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Exclusive and Inclusive Decays of B Mesons into D; Mesons
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We have studied the production of D, mesons in the decays of B mesons at the Y(4S) resonance. We
report on the first observation of exclusive B-meson decays B— D, D**, B— D, D* and B— D,” D°.
We also present a new measurement of the branching ratio and the momentum spectrum for the in-

clusive decay B— D, X.

PACS numbers: 14.40.Jz, 13.25.+m

Exclusive decay modes of B mesons provide a testing
ground for the predictions of the theoretical models of
heavy-flavor decays. A special class of B-meson decay
modes is the exclusive double-charm decays which can
arise from the decay chain b— ¢cW =~ — ¢(¢s). Previous
studies of the inclusive D, production in B decays have
provided indirect evidence for the presence of such de-
cays through the observation of a peak in the momentum
spectrum of Dy mesons.! In this Letter, we report on a
direct observation of exclusive decays B— D;D, where D
represents either DO, D* or D**. We also report on an
improved measurement of the branching ratio and the
momentum spectrum for the inclusive decay B— D, X.
The decay B°— D,"z*% could result from the b— u
coupling and the decay B°— D;fK ™ from the W-
exchange process. We will present upper limits for the
branching ratios of these two modes. Throughout this
paper charge-conjugate modes are implied.

© 1990 The American Physical Society

The data used for this study were collected with the
upgraded CLEO detector in the 10-GeV energy region
at the Cornell Electron Storage Ring (CESR). The
CLEO detector and our event-selection criteria have
been described in detail elsewhere.? The main modifica-
tion to the detector has been the installation of a new
drift-chamber system with 64 layers of tracking. This
improvement results in a momentum resolution given by
(6p/p)?=1(0.23%p)*+(0.7%) %, with p expressed in
GeV/c. An rms resolution of 6.5% in the measurement
of the specific ionization is obtained.? The data consist of
212 pb~! at the Y(4S), and 101 pb~! at an energy
below the BB threshold. The Y(4S) data contain
242000 BB events.

The decay mode D;” — ¢n~ was used to measure the
inclusive D;~ yield from B-meson decays. The recon-
struction procedure for this and other D; decay modes in
the CLEO detector are described in detail elsewhere.*
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Briefly, ¢-meson candidates are identified in the mode
¢— K “K* and are combined with the remaining
charged tracks in the event to form ¢x combinations.
We require the measurements of the specific ionization
(dE/dx) of charged tracks in the drift chamber to be
within 3 standard deviations of the expected value for
their mass assignment in the track combination. We also
exploit the characteristic angular distribution of the de-
cay D,” — ¢r to suppress combinatorial backgrounds. '
The ¢x invariant-mass distribution is shown in Fig. 1 for
data taken at the Y(4S). Also shown are data for the
nonresonant e “e * annihilation scaled to account for the
luminosity and the energy dependence of the cross sec-
tion. A clear peak at the D,” mass is evident in the
Y (4S) data. The mass and the width of the signal are
consistent with those expected from the Monte Carlo
simulation of the detector.

Subtracting the continuum component and fitting the
resulting mass spectrum to a Gaussian representing the
signal and a polynomial background shape we find a to-
tal of 257 =41 D, mesons from BB events in our data
sample. By fitting the mass spectra corresponding to
momentum bins we determine the momentum distribu-
tion of the D; mesons. The D, detection efficiency is
determined by using a Monte Carlo procedure which in-
cludes the effects of geometrical acceptance, tracking,
the kinematic requirements, and particle-identification
efficiencies. The particle-identification efficiencies are
determined using samples of #’s, K’s, and p’s from
kinematically identified Ks, ¢, and A decays. The
efficiency corrected momentum distribution of D~
mesons from B decay is shown in Fig. 2. Integrating this
distribution and dividing by the number of B mesons in
the data sample, we determine B(B— D;X)B(D;— ¢n)
=(3.06£0.47)x10 ~3. This result is consistent with
previous measurements. '

In order to determine the inclusive branching ratio
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FIG. 1. The ¢n mass spectrum for 0.0 < P,, <2.5 GeV/c

from Y(4S) (circles) data and nonresonant e *e ~ annihilation
collisions (solid histogram). The smooth curve shows a polyno-
mial background and fits to a D, peak as well as a peak from
the rare decay D+ — ¢n™*.
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B(B— D,X) we need the absolute branching ratio for
the decay D,” — ¢x~. Since this has not yet been mea-
sured, throughout this paper we use the estimated
B(D,” — ¢n~ ) =2%, which was obtained using argu-
ments based on the measured charm-hadron cross sec-
tions in nonresonant e te ~ annihilation in the 10-
GeV energy region.* This gives B(B— D, X)=(15.3
+2.3)%.

