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We present updated measurements of the branching fractions and CP asymmetries for B — 7070,
B* — 7= 7% and B* — K*#°. Based on a sample of 383 X 10° Y(4S) — BB decays collected by the
BABAR detector at the PEP-II asymmetric-energy B factory at SLAC, we measure B(B® — 797%) =
(1.47 £ 0.25 £ 0.12) X 107%, B(B* — 7= 7%) = (5.02 = 0.46 = 0.29) X 107, and B(B* — K= 7°) =

(13.6 £ 0.6 £ 0.7) X 107°.

We also measure the CP asymmetries C,o,0 =

—0.49 = 0.35 = 0.05,

A =0 =0.03x£0.08 =0.01, and Ag-,0 = 0.030 = 0.039 £ 0.010. Finally, we present bounds on
the Cabibbo-Kobayashi-Maskawa angle « using isospin relations.

DOI: 10.1103/PhysRevD.76.091102

In the standard model (SM) of particle physics, the
charged-current couplings of the quark sector are described
by the Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ments V,q [1]. The consistency of multiple measurements
of the sides and angles of the CKM unitarity triangle
provides a stringent test of the SM, and also provides
constraints on non-SM physics. The CKM angle o =
arg[ —(VqV3i)/(Vya Vi) ] can be measured from the inter-
ference between b — u quark decays with and without
B & BY mixing. In the limit of one (tree) amplitude,
sin2a can be extracted from the CP asymmetries in B® —
7T~ decays [2]. However, the size of the branching
fraction of B® — 797, relative to B¥ — 7= #% and B —
7t 7, indicates that there is another significant (penguin)
amplitude, with a different CP-violating (weak) phase,
contributing to the decay. The deviation of the asymmetry
obtained from B — 77 decays, sin2a.g, from sin2a can
be measured using the isospin-related decays B~ — 7~ 71°
and B® — 7%77° [3-5]. In the SM, the charge asymmetry is
expected to be very small in the decay B~ — 7~ 7" since
penguin diagrams cannot contribute to the / = 2 final state.
However, a nonzero time-integrated CP asymmetry in the
decay B® — %70 is expected if penguin and tree ampli-
tudes have different weak and CP-conserving (strong)
phases.

The B — K7 system also exhibits interesting
CP-violating features, including direct CP violation in
B — K* 7~ decays [6—8]. Sum rules derived from U-
spin symmetry and parameters from the B — 77 system
relate the branching fraction and charge asymmetry of
B* — K= 7" decays to other decays in the K7 system
[9,10]. The CP asymmetry in B* — K= 7 is expected to
have the same sign and roughly the same magnitude as the
CP asymmetry in B — K* 7~ in the absence of color-
suppressed tree and electroweak-penguin amplitudes.

Based on a sample of 383 X 10° Y(4S) — BB decays,
we report updated measurements of the branching fraction
for B = 779 and the time-integrated CP asymmetry,
C 0, defined as

[Agol? — Agol?

—_—— (D
[Agol? + 1Agol?

C g0 =

where Ay(Ag) is the BY(B?) — 707 decay amplitude.
We also measure the branching fractions for B* — h* 7°
(h= = 7=, K*) and the corresponding charge asymme-

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

tries

ﬂhiﬂ ENﬂ.—,ﬂ.O_Nﬂﬁ,ﬂ.O’ (2)
N -0+ N_+0
where A.(A+g) is the B*(B™) decay amplitude.

The BABAR detector is described in Ref. [11]. Charged
particle momenta are measured with a tracking system
consisting of a five-layer silicon vertex tracker (SVT) and
a 40-layer drift chamber (DCH) surrounded by a 1.5-T
solenoidal magnet. An electromagnetic calorimeter
(EMC) comprising 6580 CsI(T1) crystals is used to mea-
sure photon energies and positions. The photon energy
resolution in the EMC is o;/E = {2.3 (GeV)'/*/E'/* @
1.9}%, and the angular resolution from the interaction
point is oy = 3.9°/\/E/GeV. Charged hadrons are identi-
fied with a detector of internally reflected Cherenkov light
(DIRC) and ionization measurements in the tracking de-
tectors. The average K — 7 separation in the DIRC varies
from 120 at a laboratory momentum of 1.5 GeV/c to 20
at 4.5 GeV/c [11].

