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We report observations of CP violation in the decays B’ — K*7~ and B — 7t 7~ in a sample of
383 X 10° Y(4S) — BB events. We find 4372 + 82 B® — K7~ decays and measure the direct
CP-violating charge asymmetry Ay, = —0.107 = 0.018(stat) "33 (syst), which excludes the

CP-conserving hypothesis with a significance of 5.5 standard deviations. In the same sample, we find
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1139 + 49 B — 7+ 7~ decays and measure the CP-violating asymmetries S, =
—0.21 *+ 0.09(stat) + 0.02(syst). CP conservation in B — 7t 7~ (S, = C,, =

0.03(syst) and C,,, =

—0.60 * 0.11(stat) =

0) is excluded at a confidence level 1 — C.L. = 8 X 1078, corresponding to 5.4 standard deviations.

DOI: 10.1103/PhysRevLett.99.021603

The prediction of large CP-violating effects in the
B-meson system [1] has been confirmed in recent years
by the BABAR and Belle Collaborations, both in the inter-
ference of B decays to charmonium final states with and
without B%-B° mixing [2] and directly in the interference
between the decay amplitudes in B — K* 7~ [3-5]. All
measurements of CP violation to date are in agreement
with indirect predictions from global standard-model (SM)
fits [6] based on measurements of the magnitudes of the
elements of the Cabibbo-Kobayashi-Maskawa (CKM)
quark-mixing matrix [7] and place important constraints
[8] on the flavor structure of SM extensions.

The proper-time evolution of the asymmetry between B°
and B® decays to 7w 7~ is characterized by sine and cosine
terms with amplitudes S, which arises from interference
between decays with or without B°-B° mixing, and C,,,
which is due to interference between the b — u “tree” and
the higher-order b — d ‘“‘penguin” decay amplitudes.
Similarly, the direct-CP-violating asymmetry Ay, be-
tween the B — K~ 7% and B’ — K*7~ decay rates
arises from interference between b — u tree and b — s
penguin amplitudes. Negligible contributions to these
asymmetry parameters would also enter from CP violation
purely in B°-B° mixing, which has been determined to be

very small [9]. The quantity sin2a.g = S,,/v/1 — Cor
can be related to a = arg[—V4V; /V,qVi,] through a
model-independent analysis that uses the isospin-related
decays B* — 77" and B® — #°#° [10]. Contributions
from new particles could affect the asymmetries in these
modes primarily through additional penguin B-decay
amplitudes.

Previous evidence of direct CP violation in B’ —
K* 7~ has been reported by BABAR [3] and Belle [4];
additional measurements of A g have also been reported
by the CDF [11] and CLEO [12] Collaborations. The Belle
Collaboration recently reported [13] an observation of both
time-dependent and direct CP violation in B® — 77~
decays using a sample of 535 X 10° BB pairs, while our
previous measurement [14] on a sample of 227 X 10° BB
pairs was statistically consistent with no CP violation. In
this Letter, we present measurements of A, S, ., and
C,, in a sample of 383 X 10% BB pairs using an improved
analysis technique with significantly increased sensitivity
compared to our previous measurements.

In the BABAR detector [15], charged particles are de-
tected and their momenta measured by a combination of a
five-layer silicon vertex tracker and a 40-layer drift cham-
ber (DCH) that covers 92% of the solid angle in the Y(4S)
center-of-mass (c.m.) frame, both operating in a 1.5-T

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

solenoidal magnetic field. Discrimination among charged
pions, kaons, and protons is provided by a combination of
an internally reflecting ring-imaging Cherenkov detector
(DIRC), which covers 84% of the c.m. solid angle in the
central region of the BABAR detector and has a 91%
reconstruction efficiency for pions and kaons with mo-
menta above 1.5 GeV/c, and the ionization (dE/dx) mea-
surements in the DCH. Electrons are explicitly removed
based on a comparison of the track momentum and the
associated energy deposition in a CsI(T1) electromagnetic
calorimeter and with additional information from dE/dx
and DIRC Cherenkov angle (6c) measurements.

