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(Received 8 July 1991)

We report new measurements of semileptonic branching fractions of B mesons produced at the
Y(4S5) resonance determined by fitting the inclusive electron and muon momentum spectra to dif-
ferent theoretical models. Using B(B — X£~ ) to denote the average of the semileptonic branching
fractions for B decay to electrons and muons, we obtain B(B — X£~ ) = (10.5£0.2 £ 0.4)% using
the refined free-quark model of Altarelli et al.,, and B(B — X£~p) = (11.2 £ 0.3 £+ 0.4)% using a
modified version of the form-factor model of Isgur et al., in which the D**£~ b contribution is allowed
to float in the fit. The average of these two results is B(B — X£~7) = (10.84£0.24+0.44+0.4)%, where
the errors are statistical, systematic uncertainties in the measurement, and systematic uncertainties
associated with the theoretical models, respectively. Semileptonic branching fractions as low as this
are difficult to accommodate in theoretical models where hadronic B-meson decays arise only from
spectator diagrams. We use dilepton yields to limit the uncertainty in the semileptonic branching
fraction due to the possible existence of non- BB decays of the T(4S5). In addition, we tag neutral B
mesons using the decays B® — D**x~ and B® — D**¢~ b to obtain the first direct measurement of
semileptonic branching fractions for neutral B mesons; the average of the electron and muon results
for neutral B mesons is B(B® — X€7 ) = (9.9 £3.0 £ 0.9)%.

PACS number(s): 13.20.Jf, 14.40.Jz

I. INTRODUCTION parameters to be measured in semileptonic B decay at
the T(4S). After description of our YT(4S) data sam-

In the most naive picture, dominance of spectator di-  ple in Sec. III, we present new measurements of the B-

agrams in heavy-quark decay implies that the lifetimes
and semileptonic branching fractions [1] of hadrons con-
taining a heavy quark should not depend on the kind
or number of light quarks in the hadron [2]. (Diagrams
for B-meson decay are illustrated in Fig. 1.) The large
difference between the lifetimes for charged and neutral
D mesons demonstrates that this naive picture is not
correct for charm decay [3]. Various theoretical expla-
nations include either nonspectator processes or the in-
terference between internal and external spectator dia-
grams, illustrated in Fig. 2, which can occur when one
of the light quarks from the W is identical to the spec-
tator quark [4-7]. Because the b quark is heavier than
the ¢ quark, both nonspectator processes and interfer-
ence are expected to be less important in B-meson decay
[8]. Since semileptonic decays arise only from spectator
diagrams in the standard model, they play a central part
in elucidating the role of these diagrams in the weak de-
cay of heavy quarks. In particular, they provide a means
of measuring the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements [9] |V.;| and |V,;| with less theoretical
uncertainty than measurements based on hadronic decays
of B mesons.

Theoretical predictions [10] of the semileptonic branch-
ing fraction for B-meson decay based on the spectator
model are generally above 12%. One recent measure-
ment [11] is consistent with this prediction, but a number
of other measurements [12-15] suggest that the semilep-
tonic branching fraction for B-meson decay is below 11%.
A recent study [16] indicates that nonspectator processes
such as W exchange may enhance the hadronic width
enough to lower the theoretical estimate of the semilep-
tonic branching fraction to as little as 10-11 %.

In this paper we report new measurements of the
semileptonic branching fractions of B mesons which were
made with the CLEO detector at the Cornell Electron
Storage Ring (CESR). Our B-meson [17] sample comes
from T(4S) — BB events; in Sec. II we discuss the

meson semileptonic branching fraction in Sec. IV. We
include a new technique using dilepton events to mea-
sure the semileptonic branching fraction independently
of the branching fraction for T(4S) decays to non-BB
states. Section V describes measurements of the semilep-
tonic branching fraction of the neutral B meson obtained
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FIG. 1. The spectator, exchange, and annihilation dia-

grams for B~ and B° decay. Note that semileptonic decay
widths are completely dominated by the spectator diagrams
because the exchange diagrams do not produce leptons and
the annihilation diagram for B~ decay is strongly Cabibbo-
suppressed since it involves a b — u transition. If the ex-
change contributions are important, the B~ and B° lifetimes
would be different, resulting in different semileptonic branch-
ing fractions for B~ and B° decays.



