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Improved Measurements of CP-Violating Asymmetry Amplitudes in B0 ! ���� Decays

B. Aubert,1 R. Barate,1 D. Boutigny,1 F. Couderc,1 Y. Karyotakis,1 J. P. Lees,1 V. Poireau,1 V. Tisserand,1 A. Zghiche,1

E. Grauges-Pous,2 A. Palano,3 A. Pompili,3 J. C. Chen,4 N. D. Qi,4 G. Rong,4 P. Wang,4 Y. S. Zhu,4 G. Eigen,5 I. Ofte,5

B. Stugu,5 G. S. Abrams,6 A. W. Borgland,6 A. B. Breon,6 D. N. Brown,6 J. Button-Shafer,6 R. N. Cahn,6 E. Charles,6

C. T. Day,6 M. S. Gill,6 A. V. Gritsan,6 Y. Groysman,6 R. G. Jacobsen,6 R. W. Kadel,6 J. Kadyk,6 L. T. Kerth,6

Yu. G. Kolomensky,6 G. Kukartsev,6 G. Lynch,6 L. M. Mir,6 P. J. Oddone,6 T. J. Orimoto,6 M. Pripstein,6 N. A. Roe,6

M. T. Ronan,6 W. A. Wenzel,6 M. Barrett,7 K. E. Ford,7 T. J. Harrison,7 A. J. Hart,7 C. M. Hawkes,7 S. E. Morgan,7

A. T. Watson,7 M. Fritsch,8 K. Goetzen,8 T. Held,8 H. Koch,8 B. Lewandowski,8 M. Pelizaeus,8 K. Peters,8 T. Schroeder,8

M. Steinke,8 J. T. Boyd,9 J. P. Burke,9 N. Chevalier,9 W. N. Cottingham,9 M. P. Kelly,9 T. E. Latham,9 F. F. Wilson,9

T. Cuhadar-Donszelmann,10 C. Hearty,10 N. S. Knecht,10 T. S. Mattison,10 J. A. McKenna,10 D. Thiessen,10 A. Khan,11

P. Kyberd,11 L. Teodorescu,11 A. E. Blinov,12 V. E. Blinov,12 V. P. Druzhinin,12 V. B. Golubev,12 V. N. Ivanchenko,12

E. A. Kravchenko,12 A. P. Onuchin,12 S. I. Serednyakov,12 Yu. I. Skovpen,12 E. P. Solodov,12 A. N. Yushkov,12 D. Best,13

M. Bruinsma,13 M. Chao,13 I. Eschrich,13 D. Kirkby,13 A. J. Lankford,13 M. Mandelkern,13 R. K. Mommsen,13

W. Roethel,13 D. P. Stoker,13 C. Buchanan,14 B. L. Hartfiel,14 A. J. R. Weinstein,14 S. D. Foulkes,15 J. W. Gary,15 O. Long,15

B. C. Shen,15 K. Wang,15 D. del Re,16 H. K. Hadavand,16 E. J. Hill,16 D. B. MacFarlane,16 H. P. Paar,16 Sh. Rahatlou,16

V. Sharma,16 J. W. Berryhill,17 C. Campagnari,17 A. Cunha,17 B. Dahmes,17 T. M. Hong,17 A. Lu,17 M. A. Mazur,17

J. D. Richman,17 W. Verkerke,17 T. W. Beck,18 A. M. Eisner,18 C. J. Flacco,18 C. A. Heusch,18 J. Kroseberg,18

W. S. Lockman,18 G. Nesom,18 T. Schalk,18 B. A. Schumm,18 A. Seiden,18 P. Spradlin,18 D. C. Williams,18 M. G. Wilson,18

J. Albert,19 E. Chen,19 G. P. Dubois-Felsmann,19 A. Dvoretskii,19 D. G. Hitlin,19 I. Narsky,19 T. Piatenko,19 F. C. Porter,19

A. Ryd,19 A. Samuel,19 S. Yang,19 S. Jayatilleke,20 G. Mancinelli,20 B. T. Meadows,20 M. D. Sokoloff,20 F. Blanc,21

P. Bloom,21 S. Chen,21 W. T. Ford,21 U. Nauenberg,21 A. Olivas,21 P. Rankin,21 W. O. Ruddick,21 J. G. Smith,21

K. A. Ulmer,21 J. Zhang,21 L. Zhang,21 A. Chen,22 E. A. Eckhart,22 J. L. Harton,22 A. Soffer,22 W. H. Toki,22 R. J. Wilson,22