The analysis method retains many features of our pre-
vious B — K* 7~ and B® — 7" 7~ CP-violation mea-
surements [3,14]. We reconstruct candidate decays
By — hth™ (h* = 7%, K*) from pairs of oppositely
charged tracks in the polar-angle range 0.35 < 6, <
2.40 that are consistent with originating from a common
decay point. The remaining particles are examined to infer
(flavor tag) whether the other B meson in the event (By,,)
decayed as a B® or B®. We perform an unbinned extended
maximum-likelihood (ML) fit simultaneously for the
CP-violating asymmetries and the signal and background
yields and parameters. The fit uses particle-identification,
kinematic, event-shape, By, flavor, and At information,
where At is the difference between the B, and By,, decay
times. The yields for the K7 final state are parametrized
as ng=,+ = ng,(1 ¥ ARY)/2, and the decay-rate distri-
bution f,(f_) for B, — w7~ and By, = B°(B°) is
given by
—|At/7

4T
¥ C,,cos(AmyAr)], €))

e

f«(Ar) = [1+5,,sin(Am A1)

where 7 is the neutral B lifetime and Amy is the B°-B°
mixing frequency, both fixed to their world averages [9].
The most significant improvement in sensitivity com-
pared to our previous analysis comes from a 35% increase
in the B, reconstruction efficiency that results from using
dE/dx as a discriminating variable in the ML fit for the
first time. The dE/dx measurements are used both to
complement the discriminating power of 6 for charged
particles within the DIRC acceptance and as a standalone
means of particle identification for tracks that have no
DIRC information and were not included in our previous
measurements. The dE/dx calibration takes into account
variations in the mean value and resolution of dE/dx with
respect to changes in the DCH running conditions over
time and each track’s charge, polar and azimuthal angles,
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and the number of ionization samples. The calibration is
performed with large ( > 10°) high-purity samples of pro-
tons from A — p7~, pions and kaons from D*" —
D7t (DY — K~ 7"), and additional samples of pions
from 7= — 7~ 7" 7 v, decays and from KO — 7wta
decays that occur in the vicinity of the interaction region.

We require at least one of the tracks in the B, decay
candidate to have 6 measured with at least six signal
photons; for such tracks, the value of §- must agree within
4 standard deviations (o) with either the pion or the kaon
hypothesis. Thus, protons with six or more signal photons
are removed, while proton-pion and proton-kaon combi-
nations are possible for background candidates where one
of the tracks has no usable 8- measurement. We construct
0c probability-density functions (PDFs) for the pion and
kaon hypotheses and dE/dx PDFs for the pion, kaon, and
proton hypotheses, separately for each charge. The K — 7
separations provided by - and dE/dx are complemen-
tary: for 6, it varies from 2.50 at 4.5 GeV/c to 130 at
1.5 GeV/c [3], while for dE/dx it varies from less than
1.00 at 1.5 GeV/c to 1.90 at 4.5 GeV/c (Fig. 1).

Each B candidate is characterized by the energy differ-
ence AE = (qy - qg/+/s) — /s/2, which also provides
additional discriminating power between the four possible
final states (wt7~, K™7~, K @', and K"K~) and
the beam-energy-substituted mass mgg = [(s/2 + py *
p)?/E% — p3]'/? [15]. Here gy and gp are the four-
momenta of the Y(4S) and the B candidate, respectively,
s = (gy)? is the square of the c.m. energy, py and pp are
the laboratory three-momenta of the Y(4S) and the B,
respectively, and Ey = q% is the laboratory energy of the
Y(4S). For signal events, the mpg and AE PDFs are
Gaussian functions with widths of 2.6 MeV/c?> and
29 MeV, respectively. For the background, mgg is parame-
trized with an empirical threshold function [16], and AE is
parametrized with a second-order polynomial. We require
5.2 <mpg <5.3 GeV/c? and |AE| < 0.150 GeV.
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S 14f P
(=4 - +t c
§ - DCHdE/dx -] §
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g 6F— 1 5
5 B — 1 0

a T o5
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FIG. 1 (color online). The average difference between the
expected values of DIRC 6 and DCH dE/dx for pions and
kaons at 0.35 < 6y, < 2.40, divided by the uncertainty, as a
function of laboratory momentum in B — h™h~ decays in
BABAR.