2214

ci
c
cl

EXTERNAL INTERNAL

FIG. 2. External and internal spectator diagrams for B~
decay. In the external diagram, the quarks produced by the
W~ decay hadronize separately from the spectator quark
and the ¢ quark from b-quark decay, while in the internal or
“color-mixed” diagram the opposite is true. Since the quark-
antiquark pairs involved in hadronization have identical flavor
in the two diagrams, the diagrams can interfere.

using two methods to tag neutral B mesons. Conclusions
are presented in Sec. VI.

1II. PARAMETERS TO BE MEASURED

Five parameters are required to describe the inclusive
lepton yields of B mesons from Y(4S) decays: b_ and
by, the semileptonic branching fractions of charged and
neutral B mesons, respectively; f_ and fo, the branching
fractions of the T(4S) to charged and neutral B mesons,
respectively; and r, the B°BY mixing parameter. Mea-
surements of various lepton yields at the Y(4S) yield
measurements of different combinations of these param-
eters. Several ratios of these quantities are important:

=1 (1)
o=, (2)
o ®

The ratio 3 is sensitive to the nonspectator components
in B-meson decay. Since semileptonic decay proceeds
only by W emission, the semileptonic decay widths of the
B~ and B should be equal [18]. Then f is equal to the
ratio of the lifetimes of charged and neutral B mesons,
7_/70. The ratio ¢ determines the ratio of charged to
neutral B mesons produced in Y(4S) decay, and X is
required [19, 20] to obtain r from dilepton yields at the
T(4S).

The ratio g has been measured by ARGUS [21] us-
ing “semi-inclusive” semileptonic B decays, and CLEO
(22, 23] using exclusive semileptonic B decays. After cor-
recting these results for the 1990 Particle Data Group
(PDG) branching fractions for D* and D decays [24], the
ARGUS value is g = 0.98 £ 0.22 £+ 0.13 and the CLEO
value is i = 0.84 £ 0.19 £ 0.13. These two results are in
good agreement; we use their average

p=0.90+0.17 (5)

in this paper. These measurements are the only direct
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experimental information on the ratios, 3, ¢, A, u, or the
ratio of the lifetimes of charged and neutral B mesons.

Inclusive single lepton and dilepton yields from B-
meson decays at the T(4S) are proportional to

(b = fobo + f_b_ (6)
and

(b%) = fob + f-b2, (7)
respectively. On the other hand, the average of the

semileptonic branching ratios of charged and neutral B
mesons,

bo + b_
== (8)

is more interesting for comparisons to theoretical calcu-
lations, so we would like to interpret (b) as b. Of course,
this interpretation is correct only if f_ = fo = 0.5, which
is true only if f_ + fo = 1 [all T(45) mesons decay to
BB] and ¢ = 1. We now discuss the extent to which
these relations may be correct.

The branching fraction fo + f- for T(4S) — BB is
needed to determine the average branching fractions for
B meson semileptonic decays from lepton yields from
T(4S5) data. In previous analyses of semileptonic B de-
cays at the Y(4S), it has implicitly been assumed that
the Y(4S) decays only to B* B~ and B°B°. If this as-

sumption is relaxed, then

fot+t f-=1-1, 9)

where f is the branching fraction for non-BB decays. By
comparing dilepton to single lepton rates at the Y(4S),
an upper limit, f < 0.13, at a 95% confidence level (C.L.)
was obtained [25]. This limit is very insensitive to as-
sumptions about the origin of non-B B decays. In Sec. IV
we show how dilepton and single lepton yields can be
used to obtain the semileptonic branching fraction with-
out any assumption about the value of f. Elsewhere in
this paper we assume that f is negligible.