In the B-meson rest frame, a two-body decay such as
B— DD yields a monochromatic momentum spectrum
for the D; meson. At the Y(4S), however, B mesons are
produced with a momentum of about 0.3 GeV/c, which
results in a small Doppler broadening of the momentum
spectra. The observed hard spectrum (Fig. 2) clearly in-
dicates the presence of two-body modes. We fitted the
spectrum to a linear combination of functions represent-
ing the two-body double-charm decay modes B~
— DD, B~ — D,D*, B~ — D}D, and B~ — D¥D*
and a possible three-body process such as B— D;Dr.
The relative contribution of two-body modes
(B— D,D)/(B— D,X) is determined to be
(56 +£10)%.°

While this inclusive analysis provides the combined
rate for the two-body double-charm decays, the deter-
mination of the branching ratios for the various modes
requires the reconstruction of each decay process. Here
we have searched for the modes B~ — D,”D° B°
— D, D**, and B°—~ D,”"D*. Because of the poor
resolution and low efficiency of photon identification in
the CLEO-I detector, the reconstruction of modes in-
volving D* ~ mesons is not feasible. In order to enhance
our reconstruction efficiency, we use most of the known
decay modes of the charmed mesons which result in final
states containing only charged particles. These are D;
—on~, K*K~, K°K~, K* K% and K* K*'
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FIG. 2. The momentum distribution of D, mesons from B
decays. The curve is the fit by a linear combination of func-
tions representing the two-body decays B— DD and the
three-body process B— D;Dx.
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FIG. 3. The distribution of the beam-constrained mass for
B— D;D candidates.

D~ K~ n*, K rn*tz*z~, and K°%*z*; D7t
—K " z*zt, K%, and K°z*x"x*; and D**
— D% *. Invariant masses of the D candidates were re-
quired to be within 2 standard deviations (2x20 MeV)
of the known masses of the mesons. B candidates were
found by forming D;D combinations having flavor and
sign consistent with the decay chain b— ¢(cs). Since B
mesons are produced as pairs in the process e Te ~
— Y(4S) — BB, we require that the reconstructed ener-
gy of the B candidates be within 3 standard deviations of
the beam energy. From Monte Carlo studies, we deter-
mine the rms resolution of the difference between the
reconstructed energy of B candidates and the beam ener-
gy to be about 25 MeV. This requirement also sup-
presses the “feed-down” background from the decay
modes with a missing 7° or y, such as B®— D* "D**,
where D¥ ™ — D, yor D**— D120

We compute the beam-constrained invariant mass Mg
of the B candidates from M3 =E&.m — p, where Epeam
is the beam energy and pg is the vector sum of the mo-
menta of tracks forming the B candidate. The resolution
of the beam-constrained mass, which is dominated by the
spread of the beam energy, is estimated from Monte
Carlo studies to be about 2.6 MeV. The mass distribu-
tion of the B candidates is shown in Fig. 3. A cluster of

11 events is evident around the B-meson mass at 5.28
GeV. Assuming a flat background, we estimate 0.2
background event in the observed signal, by using the
mass region 5.200 < Mg <5.265 GeV. The reconstruc-
tion efficiency for each mode of B decay can be expressed
as eg =2 BiBj€;;, where the sum is over all charmed-
meson decay modes used in the search, and B;, Bj, and
€;; are the corresponding branching ratios and the recon-
struction efficiencies, respectively.

In Table I, we summarize the exclusive measurements
and the theoretical predictions® of the branching ratios
for the two-body double-charm decays. In calculating
the branching ratios, we have assumed an equal produc-
tion ratio for B°B® and B "B * pairs at the Y(4S) reso-
nance. The exclusive branching ratios make up about
40% of the inclusive branching ratio, consistent with the
results of the fit to the D; momentum spectrum. The
sum of exclusive modes appears to be larger than the
summed theoretical predictions. However, it should be
noted that this apparent discrepancy vanishes if one uses
B(D,” — ¢n ") =4%, which is consistent with the
current experimental bound on the D, branching ratios.*

Using a similar technique we have also searched for
the decays B®— D,z and B®— D,*K ~. Since much
of the background to these processes is from continuum
jetlike events, we require | cosf; | <0.8, where 6, is the
angle between the direction of the D;” meson and the
sphericity axis of all tracks in the event excluding those
in the B candidate. We find no evidence for these decays
and set upper limits on the branching ratios B°
— D, 7% <0.13% and B°— DK~ <0.13% at 90%
confidence level.