The background arises predominantly from random
combinations of tracks in e*e”™ — gG (¢ = u, d, s, ¢) and
77~ jetlike continuum events. We define the angle 6 in
the c.m. frame between the sphericity axes [17] of the B
candidate and of all remaining charged and neutral parti-
cles in the event. For background events, | cosfg| peaks
sharply near 1, while for B decays the distribution is nearly
flat. We require | cosfg| < 0.9, which removes approxi-
mately 64% of uii, dd, and s5, 52% of c¢, and 84% of
777~ background. Contamination from e*te™ — 7+7~
production is reduced to 2% of the total background by
requiring the ratio of the second to zeroth Fox-Wolfram
moments [18] to be less than 0.7, which has a negligible
effect on the signal efficiency. The overall gain in signal
reconstruction efficiency is 52% compared to our previous
analysis. Additional continuum-background suppression in
the fit is accomplished by the Fisher discriminant F de-
scribed in Ref. [19]. We have studied the backgrounds from
higher-multiplicity B decays and find them to be negli-
gible, particularly due to their good separation from signal
in AE.

The By, flavor is determined with a neural-net algorithm
[20] that assigns the event to one of seven mutually ex-
clusive tagging categories. The figure of merit for the
tagging quality, measured in a data sample By,, of fully
reconstructed B® decays to DY~ (7", p*, a]) or J/YK*,
is the effective efficiency Q= ,€(1 —2w)?* =
0.305 = 0.003, where €, and w; are the efficiencies and
mistag probabilities for events in tagging category k.
Separate values of €, and wy, for each background category
are determined in the ML fit.

The time difference Ar = Az/Byc, where By = 0.56is
the known boost of the Y (4S5), is obtained by measuring the
distance Az along the beam (z) axis between the B, and
By, decay vertices. We require [A7[ <20 ps and oy, <
2.5 ps, where o,, is the Af uncertainty estimated sepa-
rately for each event. The resolution function for signal
candidates is a sum of three Gaussians [20] with parame-
ters determined from a fit to the full By,, sample. The
background Ar distribution, common to all tagging cate-
gories, is modeled as a sum of three Gaussian functions
with parameters determined in the final fit.

The likelihood for candidate j tagged in category k is
obtained by summing the product of event yield n;, tagging
efficiency €;, and probability 7;; over all possible signal
and background hypotheses i. We treat separately the cases
where both or only one track has a 6 measurement. The
extended likelihood function for tagging category k is

L= eXP(_Z”ifi,k>l_[[Z”ifi,k?i,k(f,'; 5&')}- 2
7 J LT
The probabilities P;; are evaluated as a product of
PDFs for each of the independent variables X; =
{mgs, AE, F, dE/dx, 0¢, At}, with parameters &;. We use
separate 6 and dE/dx PDFs for positively and negatively
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charged tracks. The Ar PDF for signal 7" 7~ decays is
given by Eq. (1) modified to include the mistag probabil-
ities for each tagging category and convolved with the
signal resolution function. The At PDFs for signal K
and background K7, 7p, and Kp combinations take into
account the correlation between the charge of the kaon or
proton and the By, flavor; for signal K, B’-B" mixing is
also taken into account. The total likelihood L is the
product of likelihoods for each tagging category and has
117 free parameters.

