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We report on the observation of exclusive decays of B mesons to modes containing a D or D +

and one or two charged pions. From kinematic reconstruction we determine the masses of the
neutral and charged B mesons to be 5280. 6+0.8+2.0 and 5278.6+0.8+2.0 MeV, respectively.
The mass difference is 2.0+1.1+0.3 MeV. Branching ratios for these modes are given. From the
charged-particle momentum spectrum in f(4S) decay, we find the average branching fraction for
B-meson decay into a D or D plus a charged pion to be (0.81+0.16)%. We find no signal for ex-
clusive decays which would arise from the b~u transition and set upper limits for several such
modes.
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I. INTRODUCTION

Although many properties of B mesons can be in-
ferred from inclusive measurements of Y(4S) decay,
some studies require the reconstruction of 8 decays.
The masses of the neutral and charged 8's are most ac-
curately measured with reconstructed mesons. The mass
difference between the neutral and charged 8 mesons,
besides being interesting in the study of quark binding, is
vital for estimating the relative amounts of 8 8 and0 0

B+B production in Y(4S) decay and, hence, the total
number of neutral and charged 8 mesons in the data
sample. B-meson, branching fractions represent a testing
ground for theoretical models of 8 decay, and are espe-
cially interesting for separating spectator and nonspecta-
tor effects. ' A sample of tagged 8 mesons of known
charge allows one to use the other tracks in each event
to measure 8-decay multiplicities and branching ratios
without systematic biases due to background rejection
techniques. Exclusive final states without charmed par-
ticles can be used to measure the b ~u transition.

The 8 rnesons studied in this paper were produced in
e+e annihilations at the Cornell Electron Storage Ring
(CESR) and the decay products were observed in the
CLEO detector. The results reported here include data
from an extended run on the Y(4S) resonance (run 2)
and a reanalysis of data from a similar, earlier run (run
1). The current results supersede previously reported re-
sults based on the run 1 data sample alone. '

The CLEO detector has been described in detail else-
where. For run 1 the central detector consisted of a 3-
layer proportional chamber surrounded by a 17-layer
drift chamber. Both chambers operated in a 1.0-T mag-
netic field produced by a superconducting magnetic
solenoid. Surrounding the magnet were eight identical
oetants used for particle identification. Each octant con-
tained a 3-layer planar drift chamber, a set of pressur-
ized proportional wire chambers capable of measuring
the specific ionization (dE/dx) of charged tracks with
an rms resolution of 6%, an array of time-of-Aight
counters (350-ps rms resolution), and a 12-radiation-
length, lead and proportional-tube eleetromagnetie-
shower counter. The octants were surrounded by
0.65 —1.5 m of iron and a two-dimensional array of pla-
nar drift chambers for muon identification.

For run 2 there were two significant detector irnprove-
ments. First, a thin beryllium beam pipe (0.6% of a ra-
diation length) and a precision vertex drift chamber re-
placed the original beam pipe and inner proportional
chamber. This reduced multiple scattering and im-
proved the momentum resolution for charged particles
to a value of

pie corresponds to 40 pb '. For background evaluations
we also collected continuum data at energies just below
BB threshold. The continuum data consist of an accu-
mulation of 17 pb ' in run 1 and 36 pb ' in run 2. The
total Y(4S) sample includes 264000 B mesons. Since the
time of our previous publications, the run 1 data have
been reprocessed using a significantly improved track-
reconstruction program and a refined drift-time calibra-
tion of the central drift chamber.

Our most important hadronic selection requirements
include the following.

(1) The total energy measured in the electromagnetic-
shower counters must be greater than 0.25 GeV and less
than 10.9 CxeV.

(2) The total measured energy of charged and neutral
particles must be between 30% and 170% of the center-
of-mass energy.

(3) There must be at least three charged tracks.
(4) The reconstructed event vertex must be within 5

cm of the center of the interaction region in the direc-
tion parallel to the beams.

We have measured the masses of the charged and neu-
tral B mesons (Sec. III), and the branching ratios for
their decays into exclusive final states containing a D or
D*+ meson and one or two charged pions (Sec. IV) by
complete kinematic reconstruction of 8-decay candi-
dates. In Sec. V we use the charged-particle momentum
spectrum from Y(4S) decay to determine the B ~Dn
branching ratio averaged over charge combinations.
This measurement is independent of D-decay branching
ratios.

The ratio of the amplitudes for the b~u and b~c
quark transitions is determined by the corresponding ra-
tio of the elements of the Kobayashi-Maskawa mixing
matrix:

~
V„b/V, b ~

. Studies of the lepton spectrum in
semileptonic 8 decay ' have led to an upper limit on
this quantity of 0.16 at 90% confidence level. If the
b~u transition rate is not much smaller than implied
by this limit, one might expect to observe two-body de-
cay modes such as B~~sr and B ~pm (which are analo-
gous to B ~Der and B~D*n for the b~c transition)
with branching fractions of the order of 0.02% (see Sec.
VI). We determine upper limits for various two-body
8-meson decays which would arise from the b ~u tran-
sition both by studying the charged-particle momentum
spectrum (Sec. V) and by attempting complete recon-
struction (Sec. VI). Throughout this paper, unless other-
wise stated, any decay mode discussed will also imply its
charge-conjugate mode, which is assumed to be equal.
For example, the measurement of the branching ratio for
8 ~D *+

vr ~ is the average for this mode and
8+ D'- ~+~+.

