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We report measurements of branching fractions and time-dependent CP asymmetries in B — D* D~
and B — D**D™ decays using a data sample that contains (772 * 11) X 10°BB pairs collected at the
Y (4S) resonance with the Belle detector at the KEKB asymmetric-energy et e~ collider. We determine
the branching fractions to be B(B® — D*D~) = (2.12 = 0.16 = 0.18) X 10~* and B(B® — D**D¥) =
(6.14 + 0.29 = 0.50) X 10~*. We measure CP asymmetry parameters Sp+p- = —1.06753) * 0.08 and
Cptp- = —0.43 £0.16 £ 0.05 in B° = D*D™ and App = +0.06 = 0.05 = 0.02, Spep = —0.78 =
0.15*£0.05, Cp-p = —0.01 £0.11 £0.04, ASpp = —0.13*0.15*0.04 and ACpp = +0.12 %
0.11 = 0.03 in B — D**D¥, where the first uncertainty is statistical and the second is systematic. We
exclude the conservation of CP symmetry in both decays at equal to or greater than 40 significance.

DOI: 10.1103/PhysRevD.85.091106

In the standard model (SM) of electroweak interactions,
the effect of CP violation is explained by a single complex
phase in the three-family Cabibbo-Kobayashi-Maskawa
quark-mixing matrix [I1]. Both the Belle and BABAR
Collaborations experimentally established this effect
[2,3] and precisely determined the parameter sin2¢; by
measurements of mixing-induced CP asymmetries in b —
(cc)s transitions, where ¢ = arg[—V V7, /V,,V5, 1 [4-6].

In b — céd transitions such as B" — D®* D7 decays,
the dominant contributions are Cabibbo-disfavored but
color-allowed tree-level diagrams and the corresponding
mixing-induced CP asymmetries are directly related to
sin2¢. In addition, b — d penguin diagrams that may
have different weak phases can contribute to these decays.
Theoretical considerations based on models using factori-
zation approximations and heavy quark symmetry predict
the corrections to mixing-induced CP violation to be a few

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

percent and possible direct CP violation to be negligibly
small [7].

CP violation in b — ccd transitions has been studied
previously by the Belle and BABAR Collaborations. In
B’ — D*D™ decays using a data sample of 535 X
10°BB pairs, Belle found evidence of a large direct CP
violation: Cp+p- = —0.91 = 0.23 = 0.06 corresponding
to a 3.20 deviation from zero [8,9], in contradiction to
theoretical expectations [7]. This deviation was not con-
firmed by BABAR and has not been observed in other
B — D** D™~ decay modes [10-12].

In this article we present measurements of branching
fractions and CP violating asymmetries in the decays
B — D™D™ and B® — D**D™ using the final data sam-
ple of the Belle experiment.

The decay rate of a neutral B meson decaying to a CP
eigenstate such as D* D~ is given by
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RN
——{1 + ¢g[Sp+p- sin(Am,Ar)
4TBO
— Cp+p- cos(AmgAn]} (1

where ¢ = +1(—1) represents the b-flavor charge when
the accompanying B meson is tagged as a B°(B°), and At
represents the proper time interval between the two neutral
B decays in an Y(4S) event. The B° lifetime is denoted by
7o and the mass difference between the two neutral B
mass eigenstates by Amy,. The parameters Sp+p- and
Cp+p- measure mixing-induced and direct CP violation,
respectively [9].

Unlike D*D~, D**D~ and D*~ D" are not CP eigen-
states. The decay rate of neutral B mesons decaying to
these states has four flavor-charge configurations and can
be expressed as [13,14]

forp- (A1) =

e 1A/ 740

fo=p=(At) = (1 = App)

STBO
X {1 + q[(Spp = ASpp) sin(Am,At)
— (Cpp * ACp:p) cos(Am A1)}, ()

where the + (—) sign represents the D** D~ (D* D%)
final state. The time- and flavor-integrated charge asym-
metry A p-p measures direct CP violation. The quantity
Sp+p parameterizes mixing-induced CP violation and
Cp+p parameterizes flavor-dependent direct CP violation.
The quantities ACp-p and ASp+p are not sensitive to CP
violation. The parameter ACp~p describes the asymmetry
between the rates I'(B° — D*"D") + I'(B" — D*"D")
and I'(B® - D**D~) + I'(B" — D*~ D™). The parameter
ASp+p is related to the relative strong phase between the
amplitudes contributing to the decays.

