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We have measured the inclusive branching ratio for 8~/X to be (1.09+0.1620.21)%, and the
exclusive branching ratios for 8 ~/K and 30~$E 0 to be (0.09+0.05)% and (0.41+0.18)%,
respectively. The mass difference between neutral and charged 8 mesons is 1.1+2.1 MeV, awhile the
difference between the mass of T(4S) and twice the mean 8-meson mass is 18.5+3.0 MeV. The (i

momentum distribution imphes a substantial two-body decay (in agreement with direct measure-

ments), but also some combtnauon of 8~/X with Ms & 1.5 GeV, and 8~f'X.
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I. INTRODUCTION

The decay B~QX was proposed by Fritzsch' as a
favorable mode for reconstructing b-flavored mesons.
Subsequently others s discussed inclusive f production
in B decay as a test for color suppression. The spectator
diagram for the inclusive decay B~QX is shown in Fig.
1. A g can be produced only if the color of the c from
the virtual W matches the color of the c. Ignoring the
effects of gluons, the requirement of color matching
reduces the decay amplitude by a factor of 3. This color
suppression may be defeated by gluon radiation. Short-
range enhancements brought about by gluon exchange
may also alter the suppression factor; most theoretical es-
timates suggest they increase it. Recent estimates ' of the
inclusive branching ratio range from 0.3% to 2A%.

Statistically weak evidence for B~QX, with an in-
clusive branching ratio of about 1%, was first presented
in 1984 (Ref. 6). More compelling evidence has been re-
ported recently by CLEO {Ref. 7} and by ARGUS Colla-
borations. Here we present a more extensive, updated re-
port on the CLEO work. The data sample used here in-
cludes that of Refs. 6 and 7; the numbers given here sup-
plant the numbers given there. We present measurements
of the inclusive branching ratio for B~QX, and the ex-
clusive branching ratios for B ~/K and B ~/K'o.
(In this article, wherever a decay mode is specified, its
charge conjugate is also implied. ) From the exclusive de-
cays we obtain new measurements of the masses of the
charged and neutral B mesons. The momentum distribu-
tion of P's from B~QX is given and interpreted to pro-
vide information on the mass distribution of the hadronic
system X. As a byproduct of this work, we obtain upper
limits on g production from the continuum and from the
Y(1S).

The B mesons used in this study were produced by the
reaction e+e ~Y(4S)~BB, using the Cornell Electron
Storage Ring {CESR). The decay products of the B's
were observed in the CLEO detector. As the CLEO
detector has been described in detail elsewhere, s only a
brief description is given here.

Initially, the central region of the detectoi contained a
three-layer cylindrical proportional chamber and a
seventeen-layer cylindrical drift chamber inside a super-
conducting solenoid magnet of 1-m radius operating at 1.0

T. Later, the proportional chamber was replaced with a
ten-layer cylindrical precision drift chamber, and the
seventeen-layer drift chamber was instrumented to allow
measurement of the specific ionization ( dE/dx) of
charged particles. In addition, the aluminum beam pipe
was replaced by a thinner, beryllium beam pipe. Data
used in this study were taken both with the original up-
graded configurations.

Unchanged in the upgrade were the eight identical sec-
tors of particle-identification apparatus outside the coil.
Each sector consists of a three-layer planar drift chamber
{closest to the magnet coil), a pressurized proportional-
wire-chamber system used to measure specific ionization
{dE/dx), an array of twelve time-of-flight scintillation
counters, and, farthest from the intersection point, a 44-
layer lead and proportional-tube shower chamber. The
eight sectors are followed by 0.5—0.9 m of iron and a
two-dimensional array of planar drift chambers for muon
identification. Additional drift chambers are interspersed
within the iron to allow identification of lower-
61081entQID muons.

The data samples used in this study were 41 pb ' at the
Y(4S) and 17 pb ' at energies just below the Y(4S}with
the original detector configuration, 78 pb

' at the Y(4S),
36 pb ' just below the Y(4S), and 15 pb ' at the Y(lS}
with the upgraded detector. Events were classified as ha-
dronic events if they had at least five charged tracks, at
least 30% of the center-of-mass energy visible as charged
tracks, a common track vertex lying within 8 cm of the
nominal interaction point along the beam line and within
2 cm transverse to the beam line, and at least 250 MeV of
electromagnetic energy observed in the shower detector.
The data stimples consisted of 435000 hadronic events at
the Y(4S}, of which 125000 events were BB, 137000
events in the continuum below the Y(4S), and 275000
events at the Y(1S).