The near equality of the measured B® and B~ masses
[26-28] suggests that ¢ = 1 is approximately correct,
ie., that f_ = fo. Although the equality between f_
and f, would appear to be a consequence of isospin sym-
metry if the B~ and B° masses were equal, the theoret-
ical situation is actually more complicated. First, naive
Coulomb corrections [29] enhance the B* B~ width lead-
ing to ¢ = 1.18. However, a model calculation [30] that
includes estimates of the momentum dependence of the
Y(4S)BB vertex function and B~ and B° form factors
indicates that the ratio is within about +5% of 1.0. The
effect of the Y(45) BB vertex function on ¢ has been sup-
ported by another theoretical calculation [31]. In evalu-
ating uncertainties in our experimental results, we will
use

b

¢ = 1.00 £ 0.05, (10)

where the quoted error is an estimate of the theoretical
uncertainty.
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With the assumption that f is negligible and the the-
oretical result that f_ = fp, the branching fraction
(b) measured from a study of the inclusive lepton spec-
trum from Y(4S) decay is essentially the average of the
semileptonic branching fractions of charged and neutral
B mesons.

The most straightforward way to measure the ratio
b_ /by requires separating charged and neutral B mesons.
This can be done by reconstructing one “tag” B meson
and seeing how often the other decays to a lepton. We
achieve a reasonable tagging efficiency using the exclusive
semileptonic B decay B® — D*t{~ b, since the branch-
ing fraction is relatively large. Unfortunately, most of the
other low-multiplicity B decay modes are not useful due
to their small branching fractions. One technique to over-
come this limitation is to select decay modes which can
be identified unambiguously without detecting all final-
state particles. We successfully use partial reconstruction
of the B® — D** 7~ events as a tag. Since we only tag
neutral B mesons, we are only able to measure (b)/bg
directly.

The mixing parameter r is defined as the probability
that a particle created as a B® will decay as a B°® divided
by the probability that it will decay as a BY. For T(4S5)
decays, where B°B° events are produced in a state of
odd charge conjugation, the ratio between the number
of events which decay as B°B° or B°B° (mixed events)
and the number of events which decay as B® B (unmixed
events) is also equal to 7, i.e.,

_ N(B°B%)+ N(B°B°)
- N(BYBY)

(1)

The value of r can be obtained from dilepton yields at
the T(4S) using the ratio p,

 Npp+N__

Frm— (12)

of the number of like-sign dileptons (N4 + N__) to the
number of opposite-sign dileptons (N4 _). Then r is given
by

_ Ny +N_)A+A)  p(1+ )
- N+_—(N+++N__)/\ - 1—/\p ’

r

(13)

The terms involving A [Eq. (3)] are necessary to correct
the opposite-sign dileptons for the contribution arising
from charged B decay. The value A = 0.81 + 0.31 is
obtained from A = yu?/¢ and the values of y and ¢ given
in Egs. (5) and (10), respectively. The ARGUS [19] and
CLEO [20] measurements of p are p = 0.091 & 0.026 +
0.014 and p = 0.076 & 0.020 = 0.012, respectively; their
average is

= 0.082 £ 0.019. (14)
These values of A and p imply
r = 0.176 £ 0.053. (15)
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Originally both ARGUS and CLEO used A = 1.2, sug-
gested by an earlier assumption that ¢ = 1.2; this value
of A gives a larger result for r.