This analysis is based on a data sample containing
(772 = 11) X 10°BB pairs collected at the Y(4S) reso-
nance with the Belle detector at the KEKB asymmetric-
energy e' e collider [15]. The Y(4S) is produced with a
Lorentz boost of By = 0.425 close to an axis along the e™
beam, which allows the determination of Af from the
displacement of decay vertices of both B mesons.

The Belle detector is a large-solid-angle magnetic spec-
trometer that is described in detail in Ref. [16]. The present
analysis uses for track reconstruction and particle identi-
fication a silicon vertex detector (SVD), a 50-layer central
drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of
time-of-flight scintillation counters (TOF), and an electro-
magnetic calorimeter (ECL) composed of CsI(Tl) crystals
located inside a superconducting solenoid coil that pro-
vides a 1.5 T magnetic field.

Reconstructed charged tracks are required to have a
transverse (longitudinal) distance of closest approach to
the interaction point (IP) of less than 2 (4) cm. For iden-
tification of charged particles (PID), measurements of
specific energy loss in the CDC and measurements from
the ACC and TOF are combined in a likelihood-ratio
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approach. The selection requirement on the combined
PID quantity has a kaon (pion) identification efficiency
of 91% (99%) with an associated pion (kaon) misidentifi-
cation rate of 2% (18%). Charged tracks are also required
to be not positively identified as electrons by measure-
ments of shower shapes and energy deposited in the
ECL. Neutral pions are reconstructed from two photons
detected in the ECL with each photon having an energy
greater than 30 MeV. The invariant mass of the photon pair
is required to be within 15 MeV/c? of the nominal 7°
mass (corresponding to a width of 3.3¢). For 77° candidates
a kinematic fit to the IP profile with a mass constraint is
performed. Neutral kaons are reconstructed in the decay
mode KO — 7% 7r~. The invariant mass of the 7% 7~ pair
is required to be within 15 MeV/c? of the nominal K7
mass (5.80). Additional momentum-dependent selection
requirements consider the possible displacement of the K}
decay vertices from the IP [17].

Charged D mesons are reconstructed in the decay modes
D" — K w*a" and D* — K)7* [18]. The invariant
mass of D" candidates is required to be within
12 MeV/c?> of the nominal mass (3.40 in D" —
K- 77" and 290 in D™ — K)7™"). Neutral D mesons
are reconstructed in the decay modes D° — K~ 7+, D* —
K wtm* 7w Kym" 7, and D° — K~ 7" 7°. The invari-
ant mass of D° candidates is required to be within
15 MeV/c? (3.30-3.70) of the nominal mass, except for
the D° — K~ 7" 7% decay mode where a requirement of
32 MeV/c? (3.00) is applied. We reconstruct D* mesons
in the decay modes D** — D°z* and D** — D' 7%, The
momentum resolution of charged low momentum pions
from D** decays, referred to as soft pions, is improved by
a kinematic fit in which the soft pion is constrained to the
D** decay vertex determined from a kinematic fit of D
candidates constrained to originate from the IP profile. The
difference of invariant masses of the D** and D°(D")
candidates is required to be within 1.5 MeV/c?
(2.5 MeV/c?) (3.10-3.70) of the nominal mass differ-
ence, except for modes involving D° — K~ 77t 7~
and D°— K~ 7" 7% decays where a requirement of
2 MeV/c? (4.60 and 3.20) is applied.

