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We report the measurement of the branching fractions of the rare decays B — DE*HW_, B0 —
DY p~, and B — D" K®* in a sample of 381 X 109Y(4S) decays into BB pairs collected with
the BABAR detector at the PEP-II asymmetric-energy e"e™ storage ring. We present evidence for the
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decay B® — Dy K*" and the vector-vector decays B’ — D*"p~ and B® — D}~ K**, as well as the first
measurement of the vector meson polarization in these decays. We also determine the ratios of the CKM-
suppressed to CKM-favored amplitudes +(D™a) and r(D®p) in decays B® — D®*7* and B® —
D®* p* and comment on the prospects for measuring the CP observable sin(28 + ).

DOI: 10.1103/PhysRevD.78.032005

L. INTRODUCTION

The Cabibbo-Kobayashi-Maskawa (CKM) quark flavor-
mixing matrix [1] provides an elegant explanation of the
origin of CP violation within the standard model. CP
violation manifests itself as a nonzero area of the unitarity
triangle [2]. While it is sufficient to measure one of the
angles to demonstrate the existence of CP violation, the
unitarity triangle needs to be overconstrained by experi-
mental measurements in order to demonstrate that the
CKM mechanism is the correct explanation of this phe-
nomenon. Precision measurements of the sides and angles
of the unitarity triangle are the focus of the physics pro-
gram at the B factories. While several theoretically clean
measurements of the angle B exist [3], constraining the
other two angles « and 7 is significantly more challenging.
A theoretically clean measurement of sin(28 + ) can be
obtained from the study of the time evolution for B® —
D™~ 7% [4] and B® — D™~ p* decays, which are avail-
able in large samples at the B factories, and for the corre-
sponding CKM-suppressed modes B° — D®* 7~ and
B0 — D)+ p~ [5]. Measurements of CP asymmetries in
B — D®¥7* and B" — D¥p* decays have recently
been published [6,7].

The interpretation of CP asymmetries in B* — D®)¥ 77+
decays as a measurement of sin(28 + ) requires knowl-
edge of the ratios of the decay amplitudes,

A(B® — DM* ™)

r(D™ ) = .
(0%a) A(B® — DY~ 7t)

)

However, direct measurements of the doubly Cabibbo-
suppressed branching fractions B(B® — D™*7~) and
B(B* — D"*p~) are not possible with the currently
available data samples due to the presence of the copious
background from B® — D®* 7~ D®* p~= On the other
hand, assuming SU(3) flavor symmetry, #(D") 7) can be
related to the branching fraction of the decay B’ —
DY 7 [5]:

r(D™) ) = tané,

0 _, p+ _—
fD(*)\JB(B DS o ) (2)

fop NB(B® — DW=ty

where 6. is the Cabibbo angle, and f . /f p 18 the ratio of

D™ and Dg*) meson decay constants [§—10]. Other SU(3)-
breaking effects are believed to affect #(D™ ) by (10—
15)% [11].

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

The dominant Feynman diagrams for the decays B® —
DY m*(p*), B — DO m(p7), B — D (p"),
and B® — D™ K®+ are shown in Fig. 1. Since B® —
Dg*) * 7~ has four different quark flavors in the final state,
a single amplitude contributes to the decay [Fig. 1(c)]. On
the other hand, two diagrams contribute to B® — D™~ 7"
and B® — D®* 777 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 negli-
gibly small in Eq. (2). The decays B® — D{”K* [Fig. 1
(f)] probe the size of the W-exchange amplitudes relative
to the dominant processes B — D™~ 7+,

u b c
d
w+ d w+
b c d
d > d d

() (d)

)
>
|

d
w+ d w+
b -8 < U d
d > d d c
(b) . (e)
c b c
S
w+ 5w
b i 3
d > d d u

(c) (f)

FIG. 1. Dominant Feynman diagrams for (a) CKM-favored
decays B® — D™~ 7+ (p*), (b) doubly CKM-suppressed decays
BY — DW= (p7), and (c) the SU(3) flavor symmetry related
decays B?— DYt (p7); (d) the color-suppressed
W-exchange contributions to BY — DW=zt (pt),
(e) BY — DY+~ (p™), and (f) decay B — D)™ K™+,
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The rate of B® — D~ K+ decays could be enhanced
by final state rescattering [12], in addition to the
W-exchange amplitude. Such long-distance effects could
also affect the vector meson polarization in B — D~ K**
decays. The angular distribution in vector-vector decays
BY — DV (V = p, K*) is given by

arT

o [(1 = £,)(1 + cos?B))sin0
Teonty deosay L1 = F1 + o0 sin’dy

+ 4fsin6p:cos?by ], 3)

where 6p- and 6y are the helicity angles of Dt and the
vector meson V, respectively, £, = |Ao|?/(2]A,|?) is the
longitudinal polarization fraction, and A,__; o4, are the
helicity amplitudes. These distributions are integrated over
the angle between the decay planes of D} and V.

For amplitudes dominated by the short-range (electro-
weak) currents, f; is predicted to be near unity [13], with
corrections of order O(m3,/m%), where my, is the mass of
the vector meson produced by the weak current, and mp is
the mass of the B meson. Thus, the measurement of f; can
constrain the size of the long-distance contributions in
BY — D" K** decays [12].