For the reconstruction of B* — h= ¥ events, we require
the track from the B candidate to have at least 12 hits in the
DCH and be associated with at least 5 photons in the DIRC.
The measured Cherenkov opening angle 6 must be within
40 of the expectation for the pion or kaon hypothesis and
0 must be greater than 10 mrad from the proton hypothe-
sis. Electrons are removed from the sample by vetoing
candidates based on their energy loss in the SVT and
DCH and a comparison of the track momentum and de-
posited energy in the EMC.

While 70 meson candidates are mostly formed from two
EMC clusters, we increase our 7 efficiency compared to
Ref. [4] by ~10% by including 7 candidates consisting of
two overlapping photon clusters (‘“merged” 7°) and can-
didates with one photon cluster and two tracks consistent
with being a photon conversion inside the detector. Photon
conversions are selected from pairs of oppositely charged
tracks with an invariant mass less than 30 MeV/c?, a
vertex that lies within the detector, and a total momentum
vector that points back to the beamspot. EMC clusters are
required to have energies greater than 0.03 GeV and a
transverse shower shape consistent with a photon. To re-
duce the background from random photon combinations,
the cosine of the angle between the direction of the decay
photons in the center-of-mass system of the parent 77° and
the 77¥ flight direction in the lab frame must be less than
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0.95. For candidates consisting of two EMC clusters or one
cluster and a converted photon, the reconstructed 7° mass
is required to be between 110 and 160 MeV/ ¢Z, and the
candidates are then kinematically fit with their mass con-
strained to the 77° mass. We distinguish merged 7 candi-
dates from single photons and other neutral hadrons using
the second transverse moment, S = E; X (Aa;)?/E,
where E; is the energy deposited in each CsI(TI) crystal,
and A¢; is the angle between the cluster centroid and the
crystal. Because merged 7's are caused by two overlap-
ping photon clusters, they have a larger S than solitary
photons. We use a large sample of 7%s from 7 — p*v
decays to validate that our Monte Carlo simulation (MC)
accurately simulates merged 77°s and photon conversions,
as well as our overall 7¥ efficiency.

We use two kinematic variables to isolate B® — 707°
and B* — h*7° candidates from the large background
of ete” — qg (g = u, d, s, ¢) continuum events. The
first is the beam-energy-substituted mass mgg =
\/(s/2 + p; - pp)?/E? — p3, where /s is the total e*e”
center-of-mass (CM) energy, (E;p;) is the four-
momentum of the initial e"e” system, and pg is the
B-candidate momentum, both measured in the laboratory
frame. The second variable is AE = Ep — /s/2, where Eg
is the B candidate energy in the CM frame. For B* —
h* 70, we require mgg > 5.22 GeV/c? and —0.11 GeV <
AE < 0.15 GeV. We define the main signal region in the
BY — 7%7 analysis as mgg > 5.20 GeV/c? and |AE| <
0.20 GeV.

To further discriminate the signal from gg backgrounds,
we exploit the event topology variable fg: the angle in the
CM frame between the sphericity axis of the B candidate’s
decay products and that of the remaining neutral clusters
and charged tracks in the rest of the event. Since the
distribution of | cosfg| peaks at 1 for g7 events, we require
| cosfg| < 0.8 (0.7) for events with a B* — h=7%(B" —
7°7%) candidate. To further improve background separa-
tion, we construct a Fisher discriminant F from the sums
S .piand 5 ;p;cos?6;, where p; is the CM momentum and
6, is the angle with respect to the thrust axis of the B
candidate’s daughters, in the CM frame, of all tracks and
clusters not used to reconstruct the B meson.

We use an extended, unbinned maximum likelihood
(ML) fit to determine the number of signal events and the

TABLE I.
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associated asymmetries. The probability density function
(PDF) P;(X;;@;) for event j and signal or background
hypothesis i is the product of PDFs for the variables X;,
given the set of parameters &;. The likelihood function £ is

M N M
£ =eo(~Sn)[[[SnPa)] o
i=1

i=1 j=1

where N is the number of events, n; is the PDF coefficient
for hypothesis i, and M is the total number of signal and
background hypotheses.