Neutral B mesons are reconstructed by combining D
and D~ candidates, and selected by the beam-energy-
constrained mass M, = \/(E]’;mﬂ/cz)2 — (pj/c)* and the
energy difference AE = E — Ep ., where E; ., is the
energy of the beam and pj and Ej are the momentum
and energy of the B® candidates in the center-of-mass
frame. The selected regions are 5.2 GeV/c? < My, <
5.3 GeV/c? and —50 MeV < AE < 100 MeV. The lower
boundary in AE was chosen to exclude reflections from
misidentified B — D} D®)~ decays that populate the M,
signal region at AE = —75 MeV.

In B®— D*D (B"— D**D7), after applying the
above selection requirements, 12% (16%) of the signal

() +
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events contain more than one B° candidate. In this case the
candidate with the smallest quadratic sum of deviations of
reconstructed invariant masses of D daughters (and mass
differences of D** daughters) from nominal values,
divided by the width of corresponding signal peaks, is
selected. This requirement selects the correct candidate
with a probability of 96% (92%).

In B — D"D~ unlike in B — D**D* the major
source of background arises from e*e” — gq (q €
{u, d, s, c}) continuum events. This background is sup-
pressed by a neural network (NN) implemented by the
NeuroBayes package [19] that combines information about
the event topology. Observables included in the NN are
cosf, where 6 is the polar angle of the B® candidate with
respect to the beam direction in the center-of-mass frame, a
combination of 16 modified Fox-Wolfram moments [20],
and the momentum flow in nine concentric cones around
the thrust axis of the B candidate [21]. The requirement on
the NN selection rejects 64% of the background while
retaining 92% of the signal.

The signal yields are obtained by two-dimensional un-
binned extended maximum likelihood fits to the M, and
AE distributions. The My, distributions are parameterized
by a Gaussian function for the signal component and by an
empirically determined threshold function introduced by
the ARGUS Collaboration [22] for the background com-
ponent. The AE distributions are parameterized by the sum
of two Gaussian functions (the sum of a Gaussian function
and an empirically determined function introduced by the
Crystal Ball Collaboration [23]) with common mean for
the signal component in B° — D*D~ (B — D**D™) and
by a linear function for the background component. The
shape parameters of signal components in B?—
D™D (B — D**D7) are fixed to values obtained from
B — DD~ (B" — D] D*") data distributions, where the
relative widths and fractions of the signal components in
AE are fixed to values obtained from Monte Carlo (MC)
simulation studies. The M, and AE distributions and fit
projections are shown in Fig. 1. For B — D" D™~ the
obtained yields are 221.4 * 18.6 signal events in the
(K~m" @) (K" 7~ 7~) final state and 48.0 = 8.9 signal
events in the (K~ 7" 7" )(Ky7r~) final state.

For B — D**D¥, we obtain a yield of 886.8 = 39.3
signal events in all reconstructed modes combined. Of
these, the yield in modes involving D** — D7" decays
only is 769.2 = 36.0 signal events.

Decays such as B — D®~K** BY — D®~K07* and
BY — DY~ 7" 7" 7~ have the same final states as the
reconstructed B — DTD™~ decay modes and can
possibly populate the M, and AE signal region. The
contributions of such decays, referred to as peaking
background, are estimated from D mass sidebands
and subtracted in the signal yields given above. For
BY— D*D (B — D**D7), we find a contribution of
0.7 = 1.5(4.7 = 2.1) peaking background events from fits
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FIG. 1. M, and AE distributions (data points with error bars)

and fit projections (solid lines) for (a)-(b) B® — D™D~ and (c)-
(d) B — D**D¥ decays. The dotted (dashed) lines represent
projections of signal (background) fit components. A [AE| <
30 MeV (M, > 5.27 GeV/c?) requirement is applied in plot-
ting the M.(AE) distributions.

to D~ — Ky7~ mass sidebands. The D~ — K" 7~ o~
mass sidebands are considered to be free of peaking back-
ground and no background subtraction is performed. This
assumption has been tested by MC simulations and no
peaking background is found in the data sidebands.

