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We present a measurement of the time-dependent CP asymmetry for the neutral B-meson decay into the
CP = +1 final state K977, with K% — 7*7~. We use a sample of approximately 227 million
B-meson pairs recorded at the Y(4S) resonance with the BABAR detector at the PEP-II B-Factory at
SLAC. From an unbinned maximum likelihood fit, we extract the mixing-induced CP-violation parameter
S =0.72 £0.71 = 0.08 and the direct CP-violation parameter C = 0.23 = (.52 = 0.13, where the first

uncertainty is statistical and the second systematic.

DOI: 10.1103/PhysRevD.76.071101

CP violation effects in decays of B mesons dominated
by b — sgq transitions (¢ = u, d, s) are potentially sensi-
tive to contributions from physics beyond the standard
model (SM) [1]. The B-factory experiments have explored
time-dependent CP-violating (CPV) asymmetries, occur-
ring due to a phase difference between mixing and decay
amplitudes, in several such decays [2], including B® —
¢K" [3-6], B — KOKIKY [6,7], B — 7'K? [3,5,6,8],
B — K*K~ K [3,59], B°— f,(980)Ky [5,10], and
B — K%z [5,11]. Within the SM, the magnitude of the
CPV asymmetry in these decays is expected to be approxi-
mately equal to the one in b — cés decays, such as B* —
J/¥K2[1]. A major goal of the B-factory experiments is to
reduce the experimental uncertainties of these measure-
ments and to add more decay modes in order to improve
the sensitivity to beyond-the-SM effects. In this paper we
present a measurement of the CPV asymmetry in the decay
B — K077, The K{7'#° final state is a CP-even ei-
genstate, regardless of any resonant substructure [12]. In
the SM this decay is dominated by the b — sgg weak
amplitude, with ¢ = u, d, and we expect S =~ —sin2f3
and C =0 [1]. Here C and S are, respectively, the magni-
tudes of CP violation in the decay and in the interference
between decay and mixing, and the angle 8 is defined as
B = arg(—=V.4V;,/ViaV;,), where V;; are the elements of
the Cabibbo-Kobayashi-Maskawa quark-mixing matrix
[13]. A possible contribution from a tree-level b — uiis
amplitude is doubly Cabibbo suppressed with respect to the
leading gluonic penguin diagram.

The data used in this analysis were collected with the
BABAR detector [14] at the PEP-II asymmetric-energy
ete” collider [15]. A sample of 226.6 * 2.5 million BB
pairs was recorded at the Y'(4S) resonance center-of-mass
energy /s = 10.58 GeV. The BABAR detector is de-
scribed in detail elsewhere [14]. Charged particles are
detected and their momenta measured by the combination
of a silicon vertex tracker (SVT), consisting of five layers
of double-sided detectors, and a 40-layer central drift
chamber, both operating in a 1.5 T solenoidal magnetic
field. Charged-particle identification is provided by mea-
surements of energy loss in the tracking devices and by an
internally reflecting ring-imaging Cherenkov detector cov-
ering the central region. Photons are detected by an elec-
tromagnetic calorimeter (EMC) composed of 6580 CsI(TI)

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

crystals. The typical resolution for the 77¥ signal in the yy
invariant mass spectrum is ~7 MeV/c?.

We search for B® — K7"7° decays in neutral B meson
candidates selected using charged-particle multiplicity and
event topology [16]. We reconstruct Kg — 7" candi-
dates from pairs of oppositely charged tracks. The two-
track combinations must form a vertex with a y? probabil-
ity greater than 0.001 and a 7 7~ invariant mass within
11.2 MeV/c? of the KO mass [17]. We form 70— yy
candidates from pairs of photon candidates in the EMC,
where each photon is isolated from any charged track,
carries a minimum energy of 30 MeV, and has the expected
lateral shower shape. B meson candidates are formed from
K)7%7Y combinations and constrained to originate from
the e*e™ interaction region using a geometric fit. We
require that the y? probability of the fit is greater than
0.001. We extract the K2 decay length L ko and the -

vy invariant mass from this fit and require 110 <m,,,, <
160 MeV/c? and L Ky greater than 5 times its uncertainty.