B°B° mixing plays no role in our measurement of (b),
but it is important in our measurements of by. If bg
is measured using both mixed and unmixed events, the
measurement is independent of ». However, the mixed
event sample makes only a small contribution to the to-
tal, but makes a relatively large contribution to the sta-
tistical error. If only unmixed (right-sign) events are used
in the measurement, the result is bg,, the branching frac-
tion for semileptonic decay to right-sign leptons. This
result can be corrected for mixing using

bo = bor(l+7“), (16)

but this leads to systematic uncertainties due to the un-
certainties in r. Furthermore, the measurements of r
with the most statistical precision come from measure-
ments of the ratio of the number of like-sign dileptons
to the number of unlike-sign dileptons. However, using
the value of r obtained directly from dilepton ratios to
make this correction for by would be circular, since the
parameter A given in Eq. (3) is required to obtain r from
the dilepton ratio [19,20]. In addition, the measurement
of bo, itself requires estimation of backgrounds that de-
pend on r. Since the backgrounds due to these events
are small, the value of by, we obtain is very insensitive
to the uncertainties in the measurement of p, or to vari-
ations of A within reasonable limits. In any event, the
sum of the backgrounds for right- and wrong-sign lep-
tons is independent of . In order to eliminate both the
direct dependence of bg on r [Eq. (16)] and the indirect
dependence due to the background estimates, we choose
to present measurements of by using both mixed and un-
mixed events. In Sec. V we show how measurements
of b, can be combined with measurements of (b) and p
and assumptions for f_ and fg, to improve the statistical
precision of the measurement of by at the cost of modest
additional systematic errors.

IIl. THE DATA SAMPLE

The results presented here have been obtained from
212 pb~1 of electron-positron annihilation data collected
at the Y(4S) resonance, denoted “on T(4S),” and 101
pb~! at energies just below BB threshold, referred to as
“off T(4S5).” In the CLEO detector [32], charged par-
ticles are tracked inside a superconducting solenoid of
radius 1.0 m, with a 1.0-T magnetic field parallel to the
beam line. Three nested cylindrical drift chambers filled
with a 50%-50% mixture of argon-ethane gas are used
to measure momenta and specific ionization (dE/dz) for
charged particles. The innermost part of the tracking
system is a three-layer straw-tube vertex chamber [33]
with an rms position accuracy of 70 gum. The middle
10-layer drift chamber [34] and the large 51-layer drift
chamber [35] measure both position and specific ioniza-
tion (dE/dz). The drift distance resolutions are 90 um
and 110 pm, respectively. Position information along
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the beam direction is provided by 11 small-angle stereo
layers in the large drift chamber, and cathode strips in
both. The momentum resolution achieved by this sys-
tem is (o,/p)? = (0.23%p)? + (0.7%)?, with p in GeV /c.
It is determined from Bhabha scattering and ete™ —
utpu~ events, and by the observed mass resolution for
K} - ntn ", A - pn~, ¢ - K*K~, D° — K~n*,
¥ — ptp~, and B~ — D°7~ decays. The dE/dz deter-
minations made in the 10- and 51-layer drift chambers
provide particle-identification information. The respec-
tive precisions of these measurements are 14% and 6.5%.

Outside the solenoidal magnet several detector com-
ponents are arrayed for particle identification. These
include pressurized proportional chambers for addi-
tional specific lonization measurements, plastic scintil-
lators for time-of-flight particle identification, and lead-
proportional tube electromagnetic calorimetry.  Sur-
rounding these components is a steel hadron filter of
thickness 0.6 to 1.0 m (4 to 7 interaction lengths). Muons
are detected by a system of crossed drift-chamber planes
mounted on the outside of this absorber. More details
about the performance of these systems are provided in
the discussion of lepton identification below.

Our standard hadronic event selection criteria have
been described in detail elsewhere [36]. Briefly, for this
analysis there are six primary requirements:

(1) Accepted hadronic events are required to have at
least four well-reconstructed charged tracks.

(i1) The reconstructed event vertex is required to lie
within 5 cm of the nominal interaction point along the
beam axis and within 2 cm in the plane perpendicular to
the beam direction.

