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Various exclusive and inclusive decays of B mesons have been studied using data taken with the
CLEO detector at the Cornell Electron Storage Ring. The exclusive modes examined are mostly de-

cays into two hadrons. The branching ratio for a B meson to decay into a charmed meson and a
charged pion is found to be about 2%. Upper limits are quoted for other final states PE, m. +m

pox, p+p, e+e, and p
+—e+. We also give an upper limit on inclusive g production and im-

proved charged multiplicity measurements.

I. INTRODUCTION

Weak decays of 8 mesons provide a unique testing
ground for both electroweak theory and quantum chromo-
dynamics (QCD). 8 mesons are composed of a b anti-
quark and a light quark, either a d (8 ) or a u (8+). In
the standard electroweak model' the b quark can decay
into the c quark or the u quark by emitting a virtual in-
termediate vector boson. The possible decay schemes of
B and B are shown in Fig. 1 for both the b~e and
b~u cases. In the "spectator" diagrams the B meson de-
cays when the b quark decays. In the "annihilation" and
"exchange" diagrams the light antiquark is directly in-
volved in the decay of the heavy meson. Since measure-
ments, made at the Cornell Electron Storage Ring, of the
shape of the lepton spectrum from 8 decays have limited
the ratio of branching fractions of b~ulb~c to be

&4/o at 90% confidence level, a charmed particle should
be present in almost all 8-meson decays.

Even if we assume that the spectator model (Fig. 1) de-
scribes 8 decay, there are still many possible ways to
describe how hadrons might form. In one model, the four
final-state primary partons interact with each other
without regard to color or charge and produce hadron
states proportional to the available phase space. An alter-
native model is based on the fact that QCD requires had-
rons to be color singlets. In this model, which we call the
"spectator model without color mixing, " the quarks from
the 8' may mix with the other quarks only when they
have the same color as the initial b quark (Fig. 2). The
amount of this mixing can be measured by examining in-
clusive g production from 8 decay, which will be dis-
cussed in this paper. The spectator-antiquark and
charmed-quark system, minimally, gives rise to a D
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FIG. 1. Decay diagrams for 8 and B mesons.

meson, but can also create additiona1 quark-antiquark
pairs from the vacuum and so produce additional had-
rons. We will show that measurements of the D momen-
tum spectrum and charged multiplicity in 8 decay imply
that the average number of additional hadrons produced
from the spectator and charmed quarks is small and con-
sistent with zero.

The large mass of the 8 meson makes the expected
number of low-multiplicity decays relatively small.
Nevertheless such decays have been found, involving a D
meson and one or two charged pions. Two-body decays
of B mesons test both the underlying electroweak quark-
decay mechanisms and additional corrections imposed by
QCD. In Sec. III of this paper, we report on several dif-
ferent measurements of the B~D~+ branching fractions.
We also give upper limits on other two-body 8-meson de-
cays: one containing hidden charm, B ~/K in Sec.
IIC, and two which could result from the b —+u transi-
tion, 8 ~& K, and 8 ~p &, and their charge con-
jugates in Sec. IV. In this work, the specification of a
particular reaction also implies its charge conjugate.
Also, in Sec. IV, we set limits on exclusive B decay into
two charged leptons.

The 8 mesons considered here have been produced in
Y(4$) decays at the Cornell Electron Storage Ring
(CESR), and the data were accumulated with the CLEO
detector. As the CLEO detector has been described in de-
tail elsewhere, we give only a brief description here. The
central region of the detector contains a beam-pipe pro-
portional chamber and a cylindrical drift chamber cen-
tered inside a superconducting solenoidal magnet of 1-m
radius operating at 1.0 T. Outside the coil are eight iden-
tical sectors of particle-identification apparatus. Each
sector consists of a three-layer planar drift chamber
closest to the magnet coil, a pressurized proportional-
wire-chamber system capable of measuring specific ioni-
zation (dE/dx), an array of twelve time-of-flight scintil-

lation counters, and, furthest from the intersection point,
a 44-layer lead and proportional-tube shower chamber.
The eight sectors are followed by 0.5 to 1.0 m of iron, and
finally there is a two-dimensional array of planar drift
chambers for muon identification, with additional drift
chambers interspersed within the iron to allow identifica-
tion of lower-momentum muons,

The detector excels at reconstructing final states con-
sisting of only charged particles, since the efficiency for
finding a charged track is high (85%) and the momentum
resolution is good. For tracks which are not limited by
multiple scattering, the rms spread in momentum is given
approximately as 5p/p=0. 012p (p in GeV/c). Neutral
pions, on the other hand, are not well measured and the
detector has poor efficiency for finding them.

A total integrated lun1inosity of 40.6 pb ' was accumu-
lated at the Y(4S) resonance and 17.1 pb ' was accumu-
lated in the continuum region between the Y(3S) and
Y(4S) resonances. We accepted hadronic events accord-
ing to the following rules.

(1) Each event must have at least five charged tracks
found in the drift chamber.

(2) There must be a common track vertex lying within
+8 cm of the nominal interaction point along the beam
line and within +2 cn1 transverse to the beam line.

(3) At least 250 MeV of electromagnetic energy must be
detected in the shower detectors.

(4) At least 30% of the center-of-mass energy must be
visible as charged tracks in the drift chamber.

The electromagnetic-energy cut was chosen to suppress
beam-pipe interactions; the charged-energy cut removes
two-photon collision events; and the multiplicity cut
reduces r+r background. The acceptance for Y(4S)
events is 86.3%, and for continuum two-jet events is
70.1%. r pairs pass these cuts at a 15.1% level.

After applying these cuts we had 42000 BB events and
106000 continuum events on the Y(4S) and a separate
sample of 45 000 continuum events.