The cosine of the angle between the direction of the decay
photons in the center-of-mass system of the mother 77° and
the 770 flight direction in the lab frame must be less than
0.92.

We reconstruct a B® decaying into the CP eigenstate
K37%7° (Bcp) and the vertex and flavor of the other B
meson (B,,). The difference At = t-p — t,, Of the proper
decay times is obtained from the measured distance be-
tween the Bcp and By,, decay vertices and from the boost
(By = 0.56) of the ete™ system. Ignoring resolution ef-
fects, the Az distribution is given by

__|At 0
P. (A1) = "’4#[1 FAw = (1= 2w)
Tgo

X (Ssin(AmyAt) — Ccos(AmyAr)]. (1)

The upper (lower) sign denotes a decay accompanied by
a B® (B°) tag, 7o is the mean neutral B lifetime, Am, is the
mixing frequency, and the mistag parameters w and Aw are
the average and difference, respectively, of the probabil-
ities that a true B is incorrectly tagged as a B° and vice
versa. The tagging algorithm [18] has seven mutually
exclusive tagging categories of differing purities including
one for untagged events that we retain only for yield
determinations. The effective tagging efficiency, defined
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as the tagging efficiency times (1 — 2w)? summed over all
categories, is (30.5 * 0.6)%, as determined from a large
sample of B°-decays to fully reconstructed flavor eigen-
states (Bigy)-

We use the same technique developed for B® — K§7°
decays of Ref. [11] to reconstruct the B® — K" 7° vertex
using the knowledge of the Kg trajectory and the average
interaction point in a geometric fit [19]. The extraction of
At has been extensively validated in data [11], and on large
samples of simulated B’ — K)7%7" decays with different
values of S and C.

The per-event estimate of the uncertainty on At, o(Az),
reflects the strong dependence of the At resolution on the
Kg flight direction and on the number of SVT layers
traversed by the Kg decay daughters. In about 70% of the
events both pion tracks are reconstructed from at least 4
SVT hits, on either the ¢ or z side, leading to sufficient
resolution for the time-dependent measurement. The aver-
age At event-by-event error, o,, in these events is about
1.0 ps. For events that have fewer than 4 SVT hits or for
which o (Ar) > 2.5 ps or Ar > 20 ps, the At information is
not used. However, since C can also be extracted from
flavor tagging information alone, these events still contrib-
ute to the measurement of C.

We extract the signal yield S and C from an unbinned
extended maximum likelihood fit where we parametrize
the distributions of several kinematic and topological var-
iables for signal and background events in terms of proba-
bility density functions (PDFs).

For each B meson candidate we compute two
kinematic variables, the energy difference AE =

Ej; — 3+/s and the beam-energy—substituted mass mgg =

\/(%s + Po - Pp)?/E} — p% [14], where the subscripts 0
and B refer to the initial Y'(4S) and the B¢p candidate in
the lab frame, respectively, and the asterisk denotes the
e*e” center-of-mass frame. For signal events, AE peaks at
zero and mgg at the B meson mass. From a detailed
simulation, we expect a signal resolution of about
3.6 MeV/c? in mgg and 45 MeV in AE. Both distributions
exhibit a low-side tail due to the response of the EMC to
photons. We remove a small dependence of the signal AE
resolution on the location in the K77 Dalitz plot by
using AE/o(AE) as a discriminating variable instead of
AE, where o(AE) is the calculated uncertainty in AE. We
select candidates with mgg > 5.20 GeV/c? and —5<
AE/a(AE) <2. To suppress other B meson decays we
also require —0.25 < AE < 0.1 GeV, which does not af-
fect the signal AE/o(AE) distribution.