(iii) A minimum value for visible charged energy
(charged tracks plus energy deposits in the calorimeter
not matched to charged tracks) of 30% of the center-of-
mass energy is demanded.

(iv) The total energy deposited in the electromagnetic
calorimeter is required to be between 0.5 and 7.0 GeV.

(v) Since the momentum imbalance in most hadronic
events is small, the ratio R; of Fox-Wolfram moments
[37] is required to be less than 0.45.

(vi) Events with charged particle multiplicity of no
more than 6 may not have two oppositely directed high-
momentum showering tracks. This cut suppresses radia-
tive Bhabha events where the photon converted in the
beam pipe.

The overall efficiency of these hadronic event-selection
cuts for generic BB events is 96%.

Our lepton identification criteria [20, 36, 38] have been
described elsewhere. Here we summarize the criteria
used in selecting the inclusive lepton data samples; less
stringent electron identification requirements, described
in the appropriate sections below, are used in select-
ing the electrons for the dilepton data sample and the
tagged measurements of B®. The dE/dz measurements
in the main drift chamber (solid angle 0.80 x 47) pro-
vide about 3 standard-deviation separation between elec-
trons and pions in the momentum interval between 1.4
and 2.4 GeV/c. Within a more restricted solid angle
(0.48 x 47), the electromagnetic calorimeters, pressur-
ized proportional chambers, and time-of-flight scintilla-
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tors provide additional discrimination. We use two non-
overlapping electron data samples: Sample A includes
electrons with momentum above 0.5 GeV/c¢ within the
solid angle of the calorimeters. Sample B consists of elec-
trons with momenta above 1.7 GeV /¢ outside of the solid
angle for sample A, but within the solid angle of the drift
chamber. The two data samples are combined in the fits
to the lepton spectra. For each electron candidate we
examine several quantities, including the ratio of the to-
tal energy deposited in the calorimeter to the measured
momentum, the fraction of the energy deposited in the
front part of the calorimeter, the width of the shower,
and the measured dE/dx pulse heights. By comparing
the observed values with distributions obtained from a
large sample of electrons from kinematically selected ra-
diative Bhabha events, we calculate an electron likeli-
hood L.. Similarly, using distributions obtained from
T(1S) decays which contain very few electrons, we de-
termine a hadron likelihood Lj;. For the inclusive elec-
tron spectrum, we accept candidates with In(L./Ly) > 4.
The electron efficiencies are determined using electrons
from radiative Bhabha events. The hits of these tracks
are superimposed on hadronic events to provide a realis-
tic approximation of B-meson semileptonic decay events.
The particle-identification efficiencies for electrons in the
inclusive lepton data sample are illustrated in Fig. 3.
Hadrons misidentified as leptons are called “fake” lep-
tons. For electron sample A, the probability of misiden-
tifying a hadron as an electron (fake probability) was
determined using Y(1S) events. For sample B, the fake
probability was determined using particles from Y(45)
events identified as hadrons using the devices other than
the drift chamber within the solid angle of sample A. The
momentum dependences of the fake probabilities for both
electron samples are illustrated in Fig. 4.

Muons are identified by seeking matches between high-
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FIG. 3. The lepton identification efficiencies as functions

of the lepton momentum in the inclusive lepton data sample;
(a) and (b) are the efficiencies for electrons in sample A and
sample B, respectively, and (c) is the efficiency for muons
within the solid angle of the muon drift chambers.
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FIG. 4. The fake probabilities (probabilities that hadrons
are misidentified as leptons) as functions of the momentum of
the hadron; (a) and (b) are the fake probabilities for hadrons
within the solid angles of electron samples A and B, respec-
tively, and (c) is the fake probability for hadrons within the
solid angle for muon detection.

momentum charged tracks and hits in the muon drift
chambers. The solid angle subtended by the muon cham-
bers is 0.76 x 4w. The minimum muon momentum for
penetration through the absorber varies with direction
between 1.2 and 2 GeV/c. The efficiency for identify-
ing a muon is determined from ete™ — utpu~ events
and Monte Carlo calculations, and the probability that
a hadron is misidentified as a muon is determined us-
ing T(1S) events. The efficiency and fake probability as
functions of the momentum are illustrated in Figs. 3 and
4, respectively.