The reconstruction efficiencies are obtained from MC
simulations of signal decays and have been corrected to
account for PID selection efficiency differences between
MC simulations and data. To exclude systematic effects in
the determination of reconstruction efficiencies associated
with soft neutral pions, only modes involving D** —
D7t decays are used in the B — D**D¥ branching
fraction measurement.

The branching fractions are calculated from signal
yields, reconstruction efficiencies, the number of BB
events, and current world averages of D°, D*, and D**
branching fractions [24]. The branching fraction for B —
D' D™ decays is calculated as the weighted average of the
branching fractions determined for each of both recon-
structed decay modes separately. The branching fraction
for BY — D** D™ decays is determined by the signal yield
in all modes and the average reconstruction efficiency
weighted by the D branching fractions. The determined
branching fractions are B(B°— D'D7) = (212 +
0.16 £ 0.18) X 10°* and B(B° — D**D*¥) = (6.14 =
0.29 + 0.50) X 10~%. The systematic uncertainties of the
measured branching fractions are summarized in Table I.
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TABLE I. Summary of systematic uncertainties of the B® —
D*D™ and B® — D** D~ branching fractions (in %).

Source D™D~ D**D*
Track reconstruction efficiency 2.0 4.1
K9 reconstruction efficiency 0.7 0.7
7° reconstruction efficiency - 1.6
K/ selection efficiency 5.5 53
Event reconstruction efficiency 1.0 0.1
Continuum suppression 4.1 -
Fit models 1.1 0.6
D branching fractions 43 39
Number of BB events 1.4 1.4
Total 8.6 8.1

The uncertainties due to track, Kg and 7° reconstruction
efficiency, and the uncertainty due to the K/7 selection
efficiency have been estimated using studies of D*" decays
with MC simulations and data. The effect on the event
reconstruction efficiencies due to broader D mass distribu-
tions for data and the corresponding selection is studied by
a MC/data comparison and assigned as a systematic un-
certainty. As the systematic uncertainty of the applied
continuum suppression in B — D*D~, the maximum
variation of signal yields in a MC/data comparison of the
neural networks using B® — D} D~ decays is assigned.
The contributions due to the fit models are estimated by
varying the fixed parameters within their uncertainties. The
contributions due to uncertainties of the D%, DT, and D*"
branching fractions and of the number of BB events are
obtained by propagation of the appropriate uncertainties.
The total systematic uncertainties are obtained by adding
all contributions in quadrature.

The technique used to determine the CP asymmetry
parameters from Az distributions is described in detail in
Ref. [5]. The decay vertex of the signal B meson is recon-
structed from a kinematic fit of the two D mesons to a
common vertex including information about the IP profile.
No information about soft pions is used in the vertex
reconstruction. The decay vertex and the flavor of the
accompanying B meson is obtained by an inclusive ap-
proach using the remaining charged tracks that are not used
in the signal B reconstruction. Requirements on the quality
of reconstructed B vertices and on the number of hits in the
silicon vertex detector are applied. The algorithms applied
to obtain the b-flavor-charge ¢ and a tagging quality vari-
able r are described in detail in Ref. [25]. The variable r is
related to the mistag fractions determined from b — ¢
control samples and ranges from » = 0 (no flavor discrimi-
nation) to r = 1 (unambiguous flavor assignment). The
data is divided into seven r intervals.

The CP asymmetry parameters are determined by un-
binned maximum likelihood fits to the Ar distributions.
The probability density function (PDF) used to describe the
At distributions is given by
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P=(1—f) 3/ [[PUAIR(Ar - AP)Ja(81)
k

+f01Pol(At)’ (3)

where the index k denotes signal and background compo-
nents and the fraction f; depends on the r interval and is
evaluated on an event-by-event basis as a function of M,
and AE. The signal component consists of the convolution
of distributions given by modifications of Egs. (1) and (2)
that include the effect of incorrect flavor assignments and
of a resolution function to account for the finite resolution
of the vertex reconstruction [26]. The background compo-
nent is parameterized by the convolution of the sum of a
prompt and an exponential distribution allowing for effec-
tive lifetimes and a resolution function composed of the
sum of two Gaussian functions. The parameters of the
background components are fixed to values determined
by fits to My, < 5.26 GeV/c? sidebands. A Gaussian func-
tion P, with a broad width of about 35 ps and a small
fraction f, of about 2 X 10™* is added to account for
outlier events with large Ar.