Q. Zeng,22 B. Spaan,23 D. Altenburg,24 T. Brandt,24 J. Brose,24 M. Dickopp,24 E. Feltresi,24 A. Hauke,24 H. M. Lacker,24

E. Maly,24 R. Nogowski,24 S. Otto,24 A. Petzold,24 G. Schott,24 J. Schubert,24 K. R. Schubert,24 R. Schwierz,24

J. E. Sundermann,24 D. Bernard,25 G. R. Bonneaud,25 P. Grenier,25 S. Schrenk,25 Ch. Thiebaux,25 G. Vasileiadis,25

M. Verderi,25 D. J. Bard,26 P. J. Clark,26 F. Muheim,26 S. Playfer,26 Y. Xie,26 M. Andreotti,27 V. Azzolini,27 D. Bettoni,27

C. Bozzi,27 R. Calabrese,27 G. Cibinetto,27 E. Luppi,27 M. Negrini,27 L. Piemontese,27 A. Sarti,27 F. Anulli,28

R. Baldini-Ferroli,28 A. Calcaterra,28 R. de Sangro,28 G. Finocchiaro,28 P. Patteri,28 I. M. Peruzzi,28 M. Piccolo,28

A. Zallo,28 A. Buzzo,29 R. Capra,29 R. Contri,29 G. Crosetti,29 M. Lo Vetere,29 M. Macri,29 M. R. Monge,29 S. Passaggio,29

C. Patrignani,29 E. Robutti,29 A. Santroni,29 S. Tosi,29 S. Bailey,30 G. Brandenburg,30 K. S. Chaisanguanthum,30

M. Morii,30 E. Won,30 R. S. Dubitzky,31 U. Langenegger,31 J. Marks,31 U. Uwer,31 W. Bhimji,32 D. A. Bowerman,32

P. D. Dauncey,32 U. Egede,32 J. R. Gaillard,32 G. W. Morton,32 J. A. Nash,32 M. B. Nikolich,32 G. P. Taylor,32

M. J. Charles,33 G. J. Grenier,33 U. Mallik,33 A. K. Mohapatra,33 J. Cochran,34 H. B. Crawley,34 J. Lamsa,34 W. T. Meyer,34

S. Prell,34 E. I. Rosenberg,34 A. E. Rubin,34 J. Yi,34 N. Arnaud,35 M. Davier,35 X. Giroux,35 G. Grosdidier,35 A. Höcker,35
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We present updated measurements of the CP-violating parameters S�� and C�� in B0 ! ����

decays. Using a sample of 227� 106 ��4S� ! B �B decays collected with the BABAR detector at the PEP-
II asymmetric-energy e�e� collider at SLAC, we observe 467� 33 signal decays and measure S�� �
�0:30� 0:17�stat� � 0:03�syst� and C�� � �0:09� 0:15�stat� � 0:04�syst�.

DOI: 10.1103/PhysRevLett.95.151803 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh

CP violation has been established in B decays through
precision measurements [1] of the angle � of the unitarity
triangle [2]. The agreement of these direct measurements
with the indirect constraints [3] derived from the magni-
tudes of the elements of the Cabibbo-Kobayashi-Maskawa
(CKM) quark-mixing matrix [4] supports the standard
model explanation of CP violation as arising from a single
phase in the CKM matrix. Improving our knowledge of the
remaining angles (� and �) of the unitarity triangle will
provide important further tests of the standard model de-
scription of CP violation.

Neutral-B decays to the CP eigenstate ���� can
exhibit mixing-induced CP violation through inter-
ference between decays with and without B0 � �B0 mix-
ing, and direct CP violation through interference be-
tween the b! u tree and b! d penguin decay processes
[5]. Both effects are observable in the time evolution of
the asymmetry between B0 and �B0 decays to ����,
where mixing-induced CP violation leads to a sine term
with amplitude S�� and direct CP violation leads to a
cosine term with amplitude C��. In the absence of the
penguin process, C�� � 0 and S�� � sin2�, with � �
arg	�VtdV



tb=VudV



ub�, while significant tree-penguin inter-

ference leads to S�� �
������������������
1� C2

��

p
sin2�eff , where �eff is

the effective value of� andC�� � 0 if the strong phases of
the tree and penguin decay amplitudes are different. The
difference ���� � �� �eff can be determined from a
model-independent analysis using the isospin-related de-
cays B� ! ���0 and B0, �B0 ! �0�0 [6,7].