The branching fractions for the decays B® — DY
B — D" p~, and B" — DK™+ are estimated to be
of order 107> [14]. The branching fractions B(B° —
DY 77) and B(B° — DY)"K™) have been measured
previously by the BABAR Collaboration [15]. In this paper
we present the first evidence for the decays B — D" p~
and B* — DY K**, and a limit on the rate of B® —
D/ p~. We also update the measurements of the branching
fractions B(B° — D" 7~) and B(B® — D" K™*) with
improved precision, using a 65% larger data set.

II. DATA SAMPLE AND THE DETECTOR

We use a sample of 381 X 10°Y(4S) decays into BB
pairs collected with the BABAR detector at the PEP-II
asymmetric-energy et e~ collider [16]. A detailed descrip-
tion of the BABAR detector is available elsewhere [17]. The
components of the detector crucial to this analysis are
summarized below.

Charged-particle tracking is provided by a five-layer
silicon vertex tracker (SVT) and a 40-layer drift chamber
(DCH). For charged-particle identification, ionization en-
ergy loss (dE/dx) in the DCH and SVT, and Cherenkov
radiation detected in a ring-imaging device (DIRC) are
used. Photons and neutral pions are identified and mea-
sured using an electromagnetic calorimeter (EMC), which
comprises 6580 thallium-doped Csl crystals. These sys-
tems are mounted inside a 1.5-Tesla solenoidal supercon-
ducting magnet. We use the GEANT4 [18] software to
simulate interactions of particles traversing the BABAR
detector, taking into account the varying detector condi-
tions and beam backgrounds.

PHYSICAL REVIEW D 78, 032005 (2008)

III. EVENT SELECTION AND ANALYSIS

The selection of events of interest proceeds in two steps.
First, we preselect events with at least three reconstructed
charged-particle tracks and a total measured energy greater
than 4.5 GeV, as determined using all charged particles and
neutral particles with energy above 30 MeV. In order to
suppress ete” — qG (¢ = u, d, s, ¢) continuum back-
ground, the ratio of the second to zeroth order Fox-
Wolfram moments [19] must be less than 0.5. In the second
step of the selection process, we identify events of interest
on the basis of the likelihood-based multivariate discrimi-
nant. Finally, we determine the yields of signal and back-
ground events in a maximum likelihood fit to the subset of
the kinematic variables not used in the multivariate
discriminant.

Candidates for D] mesons are reconstructed in the
D — ¢m", KYK*, and K*°K* final states, with ¢ —
K*K™, K)— 77, and K — K~ 7*. The K9 candi-
dates are reconstructed from two oppositely charged
tracks, and their momentum is required to make an angle
|0ﬂight| < 11° with the line connecting their vertex and the
et e interaction point. All other tracks are required to
originate from the e e~ interaction region, loosely defined
by |dy| < 1.5 cm and |zy| < 10 cm, where d,, and z, are
the distances of closest approach to the primary e*e”
vertex in the directions perpendicular and parallel to the
beams, respectively. In order to reject background from
DY — Kym* or K*7r", the K candidate in the recon-
struction of D] — KK ™ or K*'K™ is required to satisfy
positive kaon identification criteria, which have an effi-
ciency of 85% and a 5% pion misidentification probability.
The same selection is used to identify kaon daughters of
the B® and K** mesons in decays B® — DYTKM*+ The
selection is based on the ratios of likelihoods for kaon,
pion, and proton identification in the SVT, DCH, and
DIRC. The detector likelihoods are calibrated over a
wide range of momenta using particles identified kinemati-
cally in clean decay chains, such as D** — D%z ", DY —
K 7t,andA — pr~.In¢p - K"K and K** —» K~ 7"
decays, kaons are not positively identified, but instead
candidates passing a likelihood-based pion selection are
rejected. The selection efficiency of this “pion veto” is
95% for the kaons and 20% for the pions. Pion daughters of
B° and p~ mesons in the B — D" 7~ and B —
Dﬁ*Hp’ decays are required to be positively identified.
Decay products of ¢, K*°, D}, and B° candidates are
constrained to originate from a single vertex.

We reconstruct p* — 7" 77° candidates by combining a
well-identified charged pion with a 7° — y7y candidate.
The K** candidates are reconstructed through the decays
K*" — K*7% and K*" — K. The neutral pion candi-
dates are reconstructed from pairs of photons each with a
minimum energy of 30 MeV. The invariant mass of the
photon pair is required to be within =25 MeV/c? of the
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nominal value [20]. The selected candidates are con-
strained to the nominal 7° mass before forming the p*
or K** candidates. We require that the invariant mass of
the two pions forming the p~ candidate be within
+320 MeV/c? of the nominal value [20], and that the
invariant mass of the K*#” and K27 pairs be within
*75 MeV/c? of the nominal K** mass [20]. Ky7r* pairs
are constrained to a common geometric vertex.

We reconstruct Di* candidates in the mode Di" —
D/ v by combining D, and photon candidates. Photon
candidates are required to have a lateral energy profile in
the EMC consistent with a photon shower, and to have an
energy greater than 100 MeV in the laboratory frame.
When forming a D", the D/ candidate is required to
have an invariant mass within 10 MeV/c? of the nominal
value [20]. For B — D**p~ and B — D~ K** modes,
we apply a “7¥ veto” by rejecting photons that, in combi-
nation with any other photon in the event, form
an invariant mass that falls within 125 <m,, <
145 MeV/c?.