( 5p /p ) = ( 0.007p ) + (0.006 )

where p is in GeV/c. Second, the electronics of the 17-
layer central drift chamber were upgraded to measure
pulse height in addition to drift time, thus allowing
identification of low-momentum charged particles by
their specific ionization (dE/dx).

The run 2 data sample consists of an integrated lumi-
nosity of 78 pb ' at the Y(4S) resonance; the run 1 sam-

II. 8-MESON RECONSTRUCTION

All events considered for analysis passed our standard
criteria for hadronic events. We searched for events
with charged tracks satisfying the kinematic constraints
for the following low-multiplicity B-decay modes (in-
cluding their charge conjugates):

8 D ~
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8 D n+a

8 D+~

8 D+n

8 ~D *+a

8 D +~

8 ' D *+~+~—~-

(4)

(5)

(7)

In modes (5)—(7) the D*+ was required to decay to
D m. +. The D mesons were detected using the decay
modes D ~K ~+ or K ~+++@ and
D+ K -~+~+

The main difficulty in reconstructing exclusive 8-
meson decays is the very large number of random com-
binations which have an effective mass near the expected
8 mass. To reduce these we have developed stringent
selection criteria. Particles assigned as kaons were re-
quired to have specific ionization in the inner drift
chamber and outer dE/dx chambers and times of Aight
consistent with this identification (probability &0.20).
Positive identification of kaon candidates from these de-
vices (probability &0.75) was required for the decay
D ~K n+n+rr in mode (I), the decay D ~K sr+ in
mode (2), and the decay D+~K sr+sr+ in mode (4). In
order to improve the D-mass resolution, we corrected
the measured momentum of tracks for energy loss by
ionization in material upstream of the tracking system.
We required the reconstructed D mass to be within two
standard deviations of the known value. ' The mass
resolution for reconstructed D mesons has been deter-
mined by Monte Carlo simulation to be 10—24 MeV
rms, depending on the decay mode. For modes (5)—(7)
we required that the measured D*+-D mass difference
be within three standard deviations of the known value;
our expected resolution for this difference is 0.8 —1. 1

MeV rms, depending on the mode. In order to suppress
false-hypothesis candidates for which we may have
missed one or more particles, we cut on the difference
AE between the measured energy of the 8-decay prod-
ucts and the beam energy. The experimental resolution
in AE is expected from Monte Carlo studies to be typi-
cally less than 40 MeV, depending on the mode. We re-
quired that

~

b.E
~

be less than 90 MeV for all modes
considered.

We performed a full kinematic reconstruction, " con-
straining the four-vectors of the charmed mesons (i.e.,
the D, D+, or D*+) to have the appropriate invariant
mass, and the total energy of the 8 to be the beam ener-
gy. We required the 7 determined by kinematic fitting
to be less than 3 per degree of freedom for all modes. '

In addition to the kinematic constraints, the angular
distribution of the decay D ~K sr+ can help to distin-
guish signal from background. The spin-zero D decays
isotropically in its rest frame. However, the decay angle
0' of the K in the K~ rest frame with respect to the K~
direction in the laboratory tends to be strongly peaked
near cosO* =+1 for background processes. We therefore
excluded candidate D ~K m. + decays with

~

cos8"
~

&0.9. Also, the angular distribution of the B

FIG. 1. Picture of a reconstructed Y(4S)~B+B
B ~D ~ candidate event with the D candidate decaying to
E m. +. The B+ decay is not reconstructed.

direction in the decay of the r(4S) is sin 8 with respect
to the beam axis; to suppress continuum background we
excluded candidates with

~

cos8
~

&0.9. A picture of a
typical candidate event is shown in Fig. 1.

We compute the candidate B mass (M) from the rela-
tion

M =(Eb„) — g p;

24

I
= p 7r

20
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16
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FICr. 2. Mass distribution of reconstructed B-decay candi-
dates for modes (1) and (3)-(6), plus modes (8) and (9) report=
ed in Ref. 14. Neutral modes lie below the heavy line. Modes
(2) and (7) are treated separately (see text).
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where p; is the fitted three-vector momentum of the ith
decay product and E&„ is the electron or positron
beam energy. On the basis of Monte Carlo studies, this
"beam-constraint" technique improves our mass resolu-
tion for B mesons by over an order of magnitude. The
expected rms resolution in M, which is dominated by the
spread of the beam energy in CESR, is 2. 5 —3.0 MeV,
depending on the mode.

The beam-constraint technique causes the computed B
mass to be sensitive to the effects of initial-state radia-
tion since the beam energy used in the calculation is sys-
tematically higher than the true annihilation energy. We
have simulated the effects of initial-state radiation' and
estimate that the true masses of the neutral and charged
B mesons are 0.7+0.2 MeV below the values obtained
using the beam-constraint technique.