The numbers of events which passed our criteria are
shown in Table I. The Y(4S) yields are obtained by
scaling the off-Y(4S) (continuum) data by the factor

fe =2.08+0.01, (17)

and subtracting them from the on-Y(4S) data. This fac-
tor is the ratio of the luminosities of the two data samples,
corrected for the 1/s dependence of the continuum anni-
hilation cross section. The lepton momentum spectra for
T(4S) decays are similarly obtained by a bin-by-bin sub-
traction of the off-Y(4S) lepton momentum distribution
from the on-T(45) momentum distribution.

TABLE 1.
T(4S), and net T(4S) data samples.
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IV. MEASURING THE SEMILEPTONIC
BRANCHING FRACTION

A. The inclusive lepton spectra

The procedure followed [39] is basically the same as
has been used in past CLEO measurements [12, 13]. We
assume that the contribution of non-BB decays to the
lepton spectrum from Y(4S) decays is negligible. This
implies that there will be two dominant components in
the observed lepton spectrum.

(i) Primary leptons. The first component is lepton
production from direct semileptonic decays of B mesons.
Both b — cfv and b — ufv will contribute, but the errors
of this measurement make it largely insensitive to the
small magnitude of the latter [40]. For consistency, we
have included b6 — wfv in our fits to the lepton spectra.
The b — cfv decays, B — (D, D*, D**)¢~ i, dominate
the observed lepton yield above 1.4 GeV/c. As described
below, models that differ greatly in the way they treat
quark hadronization are all successful in predicting the
b — cfv lepton spectrum.

(it) Secondary leptons. The second component is lep-
tons from the sequential process b — ¢ — sfv in which a
B decays into a D, and the daughter D decays semilep-
tonically. These decays produce a softer lepton spectrum
than that produced by primary leptons.

The momentum spectra of these two sources are suf-
ficiently different to allow determination of both the
semileptonic branching fraction B(B — X£~7) and the
product branching fraction

B(b— ¢ — stv) = B(B — DX)B(D — Y ), (18)

from a fit of the inclusive lepton momentum spectrum.
Before the lepton momentum spectra from Y(4S) de-
cays can be fitted, the contribution of fake leptons must
be subtracted. We calculate the fake lepton spectrum
by weighting the observed momentum distribution for
hadron tracks by measurements of the lepton misidenti-
fication probabilities shown in Fig. 4. For the electron
sample A and the muon sample, we obtain the fake spec-
trum from Y(1S) data, where only a very few leptons
are expected. Since the relative fractions of pions, kaons,
and protons produced by T(1S) and Y(4S) decays are
not the same, the misidentification probabilities are dif-
ferent for these two data samples. In order to estimate
this effect we have also directly measured the misiden-

The luminosities, lepton yields, and number of hadronic events for the on YT(4S5), off

On T(45) Off T(45) T(4S) Yield
Luminosity (pb™?) 212 101
Electron events 48 440 8461 30841+ 292
Muon events 15359 2692 9760+ 164
Hadronic events 818071 281398 233044+1426
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tification probabilities using pions, protons, and kaons
identified in the decays K§ — ntx~, A — pr~, and
D® — K—x% tagged with D*t* — DO *. The fake rate
determined from these decays is about 20% higher than
that obtained from Y(15) data; this difference dominates
the systematic error in the fake rate.