The decay modes f~e+e and P~p, +p were used
to detect P's. Electrons were identified by specific ioniza-
tion and electromagnetic shower measurements, with a
minimum momentum requirement of 1 GeV/c. At least
one electron candidate was required to pass stringent elec-
tron identification requirements using both dE/dx and
shower-detector information. The other was accepted if
dE/dx or shower properties indicated it was probably an
electron. Muons were identified by their ability to
penetrate the iron hadron absorber. One of the two
muons was required to pass through the full absorber,
with a thickness of 0.5—0.9 m, and be detected by both
planes of the outer chambers. The minimum momentum
for that muon was 1.2—2 GeV/c, depending on the thick-
ness of the iron traversed. The other muon was accepted
if it passed through at least 0.3 m of iron, triggering at
least tvvo inner muon planes, and had a momentum above
1 GeV/c. In searching for B~QX, an upper limit of 3.0
GeV/c was imposed on the muon momentum.

III. INCLUSIVE BRANCHING RATIOS

FIG. 1. The color mixed specta-tor diagram for inc)usive f
production in 8 decay.

The dimuon-invariant-mass distribution from the
Y{4$)data sample is shown in Fig. 2. A strong P signal
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FIG. 2. p+p invariant-mass distribution in the neighbor-
hood of the g mass (sohd histogram). The dashed histegram
shows the background calculated as described in the text.

FIG. 3. p+p invariant-mass distribution from 0 to 5 GeV
(solid histogram). The i( signaI should lie entirely in the
3.0—3.2-GeV bin. The dashed histogram shows the background
calculated as described in the text.

is evident at 3.1 GeV. The shape of the background is
modeled weil by a Monte Carlo prediction (the dashed
histogram), which is described below.

Apparent p+p, pairs arise from several sources other
than g~p+p: semileptonic decay of both 8 and 8
(44% of the background at the f mass}; sesnileptonic de-

cay of 8 to D, followed by semileptonic decay of D
(20%); semileptonic decay of continuum D and D (7%);
events with a muon from semileptonic decay of 8 or D
and a hadron misidentified as a muon (25% ); and events
with two hadrons misidentified as muons (4%). These
backgrounds were calculated, with no adjustable parame-
ters, by Monte Carlo studies using known 8 and D semi-
leptonic branching ratios' and misidentification probabil-
ities measured with Y(1S) data [1% (4.5%) per hadron,
for penetration through full (partial) absorbers]. Because
of uncertainties in the misidentification probabilities, the
semileptonic branching ratios, and the D momentum
spectra, the background. calculations just described have
an uncertainty estimated at +15%. We therefore choose
to normalize the calculated background to the measured
data in the interva1s 2.4—3.0 and 3.2—3.8 GeV. The scal-
ing factor so determined is 0.8+0.1.

The sum of the background contributions, scaled by the
factor 0.8, is compared with the measured dimuon mass
distribution in Fig. 3. The nearness of the scahng factor
to unity and the agreement of the shape of the calculated
and measured distributions give us confidence that the
background is adequately understood. The excess over
background in the 3.0—3.2-6eV region is 52.5+9.1 events,
which we take as our P signal. The quoted error includes
the statistica1 uncertainty in the scahng factor. An addi-

tional error has been included in the systematic error (see
below} to allow for an uncertainty in the shape of the
background.

To establish that the detected P's come from 8 decay,
we examine the dimuon-invariant-mass distribution from
the data sample at energies just below the Y(4S) [shown
in Fig. 4(a)]. There are two events in the 3.0—3.2-GeV re-

gion, with a background of 2.6+0.7 events. Allowing for
the difference in luminosity between the on-Y(4S) and
below-Y(4S) data samples, these numbers imply that of
the 52.5+9.1 f events from the Y(4S) data sample, at
most 8 (90% C.L.) come from the continuum. Hence-
forth we will assume all 52.5 events are from 88 decay.

The efficiency for detecting 1(~p+p was determined

by Monte Carlo simulation supplemented with measured
efficiencies for the muon drift chambers. It was found to
be nearly independent of f momentum, and to average
26% for f momenta below 2.0 GeV/c. Together with a
P~p, +p branching ratio" of 0.074+0.012 and our mea-
sured Y(4S)~88 visible cross section of 1.06 nb, this
leads to a branching ratio of

8 (8~/X) = (1.09+0.19+0.22)% .

The 20% systematic error is composed of errors (summed
in quadrature) in the 1(~p+p branching ratio (16%),
Monte Carlo efficiency (10%), muon-chamber efficiency
(6%), and a 10% uncertainty in the background deter-
mination, which contributes a branching ratio error of
5%.