The efficiency of the initial preselection discussed above
varies between 14% (B — D**p~, Df — K*K™") and
48% (B® — D7, D} — ¢m™). After the preselection,
we identify signal B decay candidates using a likelihood
ratio RL = -Esig/(£sig + Lbkg)’ where £sig = nj?sig(xk)
is the multivariate likelihood for the signal hypothesis and
Ly = [T:Porg(xi) is the likelihood for the background
hypothesis. Here x; represents one of the discriminating
variables described below, which are computed for each
event. The likelihoods for the signal and background hy-
potheses are computed as a product of the probability
density functions (PDFs) Pg,(x;) and Py, (x;), respec-
tively, for the following selection variables: invariant
masses of the ¢, K, p*, K**, and K) candidates; x>
confidence level of the vertex fit for the B® and D mesons;
the helicity angles of the ¢, K*°, p™, K**, and D" meson
decays; the mass difference Am(D:") = m(D:") —
m(Dy); the polar angle 5 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 the c.m. frame; the event topology variable
F; and the kinematic variable AE described below.
Correlations among these variables are small.

The helicity angle 6y is defined as the angle between
one of the decay products of a 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 the cosines of their helicity angles to be distributed
as cos’0y (¢, K*°, p*, and K**) or 1 — cos?0y (D),
while the random background combinations tend to pro-
duce a more uniform distribution in cosfy, with a peak in
the forward direction (which corresponds to a low-energy
m°) for p* and K** candidates. We do not include the
helicity angles for Di*, p™, and K** mesons in the like-
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lihood ratio R; for the vector-vector B — D**p~ and
B — D~ K** modes, since the polarizations of the vector
mesons in these decays are not known a priori. Instead, the
helicity angles are used in the multidimensional likelihood
fit to determine the polarizations, as discussed below.

The variables cosfg, cosfy, and F discriminate be-
tween spherically symmetric BB events and jetlike contin-
uum background using event topology. The polar angle 65
is distributed as sin’fp for real B decays, while being
nearly flat in cosfp for the continuum. BB pairs form a
nearly uniform |cosé;| distribution, while the |cosfr|
distribution for continuum events 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 [21].

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 B
decays without a real D meson in the final state. The
Monte Carlo (MC) simulated distributions of the R; vari-
able for signal and background events, in B — D} 7~
decays, are shown in Fig. 2.

Finally, two other variables mgg and AFE take advantage
of the unique kinematic properties of the ete™ —
Y (4S) — BB decays. The beam energy spread is signifi-
cantly smaller than the energy resolution of the recon-
structed B mesons and, at the same time, larger than the
momentum resolution. The momentum of the signal can-
didates is included in the beam-energy-substituted mass

Mgg = \/(s/2 +p, - pp)?/E? — p3, where /s is the total
c.m. energy, (E;, p;) is the four-momentum of the initial
ete” system, and py is the B® candidate momentum, both
measured in the laboratory frame. The second variable is
AE = Ej, — \/5/2, where E} is the B® candidate energy in
the c.m. frame. For signal events, the mgg distribution is
nearly Gaussian and centered at the B meson mass with a
resolution of about (2.5-2.8) MeV/c?, and the AE distri-
bution has a maximum near zero with a resolution of (17—
25) MeV. We include AE in the definition of the likelihood

2 g 10*] 3
= o =
2 10°F S 2
g 10 E 10° % :
> >
= =
10§ 3 102
10 F E 1
(a) 0F  (b)
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 02 04 06 08 1 0 02 04 06 08 1
R] RL

FIG. 2. Distribution of the likelihood ratio R; for the mode
B> D/ 7w, D} — ¢x*. Shown are (a) the simulated signal
events, and (b) the sum of the simulated background samples
from the B® and B decays, and e*e™ — ¢ events.
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ratio R;; mgg is used as a discriminating variable in the
maximum likelihood fit described below.

We parametrize the signal and background PDFs using
large samples of simulated events. We select B’ —
DA(Y*)+777 and B — D‘(y*)fK * candidates that satisfy R; >
0.85, and accept B — DE*)+p_ and B — D™ K** can-
didates with R; > 0.96. We measure the relative efficien-
cies gg, of the R; selections in copious data samples of
decays B> D 7", D p* (D” =K 7w, Kdm")
and BT — Dz, D*p* (D** - D, D°— K 7t)
in which the kinematics is similar to those of our signal
events, and find that they are consistent with Monte Carlo
estimates of ex, =~ 70%(40%) for B® — D" 7~ and
B - DYkt B—>DY p~ and B°— DT K**)
modes. The fraction of continuum background events pass-
ing the selection varies between 2% and 15%, depending
on the mode.

Less than 30% of the selected events in the B? —
D 7=, B®—D K", B DV p~, and B°—
D" K** channels (<2% in B — D7 and B° —
D, K") contain two or more candidates that satisfy the
criteria listed above. In such events we select a single B°
candidate based on an event y? formed from AE, m(D,)
and (where appropriate) Am(D:), m(p), m(K*), m(7°),
and m(Kg), and their uncertainties.