II. INCLUSIVE PROPERTIES

A. D momentum spectrum

We have previously reported a measurement of the
momentum spectrum of D mesons resulting from B
meson decay (Fig. 3). The spectrum peaks at large
momentun1 and appears similar to the spectrum expected
for the semileptonic decay of a 8 meson to the spectrum
expected for the semileptonic decay of a B meson to a D
meson (solid curve in Fig. 3). This curve is the result of a
calculation for the process b~ce v, in which the b
quark is given the mass of the 8 meson and the c quark
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FIG. 3. D momentum distribution from B-meson decay.
The solid curve is the theoretical expectation for the semilepton-
ic decay b~ce v„ in which the decay proceeds via V —A.
The dashed curve is the result of a phase-space model (see text).

the mass of the D meson. The other curve in Fig. 3 re-
sults from a model in which the four quarks are allowed
to interact with each other at random and produce final-
state hadrons distributed according to phase space. This
curve is in disagreement with the data, even though the,
model which produced it agrees with all other inclusive
properties, including the charged multiplicity distribution
and the inclusive momentum spectrum. In the spectator
model without color mixing, final-state hadrons arise
from quark-antiquark creation in the c-quark-plus-
spectator-antiquark system, in the D decay, and in the
quark-antiquark system formed from the 8' . That is,
the similarity of the D momentum spectrum in all 8 de-
cays to the prediction for semileptonic decays suggests
that most B decays follow the same decay scheme as the
semileptonics, namely, the spectator model without color
mlx1ng.

8. Charged multiplicity

The comparison between the mean charged multiplicity
in semileptonic 8 decay and the mean charged multiplici-
ty in D decay gives information about particle creation in
the c-quark-plus-spectator (cu or cd) hadronization. We
have made new measurements of the charged multiplicity
with the entire data sample. The analysis technique was
the same as used previously, and yields an average
charged multiplicity in 88 events of 10.99+0.06+0.29
with a dispersion (the root-mean-square spread of the dis-
tribution) of 3.08+0.04+0.19. The first error quoted is
statistical and the second systematic. Whenever two er-
rors are quoted in this work, they follow this form. For
events with one or more identified leptons the average
charged multiplicity is 9.30+0.10+0.33 with a dispersion
of 2.23+0.10+0.23. We can unfold the average charged
multiplicity purely in hadronic B decay and in semilep-
tonic 8 decay by using the measured 8 semileptonic
branching ratio of 11.4+0.7%. We find the charged
multiplicity in a hadronic 8 decay is 6.0 0.3, and for

semileptonic decays is 3.8+0.4, where we have added the
systematic and statistical errors in quadrature. '

To proceed further we make two assumptions about
semileptonic 8 decay. First we take (b —+c)/(b~all) to
be 100%. Second, we assume that an equal mixture of D
and D is produced. These assumptions are consistent
with the lepton momentum spectrum in 8 decay from
which we have determined that ( b~)/(b~all) & 96% at
90% confidence level. In an equal mixture of D and D*
decaying, the measured charged multiplicity is 2.52 0.11
(Ref. 17). Since the lepton itself gives one unit of charged
multiplicity, the remaining unaccounted charged multipli-
city of X is 0.3+0.4 units for 8 decaying into (D or
D')lvX. This is consistent with there being little or no
fragmentation of the c quark and the spectator antiquark
into additional particles X in semileptonic 8 decay.

C. f production

The 6-decay Hamiltonian may be separated into color-
singlet and color-octet components. . The color-octet part
leads to the decay diagram shown in Fig. 2(b), where the
colors of the initial b quark and the quarks from the W
are the same. The P contains hidden charm (a cc pair)
and can be made in 8 decay through the color-suppressed
spectator diagram (Fig. 4). This was first discussed by
Fritzsch, " and later by Kiihn, Nussinov, and Ruckl, by
DeGrand and Toussaint, and by Wise. ' This decay occurs
only when the virtual 8' decays into a cs pair, which
happens, according to phase-space calculations, about
15% of the time. The color of the c must be the same as
that of the original b quark. This happens —,

' of the time
in the amplitude, thus reducing the probability by a factor
of 9. Multiplying these factors gives an estimate of the
branching fraction of 1.7%. Additional QCD correc-
tions' could lower this value. We search for f's in their
e+e and p+p decay modes. Electrons are identified
by using both dE/dx and shower measurements. Muons
are identified by the planar drift chambers outside 0.5 to
1.0 m of iron. The electron and muon identification pro-
cedures have been described elsewhere. '"

There were 42 events at the f(4S) which had two iden-
tified muons. The dimuon mass distribution of masses
above 2.5 GeV is shown in Fig. 5. There is a small excess
of events at the f mass. The background consists of
events with both a 8 and a 8 decaying semileptonically,
events with one semileptonic decay and an .oppositely
charged hadron faking a muon, and events with two op-
positely charged hadrons both faking muons. The mass
distribution of this background has been determined by
pairing an apparent muon from one candidate dimuon
event with the muons from all other dimuon events. The
background determined in this way and normalized in the
mass interval 2.500 to 2.945 and 3.245 to 4.000 GeV is

ct

S
q q

FIG. 4. Mechanism of f production through the color-
suppressed spectator diagram.
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FIG. 5. Dimuon mass distribution for Y(4S) events. Both
muons are positively identified.

shown as the dashed curve in Fig. 5.
We accept as P candidates muon pairs which have

masses within 1.5 standard deviations of the f mass. The
rms mass resolution of 60 MeV has been determined by
Monte Carlo simulation. There are six pairs within this
interval, with an estimated background contribution of
2.3+0.5. The efficiency for detecting B~g+ anything
by this procedure is the product of five factors. (1) the
geometrical and momentum acceptance for the muon pair
as determined by the iron thickness (0.18), (2) the square
of track-fitting efficiency (0.85 ), (3) the square of the
detection efficiency for the planar drift chambers (0.87 ),
(4) the fraction of dimuon g decays which satisfy the
selection criteria (0.87), and (5) the branching ratio for the
decay g—+@+p (0.074). The overall efficiency is
0.0063+0.0019.