Figure 2 shows the mass distribution of our candidates
for the decay modes (1) and (3)—(6) from the combined
runs 1 and 2 data samples. Mode (2) (see Fig. 3) and
mode (7) (see Fig. 4) will be discussed separately. For
completeness, Fig. 2 also includes 14 candidates for the
decays B ~gK and B ~1(K* [modes (8) and (9),
respectively] which have been reported previously. '4 In
Fig. 2 there is a clear peak near M =5280 MeV, but also
a background extending to lower masses. In order to
derive reliable masses and branching ratios for the B
meson, we need to know how the background mass dis-
tribution behaves under the B peak.

We distinguish three classes of background: (i) spuri-
ous combinations of tracks in non-BB events from the
continuum under the Y(4S) peak, (ii) track combinations
in BB events made with spurious D candidates, and (iii)
spurious track combinations in BB events made with
true D's. Backgrounds (i) and (ii) can be measured
directly. The non BB contribu-tion (i) is determined by
running at an e+e center-of-mass energy just below BB
threshold, and applying the same selection criteria [see
Fig. 5(a) for modes (1) and (3)—(6)]. The event numbers
in Fig. 5(a) are scaled to correspond to the same accu-
mulated luminosity as in the Y(4S) data and to correct
for the 1/s dependence of the continuum cross section.
The beam-constrained mass values are shifted up by the

B = 0 + 7r vr vr

O
LLJ

0 ~Zr. V
5200 5240 5280

Mass (MeV)

FIG. 4. Mass distribution of candidates for mode (7). The
unshaded area corresponds to B decays in which the D is ob-
served to decay to K ~+~+~; the shaded portion refers to
D' K- ~+

12—

I I

Continuum

16 — (b)
12—
8-

0 4—

~~ 16 — (c)
12

D Sidebonds

I l I

I I I

BB Monte Carlo

difference between the beam energy at the Y(4S) and the
actual continuum beam energy. The false D background
(ii) is determined by repeating the Y(4S) analysis with
spurious D's taken from sideband mass combinations on
each side of the true D-mass peak [Fig. 5(b)]. Since the
two sidebands together cover twice the mass range ac-

0B = DO sr+ vr
16 —( d)

12

8—
4

I I

(a)+ (b)+(c)

c 4
CL))

LLJ

0 I

5200 5240
IVlass ( MeV)

5280

FIG. 3. Mass distribution of candidates for mode (2).

I I I I I

5200 5220 5240 5260 5280
IVlass (IVleV)

FIG. 5. Mass distributions of background contributions to
modes (l) and (3)—(6): (a) the continuum contribution ob-
served below BB threshold; (b) the spurious D contribution ob-
served using D sidebands at the Y(45) resonance; (c) the con-
tribution from BB with a correctly reconstructed D as simulat-
ed by the Monte Carlo method; (d) the sum of the contribu-
tions (a) —(c), with the D sidebands from below-threshold data
subtracted. Note that the bin width is twice that for Fig. 2.
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cepted in the signal analysis, the results in Fig. 5(b) have
been scaled down by one-half.

We estimate the remaining background (iii) by Monte
Carlo simulation. We generate BB events according to a
model of spectator B decay plus fragmentation. The
model assumes that the b quark always decays to a c
quark and a 8' boson. The 8 is fragmented using a
Feynman-Field model provided by the Lund Monte Car-
lo model. ' The c quark and the spectator antiquark are
paired to form a D or D * which decays according to the
measured branching ratios. ' The decay products are
propagated through the simulated detector and our nor-
mal analysis stream. We use the Monte Carlo track
correlation list to check the identity of each track. Only
those B candidates which contained a correctly recon-
structed D decay but an incorrectly reconstructed B de-
cay are used. The resulting mass distribution for the
class (iii) background in modes (1) and (3)—(6) is shown
in Fig. 5(c). Figure 5(d) shows the combined back-
ground prediction, obtained by summing the three con-
tributions and subtracting the overlap between Figs. 5(a)
and 5(b) using the D-sideband data from the continuum
running.

A particularly insidious subset of the class (iii) back-
ground is the "feed-down" events in which we have ob-
served all but one of the products in a true B decay. For
example, we may have missed an additional pion, or in
decays assigned to modes (1)—(4), the low-momentum m

or y from a D*~D decay. If the missed particle has
low momentum, the reconstructed beam-constrained B
mass will be almost correct; the only chance of rejecting
this solution will be if it fails the AE cut. An indication
of the significance of this background is seen in Fig. 6,
where we have plotted wrong-sign mass combinations,
which cannot be correctly reconstructed B decays. Each
of the candidates at the expected B mass is likely to be a
case in which we have missed a charged pion from a true
right-sign decay. Although Monte Carlo simulations in-
dicate that our 90-MeV limit on acceptable

~

hE
~

values effectively suppresses the feed-down effect for
modes (1) and (3)—(6), this cut is less effective for modes

(2) and (7) (Figs. 3 and 4), because of the lower average
momentum of the pions [especially in mode (7)], and be-
cause of the possibility of a missed ~ or y from a
D ' ~D decay for mode (2) (Ref. 16). If feed down is im-
portant, the background distribution will peak close to
the expected B mass. We therefore exclude modes (2)
and (7) from the following analysis. '

The feed down may have been a significant contamina-
tion for modes (1), (2), and (6) in our previously pub-
lished analysis ' in which the AE resolution was about
90 MeV and the effective cut on

~

AE
~

(actually a X
cut) was larger than the pion mass.