IV. EXTRACTION OF SIGNAL YIELDS

After the R; requirement is applied, we define the region
of interest using the beam-energy-substituted mass mgg
and the mass of the D/ candidate m(D,). We require
52 <mpg<53GeV/c> and |m(D,) — m(D,)ppgl <
50 MeV/c? for B — D} 7=, B> — D}p~, and B® —
Dy K™% modes, where m(D;)ppg is the world average
D, mass [20]. The invariant mass m(D,) has a resolution
of (5-6) MeV/c?, depending on the D decay mode. The
selection is significantly broader than the region populated
by the signal events, and allows us to constrain back-
grounds in the signal region. For B® — D*7~, B® —
D:*p~, and B’ — D*"K®*, we require |m(D,)—
m(D,)ppgl < 10 MeV/c?.

Five classes of background events contribute to the fit
region. First is the combinatorial background, in which a
true or fake Dg*) candidate is combined with a randomly
selected light meson. Second, B meson decays such as
B*— DWWt 7~ or B — D™ p~ with D* — K7™ or
K*07* can constitute a background for the B°—
D" 7~ and B® — DF p~ modes if the pion in the D
decay is misidentified as a kaon (reflection background).
The reflection background has nearly the same mgg distri-
bution as the signal but different distributions in AE and
m(D,). The corresponding backgrounds for the B° —
D;K®* mode (B®— D™K®7) are negligible. Third,
rare charmless B decays into the same final state, such as
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BY — K®OK*h (where h = 7, p, K, or K*), have the
same mgg and AE distributions as the B® — D,h signal,
but are nearly flat in m(D;). The charmless background is
significant in B®— D/ 7=, B> D}p~, and B’ —
D;K®* decays, but is effectively rejected by the
Am(D:") variable for the modes with D™,

Finally, two classes of background events have nearly
the same distribution as the signal events in both m(D,) and
mgs. For B — D™ K** modes we take into account the
potential contributions from the nonresonant decays B® —
DY) K%z (which have recently been observed [22]) and
color-suppressed B — D" K+ 7 (unobserved so far).

Analogous nonresonant modes B® — Dg*)er'* ° require
the additional popping of a color-matched ¢gg pair. They

are expected to be small compared to B® — Dg*)+p* [22]
and are ignored. Finally, crossfeed background from mis-
identification of B — D~ 7+ events as B — D) K+
signal, and vice versa, needs to be taken into account.

For each mode of interest, we perform an unbinned
extended maximum likelihood (ML) fit to separate the
signal events from the backgrounds and extract the signal
branching fractions. For B> — D7~ ,B* — D p~, B —
D;K*,and B — D; K**, we perform a two-dimensional
fit to the mgg and m(D,) distributions. For B — D** 7~
and B® — D*" K" decays, we fit the one-dimensional mpg
distribution. In vector-vector modes B” — D**p~ and
B° — D% K**, we determine both the branching fractions
of the signal modes and the polarization of the vector
mesons by performing a three-dimensional fit to the dis-
tribution of mgg, and the two helicity angles of the D; " and
p~ (K*') mesons.

For each B decay, we simultaneously fit distributions in
the three D, decay modes, constraining the signal branch-
ing fractions to a common value. The likelihood function
contains the contributions of the signal and the five back-
ground components discussed above. The function to be
maximized is

Ncand

L = exp(—kzr'n‘nkm) l_[ (;njm:pjm(z)i)) “4)

i=1

where nj,, is the number of events for each event type j
(signal and all background modes) in each D, decay mode
m, and P;,({;) is the probability density function of the
variables {; = (mgs, m(Dy), cosfp:, cosfy) for the ith
event. The likelihood product is computed over all candi-

dates N_,,q in the region of interest. We parametrize the
event yields as

I’ljm = NBEBjBQSSjm’ (5)

where m stands for D — ¢7*, D} — K*°K*, or D} —
KJK*, Nz =381 X 10°, B; is the B decay branching
fraction, B¢ is the branching fraction of the mth D
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mode, and &, is the reconstruction efficiency. For D} —
¢7 and D} — K**K™ branching fractions, we use the
current world average values [20], while for B(D] —
KgK *) we take advantage of the most recent measurement
from the CLEO Collaboration [23], which differs from the
previously reported central value [20] by about 50%:

B(D} — ¢pmt, ¢ — KTK) = (2.20 = 0.20)%,
B(Df > KK*, K> K 7") = (2.5 % 0.5%,
B(D} — KK, Ky — 7t 7™) = (1.04 = 0.07)%.

The branching fractions of the channels contributing to
the reflection background are fixed in the fit to the current
world average values [20], and the branching fractions of
the crossfeed backgrounds are determined by iterating the
fits over each B decay mode. The branching fractions of the
nonresonant backgrounds are fixed to the values recently
measured by BABAR [22]. In the case of B® — D{ ™ K+ 79,
which can contribute to B® — D" K*t (K** — K 70),
we estimate the branching fraction by

TABLE I.
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B(B® — DY) K+ 7

B(B® — D70)

~BB* — DY Kty 2T
( s KT T S 50

(6)

This scaling assumes that the dominant mechanism for
producing both DY K+ 79 and D_(;“)_K+ 7t final states
is a subthreshold production of a charmed D** meson,
which subsequently decays into DY K *, as indicated by

the invariant mass spectrum of Dg*)_K * [22]. Since the
decay B’ — D*O7% is color suppressed compared to
Bt — D™97" we estimate the color-suppression factor
from the B® — D°7° decays. Direct production of the

color-suppressed D‘(Y*)fK * 7 final state (without the inter-
mediate D**V) results in a smaller branching fraction esti-
mate. We assign a 100% systematic uncertainty to
B(B* — D~ K+ 70).