To look inclusively for g's which decayed to e+e, we
required that at least one electron be identified. Mass
combinations were formed by pairing the identified elec-
tron with all oppositely charged particles in the event. A
combination was subsequently discarded if it could be
shown by dE/dx or shower measurements that the second
track was not an electron. We retained particles for
which no unambiguous determination could be made, ei-
ther because they were outside the electron identification
fiducial volume, or because dE/dx and shower measure-
ments were inconclusive. The mass distribution for elec-
tron pairs selected in this way is shown in Fig. 6(a).
Again a weak signal appears at the P mass. The mass
resolution for this case is poorer than for f~p+IJ, be-
cause of radiation of the electrons in the 5%-radiation-
length-thick beam pipe and inner proportional chamber.
In Fig. 6(b) we show those events from Fig. 6(a) in which
the second track of the g has been tagged as being a likely
electron either by dE/dx or by shower criteria. There
seems to be a clustering of events near the g mass.

The background for dielectrons consists of the same
three components as that for dimuons. Since positive
identification is required of only one electron, however,
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FIG. 6. Dielectron mass distribution for Y(4S) events. (a)
One electron is identified and the second is required to be incon-
sistent with a pion hypothesis if it strikes a sensitive region of
the detector. (b) Both electrons are identified.

the fake and double-fake components are more important.
The background has been estimated by the same pro-
cedure as for muons. An identified electron was taken
from one event and substituted for an identified electron
of the same sign in a second event. No identification re-
quirement was imposed on the particles in the second
event which were paired with the electron. The back-
ground was normalized to have the same area as the data
in the mass interval 2.500 to 2.845 and 3.245 to 4.500
GeV. In Fig. 6 the background and the contribution from
B~QX with a 1.3% branching ratio are shown as solid
and dashed curves, respectively.

The efficiency e~ for detecting a g through the decay
P~e+e is determined from our efficiency ei for identi-
fying an electron and from ez for simply finding the
second track, through the formula

Ey=[(2ei(1 ei)e2+F. , ]B(g~—e+e ) .

With our values for e& and ez (0.24+0.01 and 0.80+0.04,
respectively), ' we find e~——0.026. We have fitted the
data in Fig. 6(a) to the background shape determined as
described above, plus a signal shape determined by a
Monte Carlo calculation which included momentum
smearing due to the finite resolution of the cylindrical
drift chamber and radiation in the beam pipe and inner
proportional chamber. In the three mass bins from 2.945
to 3.145 GeV there are a total of 59 f candidates with an
expected background of 40, implying a total of 19+8 f
events. We correct this number by e@ and the 67% proba-
bility for the dielectron to fall in this restricted mass in-
terval.

The muon and electron results are consistent with each
other and may be combined to give a B~gX branching-
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FIG. 7. Dielectron mass distribution for continuum events.
(a) One electron is identified and the second is required to be in-
consistent with a pion hypothesis if it strikes a sensitive region
of the detector. (b) Both electrons are identified.

ratio upper limit of 1.6% (90% confidence). If the signal

were real it would correspond to a branching ratio of
(1.0+0&}% for 8—+/X. This small upper limit indicates
that color suppression may be an important factor in B
decay.

In the foregoing discussion we have assumed that all g
production which we observe comes from 8-meson decay.
We have tested the assumption that no f's are produced
in the continuum by searching for g's in the 17.1 pb ' of
data collected between the Y(3S) and Y(4S). It should be
noted that a major potential source of 1( background,
high-energy leptons from semileptonic 8 decay, is absent
for continuum events. There is only one opposite-sign
dimuon observed in this continuum data sample and it
has a mass far below that of the g. The dielectron mass

spectrum for these data is shown in Fig. 7, The back-
ground in Fig. 7 has been calculated by the same substitu-
tion procedure as that of Fig. 6. From the electron data
of Fig. 7 and the absence of any dimuon candidates we
obtain a 90% confidence level upper limit for continuum

g production of 0.005 per event. Thus the misinterpreta-
tion of continuum g production at the Y(4S) would lead
to an apparent branching ratio for B~QX of less than
0.3% with 90% confidence.

We have also searched for evidence of the exclusive de-

cays 8 ~/K and 8 ~/K m+. For t.his search we

expanded our muon sample to include events with just one
identified muon. For each of these events, the muon was

paired with all oppositely charged tracks. This procedure
increases efficiency at the expense of significantly wor-

sened background in the g sample. For the electrons, we

used the event sample shown in Fig. 6(a). , We selected
muon combinations with masses within 0.150 GeV of the

P mass and electron combinations in the mass interval
2.845 to 3.245 GeV. Events with satisfactory combina-
tions were subjected to kinematic fits constraining the en-

ergy of the 8-meson candidates to the beam energy and
the mass of the lepton pair to the f mass. We kept all
events with X &14 (based on a Monte Carlo study} and
examined the fitted invariant masses to see if they were
consistent with the known 8 mass of 5.272 GeV. We
found one candidate for gK and two candidates for
PK m. , leading to 90%-confidence-level upper limits for
the branching ratio of 0.26% and 0.63%, respectively.

III. B~De

A. Introduction

If the spectator model without color mixing does indeed
describe 8 decay, then two-body decay into Dm would
occur when the virtual 8' materializes as a m meson.
However, for 8 decay into D+ (or D"+)m, both the
spectator and exchange diagrams (Fig. 8), are possible.
For 8 ~DO(D*O)n. , only the spectator diagram applies.

From our previously measured 8 mass and the mass of
the Y(4S), the momentum of the 8 mesons resulting from
the Y(4S) decay is determined to be approximately 400
MeV/c. The 8 mesons are thus moving very slowly in
the laboratory system with P=0.08. If the 8's were at
rest, two-body decays into Dm. would produce mono-
chromatic D's and n's The m.otion of the 8's somewhat
broadens these spectra. Since the D decays into many
particles, it is easier to look for direct evidence of the ac-
companying m

dU)
~- b

D o D"

OB

Ud j vr-

D+ or D"+

D+ or D
it+

w- ( d}~

FIG. 8. Diagram for two-body decay of B and B mesons
into a charmed meson and a charged pion.