The Belle collaboration recently reported [8] an obser-
vation of CP violation in B0 ! ���� decays using a data
sample of 152� 106 B �B pairs, while our previous mea-
surement [9] on a sample of 88� 106 B �B pairs was con-
sistent with no CP violation. In this Letter, we report
improved measurements of the CP-violating parameters
S�� and C��, and corresponding constraints on �, using a
data sample comprising 227� 106 B �B pairs collected with
the BABAR detector at the PEP-II asymmetric-energy
e�e� collider at SLAC.

The BABAR detector is described in detail elsewhere
[10]. The primary components used in this analysis are a
charged-particle tracking system consisting of a five-layer
silicon vertex tracker (SVT) and a 40-layer drift chamber
surrounded by a 1.5 T solenoidal magnet, an electromag-
netic calorimeter comprising 6580 CsI(Tl) crystals, and a
detector of internally reflected Cherenkov light (DIRC)
providing K � � separation over the range of laboratory
momentum relevant for this analysis (1:5–4:5 GeV=c).

The analysis method is similar to that used in our
previous measurement of S�� and C�� [9]. We reconstruct
a sample of neutral Bmesons (Brec) decaying to final states
with two charged tracks, and examine the remaining par-
ticles in each event to infer whether the second B meson
(Btag) decayed as a B0 or �B0 (flavor tag). We first perform a
maximum-likelihood fit that uses kinematic, event-shape,
and particle-identification information to determine signal
and background yields corresponding to the four distin-
guishable final states (����, K���, K���, and K�K�).
The results of this fit are described in Ref. [11], which
reports the first evidence of direct CP violation in B0 !
K��� decays [12]. The CP asymmetry parameters in
B0 ! ���� decays are then determined from a second
fit including information about the flavor of Btag and the
difference �t between the decay times of the Brec and Btag

decays. The decay rate distribution f��f�� when Brec !
���� and Btag � B0� �B0� is given by

f���t� �
e�j�tj=�

4�
	1� S�� sin��md�t�

� C�� cos��md�t��; (1)

where � is the B0 lifetime and �md is the mixing frequency
due to the neutral-B-meson eigenstate mass difference.

The analysis begins by reconstructing two-body
neutral-B decays from pairs of oppositely charged tracks
found within the geometric acceptance of the DIRC and
originating from a common decay point near the interac-
tion region. We reconstruct the kinematics of the B candi-
date using the pion mass for both tracks. We require that
each track have an associated Cherenkov angle (�c) mea-
sured with at least five signal photons detected in the
DIRC; the value of �c must agree within 4 standard devia-
tions (�) with either the pion or kaon particle hypothesis.

Identification of pions and kaons is primarily accom-
plished by including �c as a discriminating variable in the
maximum-likelihood fit. We construct probability den-
sity functions (PDFs) for �c from a sample of approxi-
mately 430 000 D
� ! D0���D0 ! K���� decays re-
constructed in data, where K�=�� tracks are identified
through the charge correlation with the �� from the D
�

decay. Although we find no systematic difference between
positive and negative tracks, the PDFs are constructed
separately for K�, K�, ��, and �� tracks as a function
of momentum and polar angle using the measured and
expected values of �c, and the uncertainty.

Signal decays are identified using two kinematic varia-
bles: (1) the difference �E between the reconstructed
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energy of the B candidate in the e�e� center-of-mass
(c.m.) frame and

���
s
p
=2, and (2) the beam-energy substi-

tuted massmES �
�����������������������������������������������������
�s=2� pi 
 pB�2=E2

i � p2
B

q
. Here,

���
s
p

is
the total c.m. energy, and the B momentum pB and the
four-momentum �Ei;pi� of the e�e� initial state are de-
fined in the laboratory frame. We require 5:20<mES <
5:29 GeV=c2 and j�Ej< 150 MeV. The sideband region
in mES is used to determine background-shape parameters,
while the wide range in �E allows us to separate B decays
to all four final states in the same fit.

We have studied potential backgrounds from higher-
multiplicity B decays and find them to be negligible near
�E � 0. The dominant source of background is the pro-
cess e�e� ! q �q�q � u; d; s; c�, which produces a distinc-
tive jetlike topology. In the c.m. frame, we define the angle
�S between the sphericity axis [13] of the B candidate and
the sphericity axis of the remaining particles in the event.
For background events, j cos�Sj peaks sharply near unity,
while it is nearly flat for signal decays. We require
j cos�Sj< 0:8, which removes approximately 80% of this
background. Additional background suppression is accom-
plished by a Fisher discriminant F [9] based on the mo-
mentum flow relative to the ���� thrust axis of all tracks
and clusters in the event, excluding the �� pair. We use F
as a discriminating variable in the fit.