III. B-MESON MASSES

We determine the neutral and charged B-meson
masses by fitting the beam-constrained mass distribution
for the two-body decay modes [(1), (3), (5), (8), and (9)].
We use the two-body decays since they have very little
background in the peak region. The studies discussed in
the previous section indicate that the background in this
subset of modes should also be Aat near the region of the
B mass. This is confirmed by the mass distributions
shown in Figs. 7 and 8. The fits are performed using a
Gaussian plus a Aat background over the mass range
from 5180 to 5291 MeV. (See Figs. 7 and 8.) The rms
width of the Gaussian is set to 2.6 MeV based on Monte
Carlo studies. After decreasing the means from the fits
by 0.7+0.2 MeV to correct for the effects of initial-state
radiation, the resulting neutral- and charged-8 masses
are

M —o= 5280 6+0.8+2.0 MeVB

and

M~ ——5278.6+0.8+2.0 MeV,

W rong —Sign Combinations

4
0)

LLJ

2

LLJ

I

5200 5240
Mass ( MeV)

I

5280 5200 5220 5240 5260
Mass ( Mev )

5280

FICx. 6. Observed mass distribution of wrong-sign candi-
dates for the combinations: D ~+, D +++, D +sr+a, D *+~+,
D +n.+~, and charge conjugates.

FIG. 7. Fit to the mass distribution of two-body neutral-B
candidates using a Cxaussian peak plus a Hat background as de-
scribed in the text.
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4

proved track reconstruction. The masses reported here
are consistent with results of the ARGUS Collabora-
tion.

If we were to assume that the relative amounts of
B B and B+B production in decays of the Y(4S) are
determined by p-wave phase space, our measured mass
difference would imply that the branching ratio for
Y(4S)~B B is 43% (Ref. 22). However, Ono argues
that p-wave phase space is inappropriate and suggests an
alternative description. Using his model and the masses
presented above, we would infer that the branching ratio
is close to 50%.

IV. B BRANCHING RATIOS

I

5200 5220 5240 5260
Mass ( MeV )

I

5280

FIG. 8. Fit to the mass distribution of two-body charged-8
candidates using a Gaussian peak plus a Aat background as de-

scribed in the text.

M(Y(4S) ) —2M-o ——18.8+ l.7+2.0 MeV

and

M(Y(4S)) —2M =22.8+1.7+2.0 MeV .

Although the difference between the B and B
meson masses is in agreement with our published value,
the previous B-mass values are about 6 MeV lower than
the present results. Besides the statistical uncertaintin y,
there are two explanations: (1) the CESR single-beam en-
ergy calibration used in the run 1 analysis is now known
to have been wrong by 2.3 MeV, and (2) the average
masses may have been lowered if there was feed-down
background included in the earlier analysis. To give
credence to this hypothesis, we note that the higher-
mass candidates from our previous publications are re-
tained to a greater extent than the lower-mass candi-
dates [especially in mode (6)] by our new analysis pro-
cedure, which includes the AE requirement and im-

where the errors are statistical and systematic, respec-
tively. The systematic errors arise from uncertainties in
the CESR beam-energy calibration (1.8 MeV for the run
2 data, 2.3 MeV for the run 1 data), in the background
shape (0.3 MeV), and in the fitting method (0.3 MeV).
The measured mass difference has a smaller systematic
error because it is independent of the absolute beam-
energy calibration:

M~o —M~ =2.0+1.1+0.3 MeV .

This result is consistent with several theoretical predic-
tions. ' Predictions of the mass difference have ranged
from 1 to 6 MeV (Ref. 19). Since we use the beam-
energy constraint in the calculation, the directly mea-
sured quantity is actually the difference between the
mass of the Y(4S) [10580.0+3.5 MeV (Ref. 20)] and
twice the B mass:

The background calculation shown in Fig. 5(d) indi-
cates that, averaged over modes (1) and (3)—(6), the
number of background events in the signal region
(5265 —5290 MeV) is consistent with the number one
would get by a flat extrapolation of the background at
lower masses (5180—5265 MeV). Similar plots for each
individual mode are consistent with this behavior within
statistics. The average background level in Fig. 2 (3.0
events/5 MeV between 5180 and 5265 MeV) is con-
sistent with that indicated by Fig. 5(d) (3.2 events/5
MeV). Therefore, to obtain the net signal for each
mode, we fit the mass distributions for each mode using
a Gaussian plus a flat background. The mean of the
Gaussian is fixed at the measured B o Bor mass not
corrected for initial-state radiation) presented in the
preceding section and the rms width is set to 2.6 MeV as
determined by Monte Carlo simulation. The number of
detected events for each mode is determined by the am-
plitude of the Gaussian from the fit and is given in Table

