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We report the observation of decays BY — DY+

7 and B —» DY K* ina sample of 230 X 10°

Y (4S) — BB events recorded with the BABAR detector at the SLAC PEP-II asymmetric-energy e' e
storage ring. We measure the branching fractions B(B® — D} 7~) = (1.3 = 0.3(stat) + 0.2(syst)) X
1073, B(B® — D;K") = (2.5 = 0.4(stat) + 0.4(syst)) X 107, B(B° — D:"7~) = (2.8 + 0.6(stat) =
0.5(syst)) X 1073, and B(B® — D*"K™) = (2.0 = 0.5(stat) = 0.4(syst)) X 1073, The significances of
the measurements to differ from zero are 5, 9, 6, and 5 standard deviations, respectively. This is the
first observation of B — D} 7=, B® —» D**7~, and B — D" K" decays.

DOI: 10.1103/PhysRevLett.98.081801

Within the Cabibbo-Kobayashi-Maskawa (CKM) model
of quark-flavor mixing [1], CP violation manifests itself as
a nonzero area of the unitarity triangle [2]. One of the
important experimental tests of the model is the determi-
nation of the angle y = arg(—V,,V.,/V.,V5,) of the uni-
tarity triangle. A measurement of sin(28 + vy) can be
obtained from the study of the time dependence of the
B, B — D®W~7% [3] decay rates, and specifically of
the interference between the CKM-favored B° decay am-
plitude and CKM-suppressed B amplitude [4]. The first
measurements of the CP asymmetry in decays B’ —
D™ 77~ have recently been published [5].

The measurement of sin(23 + y) in B® — DWW+ 7+
decays requires knowledge of the ratios of the decay
amplitudes, (DY) = |A(B = DY* 77)/A(B® —
D®~7%)|. The CP-violating observables in B°—
D™ 7™ decays are proportional to r(D®ar) [4,5].
However, direct measurement of the branching fractions
B(B° — D™+ 777) is not possible with the currently avail-
able data sample due to the presence of the overwhelming
background from B® — D®*7~. However, assuming
SU(3) flavor symmetry, r(D™* ) can be related to the

branching fraction (BF) of the decay BY — D_(Y*) T [4]:

foo | BB — DY )
“fpe \B(B® — D7ty

where 6. is the Cabibbo angle, fp« and f . are D™ and

Dg*) decay constants [6]. Other SU(3)-breaking effects are
believed to affect r(D™ ) by less than 30% [5].

Since B® — D 7~ has four different quark flavors in
the final state, only a single amplitude contributes to the
decay [Fig. 1(c)]. On the other hand, there are two dia-
grams contributing to B* — D™~ 7" and B® — DWW 7~
tree amplitudes [Figs. 1(a) and 1(b)] and color-suppressed
direct W-exchange amplitudes [Figs. 1(d) and 1(e)]. The
latter are assumed to be negligibly small in Eq. (1). The
decays B — Dﬁ*)_K * [Fig. 1(f)] probe the size of the
W-exchange amplitudes relative to the dominant processes
B° — D™~ 7% The rate of B — D" K+ decays could
be enhanced by final state rescattering [7], in addition to
the W-exchange amplitude. The relative rates of B’ —

(D™ ) = tanf (D

DY)~ K™+ decays could shed light on the decay dynamics,

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

including relative contributions of short- and long-distance
effects [8].

The branching fractions B(B® — D 7~) and B(B° —
D; K") have been measured previously by the BABAR [9]
and Belle [10] collaborations, but the decays B — D" 7~
and B — D%~ K" have never been observed. In this Letter
we present new measurements of the decays B’ —
DE*H 7 and B° — Dg*)_K *. The analysis uses a sample
of 230 X 10° Y(4S) decays into BB pairs collected with
the BABAR detector at the SLAC PEP-II asymmetric-
energy B factory [11].