We use a multivariate technique [14] to determine the
flavor of the Btag meson. Separate neural networks are
trained to identify primary leptons, kaons, soft pions
from D
 decays, and high-momentum charged particles
from B decays. Events are assigned to one of five mutually
exclusive tagging categories based on the estimated aver-
age mistag probability and the source of the tagging infor-
mation. The quality of tagging is expressed in terms of the
effective efficiency Q �

P
k�k�1� 2wk�

2, where �k and
wk are the efficiencies and mistag probabilities for events
tagged in category k. We measure the tagging performance
in a data sample Bflav of fully reconstructed neutral B
decays to D�
�����; 	�; a�1 �, and find a total effective
efficiency of Q � 29:9� 0:5. The assumption of equal
tagging efficiencies and mistag probabilities for signal
����,K���, andK�K� decays is validated in a detailed
Monte Carlo simulation. Separate background efficiencies
for the different decay modes are determined simulta-
neously with S�� and C�� in the fit.

The time difference �t � �z=��c is obtained from the
known boost of the e�e� system (�� � 0:56) and the
measured distance �z along the beam (z) axis between
the Brec and Btag decay vertices. We require j�tj< 20 ps
and ��t < 2:5 ps, where ��t is the uncertainty on �t
determined separately for each event. The resolution func-
tion for signal candidates is a sum of three Gaussians,
identical to the one described in Ref. [14], with parameters
determined from a fit to the Bflav sample (including events
in all five tagging categories). The background �t distri-
bution is modeled as the sum of three Gaussian functions,

where the common parameters used to describe the back-
ground shape for all tagging categories are determined
simultaneously with the CP parameters in the maximum-
likelihood fit.

We use an unbinned extended maximum-likelihood fit to
extract CP parameters from the Brec sample. The likeli-
hood for candidate j tagged in category k is obtained by
summing the product of event yield ni, tagging efficiency
�i;k, and probability P i;k over the eight possible signal and
background hypotheses i (referring to ����, K���,
K���, and K�K� combinations). The extended likeli-
hood function for category k is

L k � exp
�
�
X
i

ni�i;k

�Y
j

�X
i

ni�i;kP i;k� ~xj; ~�i�
�
: (2)

The yields for the K� final state are parametrized as
nK��� � nK��1�AK��=2, where AK� is the direct-
CP-violating asymmetry [11]. The probabilities P i;k are
evaluated as the product of PDFs for each of the indepen-
dent variables ~xj � fmES;�E;F ; �

�
c ; �

�
c ;�tg with pa-

rameters ~�i, where ��c and ��c are the Cherenkov angles
for the positively and negatively charged tracks. The �t
PDF for signal ���� decays is given by Eq. (1) modified
to include the mistag probabilities for each tag category,
and convolved with the signal resolution function. The �t
PDF for signalK� decays takes into account B0 � �B0 mix-
ing and the correlation between the charge of the kaon and
the flavor of Btag. We fix � and �md to their world-average
values [15]. The total likelihood L is the product of like-
lihoods for each tagging category, and the free parameters
are determined by maximizing the quantity lnL.

The fit proceeds in two steps. First, the signal and
background yields and K� charge asymmetries are deter-
mined in a separate fit that does not use flavor tagging or �t
information [11]. Out of a fitted sample of 68 030 events,
we find n�� � 467� 33, nK� � 1606� 51, and nKK �
3� 12 decays, and measure AK� � �0:133� 0:030,
where all errors are statistical only. We next add the flavor
tagging and �t information and perform a fit for S�� and
C��. We fix the signal and background yields and charge
asymmetries to values determined in the first fit, and fix the
signal parameters describing flavor tagging and �t resolu-
tion function parameters to the values determined in the
Bflav sample. By fixing these parameters we reduce the
total number of free parameters by 30 relative to our
previous analysis [9]. A total of 46 parameters are left
free in the fit, including 12 parameters describing the
background PDFs for mES, �E, and F ; 8 parameters
describing the background �t PDF; 12 background
flavor-tagging efficiencies; 12 background flavor-tagging
efficiency asymmetries; and S�� and C��. The fit yields

S�� � �0:30� 0:17�stat� � 0:03�syst�;

C�� � �0:09� 0:15�stat� � 0:04�syst�;
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where the correlation between S�� and C�� is�1:6%, and
the correlations with all other free parameters are less than
1%. These values are consistent with, and supersede, our
previously published measurements [9].