The expected yields of the dominant B-decay back-
grounds are listed in Table 1.

The PDFs and efficiencies for the signal, reflection, and
crossfeed backgrounds are determined independently for

Expected background yields from the dominant B decay modes, fixed in the likelihood fit.

Signal mode Background mode

N(Dy — ¢7*)  N(D —K°K*)  N(DJ — KIK)

B’ — D7~ B — DK% 1.4 +0.2 0.4 £0.1 0.3*+0.1
B'—D 7+ 154+ 12 195+ 15 13.0 + 1.0

B — Dt~ B — DI K" 0.9 0.2 0.3 0.1 0.3 0.1
B'— D p* 0.5+0.2 3.4 £0.6 1.7 0.4

B —>D* 7%, D" - D 7" 0.3=0.1 1.1+02 0.7=0.1

B — Dip~ BY— D p~ 6.6 +2.0 1.3+0.5 1.5*0.5
B'— D 7~ 6.0=*13 1.2+04 1.5+03

BT — Dt 70 3.7+0.8 1.0+0.3 1.0x0.2

B'— D p* 244+ 42 33.1 =57 28.8 +4.9

B> D* p*, D" - D7 0.3+0.2 54+33 82=*14

B — D* p*, D" - D 7 0.8+ 0.4 1.4+ 0.6 2.1+0.5

B — Ditp~ B — D p* 0.7+0.2 1.6 0.4 2.5+0.8
B — D* p*", D*" - D 7° 0.1 =0.0 0702 0.8 +0.1

B’ — D K" B — Dfa 0.6 +0.1 0.3 +0.1 0.2 0.0
B — DK™ 1.3=x0.3 03 *0.1 0.2+0.0

B — D K" 0.9+0.3 2.1+0.7 1.3 04

B — D K™ B — D;K* 0.9 +0.2 0.2+ 0.0 0.1 0.0
B — Dy K** 0.8+0.3 0.3 +0.1 0.2 0.1

B — Dt 7~ 0.4+ 0.1 0.2 +0.0 0.2 +0.0

B — Dy K*", K*" — Kdm* B’ — DI K** 0.3+0.1 0.1 0.0 0.0 = 0.0
B> D; 7" K° 1.8 0.7 0.7 +0.3 0.6 =0.2

B — D;K*", K*T — KT 7 B — D* K™ 2.5+0.5 0.9 +0.2 0.9 +0.2
B — DI~ K** 1.0+ 0.5 03+02 0.4+0.2

B — D;K*7° 0.4+ 04 0.1 0.1 0.1*0.1

B — Dy K**, K*" — KOmr* B — Dy K** 0.1 +0.0 0.0 = 0.0 0.0 = 0.0
B — D 7t K° 0.6 +0.4 0.2+02 0.2+0.1

B’ — DI K*", K*t - Kt 70 B’ — D K*" 0.4+0.1 0.1 0.0 0.2 0.1
B — D K70 0.1 0.1 0.0 = 0.0 0.0 = 0.0
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FIG. 3 (color online). (a,c,e,g) mgg projection of the fit with
|m(D}) — m(DJ )ppgl < 10 MeV/c?; and (b,d,f,h) m(D;) pro-
jection  with  5.275 < mpg < 5.285 GeV/c*  for (a,
b) B — D7, (c,d) B — D; K", (e,f) B°— D} p~, and
(g,h) B — Dy K**. The black solid curves correspond to the
full PDF from the combined fit to all D; decay modes.
Individual contributions are shown as solid red (signal), green
dashed (combinatorial background), and blue dotted (sum of
reflection, charmless, crossfeed, and nonresonant backgrounds)
curves.

each D decay mode using Monte Carlo samples. The
signal contribution is modeled as a Gaussian (B° —
D7 and B — D;K") or a “Crystal Ball” function
[24] in mgg and a double Gaussian in m(D;). The
combinatorial background is described in mgg by a thresh-

old function [25], dN/dx = xy/1 — 2x*/sexp[—£&(1 —
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2x?/s)], characterized by the shape parameter &. This
shape parameter, common to all D} modes, is allowed to
vary in the fit. In m(D,), the combinatorial background is
well described by a combination of a first-order polyno-
mial (fake D] candidates) and a Gaussian with
(5-6) MeV/c? resolution (true D7 candidates). The
charmless background is parametrized by the signal
Gaussian shape in mgg and a first-order polynomial in
m(Dy).

Ideally, the distribution of the helicity angles in the
vector-vector decays is given by Eq. (3). The helicity angle
0p: is defined as the angle between the direction of the
photon in D; — D,y and the direction of the B in the rest
frame of the D? candidate. The helicity angle 6 is simi-
larly defined by the direction of the charged daughter
particle in the decays p* — 7t 7%, K** — K* 70, and
K** — K7*. Since the momenta of the decay products
in the laboratory frame depend on the helicity angles,
acceptance and efficiency effects modify the ideal angular
distribution. We determine the PDFs of the signal events
using the Monte Carlo simulation, and measure the angular
distribution of the combinatorial background in the data
region mgg < 5.27 GeV/c>.