To place an upper limit on continuum It production at
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FIG. 4. p+p, invariant-mass distributions in the neighbor-
hood of the g mass. (a) Continuum data sample, at energies just
below the Y(4S). Cuts are as used on the Y{4S)data sample.
The dashed histogram shows the background calculated as
described in the text. (b) Continuum data sample, with no upper
limit cut on the momentum of the p's. (c) f(1S) data sample,
with no upper limit cut on the momentum of the p's.

all kinematically allowed momentum requires a modifica-
tion of our cuts. The upper limit of 3.0 GeV/c on muon
momentum imposed in the search for B~QX causes the

P detection efficiency to fall at g momenta above 2 GeV.
Dropping that cut, we obtain an efficiency that has no
falloff at high f momentum. Again searching the contin-
uum data sample, we find three events in the 3.0—3.2-

. GeV region, with a background of 3.2+0.7 events [Fig.
4(b}). This gives a 90%-confidence-level upper limit of 4
P s, leading to an upper limit on the yield of P per contin-
uum event of 0.0011.

The Y( lS) data sample has been searched for
l(~p+p, without the 3-GeV/c cut on muon momentum.
The dimuon mass distribution is shown in Fig. 4(c). We
have not modeled the background, but have taken it to be
the average for dimuon masses in the intervals 2.4—3.0
and 3.2—3.8 GeV. There are three events in the signal re-
gion, with a background of 1. These numbers translate
into a 90%-confidence-level upper limit on the branching
ratio for Y( 1$)~QXof 0.09%.

In searching for g by its e+e decay mode, we have
used only the data samples with the upgraded central
detector configuration, because the dE/dx measurements
in the 17-layer drift chamber provided significant im-
provement in electron identification. The dielectron-
invariant-mass distribution from the Y(4S}data sample is
showil Ill Fig. 5. As ill tile dlnluon case, a stl'ong tp slgllal
is evident. %'e have not modeled the background, but

FIG. 5. e e invariant-mass distribution in the neighbor-
hood of the f mass (histogram). The dashed curve represents
the background as determined by a polynomial fit to the data,
excluding the region of the p peak. The solid curve is a sum of
the background and a Gaussian at the P mass, with the expected
mass resolution.

have taken it to be a smooth curve through the bins near
the l( mass. The background curve is indicated in Fig. 5.
There is an excess of 29.7+8A events at the P mass. The
data sample just below the Y(4S) shows no sign of f.
From this, and from the similar result with the dimuon
decay mode, we conclude that all f's are from 8 decay.

The efficiency for detecting g~e+e was determined
by Monte Carlo simulation supplemented with separate
investigations of electron identification efficiency. It was
found to be 23%. Using this number along with the
f~e+e branching ratio and the Y(48) cross section
leads to a branching ratio of

B(B~QX)=(1.08+0.30+0.30)% .

The 28% systematic error is composed of errors (summed
in quadrature) in the g~e+e branching ratio (16%),
Monte Carlo efficiency (18%), electron identification effi-
ciency (10%), and a contribution (10%) from uncertainty
in the background subtraction.

The branching ratios obtained from dim non and
dielectron signals are combined to give

8 (8-+/X) =(1.09+0.16+0.21)% .

The 19% systematic error is dominated by the 16% error
in the /~1+I branching ratio.

The 78 dirnuon events and 167 dielectron events in the
P region were searched for two-body exclusive decays' of
the 8 8 ~QE ' 8 ~PE K ~m+m ' and
8e~pE ', E ~E m+. No particle identification
was required on the pion or kaon. 8's produced in the re-
action e+e ~Y(4S)~88 have the same energy as the
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beams. The search procedure therefore constrained the
candidate 8-meson energy to the beam energy, and also
constrained the dilepton mass to the 1{ mass. In satisfying
these constraints, the magnitudes, but not the directions,
of particle momenta are readjusted, minimizing the X re-
sulting from the shift from the measured values. The
charged-particle momentum resolution, required for the
X computation, was determined by studies with -pair
data and with Monte Carlo simulation. A cut in g of 10
was found from Monte Carlo studies to have good effi-
ciency and good background rejection. A dipion pair was
classlflied as a K if its niass was wlthiil 20 MeV' of tile
K mass; a K-n pair was classified as a K'0 if its mass
was within 100 MeV of the K' mass.

Four PK events, no PK events, and 10 QK' events
were found with masses above 5.2 GeV. The masses ob-
tained are plotted in Fig. 6. A narrow peak at 5.280 GeV
is evident.