8; Single-particle momentum spectrum

Figure 9(a) shows the charged-particle momentum spec-
trum (in x =p/Eb„) from the Y(4S) with the continu-
um contribution subtracted. Charged tracks close to the
beam direction, with absolute value of the cosine of the
dip angle less than 0.8, have been eliminated. The distri-
bution goes to zero near an x value of 0.5 because the
Y(4S) decays into a 88 pair and each 8 has half the ener-

gy of the Y(4S). The shoulder at large x is partially due
to leptons from semileptonic 8 decay. In addition, decays
of D mesons which have themselves come from 8 decay
give charged particles at large x. The lepton spectrum
has been well measured and the yields from D's have
been simulated by Monte Carlo [Fig. 9(b)]. We subtract
these spectra from the x distribution, giving the particle
spectrum shown in Fig. 9(c). The remarkable feature of
this distribution is the rather prominent bump at x values
above 0.4. Pion spectra from Monte Carlo simulations of
the process B~Dnm (n =1,. . .,4) are shown in Fig. 10.
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between the Y(4S) mass and twice the B mass the B
mesons are produced nearly at rest in the laboratory.
Thus, in a two-body decay to D*+m both the n. and
the D*+ will be nearly monochromatic and anticollinear
in momentum. In addition, because of the small energy
release in the D*+ decay, the slow ~+ from the D'+ de-

cay will maintain the direction of the D"+. Events with
back-to-back slow and fast pions would then be evidence
for this two-body decay. A candidate event is shown in

Fig. 12. The actual analysis is described below.
We designate p, and ph as the momenta of the slow

and fast pions, respectively; p„ph, m, and mD are
known. The unobserved momentum pD of the D must be
determined in order to measure the invariant mass M3 of
the D*+~ candidates:

FIG. 13. Vector diagram for the B ~D*+m decay.

MD +M~ +2EDEs MD+
cosO=

&
I PDIIP. I

Note also that

ED* E +E (9a)

M3 [(ED+E +Eh) (PD+P +Ph)'1 (6) and

The magnitude of the D momentum
I pD I

is known,
since the B-meson energy (ED+Eh +E, ) must be equal to
the beam energy Eb„

PD I
=[(Et s Eh Es) ~D l

The two-body invariant mass of the slow m and D must be
equal to the D mass:

~D*'=(ED+E, )' —(pD+ p, ')'

=MD +M~ +2EDE, —2pD. p

Therefore, since

pD p, =
I 1 D I I p, I

cos8,

we find

PD+ =PD+ Ps . (9b)

We define a to be the measured angle between p, and ph
(see Fig. 13), and define P to be the azimuthal angle of pD
about p, . We cannot determine P but we can choose it so
as to maximize the calculated M3 and thus narrow the ap-
parent mass distribution. The expression for M3 then
translates into a pseudomass

( ~pseudo ) MDe +~ 2Eh +2Ebes~Eh —2p,phcos~

—2pDph (cosa cos8 —sina sin8),

where 8 is given by (8). When we select the azimuthal an-
gle in this way, the pseudomass distribution obtained via
Monte Carlo simulation of CLEO data (Fig. 14) is nar-
row, and lies in an interval approximately 14 MeV wide

RUN: l3489
EVNTI I5le

Y
Z X

LIJ

C3
(1)

K
K

K

Ch

LLJ

LIJ

FIG. 12. Candidate event for the decay B ~D ~+. The
fast pion (~I+, ) and the slow pion (m; ) from the D* decay are in-
dicated as are the decay products of the D which in this rare
case is observed to go into K+~

5.22

mg

5.24 5.26 5.28
RECONSTRUCTED MASS

FIG. 14. Monte Carlo distribution for pseudomass calculated
for the decay B ~D +m ~(D m+)~ using the technique
described in the text.
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between half the Y(4S) mass and the true 8 mass.
Pairs of oppositely charged tracks were considered if

they were consistent with a physical D*m state. That is,
the energy implied for the D must exceed the D mass, and
the minimum pseudomass constructible from the D and rr

must be less than the D* mass. In addition we initially
required p, &0.25 GeV/c and p), &2.0 GeV/c, since we
have seen from Monte Carlo simulations that these cuts
do not reduce our efficiency. The pseudomass distribu-
tions for Y(4S) and continuum data are shown in Fig. 15.
A net signal from 88 events is evident in the subtracted
distribution.

The contribution under the signal peak from continuum
events is evaluated by performing the analysis on data
taken at energies between the Y(3S) and Y(4S) reso-
nances. The reconstructed pseudomass is limited, howev-
er, by the beam energy. In order to subtract the continu-
um contribution properly we set Eb„equal to the beam
energy at the Y(4S) and scale the momenta by the mass of
the Y(4S) divided by twice Eb„. This provides a reli-
able means of subtracting the continuum under the Y(4S)
peak, since the momentum distribution of particles from
continuum events on and immediately below the Y(4S)
energy is very similar.

There is a contribution to our D'+sr signal from
tracks created in the semileptonic 8 decays 8 —+D*+I U

when the lepton (e or p, ) is very fast, and the neutrino
is given very little energy. Although the efficiency for
this process to produce a signal under our peak is very
small, its effect cannot be ignored. The sum of the elec-
tron and muon branching ratios for 8 mesons from the
Y(4S} is (22.8+1 4) %, much larger than that for the pro-
cess we hope to investigate. Estimates of the contribution

from this source indicate that it could be as high as 20%
of our signal, for a cut p~ &2.0 GeV/c. Since the semi-
leptonic branching ratios of charged and neutral 8's are
not separately known, it is desirable to avoid such a sub-
traction. The lepton momentum spectrum drops rapidly
above 2 GeV/c, so this background is reduced substantial-
ly by requiring p), & 2.3 GeV/c.

This particular analysis of 8 decay is not
overwhelmed by high background levels, despite the lack
of full kinematic reconstruction. Since only two tracks
are used, the large backgrounds associated with combina-
torial juggling of multiple tracks is minimized. In addi-
tion, the pool of fast pion candidates is quite small be-
cause such energetic particles comprise a very small frac-
tion of the particles generated in Y(4S} and continuum
events.

