0.11 —0.15 £ 0.15 = 0.07
K97O +0.33 = 0.35 = 0.08 —0.05 = 0.14 = 0.05
K*K™K)  +0.68=0.15=0.0392  —0.09 = 0.10 = 0.05
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FIG. 3 (color online). Asymmetries of well-tagged events (r >
0.5) for (a) B® — wK?, (b) B® — f,(980)K?, (¢) B® — K)=°
and (d) B — KK~ K}. The solid curves show the results of the
unbinned maximume-likelihood fits. The dashed curves show the
SM expectation for the values of CP violation parameters
obtained from B® — J/$K° (sin2¢; = +0.642 and A ; = 0)

[5].

0.04 for A ). For the K§7® mode, the uncertainty in the
rare B component is a significant contribution (0.04 for S,
and 0.02 for A ). Other contributions come from uncer-
tainties in wrong tag fractions, lifetime and mixing. A
possible fit bias is examined by fitting a large number of
MC events. We add each contribution above in quadrature
to obtain the total systematic uncertainty.

PHYSICAL REVIEW D 76, 091103(R) (2007)

In summary, we have performed improved measure-
ments of CP-violation parameters sin2¢§" and A, for
B% — wKY, fo(980)KY, Ky7® and K™K~ K using 535 X
10° BB events. These measurements supersede our pre-
vious results. Comparing the results for each individual
b — s mode with those from measurements of B® —
J/¢K® [5], we do not find any deviations that are in excess
of two standard deviations.
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