The background to 8~/K might arise from the fol-
lowing sources: (i) apparent dileptons with masses be-
tween 3.0 and 3.2 GeV which are in reality not g's (fake
g's); (ii) real g's from the continuum; (iii) 88 events, with
a real P from one 8, and the apparent K or K '0 from
the other 8; (iv) 88 events, with a real f from one 8, and
the K or (at least part of the) K ' from the same 8. The
background from fake f's was studied using the sidebands
to the f from data and using Monte Carlo simulation of
non-g 88 dileptons. The background from real g's from
the continuum was studied using continuum data, with
random high-momentum charged particles replaced with
a g of the same momentum. The background from real

P's from 88 events was studied with Monte Carlo simula-
tion. The only significant source was item (iv). The cal-
culated background within +6 MeV of the 8 mass peak
was 0.1 gK events and 0.5 gK ' event.

The efficiency for detecting PK, given that the g has
been detected, was determined by Monte Carlo simulation
to be 73%. The efficiency for detecting fK, including
the K +a+—n. branching ratio, was found to be 15%.
The efficiency for detecting PK ', including the
K '0~K ~+ branching ratio, was found to be 37%. The
exclusive branching ratios resulting from these efficiencies
(assuming production rates for charged and neutral 8's
are in the ratio 60:40}are

8(8 —+/K )(0 5%. at 90% C.L. ,

8 ( 8 ~gK ) =(0.09+0.05)%,

B(8 +K' )—=(0.41+0.18)% .

Because background is so small, these reconstructed 8's
are well suited for a mass determination. The mass reso-
lution is +2.8 MeV, and is dominated by the spread in
beam energy. The three gK events lead to a mass

m =(5.2801+0.0016+0.003) GeV,

while the five PK ' events lead to a mass

m}) 0
——(5.2812+0.0013+0.003} GeV .

The error in these numbers due to background is small
compared to the measurement errors quoted. The sys-
tematic error comes from the uncertainty in the beam en-

ergy scale, and cancels in the mass difference

w&p —m& = 1.1+2.1 MeV

The mass measurement technique, constraining the 8
energy to the beam energy, directly measures the differ-
ence between the beam energy and the 8 mass. Averaging
charged and neutral 8's, we obtain

M{Y(4S}}—2M' ——18.5+2. 1+2.0 MeV

where the last error accounts for the possibility that the
center-of-mass energy was not centered perfectly on the
Y(4S) resonance during the on-4S runs.

V. P MOMENTUM DISTRIBUTION

Figure 7 shows the efficiency-corrected, background-
subtracted P momentum distribution, coinbining muon
and dielectron data. The non-g background for electrons
was determined from sidebands to the P peak; for muons
it was determined by Monte Carlo simulation, although a
sideband technique gave the same result within error.

The g momentum distribution following from the spec-
tator diagram of Fig. 1 is readily calculated' if one ig-
nores gluons and describes the initial 8 as a free bq sys-
tem with the quarks in relative motion. We take for this
Fermi motion a Gaussian with (P ) = (P~ )
=(P, ) =(170 MeV/c}, as determined from the lepton
spectrum in semileptonic 8 decay. ' The ce mass is re-
quired to be near the P mass. Results depend only weakly
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FIG. 7. f momentum distribution. In (a), the dotted curve is
the spectator-model prediction for primary t(i' s, the dashed curve
is the spectator-mode1 prediction for secondary tr'i's {from f' and

g~), and the solid curve is their sum. In (b) the dashed histo-
gram is the calcu1ated distribution assuming 40% of the decays
are two body, 30% are 8~P'X according to a spectator model,
and 30% B~I(X, Mx uniformly distributed between 1.5 and
2.0 GeV. The solid histogram assumes 40% two body, 20%
8 +f'X, 20%%uo -8-+I(iX, 1.0&MX&1.5 GcV, and 20/o 8-+I(iX,
1.5 ~ M~ g2.0 GeV.

adequately, suggesting that 8~$'X is at least a partial ex-
planation' for the low-momentum gi' s.

In the reaction chain Y(4S) +B—B, B~QX, the I( labo-
ratory momentum distribution is uniquely determined by
the mass distribution of the hadronic system X. Deter-
mining the mass distribution from the momentum distri-
bution cannot be uniquely done, due to the motion of the
8 mesons. Nonetheless, we examine the implications of
the measured f momentum distribution for the X mass
distribution. This analysis complements the spectator-
model treatment given above, providing a different way of
viewing the same information.