Fitting the final sample of 309540 events, we find
Npmw = 1139 49, ng,. =4372* 82, ngx = 10=* 17,
where all errors are statistical only, and measure the fol-
lowing asymmetries:

Ak = —0.107 = 0.018(stat) 3997 (syst),
S.. = —0.60 = 0.11(stat) * 0.03(syst), 3)
C,» = —0.21 = 0.09(stat) = 0.02(syst).

Here Ay, is the fitted value of the K* 7~ event-yield
asymmetry ARY shifted by +0.00555 to account for a
bias that arises from the difference between the cross
sections of Kt and K~ hadronic interactions within the
BABAR detector. We determine this bias from a detailed
Monte Carlo simulation based on GEANT4 [21] version 7.1;
it is independently verified with a calculation based on the
known material composition of the BABAR detector [15]

153
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FIG. 2 (color online). S, and C,: the central values, errors,
and confidence-level (C.L.) contours for 1 — C.L. = 0.317 (10),
4.55 X 1072 (20),2.70 X 107% (30), 6.33 X 107° (40), 5.73 X
1077 (50), and 1.97 X 107° (60), calculated from the square
root of the change in the value of —2InL compared with its
value at the minimum. The systematic errors are included.

and the cross sections and material properties tabulated
in Ref. [9]. The corrected K* 7~ event-yield asymmetry
in the background, where no observable CP violation
is expected, 1is consistent with zero: —0.006 *
0.004(stat) £5-09 (syst).

A contour plot of the (S, C,,) confidence levels is
shown in Fig. 2. The correlation between S, and C,, is
—0.07. Performing a fit that excludes Ar and using an
event-weighting technique [22], in Fig. 3 we show the
distributions of At for signal 7% 7~ events with B, tagged
as BY or B°, and the asymmetry as a function of At, over-
laid with the PDF curves that represent the result of the full
fit.

To validate our results, we perform a number of consis-
tency checks and systematic-error studies similar to those
reported in Refs. [3,14]. For A k., the dominant source of
systematic uncertainty is the bias due to kaon hadronic
interactions. We find that the systematic errors due to
potentially imperfect understanding of the DIRC and
DCH particle-identification performance are small for
A g (0.002), S, (0.007), and C,,.,. (0.006). The dominant
sources of systematic uncertainty on S, are the signal A¢
model (0.020) and flavor-tagging parameters (0.015), while
for C,, the dominant uncertainties arise from tagging

" 100~ (a) | ,‘ ]
o L —o—, u
g sofb ]
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= B ]
Ols= i =B

" 100 — (b) ‘ ]
aQ, B ]
5 sob -
0 B i
M . ]
of i

1F E

z 0.5F —— 7
2 0 :/ | ‘ 7T7:
g C P ot | %
> Eeo— ‘ [ — .
< -05F -
_1E L L L -

-5 0 5

FIG. 3 (color online). The background-subtracted distributions
of the decay-time difference Af in signal B— 77~ events.
The points with errors show the events where By, is identified as
(a) BY or (b) B®. The asymmetry, defined as (ng — ng)/(ng +
ng), for signal events in each At bin, is shown in (c). The solid
curves are the projection of the fit.
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(0.014) and the potential effect [23] of doubly CKM-
suppressed decays of the By, meson (0.016). As a final
cross-check, we perform a fit allowing the mixing fre-
quency and lifetime to vary simultaneously with S, and
Crn. We find Amy = 0.506 £0.017 ps~! and 75 =
1.523 = 0.026 ps, where the errors are statistical only,
consistent with the world-average values, and the resulting
shifts in the CP parameters are negligible. The total sys-
tematic uncertainties are calculated by summing all indi-
vidual contributions in quadrature.

In summary, we observe direct CP violation in the decay
B’ — K7~ with a statistical significance of 5.50 and CP
violation in the time distribution of B — 7" 77~ decays
with a significance of 5.40. We also determine that the
mixing-induced CP-violating asymmetry S, is nonzero
with a significance of 5.10 or greater for any value of C ..
All results are consistent with, and supersede, our previ-
ously published measurements [3,14].
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