The detection efficiency for double-charm decays is
handicapped by the small branching ratios of the Dj
and D mesons into easily detectable modes. For the pro-
cesses B— D,"D** and B*— D* "D**, where D**
— D%, a method which exploits the kinematics
characteristics of the decays can be used to avoid explicit
reconstruction of the D® meson. This technique has been
described in detail in an earlier publication’ of the mea-
surement of the branching ratio for the decay B
— D**z ™. Briefly, it involves identification of events
where a ¢z~ combination and a soft pion from the decay
D**— D™ are present. Using the measured momen-

TABLE 1. Branching ratios for two-body B— D; decays. Here we have used B(D;”
— o) =2%.
Efficiency Branching Theoretical
Decay mode (%) Events ratio (%) prediction (%)
B°—D**D~ 0.05 3 24+ 1.4 0.40-0.67
B~ D*D, 0.10 3 1.2+0.7 0.90
B~ — D°D~ 0.07 5 29+1.3 0.8-1.0
B'— n*D,” 0.90 <3 <0.13 at 90% C.L. 0.35| Vus/Ves |2
B~ KDY 0.90 <3 <0.13at 90% C.L.

2119



VOLUME 64, NUMBER 18

PHYSICAL REVIEW LETTERS

30 APRIL 1990

20.0Vll']|"7l1|||[|¥7"||lT

150

100

L S B B B S B S B A
J VRTINS S S RTINS

o4
@)

1

Combinations /0.0l GeV/ ¢?

HM |

O.O—#%"L I 1 i ‘.ILiulhnL L
1.70 1.80 190 200 2.0 220

m Invariant Mass (GeV/c?)

FIG. 4. The ¢r invariant-mass distribution for the mass cut
5.275 GeV < Mg < Epeam.

ta of the ¢z ~ combination and of the soft #* we calcu-
late an approximate beam-constrained mass Mg for the
B° candidates from

(Mé)2=E§eam - (Pon+PD°+Pn)2'

Here, the magnitude of the D° momentum is obtained
from the energy-conservation relation Epeam =FEpo+E;,
+E,y.. The D direction is estimated using the con-
straint mpe+ = (Epeam — Eoz) > — (ppo+p.)? and by max-
imizing the value of Mjp. Monte Carlo studies have
shown that the distribution of Mz for the two-body de-
cays B— D,"D** and B°— D} “D** peaks near the
beam energy 5.29 GeV, while the distributions for the
decays such as B— D**D; and B— D*D;r are flat in
the range 5.21 <Mpg<529 GeV. Requiring Mp
> 5.275 GeV results in a detection efficiency of 6% for
two-body modes and an efficiency of less than 0.3% for
multibody modes.® In Fig. 4, we display the distribution
of the invariant mass of the ¢z combinations for the B
candidates satisfying the above mass criterion. A clear
peak at the D, mass is evident. Fitting this spectrum we
find 22 + 5 events at the D, mass. In order to estimate
the background to this signal we have examined the dis-
tributions for (a) wrong-sign combinations Dy 7, (b)
right-sign combinations from continuum data, (c) the
mass region 5.19 < Mz <5.21 GeV, and (d) right-sign
combinations for which the direction of the soft pion has
been inverted. None of these distributions show any
enhancement at the D, mass.

Attributing the observed D, signal in Fig. 4 to the
sum of the decays B’— D,”"D** and B°— D} "D**,
and correcting for the reconstruction efficiency and the
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branching ratio B(D,” — ¢x ) =2%, we calculate the
branching ratio

B(B°— D, D**+B°— D} D**)=(1.5+t2)%.

This result is consistent with the results of the inclusive
measurements and the exclusive reconstruction tech-
nique.

In conclusion, we have measured the branching ratio
and the momentum spectrum for the inclusive decay
B— D,X. We have searched for exclusive decays
B— D;D and find eleven such decays in our data sam-
ple. The measured branching ratios of the exclusive
modes are consistent with those inferred from the Dj
momentum spectrum. We have also set upper limits on
the branching ratios of the decays B°— D,*K ~ and
B%— D, rt.
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