The free parameters in the B° — D™D~ fit are Sp+p-
and Cp+ - and the free parameters in the B — D**D™ fit
are A pp, Spp, Cpp, ASp+p, and ACp+p. The lifetime
7o and mass difference Am, are fixed to current world
averages [24]. The fits are performed in a signal region
defined by |AE| <30 MeV and 5.27 GeV/c? < My, <
5.29 GeV/c?. The signal purity is 62% (59%) for B® —
D™D~ (B — D**D¥). For B> — D™ D™ the results are

Spp- = —1.067321 £ 0.08,
Cpip- = —0.43 = 0.16 + 0.05, @)
and for B — D**D~
App = +0.06 = 0.05 = 0.02,
Spp = —0.78 = 0.15 = 0.05,
Cpp = —0.01x0.11 = 0.04,
ASpp = —0.13 £ 0.15 = 0.04,
ACpp = +0.12 + 0.11 + 0.03,

S)

where the first uncertainty is statistical and the second
systematic. The Ar distributions and projections of the
fits are shown in Fig. 2.

The systematic uncertainties in the CP asymmetry pa-
rameters are evaluated for each decay mode and are sum-
marized in Table II. Sources of systematic uncertainties on
the vertex reconstruction are the IP profile constraint,
requirements on the vertex fit quality for signal and tagging
B mesons, and requirements on impact parameters of
tracks in the reconstruction of the tagging B meson and
the Ar fit range. These contributions are estimated by
variations of each of the applied requirements. Further
contributions to the vertex reconstruction are a global
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40 T

and the physics parameters 75 and Am, are estimated by
varying the fixed parameters within their uncertainties. The
systematic uncertainty due to flavor tagging is estimated by
varying the mistag fractions in each r interval within their
uncertainties. A possible fit bias is estimated from a large
sample of MC simulated signal decays. The effect of the
peaking background is studied using MC simulations al-
lowing for CP violation in nonresonant decays. The pos-
sible interference between Cabibbo-favored b — ciid and
suppressed b — iicd amplitudes in the decay of the tagging
B meson, referred to as tag-side interference [27], is
studied using MC simulations with inputs obtained from
B° — D*{" v, control samples. The largest deviations in
the above MC studies are assigned as systematic uncer-
tainties. The total systematic uncertainty is obtained by
adding all contributions in quadrature.

The significance of the results is studied by a likelihood-
ratio approach. For B> — D™D~ we exclude the conser-
vation of CP symmetry (Sp+p- = Cp+p- = 0) at a con-
fidence level of 1-2.7 X 107> corresponding to 4.2¢". For
B — D** D~ the conservation of CP symmetry (A ), =
Spp = Cpp = 0) is excluded at a confidence level of
1-6.8 X 1073 corresponding to 4.0c. These results ac-
count for both the statistical and the systematic
uncertainties.

The fit procedure was validated by various cross-
checks. The same analysis was performed for B —
() At (ps) D} D™~ decays. The results are A , = —0.01 = 0.02,

FIG. 2 (color online). Top: At distributions (data points with SD.\-D = —0.05 = 0.05, CD\-D = +0.01 £0.03, .ASD.\-g =
error bars) of (a) B — D*D™ and (b) B —= D**D™ + BY — +0.01 = 005, and ACDXD =—-095*+003 in B'—
D*”D* candidates associated with high quality flavor tags (r>  D{D~ and Ap p- = +0.01 £0.02, Sp p+ = —0.04 =
0.5). The lines show projections of the sum of signal and back- 0.05, Cpp = +0.06 + 0.03, ASpp 2 010 + 0.05.