The background B meson candidates come primarily
from random combinations of Kg and neutral pions pro-
duced in continuum events of the type e*e~ — ¢g, where
qg =1u, d, s, c. Background from BB events may occur
either in charmless decays with a Kg as a decay product, or
from decays where the K{ is from an intermediate charmed
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particle. The shapes of event variable distributions are
obtained from signal and background Monte Carlo (MC)
samples and high statistics data control samples. The
charmless B background forms a broad peak in mgg near
the B-meson mass; other B background distributions do not
peak in mpgg. None of the B backgrounds peak in the
AE/o(AE) distribution.

We reduce continuum background events, while retain-
ing 90% of the signal, by requiring | cosf;| < 0.9, where
67 is the angle between the thrust axis of the Bqp candi-
date’s decay products and the thrust axis formed from the
other particles in the event. We combine 67, the angle
between the B-p momentum and the beam axis, 0z, and
the sum of the momenta p; of the other particles in the
event weighted by the Legendre polynomials L ,(cos(6;))
in a neural network (NN). The NN has two hidden layers
with 4 neurons each, and is trained and evaluated [20] on
different subsets of simulated signal and continuum events
and on data taken about 40 MeV below the nominal center-
of-mass energy. To parametrize the NN shape, we divide
the NN output into intervals, chosen such that they are
uniformly populated by signal events (see, e.g., Ref. [21]).

We suppress background from other B decays by ex-
cluding several invariant mass intervals: m(Kgn-O) >
4.8 GeV/c? eliminates B® — K079, 1.75 < m(Kd#") <
1.99 GeV/c? reduces B® — D70 to fewer than 10 ex-
pected candidates, m(7°7°) <0.6 GeV/c*> removes
n"KY, and 3.2 <m(7m°7°) <3.5 GeV/c* removes
Xc02K? candidates. The remaining B background comes
mainly from b — sy and B — K37%7X decays.

The signal reconstruction efficiency after all of the
above requirements is about 15%. Based on MC simula-
tions, we expect more than one B.p candidate in 13% of
the signal events. The selection of the best candidate is
based only on 77° information, since the number of mul-
tiple Kg candidates is negligible (less than 0.1%). We select
the candidate whose two 7’ masses my, have the least
value of 32, (m; — m ).

For each selected B — K%7%7° candidate, we examine
the remaining tracks in the event to determine the decay
vertex position [16] and the flavor of By, [18]. We parame-
trize the performance of the tagging algorithm in a data
sample of fully reconstructed B — D™~ 7% /p* /a; de-
cays. For the continuum background, the fraction of events
in each tagging category is extracted from a fit to the data.

By exploiting regions in data that are dominated by
background, and by using simulated events, we verify
that the observables are sufficiently independent that we
can construct the likelihood from the product of one-
dimensional PDFs, apart from the signal mgg and
AE/o(AE) which are correlated. For these observables,
we use a two-dimensional PDF derived from a smoothed,
simulated distribution. The shape of this distribution is
determined by the EMC response, and is validated using
s from 7 decays and e"e” — u' w7y events. We ob-
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tain the PDF for the At of signal events from the convolu-
tion of Eq. (1) with a resolution function R(87 = Az —
Atye, Ta;), Where Aty is the actual At in the simulated
event. The resolution function is parametrized as the sum
of two Gaussians with a width proportional to the recon-
structed o, and a third Gaussian with a fixed width of 8 ps
that accounts for outliers in the distribution [16]. The first
two Gaussian distributions have a nonzero mean, propor-
tional to oy, to account for a bias induced by charm
decays on the By, side. We have verified in simulations
that the parameters of R(8t, ay,) for B® — KO7%70
events are similar to those obtained from the By,, sample,
even though the distributions of o ,, differ. We therefore
extract these parameters from a fit to the By,, sample. We
also use this resolution function for the description of
background from other charmless B decays. While the
resolution functions for B decays into open-charm final
states and continuum have the same functional form as

used for signal events, the parameters for the At PDF of the
|

NI out k

J

Nit out k

Niink

L= 1] [Nseif,s awbPiy + D npelf1f, fm”fﬂw} 1
B
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open-charm background are determined from MC simula-
tion and they are varied in the fit for the continuum.