We have already noted the possible background from
semileptonic 8 decay. Other specific processes which
could cause background have been examined and found
not to contribute in the signal region. One way of es-
timating the random background from BB events is to in-
vert the three momentum of either pion and repeat the
analysis. Since p, and pI, should be at roughly 180' rela-
tive to each other, the true 8 signal does not contribute
near the signal peak in the track-inverted analysis. By
comparing the distributions obtained from data taken on
and below the Y(4S) (Fig. 16), we conclude that there is
no significant contribution to our signal from random
combinations in 88 events. This is not altogether surpris-
ing, since there are fewer 88 events than continuum, and
since the 88 event shape is much less jetlike than in the
continuum, pairs of tracks are less likely to occur opposite
each other.
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FIG. 15. D*+m pseudomass distributions using a momen-
tum cut
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&2.0 GeV/c. (a) For Y(4S) (solid line) and con-

tinuum (dashed line). (b) Result of continuum subtraction.
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FIG. 16. Track-inverted D*+m pseudomass distributions
using a momentum cut

~ ps ~
& 2.0 GeV/c. (a) For Y(4S) (solid

line) and continuum (dashed line). (b) Result of continuum sub-
traction.
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tinuum (dashed line). (b) Result of continuum subtraction.

To reduce the background from continuum events, we
required that the Fox-Wolfram parameter' R2 Hz/Ho-—
be less than 0.5. for any event containing a candidate.
This requirement discriminates against the more jetlike
events, so we exclude about 40% of continuum events and
lose about 10% of our 8 signal. The pseudomass distri-
bution observed for a 2.3-GeV/c momentum cut is shown
in Fig. 17. Any candidate with pseudornass

M~„„d,& 5.275 GeV/c was counted as a 8 or 8 . The
detection efficiency was estimated, using Monte Carlo
events, to be 0.103+0.004+0.011, where the systematic er-
ror is due to the uncertainty in the difference between the
Y(4S) mass and twice the 8 mass. Our analysis yields
71 candidates, which include 30+8 continuum back-
ground and 41+12 B and B candidates. We measure
the product of branching fractions

B(Y(4S)~B8 )8(8 ~D +m )B(D'+~rrD )

=5.0+1.5)& 10

Assuming that charged and neutral B's are produced in a
ratio 6 to 4 (Ref. 17), and that the branching fraction for
the decay D'+ ~D n.+ is 0.60+0.15 (Ref. 18) we obtain a
branching ratio (2.1+0.6+0.5)% for the decay
BP

D. Do~ mass plot

We have pursued the Dm final state further. We have
looked for events with a D associated with the fast m

D 's were identified by their decay into E m+. In order
to reduce background from continuum two-jet events, we
required the cosine of the angle between the m and the Km
direction in the Km rest frame to have an absolute value
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FIG. 18. Invariant-mass combinations of all opposite-sign
track pairs interpreted as K m+ for Y(4S) events. The momen-
tum of the E ~+ combinations was required to be between 1.5
and 2.8 GeV/c, and the absolute value of the cosine of the angle
between the m and the Km combination in the E~ rest frame to
be less than 0.8.
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FIG. 19. Reconstructed B mass spectrum for Y(4S) events
{solid histogram) and background estimation {dashed histo-
gram). See text for explanation of background distribution.

of less than 0.8. In order to maximize efficiency, we did
not require kaon identification. The resulting Kn.
invariant-mass spectrum is shown in Fig. 18 for Km. mo-
menta between 1.5 and 2.8 GeV/c. D candidates were
selected by requiring the Em invariant mass to be within
20 MeV of the known D mass. The D energy was re-
calculated by using the measured K and m momenta and
fixing the D mass at 1865 MeV. D mcombinations.
were then examined. Those with energies no less than 0.5
GeV and no greater than 0.25 GeV of the known beam
energy were kept. The cut was made asymmetrical to in-
clude D ~~D candidates. Since the energy of the B is
equal to the energy of the beam, the reconstructed B mass
(ILI) is computed from the single-beam energy Eb„and
the measured rnomenta PJ of the assumed decay products:

2

Mll ——Eb„—QPJ (10)

The use of the beam energy in Eq. (10), rather than the
measured energy improves the resolution in Mz by almost
a facto'r of ten, since the spread in Eb„ is only 3.2 MeV
(rms). In Fig. 19 we show the spectrum in reconstructed
8 mass for events from the Y(4S) (solid lines) and an esti-
mate of the background (dashed line). The background
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80
pa

Q B=D 7r
&Q B=o 7r=(o'7r) 7r-60—

actions (2) and (4) are present, leads to a branching ratio
of (4.0+ 1.7+ 1.0)% for each reaction.

E. Full B reconstruction

~40
I-
X
UJ

20

I ~m i i I VA: . .-:48
5.200 5.225 5.250 5.275

MASS (D m ) (GeV)

FIG. 20. Monte Carlo distribution of reconstructed B masses
for D and D* final states.

has been determined in three different ways and averaged
in order to increase the statistical accuracy. In the first
method, the background is measured by taking events in
which the pion from the B and the kaon from the D are
of opposite charge. This is not allowed for a real B decay
since the b~c~s decay scheme would be violated. In
the second method, we searched for doubly charged D's,
either K+~+ or K ~ and paired them with oppositely
charged pions. In the third method mass intervals for D
candidates were defined as 20-MeV bands 200 MeV away
from 1865 MeV. A clear excess of events above the back-
ground appears in the Y(4S) data sample. We have
checked to see if this signal could be the result of other
B-meson decay modes, for example, semileptonic decays
in which the neutrino is of very low momentum. The
semileptonic decays contribute no more than one back-
ground event and other processes contribute even less.
Then, using the average of the above three background es-

timates, we find 12.3+5.2 signal events.
The D ~ final state can result from reactions (1), (2),

and (4) listed above, since ignoring the slow pion or soft
photon from D* decay does not significantly alter the B
mass reconstructed. In Fig. 20 we show the Monte
Carlo —generated reconstructed-B-mass distribution for
D and D* final states. The detection efficiencies, howev-

er, do differ. They are listed in Table I.
This result can be expressed in terms of an equation re-

lating the number of 'events found to a linear combination
of branching fractions for reactions (1), (2), and (4). If we

assume that the branching fractions are equal, we find
that the resulting branching fractions for any one of these
channels is (2.0+0.8+0.6)%. Here we have assumed that
the Y(4S) decays into B B+ 60% of the time, ' and have

used the measured values B(D ~K ~ )=(3.0+0.6)%
(Ref. 19) and B(D*+~vr+D ) =(60+15)% (Ref. 18). The
assumption that B decays to D exclusively, i.e., only re-

B ~D~
B —+D m+m

B —+D +m

B- D*+~-~- .