After the fake subtraction, the resulting lepton spec-
tra are corrected for track-reconstruction and lepton-
identification efficiencies. The track reconstruction ef-
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FIG. 5. The momentum spectra from B meson decay for
electrons (2) and muons (b). The histogram represents the
fitted contributions of the ACCMM model described in the
text. The dashed, dotted, and solid histograms are the con-
tributions from b — clv, b — ¢ — sfv, and their sum, respec-
tively. The b — ufv contribution is too small to be visible in
the figures; the arrows indicate the end-point region where it
dominates.

ficiency is determined to be (99 4 1)% from Monte Carlo
calculations. The resulting lepton spectra are normal-
ized to the observed number of BB pairs. The spectra
must be further corrected by the ratio of the efficiency
for detecting semileptonic events (esp) and ordinary BB
events (egg). This ratio is less than one because the
lower-multiplicity semileptonic events more often fail the
requirement that the number of reconstructed tracks be
greater than five. From Monte Carlo calculations, we es-
timate esp,/egg = 0.98 £ 0.01. Finally, we subtract the
lepton spectra from B — %X, ¥ — £¥¢~, which con-
tributes [41] (0.16 £ 0.04)%, and B — 7X, 7 — v, fy,,
which contributes [42] (0.6 £ 0.4)%. The electron and
muon momentum spectra resulting after all corrections
are shown in Fig. 5.

B. The semileptonic branching fraction
from fits to the lepton spectra

The momentum spectra for both primary and sec-
ondary leptons are required to fit our data; we use two
models of semileptonic B and D decay to calculate these
spectra. These two models are distinguished from other
available models in their calculation of the entire spec-
trum for semileptonic B decay.

(t) The Altarelli-Cabibbo-Corbo-Maiani-Martinelli
(ACCMM) refined free-quark model. The ACCMM [43]
model is a refined free-quark model that includes correc-
tions for gluon emission [44]. There are several unknown
parameters required to describe a decay in this model:
the mass of the spectator quark in the parent meson, the
mass of the ¢, u, or s quark in the daughter meson re-
sulting from the weak decay, and a Fermi momentum pg
which describes the momentum distribution of the spec-
tator quark in the parent meson. We use the ACCMM
model with three sets of the mass and Fermi-momentum
parameters to describe the data, one each for b — clv,
b — ulv, and ¢ — sfv decays. The lepton spectrum is
not sensitive to the value of the spectator quark mass,
which we fix to be 150 MeV /c? for all three decays. The
lepton spectrum is sensitive to pp and m., which we in-
clude as free parameters for b — cfv decays; they are
highly correlated [14] and their uncertainties dominate
the statistical error in the fits to the ACCMM model.
For & — ufly decay, we fix the mass of the u quark to
be the same as the mass of the spectator quark and the
Fermi momentum to be the same as the Fermi momen-
tum in b — cfv decays. The results are very insensitive
to the values of the & — ufv parameters. In ¢ — sfv
decays, the mass of the s quark, m,, and its Fermi mo-
mentum, qp, are not well constrained by our data. From
a separate fit of the ACCMM model to the measured lep-
ton spectrum from semileptonic D decays [45], we obtain
m, = 50%18 MeV/c? and pp = 282+ 94 MeV/c.

(i) The Isgur-Scora-Grinstein-Wise (ISGW) form-
factor model. The ISGW [46] model is based on cal-
culations of the form factors in a nonrelativistic quark
model for the particular exclusive final states, B —
(D, D*, D**)¢~ u. In principle there are no free parame-
ters in this model. The relative branching fractions cal-
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culated by ISGW for the D, D*, and D** final states are
27%, 62%, and 11%, respectively. Previously, we have
measured [22] the exclusive semileptonic branching frac-
tions for the D and D* final states. The ratio of the
two agrees well with the prediction of the ISGW model,
but the error is too large to provide a significant test of
the model. However, the sum of the exclusive D and
D* branching fractions is only (65 & 12)% of the average
B semileptonic branching fraction. This result suggests
that the semileptonic branching fraction for the D** fi-
nal state might be as large as 35%. As described below,
we have studied the sensitivity of our inclusive results to
variations of the relative fraction of D**.