We subdivide the data into the tagging categories k,
events with and without Az information (sets I and II),
and those events located in the inside or outside region of
the Dalitz plot (in and out). The last subdivision accounts
for the higher contribution and different characteristics of
continuum background near the Dalitz plot boundary. We
define the quantity § = min(m?,, mi;, m%;), where m;; is
the invariant mass of the B.p decay daughters i and j
combined. This 6 corresponds to the distance of an event
in the Dalitz plot to the nearest Dalitz plot boundary in the
limit of massless daughters. We split the data at 6 =
3.5 GeV?/c*.

We maximize the logarithm of the extended likelihood
L =e WstNe) . TT]_, L with Ng and Ng = 3 znp the
total signal and background yields, respectively. The like-
lihood L, in each tagging category k (with tagging fraction
€,) is given as

[NSeif?(l - fgut)Pij + ZnBGEf?(l - fgut)Pf,in,ji|
B

<[] [Nsefu ~ L+ Ynaell1 - f?)fﬁmgf,m,}
J

Nitin k

J

The probabilities PS5 (Q5) and PB (QP) for each
measurement j are the products of PDFs for signal (S)
and  background (B) classes: P, = PDF(mpgg,
AE/o(AE))PDF(NN)PDF(A¢, o(At), tag, k), where
for the background PDF(mgg, AE/o(AE)) =
PDF(mgs)PDF(AE/o(AE)). The probabilities Q do not
depend on At and o(Ar) and are used to extract C from
the yields. The fractions of events with Az information for
signal and background, ¥ and f%, and fractions of events
in the outside Dalitz plot region, 3, and f5,, are varied in
the fit except for the fractions for B backgrounds which are
determined from simulation. For about 22% of our signal B
candidates, one or two of the 77° decay photons associated
with Bep originate from the By,. According to Monte
Carlo simulation studies, we expect to measure the same
S and C in these cross-feed events as in the correctly
reconstructed signal (frue) since the contribution of the
7% to the At measurement is marginal. To account for
differences in the PDF distributions for the signal proba-
bilities PS (Q%), we define the signal probability to be a
linear combination of the correctly reconstructed signal
and cross-feed events with the relative weight determined
from simulation. Parameters of signal PDFs are the same
for the different Dalitz plot regions. The PDFs for B back-
grounds are identical for the Dalitz inside and outside

x 1] [Nsei(l = DA = f008; + %ngef(l — D0 = 8008, ,}

{
regions. The tagging fractions for the signal and the B
decay backgrounds are the same, while those of the con-
tinuum background are different.

The central values of § and C were hidden until the
analysis was complete. From a data sample of 33 058 B® —
K)7%7° candidates, we find Ng = 117 = 27 signal decays
withS = 0.72 + 0.71 £ 0.08 and C = 0.23 = 0.52 £ 0.13
where the first uncertainty is statistical and the second
systematic. There are a total of 30 floating parameters in
the fit. The linear correlation coefficient between the two
CP parameters is 2%, and the statistical significance of the
signal yield is 5.80. The yield of charmless B background
is consistent with zero, and the fraction of the signal in the
outside Dalitz region is 0.78 = 0.07. Figure 1 shows the
distributions of the event variables mgg, AE/o(AE), and
NN output, and the ratio of the signal likelihood to signal-
plus-background likelihood with all variables included.
Figure 2 shows the At distributions for the B°- and the
B'-tagged subsets, and the raw asymmetry [Ng —
Npo]/[Ngo + Ngo], where the Ngo (Ngo) is the number of
BY (B°)-tagged events. In all plots, data are displayed
together with the result from the fit after applying a re-
quirement on the ratio of signal likelihood to signal-plus-
background likelihood (computed without the variable
plotted) to reduce the background.
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FIG. 1 (color online). Distribution of the event variables
(a) mgg, (b) AE/o(AE), and (c) NN output in 10 bins after
reconstruction and a requirement on the ratio of signal likelihood
to the signal-plus-background likelihood, calculated without the
plotted variable. The efficiencies of the likelihood ratio require-
ments for (a), (b), and (c) are 10%, 26%, and 55%, respectively.
The solid line represents the fit result for the total event yield and
the dotted line for the total background. Plot (d) shows the ratio
of the signal likelihood to signal-plus-background likelihood
with all variables included, data (dots) with the fit result super-
imposed. Plot (e) shows the same quantity as (d) close to 1 and
with a linear scale.