For B> - D7, B —> D} p~, and B — D; K™, the
fit constrains 14 free parameters: the shape parameter of
the combinatorial background & (1 parameter for all D
modes), the slopes of the combinatorial and charmless
backgrounds in m(D,) (3 parameters), the fractions of
true D, candidates in combinatorial background (3), the
yields of combinatorial background events (3), the yields
of charmless events (3), and the branching fraction of the
signal mode (1). In the B — D; K** mode (6 individual
submodes, spanning 3 D channels and 2 K** channels),
26 free parameters are constrained. For the B — D" 7~
and B — D* K" decays, 5 free parameters are deter-
mined by the fit: £ (1 parameter for all D] modes), the
number of combinatorial background events (3), and the
branching fraction of the signal mode (1). For B? —
D" p~ and B® — DI K** fits, we add one more free
parameter to the fit: the longitudinal polarization fraction
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FIG. 4 (color online).
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mgs projection of the fit for (a) B — D** 7~ and (b) B — D~ K*. The black solid curves correspond to the

full PDF from the combined fit to all D] decay modes. Individual contributions are shown as solid red (signal), green dashed
(combinatorial background), and blue dotted (sum of reflection, charmless, and crossfeed backgrounds) curves.
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f) B® — D%~ K**. For helicity projections, a selection 5.275 < mpgg < 5.285 GeV/c? is applied. The black solid curves correspond to
the full PDF from the combined fit to all D} decay modes. Individual contributions are shown as solid red (signal), green dashed
(combinatorial background), and blue dotted (sum of reflection, charmless, crossfeed, and nonresonant backgrounds) curves.

f1 [see Eq. (3)]. The total number of free parameters is 6 in
B — Di*p~ and 9 in B — DI K**.

The results of the fits are shown in Figs. 3-5 and
summarized in Table II.

V. SYSTEMATIC UNCERTAINTIES

For the branching fractions, the systematic errors are
dominated by the 9% relative uncertainty for B(D; —
¢ ") [20]. The uncertainty in the branching fraction ratio
B(D} — K*K')/B(D] — ¢7rt) contributes (2-4)%,
depending on the decay channel, and the uncertainty in
B(D} — K(S)K *) contributes (1-4)%. We estimate uncer-
tainties due to modeling of the resonance (K*, ¢, p, and
K**) line shapes by measuring the effect of the line-shape
variation on signal selection efficiency.

The uncertainties in the signal selection efficiency are
determined by the accuracy with which the detector effects
are modeled in the Monte Carlo simulations. Tracking,
particle identification (PID), photon, 7°, and Kg recon-
struction efficiencies are measured across the wide range of
particle momenta in the dedicated data control samples.
The tracking efficiency and resolution are adequately re-

produced by the simulations. The simulated distributions
are corrected for the efficiency and resolution of the 7°
reconstruction. The efficiency of the R; cut is also mea-
sured in the data control samples, as discussed in
Section III.

The uncertainties due to the knowledge of the signal and
background PDFs in the ML fit are estimated by measuring
the variation of the fitted values of the branching fractions
when PDF parameters are varied within their uncertainties.
The correlations between parameters are taken into ac-
count. The uncertainties in the signal PDF parameters for
the key discriminants AE, mgg, Am(D,), Am(Di"), and
cosfp:+ are determined by comparing data and
Monte Carlo simulations for the samples of decays B® —
D 7w*, D p* (D —=K'nm w, Kym~) and B" —
D7*, Dp* (D** - Dy, D° — K~ 7"). The uncer-
tainties in the signal PDFs for cosf, k. and the PDFs for
the peaking backgrounds are determined by Monte Carlo
simulations. These distributions depend on the modeling of
the charged track and 79 reconstruction, discussed above.
The helicity angle PDFs for the continuum background are
determined in the data sideband mpg < 5.27 GeV/c?, and
their uncertainties are statistical in nature.
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TABLE II.

The number of reconstructed candidates (N,,,, ), the signal yield (V

ig»

PHYSICAL REVIEW D 78, 032005 (2008)

computed from the fitted branching fractions), the

combinatorial background (N omp), and the sum of charmless, reflection, nonresonant, and crossfeed contributions (Npe.), extracted
from the likelihood fit. Also given are the reconstruction efficiency (g), the signal significance S, the measured branching fraction B,
and the fraction of longitudinal polarization f; (where appropriate). The first uncertainty is statistical, and the second is systematic.