Since the BABAR detector is described in detail else-
where [12], only the components that are crucial to this
analysis are summarized here. Charged-particle tracking is
provided by a five-layer double-sided silicon vertex tracker
(SVT) and a 40-layer drift chamber (DCH). Ionization
energy loss (dE/dx) in the DCH and SVT and
Cherenkov radiation detected in a ring-imaging device
are used for charged-particle identification. Photons are
identified and measured using the electromagnetic calo-
rimeter (EMC), which is comprised of 6580 thallium-
doped CslI crystals. These systems are mounted inside a
1.5 T solenoidal superconducting magnet. We use the
GEANT4 [13] software to simulate interactions of particles
traversing the BABAR detector, taking into account the
varying detector conditions and beam backgrounds.

C
W;§<J
i b

d d d d d d
(@) (b) (0

b ¢ b a b ¢

d d s

S R Pt Py

d d 3

d u d c d u
(@) (e) ()

FIG. 1. Dominant Feynman diagrams for (a) CKM-favored

decay B® — D™~ 7%, (b) doubly CKM-suppressed decay B® —
DWW+~ and (c) the SU(3) flavor symmetry related decays
B — DM 7, (d) the color-suppressed W-exchange contribu-
tions to B — D™~ 7%, (e) B® — D®* 7~ and (f) decay B® —
DKt
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Candidates for D] mesons are reconstructed in the
modes D} — ¢7", KIK', and KK*, with ¢ —
K*K™, K)— 77—, and K" — K~ 7*. The K9 candi-
dates are formed from two oppositely charged tracks, and
their momenta are required to make an angle |0ﬂight| <11°
with the line connecting their vertex and e* e~ interaction
point (IP). All other tracks are required to originate from
the IP, whose average position and size are determined
hourly using two-prong and hadronic events. In order to
reject background from D* — Ki7* or K*7", the K"
candidate in the reconstruction of D] — K9K* or K*°K™*
is required to satisfy positive kaon identification criteria
with an efficiency of 85% and 5% pion misidentification
probability. The same selection is used to identify kaon

daughters of the B mesons in decays B — DYTK* . Inall
other cases, kaons are not positively identified, but instead
candidates passing pion selection are rejected. Such “pion
veto” has an efficiency of 95% for kaons and 20% for
pions. Pion daughters of B mesons in the decays B® —
DE*HW_ are required to be positively identified. Decay
products of ¢, K**, K9, D, and B® candidates are con-
strained to originate from a single vertex.

We reconstruct D*" candidates in the mode D*" —
D/ y by combining D] and photon candidates. Photon
candidates are required to be consistent with an electro-
magnetic shower in the EMC, and have an energy greater
than 100 MeV in the laboratory frame. When forming a
D", the D/ candidate is required to have invariant mass
within 10 MeV/c? of the nominal value [14].

After an initial preselection, we identify signal candi-
dates using a likelihood ratio R, = Lg,/(Lge + Lik),
where L, = [];Pyio(x;) is the multivariate likelihood
for signal events and Ly, = [];Pp,(x;) is the likelihood
for background events. The ratio R; has a maximum at
R; =1 for signal events, and at R; = 0 for background
originating from continuum events. It also discriminates
well against generic B decays without a real Dy meson in
the final state. The likelihoods L, and Ly, are computed
as products of the probability density functions (PDFs)
Pgig(x;) and Py, (x;) for a number of selection variables
x;: invariant masses of the ¢, K** and K9 candidates, x*
confidence level of the vertex fit for the B® and D" mesons,
the helicity angles of the ¢, K*°, and D** meson decays,
the mass difference Am(D:%) = m(D*) — m(D;), the
polar angle 63 of the B candidate momentum vector with
respect to the beam axis in the e* e~ center-of-mass (c.m.)
frame, the angle 6; between the thrust axis of the B
candidate and the thrust axis of all other particles in the
event in c.m. frame, and event topology variable F, dis-
cussed below. We have determined the correlations among
these variables to be negligibly small. The helicity angle
0y is defined as the angle between one of the decay
products of a vector meson and the flight direction of its
parent particle, in the meson’s rest frame. Polarization of

the vector mesons in the signal decays causes cos’6y (¢
and K*0) or sin’@, (D**) distributions, while the random
background combinations tend to produce a more uniform
distribution in cosfy.