To obtain branching ratios for modes (1) and (3)—(6),
we divide our fitted signal by the total number of neutral
or charged B decays, by the detection efficiency for the
particular mode, and by the appropriate branch ting ra ios
or t e D and D decay. The total number of neutral

and charged B-meson pairs is the total number of ha-
dronic events observed at the Y(4S) resonance minus the
number of events observed below threshold, scaled for
the difference in integrated luminosity and for the 1/s
dependence of the continuum cross section. We assume
the proportion of B B to B+B events in the decay of
the Y(4S) is 43:57 as discussed above. The detection
efficiencies for the various modes are obtained by Monte
Carlo simulation of the decay and the properties of the
detector. The efficiencies for almost all modes are be-
tween 9% and 36%, before including the D*+ and D de-
cay branching ratios and the particle-identification
efficiency. The efficiency for kaon identification by ion-
ization energy loss and time of flight is measured by

The e
analyzing kaons from kinematically identified ~ de z~ ecays.

e e ciency for positive identification is typicall 35%%u'

epending on momentum. For D*+~D ~+, we use a
branching ratio of (60+ &~)% (Ref. 25). For D ~K ~+,

cent measurements by the Mark III Collaboration.
(4.2+0.4+0.4)%%uo, (9.1+0.8+0.8 )% and (9.1+1.3
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TABLE I. Number of events observed (and the statistical error) or 90%%uo-confidence-level upper lim-
its for various B-decay reactions. B-meson branching fractions (with statistical and systematic errors,
respectively) or 90%%uo-confidence-level upper limits. Charge-conjugate modes are assumed to have the
same branching fractions.

Reaction

B ~Dm
B ' D'~+~-
B ~D+m
B D+~- m-

B ~D *+a
B ~D +~ m.

B '-D *+~+~-~-
B —+D* w

B ~fK
gO yg «0

B—~~om-
pk~+

B o~vr+w-
B ~po~-
B0 po 0

B ~m.—a1( 1270) +
B ~~—a 2(1320)+
B ~p a1(1270)
B ~p a2(1320)

JJ

Number of events

14.0+3 9

&10
4 3+2.4

2.7+1 7

&15
See text
3.0+1.7
5.0+2.2

& 188
& 376
&8
(2
&9
(7
&4

&52
&21
&6

Branching fraction (%)

0 47+0. 16+0.1 1—O. 13—0.08

&3~
9'

0 59+0 33+0 15—O. 29 —0. 14

0 25 +o.4 1 +0.24—0. 23 —0.08

0.31+—o. 13
+—o.o7

0 20+0. 14+0 08—O. 13—0.05

&4.6'
0.27+0.44

0.09+0.06+0.02
0.41+0.19+0.03

& 0.23'
(0.61'
(0.03
(0.02
& 0.05
(0.12
(0.16
&0.32
& 0.23
& 0.02

'The 90%%uo-confidence-level upper limits on the number of events and branching ratio for this mode are
calculated (conservatively) without subtracting any background.
This branching ratio is inferred in Sec. V.

'The upper limit for this decay mode is obtained from analysis of the charged-particle momentum
spectrum (Sec. V).
The notation B ~x+y means that the limit quoted is for the sum of the branching ratios for

B ~x+y and B ~x y+

12

C
CD

4J 6

0
0 0.2 0.4 0.6 0.8 l.0

cos 61

FIG. 9. Distribution in the cosine of the angle between the
B candidate and the beam axis for modes (1)—(6), (8), and (9).
A sin 0 curve is shown normalized to the same area as the
data.

+0.4)%, respectively. Note that these D branching ra-
tios are higher than those used in our previous publica-
tions. '

We combine the results from the two D -decay modes
with weights appropriate to their branching ratios times
acceptance. The resulting B branching ratios are shown

in Table I. For reasons mentioned above only 90%-
confidence-level upper limits are given for modes (2) and
(7) (Ref. 28). The previously reported' branching ratios
for modes (8) and (9) are included for completeness. The
systematic errors include uncertainties in the back-
ground subtraction [20% for most modes, 90% for mode
(4)], in the efficiency calculation (5—25 %, depending on
the mode), in the D and D *+ branching ratios
(13—25 % ), and in the proportion of neutral and
charged 8 mesons in f(4S) decay (12%). The branching
ratios we obtained previously from the run 1 data alone
were considerably higher than the present values, be-
cause of the smaller D branching ratios used, and
perhaps because of the possible feed-down background
and statistical fluctuations. Our measured B branching
ratios are consistent with results of the ARGUS Colla-
boration. '

Figure 9 shows the angular distribution of the B-
candidate direction with respect to the beam axis when
the cut on this angle is removed from the event selection
procedure. A 7 of 9 for 8 degrees of freedom is ob-
tained when the distribution is fitted to the sin 0 distri-
bution expected for the decay of a 1 particle into two
spinless particles.

V. B~Dm BRANCHING RATIO

We now describe a simple measurement using the
charged-particle momentum spectrum from Y(4S) decay
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which gives the average of the B~D~ branching frac-
tions, where D here means D, D+, D *,or D *+ and B
means B or B . For this measurement we use the run
2 data sample only, which includes approximately
177 000 B mesons. This new measurement is
significantly more precise than our previously reported
results which used the run 1 data sample. The results
rely only on charged-particle momentum measurements
in the central tracking chambers.