B mode D, mode Niaw Ngio Neomb Npeak %) S B(107?) 1L
D} — ¢m" 582 509 500+24 31*10 252
B — D7~ Df - KOK" 402 18%x5 352%x20 358 80 820 25*04=x02
Dy — KIK* 282 19%+3 246x17 25%=7 194
D} —¢mt 150 337 11312 1.6*02 167
B—> D7~ Di—KP9K" 96 12x3 77%x10 48*06 55 670 @ 2610;+02
Dy — KKt 52 13+3 41*x7 28*04 132
Df — 7™ 1190 11x9 1102*36 76*17 121
B°—Dfp~ D} —KVWK* 644 3x3 584x27 56x13 33 130  L1739*03
D}y — KIK* 613 4*x3 54426 68*13 83 <2.4 (90% C.L.)
Df —¢mt 194 219 17513 0802 63
B®—Di*p~ Df—-KOK" 101 7*x4 93*x10 23*04 19 370 41713+04 0847038 +0.13
DY — KKt 91  7+4 801" 3309 46
D} — 7t 307 539 240+17 14x7 229
B> D;K"™ Dy —KOKT 262 22*x5 227*x16 10+x6 82 1llo 29*04=02
Dy — KYK* 148 20+3 125+ 12 6*5 17.4
D} —¢mt 76 28x5 478  21x03 152
B®—Di"K* Df —-KYK" 50 12x3 39%x7 06x01 57 740 24x04=x02
Dy —KYK* 34 11*x2 215 05*01 120
B® — Dy K** Df — o7t 95 9+3 83110 5+4 13.8
K** > Kyn*  Df - KOK* 45 4= 40 =7 1+2 5.4
Df - K)K* 33 3=x1 27+8 13 102
D} — ¢mt 157 8+3 150%13 1+4 9.0 460 3555 x04
Kt —>K'7® D/ ->KIk* 94 3+1 83+ 10 7+4 3.1
Dy — KKt 96 3x1 83x10 10£5 7.1
B — DI"K** D — ¢7t 16 3x2 14+4 0704 67
K* — Kym" D - KKt 8 2+1 7+3 03+02 25
Dj — KK+ 7 1+1 6+3 02+01 52
D} — 7t 30 4=*2 22+6  05+02 51 320 327 *04 0927037 =007
K" —K*7" D} K9kt 3 2=x1 3x2  01*x01 18
Df - KKt 11 2=x1 9+4 0201 41

Uncertainties due to reflection and crossfeed back-
grounds include the uncertainties in the branching fractions
of the relevant modes, and also account for the contribu-
tions of the subdominant modes that are not explicitly
included in the ML fit. These contributions dominate the
systematic uncertainty for the B — D} p~ mode, which
has a small absolute branching fraction.

As ML estimators may be biased in small samples, we
measure the bias using a large ensemble of simulated
experiments. In each of these experiments, generated ac-
cording to the sample composition observed in data, the
signal and B-decay background events are fully simulated,
and the combinatorial background events are generated
from their PDFs. The bias is found to be negligible for

the 1- and 2-dimensional ML fits (B — D" 7~, B —
DY K+, B — D; K*" modes). On the other hand, we
find that in the vector-vector modes (B® — Di*p~ and
BY — D% K** decays), the 3-dimensional ML fits under-
estimate the true values of the signal branching fraction
and the fraction of the longitudinal polarization. We correct
for the biases of AB = (—0.14 +0.01) X 107> and
Af, =(-31*£03)% (B —Di*p") and AB=
(—0.34£0.03) X 10> and Af; =(—1.8=0.4)%
(B — D~ K**). We assign a conservative uncertainty of
50% of the bias to this correction.

For the longitudinal polarization fractions f; in the
vector-vector modes, the systematic errors are dominated
by the uncertainties in the shapes of the signal and back-
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TABLE III. Relative systematic uncertainties for the branching fractions of B — D, X modes

(%).
B’ — D}~ B — D;K* B’ — D} p~ B — Dy K**

Ngp 1.1 1.1 1.1 1.1
Tracking efficiency 1.6 1.3 1.7 2.0
PID efficiency 1.0 1.0 1.0 1.0
° efficiency e e 3.0 3.0
R; cut efficiency 1.6 1.4 2.8 2.0
MC statistics 0.8 0.7 1.8 1.1
K? efficiency 0.4 0.3 0.9 0.0
PDF parameters 0.8 0.7 2.8 1.4
AE, m(D,) PDFs 0.6 1.7 32 1.7
B(Df — ¢7™) 5.7 5.2 10.1 5.7
B(D — K*K™) 2.9 3.1 1.8 3.1
B(D} — KK™) 1.6 1.4 3.7 0.6
Reflection background 2.0 0.7 10.2 0.6
Crossfeed background 0.9 0.5 15.6 2.6
Resonant line shape 1.6 1.7 1.8 4.9
TOTAL 7.8 7.2 22.6 9.9

TABLE IV. Relative systematic uncertainties for the branching fractions of B — D*X modes

(%).
B—Di*7~ B> Di"Kt B - Ditp~ B'— DiITK**

Ngp 1.1 1.1 1.1 1.1
Tracking efficiency 1.6 1.3 1.7 2.0
PID efficiency 1.0 1.0 1.0 1.0
" efficiency ‘e e 3.0 3.0
v efficiency 1.8 1.8 1.8 1.8
B(D:™ — Dfy) 0.7 0.7 0.7 0.7
Am(D:") 1.0 1.0 1.0 1.0
cosfp:+ 1.0 1.0 1.0 1.0
° veto efficiency s s 2.0 2.0
Fit bias cee R 1.6 5.6
R; cut efficiency 1.5 1.7 23 1.6
MC statistics 0.8 0.8 1.1 1.6
K9 efficiency 0.4 0.0 0.2 0.3
PDF parameters 1.9 2.1 3.0 3.1
AE, m(D,) PDFs 3.0 0.8 0.7 34
B(Df — ¢p7™) 5.4 5.9 5.5 5.0
B(D — K*K™) 2.7 3.8 34 41
B(Dj — KK™) 1.5 1.3 0.9 1.3
Reflection background 35 0.0 2.1 0.0
Crossfeed background 1.9 0.4 0.0 1.6
Resonant line shape 0.8 0.4 1.6 0.1
TOTAL 9.0 83 9.6 11.3
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TABLE V. Absolute systematic uncertainties for the longitu-
dinal polarization fraction (%).