ground components in the fit. The signal purity for r > 0.5 is 69% and A . = —1.00*0.03 in B — D*D*". where the
(66%) for B® — D*D~(B" — D**D¥). Bottom: The CP asym- Cp.p R s 20 W
metry obtained from the above distributions and projections.
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uncertainties are statistical only. The results are consistent
with the assumption of no CP violation in B® — D} D)~
decays. The lifetimes determined by fits to untagged B® —

SVD misalignment and a Az bias, which are both esti-  p+p- and B —» D** D+ samples are consistent with the
mated by MC simulations. The contributions due to the At 14 average [24].
resolution functions, the Ar parameterization of back- In summary we report measurements of the branching

ground components, and the calculation of the signal purity  fractions and time-dependent CP violating asymmetries in

TABLE II.  Summary of systematic uncertainties in the time-dependent CP asymmetry parameters for B° — D*D~ and B° —
D**D™* decays (in units of 1072).

Source Sp+p- Cp+p- Apop Spp Co'p ASpp ACpp
Vertex reconstruction 3.6 2.2 1.3 2.5 2.3 2.4 2.3
At resolution function 6.5 2.4 0.4 3.5 1.1 1.9 0.6
Background Ar PDFs 2.7 0.5 0.2 0.7 0.2 0.5 0.1
Signal purity 1.2 1.8 0.2 0.9 0.4 0.3 0.2
Physics parameters 0.7 0.4 <0.1 0.2 0.1 0.2 <0.1
Flavor tagging 0.7 0.6 <0.1 0.4 0.3 0.3 0.2
Possible fit bias 0.8 0.2 0.6 0.8 1.1 0.8 0.5
Peaking background 03 0.9 0.4 1.3 0.5 0.8 0.7
Tag-side interference 1.4 32 0.2 1.1 3.1 0.9 0.6
Total 8.2 5.1 1.6 49 43 35 2.6
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MEASUREMENTS OF BRANCHING FRACTIONS AND TIME- ...

B’ — D™D~ and B’ — D**D* decays using the final
Belle data sample of (772 + 11) X 10°BB pairs. We mea-
sure the branching fractions B(B’ — D™D™) = (2.12 =
0.16 £0.18) X 107* and B(B*— D**D*) = (6.14 +
0.29 + 0.50) X 10~*. The measured CP asymmetry pa-

rameters are Spp- = —1.06f81ﬂ *+0.08 and Cp+p- =
—0.43+0.16 005 in B —D*D™ and App=

+0.06 =0.05*0.02, Sp-p=—0.78+0.15%0.05, Cp:p =
—0.01 £0.11 £0.04, ASp:p = —0.13£0.15=*0.04,
and ACpp = +0.12 +0.11 +0.03 in B°— D**D*.
For B — D* D™, the CP asymmetries are approximately
0.50 outside of the physical parameter space defined by

S50 0y
viates from zero by approximately 2.0o0. For B’ —
D**D™, if the contribution of penguin diagrams is negli-
gible and if the hadronic phase between B — D** D~ and
BY — D*~ D" amplitudes is zero and their magnitudes are
the same, then A p+p, Cpp, ASp+p, and ACp+p vanish and
Sp+p is equal to sin2¢ ;. Our result is consistent with the
above and we measure sin2¢; = —0.78 £ 0.15 = 0.05.

= 1 and the direct CP asymmetry de-

PHYSICAL REVIEW D 85, 091106(R) (2012)

The CP asymmetries obtained in B — D* D™~ and B® —
D**D™ decays are both in agreement with measurements
of decays involving b — (cC)s transitions [4,5] and
with previous measurements of B® — D®*D®* decays
[8,10-12]. We find evidence for CP violation in both decay
channels with a significance of = 40 These results super-
sede previous measurements of branching fractions and
time-dependent CP asymmetries in B — D*D~ and
B? — D** D7 by the Belle Collaboration [8,10,28].
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