If one assumes that the branching ratios for 80~/K o

and 8 ~/K are equal, and that those for 8 ~PE'
and 80~/K' are also equal, then the measured ex-
clusive branching ratios imply that (46+17)% of f pro-
duction results from the two-body modes II'iK and fK'.
We take 40%%uo as two-body decay, and try various possibil-
ities for the remaining 60%: (1) 8-+/X, with Mx distri-
buted flat from 1.0 to 1.5 GeV; (2) B~QX with Mx dis-
tributed flat from 1.5 to 2.0 GeV; and (3) 8~$'X accord-
ing to a spectator quark model. Since possibility (1) does
not contribute to the f momentum bin between 0.5 and
1.0 GeV, there must be some contribution to 1( production
from (2) or (3). Possibilities (2) and (3) have similar g
IlloIIlclltuIII dlstflbutlons, aIld callnot. bc dlstlllgulsllcd.
Figure 7(b) contains the same data as Fig. 7(a). The
dashed curve is the calculation for 40% two-body decays,
with the remaining 60% equal amounts of g'X and gX;
M» is between 1.5 and 2.0 GeV. This curve appears to
overestimate the low-momentum contribution. The solid
curve is the calculation for 40% two-body decays, 20%
fX with Mx between 1.0 and 1.5, and 40% a mix of tPX
with Mx between 1.5 and 2.0, and g'X. It represents the
momentum distribution well.

on final-state quark masses, but are sensitive to the b-

quark mass. We allow the b-quark mass to vary with
Fermi momentum as

( ~ 2+F2)1/2+(~ 2+p2)1/2

The shape of the resulting 1( momentum spectrum is
shown as the dotted ctuve in Fig. 7(a). This curves falls
short of the data at low g momentum.

Not all g's detected from 8 decay need be primary de

cay products. Some might result from 8~f'X,
g'~pm. ~, or from 8~XX, X~gy. Kuhn, Nussinov,
and Ruckl calculate the 1(i' and X production, relative
to primary 1(i production, to be f':X2g &.Xo..p
=0.31:0.0:0.27:0.0:1.0. Multiplying these production ra-
tios by the branching ratios" of 14'i' and X to rp, one obtains
016-00-008.00-10 as the ratios for production of pri-
mary or secondary p. The Iji momentum distribution of
these secondary g's is readily calculated in the framework
of a spectator model for B~g'X, or 8~XX. The result-

ing distribution, normalized relative to primary I)'i produc-
tloll, ls shown as thc dashed cllrvc Ill Flg. 7(a). This coll-
tribution accounts for a portion of the excess events at low

g momentum. The solid curve in Fig. 7(a) is the sum of
primary and secondary 1( curves. It represents the data

VI. DISCUSSION AND CONCLUSIONS

The measured inclusive branching ratio 8(B~QX)
=(1.09+0.16+0.21)o%/agrees with previously reported
CLEO (Refs. 6 and 7) measurements (1.0+0~4)% and
(1.10+0.21+0.23)%, and supersedes them. It is also in
good agreement with the ARGUS (Ref. 8) value:
(1.37+0'S)%.

Thceretical predictions fall into three groups. Rough
estimates' which ignore color matching or assume it will
be accomplished by soft-gluon emission predict an in-
clusive branching ratio near 3%. Calculations which in-
clude a color suppression factor of —,', allowing for color
matching but ignoring hadronic enhancements, ' predict
1.6—3.0 %. Detailed QCD calculations predict 0.3
—0.5%. Our number lies between the second and third
group, suggesting that color matching plays a significant
role.

The measured exclusive branching ratios
8(8- yK-) =(0.09+0.05)% and 8(8' 1(E")
=(0.41+0.18)% show that roughly half of the inclusive
B~lpX decay Is to thc two-body lllodcs fK alld QK
This result is in agreement saith the simple spectator-
model calculation for B~QX, which suggests that the ha-
dronic object X will have a mass less than 1 GCV in 50%
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of all cases. A more refined calculation of the two-body

branching ratios is needed.
The measured 8-meson masses are highex' than those

previously measured by CLEO (Ref. 6). The available ki-

netic energy in T(4S)~88 is now measured as
~('H4S)) —2Ms ——18.5+3.0 MeV, as compared to 32+5
MeV. The neutral-charged 8 mass difference is smaller,

M&o —M =1.1+2.1 MeV, as compared to 4.0+3.4
MeV (Ref. 6}. Theoretical predictions' for the mass
differerice range from 2.3 to 5.8 MeV. The high end of
these predictions now appears unlikely.

The measured P momentum distribution has a smaller
low-momentum contribution that CLEO's previously pub-
lished distribution. The momentum distribution implies
substalltlal tllvobod-y decay, 8-+TEE/K (lil agreeiilellt

with direct measurements}, but also substantial decay
8~$'X, or substantial decay 8~/X, Mx ~ 1.5 GeV (or
some combination). A heavy hadronic system X suggests
hard-gluon emission.
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