B — Ditp~ B — DI K**
Fit bias 1.6 0.9
R; cut efficiency 0.7 0.2
MC statistics 0.6 0.7
Kg efficiency 0.4 0.0
PDF parameters 14.7 7.0
AE, m(D,) PDFs 0.0 0.5
B(Df — p7t) 0.4 2.0
B(D — K*K™) 0.7 0.2
B(Df — K3K™) 0.5 0.2
Reflection background 0.5 0.0
Crossfeed background 0.0 0.6
Resonant line shape 0.6 0.1
TOTAL 14.9 7.4

ground PDFs and the fit bias. The systematic uncertainties
for each mode are summarized in Tables III, IV, and V.

VI. RESULTS

We estimate the significance of a nonzero signal yield by

computing S = y/—210g(Ly/ Lynax), Where L .. is the
maximum likelihood value, and L is the likelihood for a
fit in which the signal contribution is set to zero. Including
systematic uncertainties and assuming Gaussian-
distributed errors, we obtain signal observation significan-
ces of 3.7 (B —> D*"p7), 46 (B — D;K*"), and 3.2
(B® — D~ K**) standard deviations, providing the first
evidence for these decays. We test that S measures the
probability for the background events to fluctuate to the
observed number of signal events with a large ensemble of
simulated experiments. For each such experiment, we gen-
erate a set of pure background events according to the
PDFs and sample composition observed in our data set.
We then fit each simulated experiment and measure the
signal and background yields and, for the vector-vector
modes, the polarization fraction f;. By counting the frac-
tion of such pseudoexperiments in which the signal yields
are at least as large as the yield observed in the real data set,
we confirm that S? follows closely the y? distribution with
one degree of freedom.

The branching fraction and polarization results are col-
lected in Table II. Since we do not observe a significant
event yield in B — D p~, we set a 90% confidence-level
Bayesian upper limit assuming a constant prior for
BB’ — Dlp)>0.

VII. CONCLUSIONS

We report the following improved measurements of the
branching fractions for the rare decays B° — D{”* 7~ and
B — Dg*)_l( * and the first measurements of the branch-

PHYSICAL REVIEW D 78, 032005 (2008)

ing fractions for the decays B — DY p~ and B —
Dﬁ*)_K **+, as well as the measurements of the longitudinal
polarization fractions f; in vector-vector final states B —
D" p~ and B — D" K*':

BB’ — D}im)=[25+04+0.2]%X1077,
BB — Ditw™) =[2.6703 £0.2] X 1075,

B(B*— D} p7)=[1.1203 = 0.3] X 1075,

B(B" — D p~) <24 Xx107° (90% C.L.),
BB — D p7) =[41713 £04] X 1075,
fL(B®— Di*p~) = 0.841702¢ + 0.13,

BB’ — D;K")=[29+04=*02] X 1073,
BB’ — D K')=[24+0.4+02] X107,
B(B° — Dy K*") =[3.5%1 £0.4] X 107,

B(B*— D;”K*") =[3.21]3 £ 0.4] X 1077,
fL(B®— D} K**) = 0.927037 = 0.07,

where the first quoted uncertainty is statistical, and the
second is systematic.

The branching fractions for B — DY KM+ are small
compared to the dominant decays B’ — D™~z and
B — D™~ pT implying insignificant contributions from
the color-suppressed W-exchange diagrams. The ratios
B(B®— D;K")/B(B* — Di"K™") and B(B® —
D; K**)/B(B° — D~ K**) are consistent with the expec-
tation of unity [12]. The predictions for the branching
fractions of B® — D"z~ and B° — D\ " p~ decays
are based on the factorization assumption [14] and depend
on the estimates of the hadronic form factors. The observed
pattern B(B’— D} p~) < BB’ — D7)~ B(B" —
Dt ) < B(B° — D:"p~) appears to be most consis-
tent with the form factors computed in [26]. The polar-
izations of the vector mesons in B’ — D*"p~ and
BY — D% K*" are consistent with expectations [12,13].

Assuming the SU(3) relation, Eq. (2), the recent value of
f D /fp» =124+ 0.07 from an unquenched lattice

QCD calculation [9], and the following branching fractions
for the CKM-favored decays [20]:

BB’ — D7) =(2.68 =0.13) X 1073,
BB — D* " 7") = (2.76 = 0.13) X 1073,
BB’ — D pt)=(75+12) X 1073,
BB — D* p*) = (6.8 £0.9) X 1073,

we determine the ratios of the CKM-suppressed to CKM-
favored decay amplitudes in the decays B® — D™* 7~
and B — DW* p+:
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r(D7) = [1.78 54 (stat) = 0.08(syst) = 0.10(th)]%,
r(D*r) = [1.81121%(stat) + 0.09(syst) = 0.10(th)]%,
r(Dp) = [0.7173(stat) = 0.10(syst) = 0.04(th)]%,
r(D*p) = [1.45*033(stat) * 0.12(syst) * 0.08(th)]%,

where the first error is statistical, the second includes
experimental systematics, and the last accounts for the
uncertainty in the theoretical value of [ /fp= [9].

These amplitude ratios are below 2%, which implies small
CP asymmetries in B — D®*7* and B’ — DM7p*
decays, making it difficult to measure sin(28 + y) pre-
cisely in these decays. The results presented here supersede
our previously published measurements [15].
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