Consider the ~ momentum spectrum from two-body
decays of B mesons, B~X~, where the B mesons
come from Y(4S) decay. Since the B mesons are almost
at rest ()33~ ——0.06), the pions have a mean momentum

~ T (4S) Energy

Continuum

~ g (4 S) ( Continuum

Subtracted )

1.5

I.O

0.5

0

0.3 0.4 0.5 0.6 0.7 0.8 0.9 I.O

FIG. 11. The x distributions for the run 2 data sample from
the Y(4S), the nearby continuum below the Y(4S), and the
subtracted distribution with the continuum scaled.

FIG. 10. Expected x distribution of the vr for the three de-

cays 8 ~vrm. , p~, and D~

determined by the mass of X, and a range of momenta
determined by P~. The n momentum distributions ex-
pected for the reactions B~~~, B~pn, and
B~Dm. are shown in Fig. 10, plotted in terms of the
variable x, defined as the ~ momentum divided by the
beam energy. The B~D ~ contribution can come
from any of four reactions: B ~D m, B ~D* ~
B ~D+m, and B ~D*+~, all of which give essen-
tially the same pion momentum spectrum. By compar-
ing our data from B-meson decay to the distributions
shown in Fig. 10, we first show that there is no visible
signal in the x distribution for the charmless two-body
decays ~~ and pn; then we calculate the branching
ratio for the D~ final state.

In Fig. 11 we show the observed x distribution of
charged tracks from data collected at the Y(4S) reso-
nance, the nearby continuum below the resonance, and
the BB distribution obtained by subtracting the two,
after scaling the continuum. To reduce bin-to-bin fluc-
tuations in the continuum distribution, where no narrow
structures are expected or observed, we fit the continu-
um data to an exponential of a third-order polynomial
before subtracting it ~ We required the production angle
of the charged tracks with respect to the direction of the
colliding beams to be greater than 32' in order to ensure
that we are dealing with well-measured tracks. This
leaves an effective solid angle of 85% of 4~ sr. We
determine our track-finding efficiency to be 95% using a
Monte Carlo simulation of the detector.

There are charged particles populating the x region
between 0.40 and 0.47 in the subtracted distribution
(Fig. 11), where the vr from the Dm final state is ex-
pected. However, there is no net yield of particles
beyond x =0.47 in the subtracted distribution. Using
the momentum intervals corresponding to x =0.49—0.53
and x =0.47—0.50 for the m~ and per modes, respec-
tively, and correcting for the acceptance and efficiencies
discussed above, we find —233+202 and 43+258
charged particles consistent with having been produced
in B~~~ and B~pn decays, respectively. These
measurements correspond to upper limits on the branch-
ing fractions for these decay modes of 0.13% and
0.26%, respectively, at 90% confidence level. These
upper limits are about one order of magnitude larger
than those found for the explicit channels B ~~+a
and B ~p m discussed in Sec. VI. Assuming that the
fractions of Y(4S) decay at the resonance peak to B B
and to B+B are 0.43 and 0.57, respectively, we assign
upper limits of 0.23% and 0.61% to the heretofore un-
limited channels B ~vr n and B ~p sr+ (Ref. 30). —

Since we expect the branching fractions to charmed
mesons to be substantially larger than these limits, we ig-
nore charmless B decays in the following analysis.

The charged-particle momentum spectrum from B de-
cay for x greater than 0.35 includes contributions from
several final states beside the D~ final state we want to
measure. These include Dw~, Diner, XI v, and DX
where the D decays to a high-momentum charged pion.
It is straightforward to subtract the last two spectra
from the measured x distribution shown in Fig. 11. The
muon and electron spectra from B~Xlv have been in-
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dependently measured. Their sum is shown in Fig.
12(a). We estimate the spectrum of particles from D de-
cay from our measured D momentum spectrum ' by as-
suming that B mesons decay to D mesons 100% of the
time, and by using the published D branching ratios of
the Mark III group. This estimated spectrum is shown
in Fig. 12(b). Note that the magnitude of the latter sub-
traction is small relative to the Dm signal in the high-x
region. The resulting subtracted x distribution is shown
in Fig. 12(c). We extract the amount of Drr by fitting
this spectrum with a combination of D~, D~~, and
D ~~a shapes. For the D ~~~ component we use a
phase-space distribution. For the D ~~ we use three
different shapes: (1) phase space, (2) Dp, and (3) DW'
via V —A decay with the 8' subsequently materializ-
ing into ~ ~ . The x distributions for these three mod-
els are shown in Fig. 12(c). In Fig. 13 we show the fit to
the data using the phase-space Der~ and D~vr~ dis-
tributions plus the D~ component. We also show the
fit with the D ~ component removed. Clearly, the
Dm mode is necessary to fit the spectrum well. The
branching fractions found for D~ are (0.83+0.20)%,
(0.71+0.17)%, and (0.76 +0. 18)% for models (1), (2),
and (3), respectively.