In the B — 707 fit, the variables X; are mgs, AE, and
F. In addition to the signal and gg background, we expect
background events from the charmless decays B* —
p=a" and B — K)7°(K) — 797°) to contribute 61 = 7
events in the signal region, as determined from MC, so we
include an additional component in the fit to account for
this BB background. For the B — 7979 signal and the BB
background, we observe a correlation coefficient between
mgs and AE of ~0.2, so a two-dimensional PDF, derived
from MC simulation, is used to parametrize these distribu-
tions. The gg background PDF is described by an ARGUS
threshold function [12] in mgg and a polynomial in AE. We
divide the F distribution from signal MC into ten equally
populated bins, and use a parametric step function to
describe the distribution for all of the signal and back-
ground hypotheses. We fix the relative size of the F bins
for the signal and BB background to values taken from
MC. These values are verified with a sample of fully
reconstructed B meson decays. Continuum F parameters
are free in the fit.

In order to measure the time-integrated CP asymmetry
C 0,0, we use the remaining tracks and clusters in a multi-
variate technique [13] to determine the flavor (B° or B®) of
the other B meson in the event (B,,). Events are assigned
to one of seven mutually exclusive categories k (including
untagged events with no flavor information) based on the
estimated mistag probability w; and on the source of the
tagging information. The PDF coefficient for B® — 777
is given by

Np0m0 k = %kaﬂ.oﬂ.o[l - Sj(l - ZXd)(l - 2Wk)C7To7To],
4)

where N_o_o is the total number of B® — 7°7% decays,

The results for the B — 7%#° and B* — h* 77° decays. For each mode we show the number of signal events, N, number

of continuum events, N, number of B-background events, Npy,,, total detection efficiency, €, branching fraction, B, and asymmetry,
A =0 or Co0. Uncertainties are statistical for Ng and N, while for the branching fractions and asymmetries they are statistical

and systematic, respectively.

Mode Ny Neon (10%) Nppke & (%) B(107°) Asymmetry
B? — 7079 154 =27 17.67 £0.13 61 £7 27.3 1.47 = 0.25 = 0.12 —0.49 £0.35 £0.05
B* — 77 627 £ 58 58.75 £ 0.24 69 =3 325 5.02 = 0.46 = 0.29 0.03 = 0.08 = 0.01
BT — K*7° 1364 £ 57 25.07 £ 0.17 9+2 26.6 13.6 £0.6 = 0.7 0.030 = 0.039 £ 0.010
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Xa = 0.188 = 0.004 [14] is the time-integrated mixing
probability, and s; = +1(—1) when the By, is a B’ (B").
The fraction of events in each category, f, and the mistag
rate are determined from a large sample of B’ —
D®(nm)m decays.

For the B* — h* 7° fit, along with mgg, AE, and F, we
include the Cherenkov angle 6. to measure the B* —
7 7% and B — K~ 7° yields and asymmetries simulta-
neously. The difference between the expected and mea-
sured Cherenkov angle, divided by the uncertainty, is
described by two Gaussian distributions. The values for
mgs and AFE are calculated assuming the track is a pion, so
a B* — K=7" event will have AE shifted by a value
dependent on the track momentum, typically —45 MeV.
For the signal, the mgg and AE distributions are modeled as
Gaussian functions with low-side power-law tails. The
means of these distributions and the mgg width are deter-
mined in the fit, while the AE width is determined by MC
simulation. We expect 69 * 3 background events in the
B* — = 7" signal region from other B meson decays,
mainly from the same B decays as in the B — 7°7° case.
For the B* — K* 7 signal region we expect 9 * 2 events
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w 50§
~ E
= Of
2 9
S 52 5.25
M mg (GeV/c?)
S . . .
(]
=
o L
2 I
Q02 01 0 01 02
AE (GeV)
= [ ' ' ' TSR
B 40:‘ l ;
é 20- T+l 1 ‘17.-.:
) [ .T ]
LE (): h‘_‘ i | :
208 0 L
0 2 4 6 8 10
F bin

FIG. 1 (color online).
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from B — X,y and B — p*K~. The PDFs for the BB
backgrounds, the ¢g background, and the signal F are all
treated the same as in the B® — 797° case. The PDF
coefficient for B* — h*7° is given by n; =1N;(1 —
q;A;), where A, is the charge asymmetry, and ¢; = =1
is the charge of the B candidate.