Variables cosfp, cosfy, and F discriminate between
spherically-symmetric BB events and jetty continuum
background. BB pairs form a nearly uniform | cosf| dis-
tribution, while |cosf;| distribution for the continuum
peaks at 1. A linear (Fisher) discriminant F is derived
from the values of sphericity and thrust for the event, and
the two Legendre moments L, and L, of the energy flow
around the B-candidate thrust axis [15]. Finally, the polar
angle @ is distributed as sin’@ for real B decays, while
being nearly flat in cosfp for the continuum.

We select B — D7~ and B° — D; K" candidates
that satisfy R, > 0.75, and accept B — D** 7~ and B —
D%~ K™ candidates with R; > 0.8. We measure the relative
efficiency eg, of the R;, selection in a copious data sample
of decays B = D 7" (D~ — K'w 7, Kd7n~) and
Bt — D*z* (D**— D%, D° — K~ 7") in which the
kinematics is similar to that of our signal events, and find
that it is consistent with Monte Carlo estimates gp, =~
70%. The fraction of continuum background events pass-
ing the selection varies between 2% and 15%, depending
on the mode.

We identify the signal using the invariant mass m(D;) of
D, candidates and two kinematic variables mgg and AE.
The first is the beam-energy-substituted mass mpg =

\/(s/Z + p; - pp)?/E? — p%, where /s is the total c.m.
energy, (E;, p;) is the four-momentum of the initial ™ e~
system and pj is the B® candidate momentum, both mea-
sured in the laboratory frame. The second variable is AE =
Ej — /s/2, where Ej is the B? candidate energy in the
c.m. frame. For signal events, the mgg distribution is
Gaussian centered at the B meson mass with a resolution
of about 2.5 MeV/c?, and the AE distribution has a maxi-
mum near zero with a resolution of about 17 MeV. The
invariant mass m(D,) has a resolution of (5-6) MeV/c?,
depending on the D] decay mode. We define a fit region
5.2 < mgg <5.3 GeV/c?, |AE| <36 MeV, and |m(D,) —
m(D,)ppgl <50 MeV/c? for B — D}~ and B°—
D; K" candidates, where m(D,)ppg is the world average
D, mass [14]. For B> — D** 7~ and B’ — D" K", we
require |m(Ds) - m(Ds)PDGl <10 MCV/CZ.

Less than 20% of the selected events in the B? —
D*" 7~ and B® — D%~ K™ channels and less than 4% in
B — D7~ and B’ — D; K" channels contain two or
more candidates that satisfy the criteria listed above. In
such events we select a single B® candidate based on an
event x> formed with m(D,) (both D} and D** modes)
and Am(D:") (Dt modes) and their average uncertain-
ties, and the AE variable. Such selection does not bias
background distributions significantly.

Four classes of background contribute to the fit region.
First is the combinatorial background, in which a true or
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fake D" candidate is combined with a randomly-selected
pion or kaon. Second, B meson decays such as B’ —
DWF 7=, p~ with DY — K)7" or KOz can constitute
a background for the B’ — D{"* 77~ modes if the pion in
the D decay is misidentified as a kaon (reflection back-
ground). The reflection background has nearly the same
mgg distribution as the signal but different distributions in
AE and m(D,). The corresponding backgrounds for the
BY — D; K* mode (B — D~ K®*) are negligible. Third,
rare B decays into the same final state, such as BY —
KUK+ 77~ or K¥OKT K~ (charmless background), have
the same mpg and AE distributions as the B — D] 7~ or
B — Dy K" signal, but are nearly flat in m(D,). The
charmless background is significant in B — D} 7~ and
B® — D; K" decays, but is negligible for B — D** 7~
and B® — D! K™". Finally, crossfeed background from
+ BU —
Dg*)fK * signal, and vice versa, needs to be taken into
account.

We perform a two-dimensional unbinned extended
maximum-likelihood fit to the mgg and m(D;) distributions
to extract B(B® — D} 7r7) and B(B® — D; K*) and con-
strain the contributions from charmless background
modes. Charmless backgrounds are negligible for B —
D"z~ and B — D* K", and we determine the BFs of
these decays with a one-dimensional fit to the mgg distri-
bution. For each B decay, we simultaneously fit distribu-
tions in three D; decay modes, constraining the signal BFs
to a common value. The likelihood function contains the
contributions of the signal and the four background com-
ponents discussed above. The combinatorial background is
described in mgg by a threshold function [16], dN/dx o«
xJ1 — 2x%/sexp[—£(1 — 2x%/5)]. In m(D;), the combi-
natorial background is well described by a combination of
a first-order polynomial (fake D] candidates) and a
Gaussian with (5-6) MeV/c? resolution (true D] candi-
dates). The charmless background is parameterized by the
signal Gaussian shape in mgg and a first-order polynomial
in m(D,).