We consider the systematic uncertainties listed in
Table I. These include the uncertainties in the parametri-
zation of PDFs for signal and backgrounds which were
evaluated by varying parameters within 1 standard devia-
tion or using alternative shape functions. The largest con-
tribution to the uncertainty for C is caused by the NN shape
for continuum inside the Dalitz plot and for S from the 2D
parametrization of mgg and AE/o(AE). We consider un-
certainties in the background fractions and CP asymmetry
in the charmless B background, the parametrization of the
At resolution function and the vertex finding method,
knowledge of the event-by-event beam spot position, im-
precision in the SVT alignment, and the possible interfer-
ence between the suppressed b — iicd amplitude with the
favored b — ciid amplitude for tag-side B-decays [22]. We
fix 750 = 1.532 ps and Am, = 0.505 ps~! and vary them
by 1 standard deviation [17]. We correct for the small fit
bias ( + 0.06 on S, and 0.02 on C) which is determined
using fits to a large number of simulated experiments,
where signal and backgrounds are mixed together in the
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FIG. 2 (color online). Plots (a) and (b) show the Az distribu-
tions of B- and B°-tagged B® — K7’ 7° candidates. The solid
lines refer to the fit for all events; the dashed lines correspond to
the total background. Plot (c) shows the raw asymmetry (see
text). A requirement is applied on the event likelihood to sup-
press background.

expected proportions. The uncertainty of the fit bias is
accounted for as a systematic error.

We perform several consistency checks, including the
measurement of the BY lifetime; we obtain T = 1.25 =
0.47 ps. We embed different B background samples from
Monte Carlo simulation in the data sample and obtain
consistent yields and CP parameters from the fit. We also
perform a fit to the data in the B® — D70 region of the
dalitz plot and the yield is consistent with expectations
measured branching fractions [17].

In summary, we measure the CP violating asymmetries
in B — K)7%7° (K — 7" #7~) decays reconstructed
from a sample of approximately 227 million BB pairs.
From an unbinned extended maximum likelihood fit, we

TABLE I. Sources of systematic uncertainties on S and C. The
total error is obtained by summing the individual errors in
quadrature.

Source a(S) a(0)
Signal and background PDF parametrization  0.05 0.11
Background fractions 0.03 0.02
CP in charmless B background 0.03 0.01
Vertex finding/resolution function 0.02 0.05
Beam spot position <0.01 <0.01
SVT alignment 0.02 0.01
Tag-side interference 0.00 0.01
Amy, g 0.02 0.01
Fit bias 0.04 0.02
Total systematic error 0.08 0.13
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obtain §=0.72*0.71 =0.08 and C = 0.23 =0.52 =
0.13. When we fix the values of —S to the average sin2(3
measured in b — ccs modes, sin23 = 0.675 = 0.026 [23],
and C to zero, and refit the data sample the negative log-
likelihood changes by 2.2¢. The signal yield is consistent
with our findings in the B — K27 * 77~ decay [24] assum-
ing isospin symmetry and that the dominant charmless
final states are f((980)KY, K*(892)7°, K;(1430)7°, and
nonresonant K277
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