While the results using the three models are con-

sistent, we can also extract a branching fraction without
using the fitting procedure. Inspection of Fig. 12(c)
shows that none of the models of D~~ decay produce
pions above an x of 0.44. [Note that even the reaction
B~D*'(2420)~ produces no n above an x of 0.43.]
The x distribution from the Der decay, however, ex-
tends to x of 0.47. We can extract a model-independent
branching ratio by simply measuring the number of
events with x between 0.44 and 0.47 (659+133 events)
and then correcting for the fact that only 45% of D~
events lie within this interval. This technique gives an
average B~Der branching fraction of (0.81+0.16)%.
We investigated several sources of systematic error in
this method and found their contributions are all small
in comparison with the statistical error. They include
uncertainties in the B-meson mass (which produce a 1%
error in the branching fraction), the continuum subtrac-
tion (4%), the relative amounts of D (or D+)m. and
D* (or D*+)n (2%), and in the track-finding efficiency
(3%).

We can write this branching ratio explicitly as a con-
straint equation relating the branching ratios for four in-
dependent reactions using the parameter fo, which is the
fraction of neutral BB production in Y(4S) decay:

fo[B(B ~D+ir )+B(B ~D +m' )]+(1 fo)[B(B ~—D 7r )+B(B ~D* m )]=(0 81+0 16)%

This result is independent of the D, D +, and D *~

branching ratios, and is the most precise determination
of the weighted sum of these two-body B-decay branch-
ing fractions. It is consistent with our previous result:
( 1.0+0.30+0.25 )%.

Using the value fo =0.43, based on p-wave phase
space as discussed above, and our measured branching
ratios for modes (1), (3), and (5) presented in the preced-
ing section, one can use the equation above to obtain a
value of (0.27+0.44)% (Ref. 33) for the unmeasured
B ~D* ~ branching ratio which is consistent with
recent theoretical predictions and comparable to our
measurement for B ~D*+vr [mode (5)].

There have been several theoretical predictions for the
two-body B branching fractions. Early work ' predict-
ed a lgo branching ratio for each of the four Dm.

modes on average. Recently, a model has been suc-
cessfully applied to two-body charm decays which also
could be used for two-body B decays. However, the pre-
dictions depend on a scale factor a &, which is difficult to
calculate. Estimates based on charm decay give
a& =1.1. With this value of a&, the branching fractions
are predicted to be 0.5% for B ~D *+~ and
0.6% for B ~D+ir, which are consistent with our re-
sults. Other recent theoretical predictions of the
branching ratios for modes (1), (3), (5), and B ~D* m

are consistent with our measurement of (0.81+0.16)%
for the weighted sum of these modes. Also, the indivi-
dual values predicted for modes (1), (3), and (5) are
consistent with our measurements presented in the
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D's which arise from B decay; (c) the x distribution from the
Y(4S) with (a) and (b) subtracted (points) and for D~~ and
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preceding section.
Motivated by suggestions that the branching ratio

for P(3770) —+DD may be substantially less than 100%,
we searched for evidence of non-BB final states in
Y(4S) decay. One possible indication of such states is
charged particles with x ~0.5. We see no evidence for
charged particles above x =0.5 in the BB distribution
(21+185 tracks) shown in Fig. 11. We can set an upper
limit on g=[Y(4S)~non BB]/[Y(4S-)~BB]if we esti-
mate how often non-BB decays make energetic decay
products. Two such estimates were obtained by measur-
ing the fraction of tracks with x ~0.5 both in the con-
tinuum data and in a sample of data from running at the
Y(1S) resonance. If the non-88 decays are like continu-
um events below BB threshold, the upper limit on g is
3.8% at 90% confidence level. If the non-BB decays are
like the three-gluon decays of the Y(1S), the upper limit
on g is 13% at 90% confidence level.

VI. b —+u TRANSITIONS IN TWO-BODY DECAY

In the spectator model of B-meson decay, the two-
body decay B~X~ occurs when the c or u quark and
spectator quark form a meson X and the virtual 8' ma-
terializes as a ~ . In a b ~u transition, one would ex-
pect X to be a rr, p, a, (1270), or some more massive
light-quark state. The branching ratio for
8 ~sr+a, (1270) could be relatively large, since the
W can turn into an a&(1270), as in r-lepton decay.
Since the branching ratios for the individual two-body
modes presented above (Secs. IV and V) are roughly
0.4% on average, one might naively expect that a similar
fraction of b~u transitions would result in each of the
two-body decays mentioned above. If so, the branching
ratios for these decays could be as high as 0.02% (Ref.
8). Previously, we reported 90%-confidence-level upper
limits of 0.05% and 0.06% on the branching ratios for
the decays B ~w+vr and B ~p m, respectively.
With additional data, we now widen our search to in-

5200
I

5220
I I

5240 5260
Moss (MeV}

5280

FIG. 14. Mass distributions of candidates for (a)
B ~n+~ and {b)B ~p m . The histograms represent can-
didates from the data taken on the Y(4S) resonance and solid
squares with error bars represent candidates from the scaled
continuum data. The error bars reAect how much the scaling
increases the statistical error associated with the continuum
data.

elude the decays B ~p p B ~pp
8 ~m —ai(1270), vr +a2(1320)— and
8 ~p ai(1270), p az(1320) . We include decay
modes with an a2(1320) because it can decay into p w
like the a i(1270).