For B —» D} 7~ and B — D; K" decays, the fit de-
termines 14 free parameters: the shape of the combinatorial
background £ (1 parameter for all D;” modes), the slope of
the combinatorial and charmless backgrounds in m(D,) (3
parameters), the fraction of true D] candidates in combi-
natorial background (3), the number of combinatorial
background events (3), the number of charmless events (3),
and the BF of the signal mode (1). The signal yields for
each Df mode are expressed as Ny, = Npz B, Bis;,
where Ngg = 230 X 10%, B; is the D] BF for the mode,
g; is the reconstruction efficiency, and By, is the BF (fit
parameter) for the decay. For the B — D** 7~ and B® —
D~ K™ decays, 5 free parameters are determined by the fit:
& (1 parameter for all D] modes), the number of combi-
natorial background events (3), and the BF of the signal
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(7
=

F (a) .

B’ D}

[
=

o
=

Events / (0.0025 GeV/c?)

=]

[ %] W -
= = =
T

10

.0.04 002 0
m(D,)-m(D,)

4 101 4
(f)

E B’ DJK*

. 0
52 522 524 526 528 5.3

3
'mEs (G'eV/c ) DG

(GeV/c?)
T

T

S RETIET

L I 1 n I
52 522 524 526 528 53 52 522 524 526 528 53
m, (GeVie?) m, (GeV/c?)

FIG. 2 (color online). (a),(c),(e),(f) mgg projection of the fit
with |[m(D]) — m(D )ppgl < 10 MeV/c? and (b),(d) m(D,)
projection with 5.275 < mgg < 5.285 GeV for
(a),(b) B® - D} 7, (c)(d) B°— D;K", (e) B — Di*7~,
and (f) B — D*" K. Bins with zero events are omitted for
clarity. The black solid curve corresponds to the full PDF from
the combined fit to all D, decay modes. Individual contributions
are shown as solid red lines (signal PDF), green dashed lines
(combinatorial background), and blue dotted lines (sum of
reflection, charmless, and crossfeed backgrounds) curves.

mode (1). The signal efficiency &; varies between 6.7% and
29.3%, depending on the mode. The BFs of the channels
contributing to the reflection background are fixed in the fit
to the current world average values [14], and the BFs of the
crossfeed backgrounds are determined by iterating the fits
over each B decay mode. The fit samples contain
1305 events for B — D 7, 132 for B — D" 77—, 539
for B> — D; K", and 41 events for B — D*” K" mode.
The results of the fits are shown in Fig. 2 and summarized
in Table I.

Systematic errors are dominated by 13% relative uncer-
tainty for B(D} — ¢a*) [17]. The relative BF uncertain-
ties for  B(D} — KYK")/B(Df — ') and
B(Df — KK*)/B(Dj — ¢a™") contribute 5%—7%, de-
pending on the decay channel. Uncertainties in the
selection efficiency are estimated to be 3% for D] modes
and 7% for D% modes. The uncertainties in the reflection
and crossfeed backgrounds are below 1% for all decay
channels. Other systematic errors include the uncertainties
in tracking (5%), photon (3%), and K? reconstruction
(0.2%—-0.5%), charged-kaon identification (1%) efficien-
cies, and variations of the PDF shapes between data and
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TABLE 1. The results of the fit for the branching ratios. Shown are the probability (Pyg) of the data being consistent with the
background in the absence of signal, and the measured branching fraction B. The first uncertainty is statistical, and the second is
systematic.

B mode Pike B(1077) B X B(D} — ¢7t)(107°)
B —Dfnm~ 3x 1076 1.3+03£02 0.63 = 0.15 = 0.05
B — Dit 7~ 3x 1078 28*0.6*0.5 1.32 £0.27 = 0.15
B — D;K* 3x 1071 250404 1.21 =0.17 = 0.11
B — D K™ 2% 107 20*+05x04 0.97 =0.24 = 0.12

Monte Carlo calculations ([1%—5%], depending on decay
mode).