We use the event-weighting technique described in
Ref. [16] to check the agreement between PDFs and data
for signal ���� candidates. For Figs. 1(a)–1(c), we per-
form a fit excluding the variable being plotted, and the
covariance matrix is used to determine a weight that each
event is signal, not background. The resulting distributions
(points with errors) are normalized to the signal yield (467)
and can be directly compared with the PDFs (solid curves)
used in the fit for S�� and C��. In Fig. 1(d), we use a
similar technique to compare the F distribution based on
the probability to be a q �q event with the PDF used for
background events. Figure 2 shows distributions of �t for
signal ���� events with Btag tagged as B0 or �B0, and the
asymmetry as a function of �t using the same event-
weighting technique. The 
2=n:d:o:f: for the distributions
in Fig. 2 are (a) 17:3=12, (b) 11:3=12, and (c) 9:6=6,
indicating satisfactory agreement in all three plots.

As a consistency check on the �t resolution function, we
take advantage of the large number of K� signal decays in
the Brec sample to perform a B0 � �B0 mixing analysis.
Floating � and �md along with S��, C��, and AK�, we
find values consistent with the world averages (� � 1:60�
0:04 ps and �md � 0:523� 0:028 ps�1), and CP parame-
ters consistent with the nominal fit results. This test gives
us confidence that the �t measurement is unbiased.

The dominant sources of systematic uncertainty for S��
arise from uncertainty on the shape of the background �t
distribution (0.016), and on the alignment of the SVT
(0.01) and the run-by-run position of the B �B production
point (0.01). The systematic uncertainty on C�� is domi-
nated by potential bias from doubly Cabibbo-suppressed
decays of the Btag meson (0.023) [17], and uncertainties on
the non-�t PDF parameters (0.015), the mistag fractions
(0.013), and the position of the B �B production point (0.01).
Contributions to the systematic uncertainty arising from
knowledge of the signal �t resolution function, �md, �,
and possible differences in vertexing and B-flavor tagging
between the ���� and Bflav samples have all been eval-
uated and found to be less than 0.01 for both S�� and C��.
Uncertainties on the signal and background yields and K�
asymmetries are negligible for both S�� and C��. Finally,
we verify that we are sensitive to nonzero values of S��
andC�� by fitting a large sample of Monte Carlo simulated
signal decays with large values of the CP parameters.
Although the fit results are consistent with the generated
values within the statistical precision of the sample, we
assign the sum in quadrature of the statistical uncertainty
and the difference between the fitted and generated values
as a conservative systematic error accounting for potential
bias in the fit procedure (0.013 for S�� and 0.007 for C��).
The total systematic uncertainty is calculated by summing
in quadrature the individual contributions.
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FIG. 2 (color online). Distributions of the decay-time differ-
ence �t using the event-weighting technique described in the
text. The top two plots show events where Btag is identified as
(a) B0 (nB0 ) or (b) �B0 (n �B0 ), where the solid curves indicate the
signal PDFs used in the fit. (c) The asymmetry (points with
errors), defined as �nB0 � n �B0 �=�nB0 � n �B0 �, for signal events in
each �t bin, and the projection of the fit (solid curve).
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FIG. 1 (color online). Distributions of (a) mES, (b) �E, and
(c) F for signal ���� events (points with error bars), and
(d) the distribution of F for q �q background events, using the
weighting technique described in Ref. [16]. Solid curves repre-
sent the corresponding PDFs used in the fit.
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Using the model-independent isospin analysis [6] (ne-
glecting electroweak penguin amplitudes) and the tech-
nique described in Ref. [3], we display in Fig. 3 the
confidence level (C.L.) derived from the measured values
of S�� and C�� reported here, and the results for ����
determined in Ref. [7]. Values of � in the range 	29�; 61��
are excluded at the 90% C.L.

In summary, we present improved measurements of the
CP-violating asymmetry amplitudes S�� and C��, which
govern the time distributions of B0 ! ���� decays. We
find S�� � �0:30� 0:17� 0:03 and C�� � �0:09�
0:15� 0:04, which are consistent with our previous mea-
surements. These results do not confirm the observation of
large CP violation reported in Ref. [8].
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FIG. 3 (color online). Constraints on � derived from the iso-
spin analysis using S��, C��, and ���� (Ref. [7]). Values of �
for which the solid line lies below the dashed line are excluded at
90% C.L.
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