The results from the B® — 7°7° and B* — h* 7" ML
fits are summarized in Table 1. In a total of 17 881 events,
we find 154 + 27 B® — 71°7° decays and an asymmetry
Chom0 = —0.49 £ 0.35. For the B* — h*#" fit, we find
627 =58 B* — 77" and 1364 =57 B* — K- m'
events in a total of 85895 events. All of the correlations
among the signal variables are less than 5%. In Fig. 1 we
use the event weighting and background subtraction
method described in Ref. [15] to show signal and back-
ground distributions for B® — 77 events. Signal and
background distributions for B* — h* 7" events are
shown in Fig. 2 using the same method.

In order to account for a small bias in the B* — h* 7°
asymmetries arising from the difference in the 7+ and
71~ reconstruction efficiencies and the K™ and K~ had-
ronic interaction cross sections in the BABAR detector, the

(®)
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Distributions made with the event weighting and background subtraction method described in Ref. [15] and

PDF projections for the likelihood fit variables in the B® — #7070 fit. Shown are mgg [(a),(b)], AE [(c),(d)], and F [(e),(f)] for signal

[(a),(c),(e)] and continuum background [(b),(d),(f)].
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FIG. 2 (color online).
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Distributions made with the event weighting and background subtraction method described in Ref. [15] and

PDF projections of the likelihood fit variables from the B~ — h=#° fit. Shown are mgg [(a),(b)], AE [(c),(d)], and F [(e),(f)]
distributions for signal [(a),(c),(e)] and continuum background [(b),(d),(f)]. PDF projections for the B* — K*#° signal and
background are shown as solid lines, while the PDF projections for the B* — 7~ #¥ signal and background are shown as dashed
lines. B* — 7= 7° signal and background are shown as open circles while the B* — K* 7 is shown as solid circles.

B* — 7= 7% asymmetry is corrected by +0.005 = 0.004
and the B* — K= 7° asymmetry is corrected by +0.008 =
0.008. We determine the 77~ 7 bias from a study of 7= —
p~ v decays and verify it using the continuum background
in data. For the B — K~ 7¥ charge asymmetry bias, we
use the continuum background and combine the results of
the 7= 7" asymmetry study and the K= 7% asymmetry
study in Ref. [6]. After the bias correction we find
A 0 =0.03=*0.08 and A -0 = 0.030 = 0.039.
The systematic uncertainties on the branching fraction
and asymmetry measurements are summarized in Tables 11
and III, respectively. The largest systematic errors for the
B® — 7°77% and B* — h* 7r° branching fractions are from
uncertainties in the 7¥ reconstruction efficiency, signal
selection efficiencies, F parameters, and BB background
yields. We evaluate these systematic errors using either
control samples of 77° mesons from 7° — p~ v decays and
fully reconstructed B meson decays from data or by vary-
ing fixed parameters and refitting. We simulate radiative
effects using the PHOTOS simulation package [16] and

assign a systematic error equal to the difference between
PHOTOS and the scalar QED calculation in Ref. [17]. For
the B* — h* 7r° analysis, we also include as a systematic a
small ( < 2%) fit bias due to correlations among fit varia-

TABLE II. Systematic errors on the branching fractions for

0,0

B - 77, B* - K*#°, and B® — #%#9.