The ratio Py, = Lo/Lyex. Where L, is the
maximum-likelihood value, and L is the likelihood for
a fit with the signal contribution set to zero, describes the
probability of the background to fluctuate to the ob-
served number of events. The values Py, in Table I include
all systematic uncertainties, which are assumed to be
Gaussian-distributed. They correspond to the significance
of signal observation of 5 (B®— D/77), 6 (B —
D**77),9 (B — D;K"),and 5 (B — D*” K™) standard
deviations. This is the first observation of B — D 7™,
B — D** 77, and B — D" K" decays.

Assuming the SU(3) relation, Eq. (1), we deter-
mine (D) = (1.29 = 0.15(stat) = 0.13(syst)) X 1072,
and  r(D*7) = (1.87 = 0.19(stat) = 0.19(syst)) X 1072,
which implies small CP asymmetries in B® — D"¥ 7+
decays. The branching fractions for B® — DYTK* are
small compared to the dominant decays B® — D™~ 7,
implying relatively insignificant contributions from the
color-suppressed W-exchange diagrams. These results
supersede our previously published measurements [9].

We are grateful for the excellent luminosity and machine
conditions provided by our PEP-II colleagues, and for the
substantial dedicated effort from the computing organiza-
tions that support BABAR. The collaborating institutions
wish to thank SLAC for its support and kind hospitality.
This work is supported by DOE and NSF (USA), NSERC
(Canada), IHEP (China), CEA and CNRS-IN2P3 (France),
BMBF and DFG (Germany), INFN (Italy), FOM (The
Netherlands), NFR (Norway), MIST (Russia), and
PPARC (United Kingdom). Individuals have received sup-
port from CONACyYT (Mexico), Marie Curie EIF (Euro-
pean Union), the A. P. Sloan Foundation, the Research Cor-
poration, and the Alexander von Humboldt Foundation.

(1]

(2]
(31

(4]
(5]

(6]
(71
(8]
(9]
[10]

[11]
[12]

[13]
[14]
[15]
[16]

(17]

081801-7

*Also at Laboratoire de Physique Corpusculaire, Clermont-
Ferrand, France.

TAlso at Universita di Perugia, Dipartimento di Fisica,
Perugia, Italy.

*Also at Universita della Basilicata, Potenza, Italy.

N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963);
M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49,
652 (1973).

C. Jarlskog, in CP Violation, edited by C. Jarlskog (World
Scientific, Singapore, 1988).
Charge conjugation is implied throughout this Letter,
unless explicitly stated.
I. Dunietz, Phys. Lett. B 427, 179 (1998).
B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
92, 251801 (2004); Phys. Rev. D 71, 112003 (2005);
T. Sarangi et al. (Belle Collaboration), Phys. Rev. Lett.
93, 031802 (2004).
C. Aubin et al., Phys. Rev. Lett. 95, 122002 (2005);
D. Becirevic, hep-ph/0310072.
B. Blok et al., Phys. Rev. Lett. 78, 3999 (1997).
S. Mantry et al., Phys. Rev. D 68, 114009 (2003).
B. Aubert ef al. (BABAR Collaboration), Phys. Rev. Lett.
90, 181803 (2003).
P. Krokovny et al. (Belle Collaboration), Phys. Rev. Lett.
89, 231804 (2002).
PEP-II Conceptual Design Report, No. SLAC-0418, 1993.
B. Aubert et al. (BABAR Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 1 (2002).
S. Agostinelli et al. (GEANT4 Collaboration), Nucl.
Instrum. Methods Phys. Res., Sect. A 479, 1 (2002).
S. Eidelman et al. (Particle Data Group), Phys. Lett. B
592, 1 (2004).
B. Aubert ef al. (BABAR Collaboration), Phys. Rev. Lett.
89, 281802 (2002); Phys. Rev. D 70, 032006 (2004).
H. Albrecht et al. (ARGUS Collaboration), Z. Phys. C 48,
543 (1990).
B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 71,
091104 (2005).