(12)

(13)

(14)

I I l

2.6&P& I.OGeV/c

IOO-

O

0~ 75-

CU

V)t- 50-
LU0
LLJ

T(os)---CONTINUUM

We have also fully reconstructed the D*+~ final
state as well as the D ~ final state. These two-body fi-
nal states were found along with some three-body final
states as described below. Since b~c dominates, explicit
charm signals were first sought. We found D 's by identi-
fying charged kaons in either the dE/dx or time-of-flight
systems and then making mass combinations with all op-
positely charged tracks in the event, assuming they were
pions. Kaon identification was used to purify the signal.
The resulting mass spectrum, shown in Fig. 21, has a peak
at the D mass for events from the Y(4S) and no signal
from the continuum. The D momentum range was re-
stricted to be below 2.6 GeV/c, since a D from B decay
at the Y(4S) cannot exceed this momentum, and above 1.0
GeV/c in order to reduce background. We observed
charged D*'s by using the well established trick of com-
puting the K~m. -Km. mass difference, which is known to
be 145.4 MeV (Ref. 20) for real D"+~vr~D d—ecay. The
resulting K+~-+ mass plot (Fig. 22), for a cut of +2.5
MeV around 145.4 MeV, shows a distinct D*—+ signal
from the Y(4S). The data have also been cut on event
shape and the decay angle 8 of the m in the Err rest frame
with respect to the K~ direction in order to enhance the
signal. The cuts are Rz &0.3 and

i

cos8 &0.8.
Relaxing some of the cuts in order to increase our effi-

ciency, we fit these events with D or D*-+ candidates to
the "low-multiplicity" reactions (and their charge conju-
gates) listed below:

TABLE I. Detection efficiencies for D m

25 -q,
f'i C1 I i I

Lq f q JA I I I
LJ a'l I LJ I I LJ

LJ

I f1
I I'0
I I I Pg
I PJ I r I

I I
L & Iq PI IJ +J LMI

I f
LJ

Reaction

B ~Dm
B —+D*m (D* ~m D )

B —+D* m (D* ~yD )

B ~D +m (D*+—+m+D )

Efficiency

0.20+0.01
0.16+0.01
0.14+0.01
0.13+0.01

1.8 2.0 2.2
K7r MASS (GeV)

FIG. 21. E m invariant-mass spectrum using kaon identifi-
cation for events from Y(4S) (solid line) and continuum (dashed
line).
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0 SIDE BANDS

Higher-multiplicity reactions lead to large combinatorial
backgrounds. F'or this analysis D candidates are selected
mhen they have E m+ masses mithin 40 MeV of the D
mass. For D*+ candidates we required the Kmw —Km
mass difference to be within 3.0 MeV of 145.4 MeV and
the Krr mass to be within 80 MeV of the D mass. There

5200 5240
MASS (MeV)

5280

FIG. 24. Reconstructed 8-meson mass spectrum for more
restrictive cuts in g and D mass.

was no restriction on R2 or on cos8.
We have also selected charged-D* decays where the D

decays into a E and three charged pions. Here we re-
quired the Kmnmm K.mom-mass difference to be within
3.0 MeV of 145.4 MeV and required the Kaffir mass to be
within 80 MeV of the D mass. We do not search for 8's
which decay directly to D in the Kmmm decay mode be-
cause the combinatorial background is too large.

We consider only the above listed charge combinations
since they preserve the quark-decay scheme b~c~s.
The fit has two constraints: (1) the energy of the 8 must
equal the beam energy, and (2) the decay products of the
D (D') must have the right mass. Since the onset of 88
meson production must occur between the Y(3S) and
Y(4S) resonances, only 8-meson mass combinations be-
tween 5.180 GeV and 5.290 GeV mere allowed. We re-
quired the fit-X be less than 14, taking the hypothesis
with the lowest 7 when there were ambiguities. The re-
sulting 8-meson signal is shown in Fig. 23(a). The width
of the peak is 4.5 MeV (rms). The largest contribution to
this width is the CESR beam-energy spread of 3.2 MeV.
The background was evaluated in several ways. The en-
tire analysis was repeated with the Km mass cut displaced
by +200 MeV from the D mass. The resulting 8-mass
distribution is shown in Fig. 23(b). The events are plotted
with a weight of —, since there are twice as many events in

the sidebands as in the D region. No signal is apparent.
The analysis was also repeated off the Y(4S) peak and no
structure was observed. In addition, by narrowing the D
mass cuts by 25%%uo and reducing the P cut to 10, the
background is suppressed with little loss of signal (see Fig.
24).
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TABLE II. 8-mesons masses.

FIG. 23. Reconstructed 8-meson spectrum for Y(4S) events.
(a) The D mass cut was taken symmetrically about 1865 MeV.
(b) The D mass cut was taken symmetrically about 2065 and
1665 MeV.
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5273.0+ 1.3+2.0
5271.2+2.2+2.0
5275.2+ 1.9+2.0

4.0+2.7+2.0
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TABLE III. Branching fractions of reconstructed-B-meson
channels.

Reaction

B ~D~
B0-Do~+~-
B ~D +~
B ~D +m n.

Branching fraction (%)

4.2+4.2'
13 0+9 0
2.6+ 1.9
4.8+3.0

'Includes contribution from D* m. and D*+m
Includes contribution from D* m+m.

B[Y(4S)~BB ]B(B ~D*+m )B(D*+~~+D )

XB(D ~K sr+) =2+1 X 10

Using the above derived result that the Y(4S) decays 40%
of the time into neutral B's and that D'+~m+D is 60%
and D ~K m+ is 3.0%, we arrive at the branching frac-
tions in Table III. The large statistical error as well as
large uncertainties in the D*+——+mD and D ~Km branch-
ing fractions have been added in quadrature.