The data samples of runs 1 and 2 are used for this
analysis. We define a p as any n+~ pair with invari-
ant mass between 600 and 900 MeV. We reconstruct
ai(1270) and a2(1320) mesons through their decay
into p rr . We call p7r candidates a, (1270) mesons if
their invariant mass is between 1115 and 1435 MeV
(Ref. 41), and az(1320) mesons if it is between 1265 and
1375 MeV. After reconstructing candidate decays of
these particles, we require the observed energy of the
two-body system to be within 100 MeV of the beam en-
ergy. The limit on the energy difTerence was determined
by a Monte Carlo simulation of the tracking chambers.

Since the p in B ~p m. is polarized in the helicity-
zero state, we can further reduce the background for this
decay mode. We define an angle L9 in the following
way: first, find the direction of the p in the B rest frame;
then, find the direction of the m+ in the p rest frame.
The angle between these two directions is 0 . The angu-
lar distribution is proportional to cos 0 for real B de-
cay, while it is expected to be Aat for the background.
Therefore, we reject combinations with

~

cos6)
~

less
than 0.5, reducing the background by 50% and lowering
the efficiency by only 12.5%.
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FICx. 15. Mass distributions of candidates after the
~

coso
~

cut for (a) B ~~+~ and (b) B ~p m. . The histograms
represent candidates from the data taken on the Y(4S) reso-
nance and solid squares with error bars represent candidates
from the scaled continuum data.

For combinations which satisfy the above criteria we
calculate the beam-constrained invariant mass (M) using
the relation M =(Eb„}—(g p; }, where p; is the
measured three-vector momentum of the ith decay prod-
uct. The mass distributions for two of the decay modes
are shown in Fig. 14. For real B decay the distribution
should peak at the measured mass of the appropriately
charged 8 with an rms width of 3.0 MeV determined by
Monte Carlo simulation (Sec. III).

A large fraction of the background after the energy
cut comes from continuum events. This is because the
final states we are considering require two particles at
the kinematic limit of 8 decay, and two-jet continuum
events can easily mimic these final states. To reduce this
kind of background we studied the correlation between
the direction of the particles and the sphericity axis.
To avoid the effects of the candidate-particle pair biasing
the sphericity-axis direction, they were excluded from
the calculation. The distribution of the cosine of the an-
gle 0 between each final-state particle and the sphericity
axis peaks strongly at large

~

cos8
~

for the continuum
background; the Monte Carlo method predicts that it is
Oat for real B decay. We reject combinations if the

~

cosO
~

for at least one particle is greater than a value
that changes from 0.55 to 0.75, depending on the mode.
The mass distribution of candidates after this cut is
shown in Fig. 15 for the m+m. and p ~ modes. The
distribution for the Y(4S) and for below threshold run-
ning are very similar. We note that the below threshold
mass distributions are smooth and, in particular, show

FIG. 16. Mass distributions of candidates from the Y(4S)
data for (a) B ~~+n. and (b) B ~p m. . The curves
represent 90%-confidence-level upper limits.

no sudden change around the region where a signal from
8 decay would be located. We therefore assume that the
background contributions from the continuum under the
Y(4S) are also smooth.

We fitted the Y(4S) distribution with a Gaussian plus
a simple polynomial background. The background was
constrained to be zero at the kinematic limit, Eb„
The means of the Gaussians were set to the measured
masses (not corrected for initial-state radiation) of the
8 and 8 mesons presented in Sec. III and the widths
of the Gaussians were fixed at the value predicted by our
Monte Carlo simulation. The fit provided us with an
upper limit on the number of events allowed in the
Gaussian peak. The curves in Fig. 16 represent the lim-
its at 90%%uo confidence level. The 90%-confidence-level
upper limits on the number of events and the corre-
sponding upper limits on the branching ratios are listed
in Table I. To calculate the branching ratio limits, we
again assume that 43% of the Y(4S) decays are BoB o

and 57% are 8+8
A model by Bauer, Stech, and Wirbel gives the

branching ratios of various two-body B decays in terms
of form factors and an unknown parameter a &. For ex-
ample, they predict

B ~D*+rr =0.0037a,
~

V,b I0.05
~

and

B ~~+a. =0.0017a)
~

V„b/0. 05
~

Forming the ratio of these two equations, and using the
branching ratio for B ~D +w presented in Table I,
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we find
~

V„b/V, b ~

&0.46 at 90% confidence level.
While this result is weaker than the limit from semilep-
tonic B decay '

( &0. 16 at 90% confidence level), it is
an entirely independent determination.

VII. CONCLUSIONS

We have determined the masses of the neutral and
charged B mesons to be 5280.6+0.8+2.0 and
5278.6+0.8+2.0 MeV, respectively. The mass
difference is 2.0+1.1+0.3 MeV. We have measured the
branching ratios of exclusive B-meson decay modes con-
taining a D or D + and one or two charged pions and
find them to be in the range of 0.2 —1.0%. From inves-
tigations of the charged-particle momentum spectrum in
"r(4S) decay, we find the average branching ratio for B

meson decay into a D or D' plus a charged pion to be
(0.81+0.16)%. This measurement also yields upper lim-
its for B~~~ and B~p~ . We also have searched
for various exclusive two-body B decays which would
arise from the b~u transition. Having found no signal,
we set upper limits for various noncharm decay modes.
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