Source AB(m* 7% ABK 7% AB(#°#O)
7 efficiency 3.0% 3.0% 6.0%
mgg and AE PDF 1.7% 1.7% 4.0%
Selection efficiency 2.8% 3.0% 2.7%
F PDF 2.5% 0.7% 1.7%
BB backgrounds 0.2% <0.1% 2.1%
PHOTOS 1.9% 1.1% s
Fit bias 1.7% 1.2% e
Luminosity 1.1% 1.1% 1.1%
Tracking efficiency 0.5% 0.5% s
Total 5.8% 5.0% 8.2%
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TABLE III. A summary of the systematic errors on the asym-
metries A =0, Ag= 0, and C o 0. All values are expressed in
units of 1072.

Source A(ﬂ,n.:ﬂ.o) A(ﬂK:ﬂ_o) A(C,n_owo)
BB backgrounds 0.2 <0.1 3.4
Tagging e e 2.5
Tag-side interference ce R 1.6
PDF parameters 0.8 0.6 0.9
Detector asymmetry 0.4 0.8 s
Measured x4 error e e 0.8
Total 0.9 1.0 4.7

bles. The largest systematic uncertainties in the measure-
ment of Co0 are from the uncertainty on the B back-
ground CP content, tag-side interference, and the tagging
fractions and asymmetry of B,,. The major contributions
to the systematic error on A ,- o are from the detector
charge asymmetry and the AE and JF PDF
parametrization.

We extract information on Aa = @ — « and « using
isospin relations [3] that relate the decay amplitudes of
B — 7 decays and measurements of the branching frac-
tion and time-dependent CP asymmetries in the decay
B’ — 7"~ from BABAR [6,7]. For each of the six
observable quantities required to calculate a [B(B° —
atm), BBT— 7 7%, BB — 77, S, .-,
C,++»and C_o_0], we generate an ensemble of simulated
experiments with uncorrelated Gaussian distributions
where the width on each distribution is the sum in quad-
rature of the statistical and systematic errors of that mea-
surement. Sets of generated experiments that result in an
unphysical asymmetry or violate isospin are removed from
the sample. Using the resulting distributions for A« and «,
we calculate a confidence level (C.L.) for each solution and
plot the maximum value of 1 minus C.L. of the various
solutions in Fig. 3. One can further constrain « by using the
fact that the penguin amplitude contribution to B — 7
decays must be very large if « is near 0 or 77. We obtain a
bound on the magnitude of the penguin amplitude from the
branching fraction of the penguin-dominated decay B, —
K*K~ [18] by making the conservative assumption of
SU(3) breaking at less than ~100% [19]. In Fig. 3 we
also show bounds on « when the size of the penguin
amplitude is constrained by this assumption.

In summary, we measure the branching fractions and CP
asymmetries in B — 797°, B* — 7= 7%, and B* —
K= 7 decays reconstructed from a sample of approxi-
mately 383 X 10° BB pairs. While all of these measure-
ments represent significant improvements of the previous
BABAR measurements, the error on C 00 shows the largest
improvement. All results are consistent with previously
published results from BABAR [4] and the Belle experi-
ment [5], and supersede the previous BABAR results. For
the B — 7 decays, we find B(B — 7°7°) = (1.47 =

PHYSICAL REVIEW D 76, 091102(R) (2007)
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FIG. 3 (color online). Constraints on (a) the angle Aa = | —
a| and (b) a expressed as one minus the confidence level as a
function of angle. We find an upper bound on A« of 39° at the
90% confidence level. In (b) the curve shows the bounds on «
using the isospin method alone, while the shaded region shows
the result with the SU(3) requirement as discussed in the text.

0.25*+0.12) X 107%, B(B* — 7= 7") = (5.02 = 0.46 =
0.29) X 107%,  C_o,0 = —0.49 £ 0.35 + 0.05,  and
A 0 =0.03=*0.08 =0.01l. We constrain Aa to be
less than 39° and exclude the range [25°,66°] in « at
90% confidence level. If we consider only the preferred
solution [20], we find & = (96*.°)°. For the B= — K= #°
decay, we find B(B* — K~ 7%) = (13.6 = 0.6 = 0.7) X
107 and Ag- 0 = 0.030 = 0.039 + 0.010. The differ-
ence between Ag-_o and Ag-_= = —0.107 = 0.019
[6] indicates that the effect of color-suppressed tree and
electroweak-penguin amplitudes are significant.
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