Since the energy of the B was constrained to the beam
energy, this analysis measures the mass difference between
the Y(4S) mass and twice the B-meson mass. The result
is 31.7+2.9+4.0 MeV. For mass values we use only the
D~+ final s-tates since the D could result from D' and
thus shift the mass by a few MeV. The mass of the Y(4S)
has been determined by using polarization measurements
made now at VEPP-4, CESR, and DORIS. ' The result-
ing B masses are given in Table II.

Theoretical predictions for the B -B mass difference
are of the order of 4 MeV. The CLEO data are not pre-
cise enough to test these predictions. The branching frac-
tion of the Y(4S) to charged or neutral B can be inferred
from the measured average B mass with the assumptions
(due to Eichten ) that the mass difference is 4.4 MeV and
that the rates for Y(4S) to decay to charged or neutral B's
differ due to phase space and the effect of the angular
momentum barrier. Then the branching fraction for
Y(4S) +B+B— is 0.60+0.02 and the branching fraction
for Y(4S)~B B is 0.40+0.02.

We now discuss branching-fraction estimates from
these fully reconstructed B decays. We do not use the
D ~Emma. decays in this analysis because we have more
events in the corresponding channels where D ~K~.
The measured product branching fraction for the D*+m
channel is

H= (J~~J „+H.c.),6
2

where

(15)

J~+ ——cyp(1 —y )b, J „=ups(1 —y )d,
6 is the weak-interaction coupling constant, and u, d, c,
and b are quark spinors.

The idea is to view the spectator decay of the b quark
in two stages, the decay of the b quark to a c quark and a
virtual 8', and the subsequent transformation of the
8' into a m. meson. We need to assume that the inter-
mediate states in the 8' decay amplitude are saturated
by the vacuum, as was done by Tsai in his calculation of r
decays. Since Tsai's predictions agree with the data, this
assumption seems well justified. Then, if we assume that
the c quark and spectator antiquark system produce only
a D, we can write the Hamiltonian as

H= —cyq(1 —y )b(0iAq im ) .
v'2

(16)

The (0
~

A&
~

m ) part is measured by m ~p v decay
and is equal to f cos6ccrz, where the pion decay constant

f =132 MeV, Oc is the Cabibbo angle, and q„ is the pion
four-vector. Then the width into Dm is given by

2 2 2 2 2f m, m mD mr=rcos 0 12~ A, , A,

mb mb mb mg mg

(17)

where

G mblo=
192m

( Vq, is the b-to-c matrix element),

F. Summary and comparison with theory

In Table IV we summarize the four different measure-
ments of the B~D(or D')m. ~ branching fraction.

These various measurements show that the branching
ratio for the two-body decay B~D (or D')m. is on the
order of 2% for any specific decay mode. Unfortunately,
the size of the errors precludes any definite conclusion re-
garding the dominance of D versus D final states or the
importance of the 8'exchange diagrams.

The. B~D~ branching fraction can be predicted us-
ing the spectator model of b-quark decay. In this section
D means the sum of both D and D" final states. The ef-
fective weak Hamiltonian is

TABLE IV. B~D + branching fractions.

Reaction

(1) B~D m, D* n
D*+~-, D+~-

(2) B~D (or D and D )~
(3) B' D*+~-
(4) B —+D +m

Method

Fast-~ momentum
spectrum
D m mass plot
Slow-m —fast-m
Reconstruction

Value (%)

2.0+0.6+0.5

2.0+0.8+0.6
2.1+0.6+0.5
2.6+ 1.9

D*+~mD
used

No

No
Yes
Yes

D ~Km.
used

Yes
No
Yes
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TABLE V. Predicted two-body B branching ratios.

Decay mode

Dm

DF
DK
Dp

DF*

Branching ratio (%)

1.9
3 8 (fF/0 240)
0.2
4.9
5.3 (f ~/0. 240)2

0.2

H= cyp(1 y)b(0—
i V~ i

V ),
2

2

r=r, cos 0 12m' B2 2fV
mb

2 2 2 2m, mz ma mz
2 2 2 2

mb mb mg mg

(19)

where

B(x,y )= (1—x —y )(1+x—2y ) —4x,
and fv is the vector-meson decay constant. If the vector-
meson coupling is Cabibbo suppressed, the cos 8c factor
is replaced by sin 0&.

These rates are changed by strong-interaction correc-
tions due to gluon exchanges which in leading-logarithm
approximation increase the width by 11%. W-exchange
diagrams may contribute in B decay and would also
change the decay rate. These exchanges are not expected
to account for more than 15% of the total width, but
may affect specific two-body processes differently. Ignor-
ing this contribution we arrive at the predicted rates given
in Table V.

This model is in good agreement with our data for
Dn . An earlier model of Ali, Korner, Kramer, and
Willrodt, which treats the W vertex differently, also
arrives at an approximate 2% rate for B~D*m.

A(x,y)=(1 —x ) —y(1+x),
A, (x,y)=(1 —x —y) —4xy .

In the case in which the virtual W transforms into a
vector meson V the formulas change to

40

I I I

a)
I I I

B~+vr+m
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For the B ~m+m hypothesis we required the energy
of the m sr+ pair to be within 300 MeV of the known
beam energy (Eb„). For the B —+p m hypothesis we
required the energy of the p m combination to be within
250 MeV of Eb„. We defined the p as any m+m pair
with invariant mass between 0.5 and 1.0 GeV. In each
case the mass of the B me-son candidate was calculated
using the known beam energy through Eq. (10). In Fig.
25 we show the distribution of (Mg —Eb„) for Y(4S)
and continuum for each decay mode. The background in
these distributions is large. In this section we discuss
some ideas which have enabled us to reduce the back-
ground.

The two-body final states we are considering here have
the outgoing particles at large momentum in order to sum
to the beam energy, and yet have relatively low total
momentum (400 MeV/c). Thus they are almost opposite-
ly directed in the laboratory. Since B decays produce few
high-momentum particles, and the particles in these final
states have the maximum allowed momentum, the back-
ground comes mainly from continuum events. Therefore,
we expect the background events to have two-jet structure.
We now demonstrate that backgrounds to the B decays
considered here occur when one of the two final-state par-
ticles is in one jet and the other in the opposite jet. First,
for each event we found the jet axis of the remaining
particles with the candidate B decay removed. We then
found the cosine of the angle between the final-state parti-
cles (m. or p) and this jet axis (cos8). Figure 26 shows the
cos8 distributions for each decay mode for the continuum
data. A strong angular correlation exists between the fast
particles and the jet axis of the remaining particles. In
contrast, Fig. 27 shows the same distributions for Monte
Carlo events in which the B (B ) decays into m+n.

(p m ) and the other B (B+) decays normally, that is
essentially isotropically. As expected, there is hardly any
angular correlation. In order to reduce the background,
we rejected combinations if

~

cos8
~

for at least one of the

IV. SEARCH FOR TWO-BODY DECAYS
RESULTING FROM b —+u TRANSITIONS

AND TWO-BODY DECAY
INTO CHARGED LEPTONS

A. B —+m.+m. and B ~po~
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Weak decay of the b quark into the u quark rather than
the c quark would manifest itself by B-meson decay into
final states without a charmed particle. In the spectator
model the b quark decays into a virtual 8' and a u
quark. The spectator quark then combines with the out-
going quarks and forms hadrons. In addition, the b~u
transition can occur via a W-exchange graph (for B ) or
via an annhilation graph into W (for B ). We have
searched for the final states n+m from B decay and

p m. from B decay.
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FIG. 25.
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(~g —Eb ) distributions. (a) B —+w+w, (b)
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for the continuum data sample. (See text
for definition. ) (a) ~ from B ~m+~, (b) m from B —+p m

(c) p from B —+p m

FIG. 28. (Ms —Eb l distributions cut on
~

cos8
~

&0.8 and
polarization cut on p. (a) B —+m.+n. , (b) B —+p m

fast particles was greater than 0.8. This reduces the ac-
ceptance by about 20%%uo.

Since the p in 8 —+p m. is polarized in the helicity 0
state, we can further reduce the background for this decay
mode. We define a polarization angle 8~ in the following
way. First, find the direction of p in the 8 rest frame.
Then, find the direction of the mr+ in the p rest frame. 8
is the angle between these two directions. Because of the
polarization, only 25% of the Monte Carlo signal events
have

~

cos8
~

less than 0.5, whereas the background is
flat as a function of cos8 . Therefore we eliminate events
with

~

cos8
~

less than 0.5.
Figure 28 shows the distribution of M~ —Eb„with

the cuts described above, for both the Y(4S) and continu-

um data samples. In Fig. 29 the continuum data have
been subtracted. We examine the two mass bins which
would be populated with B-meson events, namely, —10
MeV~M+ —Eb„~ & —20 MeV. No signal appears. In
the two mass bins of interest, we find 3.7+3.5 m+m. can-
didate events and in the p m mass plot we find
—7.8+7.9 events. These numbers translate into 90%-
confi'dence-level upper limits of 8.5 events for 8 ~m+n. .
and 9.1 events for 8 ~p m. . We estimated the detec-
tion efficiency for each decay mode using Monte Carlo
events to be 50 and 31%, respectively. We have 42000
88 pairs. Assuming a 6:4 ratio of 8 to 8, these results
correspond to branching-ratio upper limits of 0.05%%uo for
8 ~m+~ and 0.06.% for 8 —+po~
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We do not know what branching ratio to expect for
these final states. The upper limit on (b~u)!(b~c) ob-
tained using semileptonic B decays is 4%. If the fraction
of b~u that goes into any one of these final states were
2%, and ( b ~u )/( b ~c ) were 4%, then the branching ra-
tio for the final states considered here would be 0.08%.
Thus, the limits found here are not trivial, although it is
not possible to translate them directly into an upper limit
on inclusive b ~u decays in a model-independent way.

B. Search for exclusive 8 decays
into two charged leptons

Our search for the m. +m final state is not sensitive to
the mass of the final-state particles, provided that they are
light, since the mass enters only in the energy constraint.
Therefore, the upper limit of 0.05% applies for any final-
state particles with a pion mass or less. When the final-
state particles are leptons the limits are improved by using
the lepton identification capabilities of the CLEO detec-
tor. ' For the decay B ~p+p, we improve our limit by
requiring that both muons penetrate the iron and produce
signals in drift chambers. We find no such events. After
correcting for detection efficiency (33%), we set an upper
limit of 0.02% at 90% confidence for this decay. We im-
prove our limit for B —+e+e by requiring that only one
of the electrons be positively identified in the dE/dx and
shower-chamber systems. One found candidate, coupled
with a detection efficiency of 33%, gives a 90%-
confidence-level upper limit of 0.03%. Finally, for the
decay B ~p+—e+, we require the muon to be identified
but the electron needs to be positively identified if it is in
the fiducial volume of the electron detectors. This pro-
cedure gives an efficiency of 42%. The two candidate

events found give an upper limit at 90% confidence level
of 0.03%.

V. CONCLUSIONS

Hadronic B decays have a mean charged multiplicity of
6.0+0.3 and semileptonic B decays have a mean charged
multiplicity of 3.8+0.4. The two-body branching frac-
tions of B~D~ have been measured in four different
ways and give values of about 2%. Inclusive 1(j decay ac-
counts for no more than 1.6% of B decay (at the 90%
confidence level), and thus demonstrates the suppression
of color mixing in B decays. The branching fractions for
B ~/K and B ~gE m+ are less than 0.26% and
0.63%, respectively. The noncharmed final states m. +m.

and p m. have also not been observed. The upper limits
(90% confidence level) are 0.05% and 0.06%, respective-
ly. This is consistent with a small b~u coupling.

Theoretical predictions using the standard electroweak
model with QCD corrections are consistent with the data.
The data are consistent with a model where the B decays
into a D and virtual W, the virtual W then transforming
into hadrons or leptons in the case of semileptonic B de-
cay or into a pion in the case of two-body B decay. Al-
though this picture probably wi11 not explain all of B de-
cay, it provides a starting point for understanding most of
B decay.
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