Electroweak radiative corrections to these models are
significant; we calculate them in the B-meson rest-frame
using a model-independent prescription [29] which in-
cludes the effects of short-distance loop corrections and
soft virtual and real photons. The correction varies sig-
nificantly over the momentum range of our measure-
ment; its magnitude at the high-momentum end point
approaches 10% for electrons and 3% for muons. The
branching fractions obtained using these radiative cor-
rections are larger by a factor of about 1.01 than those
obtained without applying the radiative corrections.

To produce primary lepton spectra, we apply radiative
corrections to the b — cfv and b — ufly spectra from
the models, boost them to the Y(4S) rest frame, and
fold in a detector response function generated from our
detector Monte Carlo simulation. To produce secondary
lepton spectra, the ¢ — sfv spectra from the models are
radiatively corrected, and then folded with our previously
reported momentum spectrum for D mesons produced in
B decays [41,47].

The sums of the contributions of primary and sec-
ondary leptons are fit to the data. Fits are made sep-
arately to the electron spectrum from 0.5-2.8 GeV/c,
and to the muon spectrum from 1.5-2.8 GeV/c. For the
muons, the parameters of the secondary spectrum are
held fixed at the values determined by the electron fit,
since the fraction of secondary leptons above 1.5 GeV/¢
1s too small to provide a constraint on itself. In addi-
tion, we simultaneously fit the electron and muon spec-

TABLE II.

tra; these simultaneous fits are denoted by ¢.

The results of these fits are illustrated in Figs. 6(a)
and 6(b), and are given in Table II. The branching frac-
tions, B(b — ¢fv) listed are the sum of the b — cfv and
b — ufv contributions. The two models are in agree-
ment but the ACCMM model seems to fit the data sub-
stantially better than the ISGW model does. For the
ACCMM model, the best fit values for m. and pg of the
b — cfv component are given in Table III. The statistical
errors for the branching fractions in the ACCMM model
are slightly larger than those for the ISGW model be-
cause these ACCMM model parameters are determined
in the fits. The systematic errors are due to the uncer-
tainties in the lepton identification efficiencies, the track-
reconstruction efficiency, the ratio of the Y(4S) luminos-
ity to continuum luminosity, the ratio of semileptonic to
hadronic efficiencies, radiative corrections, the fake prob-
ability, and the contributions of B — X and B — 7X.
The fractional errors in these parameters and their con-
tributions to the systematic errors in the B(b — cfv)
branching fractions are listed in Table IV.

The average [48] of the electron and muon results from
the two models is B(B — X¢~v) = (102+02+04 +
0.3)%, where the first error is statistical and the second
error is the experimental systematic error from Table IV.
The third error is the variation of these two models from
their average.

These results for the B semileptonic branching frac-
tion are compared to recent Crystal Ball [11], ARGUS
[14], CUSB [15], and previous CLEO [13, 49] results
in Table V. There is excellent agreement among the
ARGUS, CUSB, and both CLEO results, but these re-
sults are not in good agreement with the Crystal Ball
result.

The branching fractions for b — ¢ — sfv decays given
in Table II are in good agreement with (9.8 + 1.5)% es-
timated using the PDG values [24] of the semileptonic
branching fractions for D mesons and a recent CLEO
measurement [27, 28] of the B — DX branching frac-
tions.

In our earlier measurement [22] of the exclusive
semileptonic decays, B — D¢~ and B — D*¢~ b, we

Results of fits of the ACCMM and ISGW models to the inclusive lepton spectrum.

The first error is statistical and the second is the experimental systematic error. The branching
fractions, B(b — ¢fv) are the sum of the b — cfv and b — ufv contributions. The data labeled
“€” refer to simultaneous fits to the e and px data, yielding the average of the electron and muon

branching fractions.

Model Data x2/Npr B(b — g¢tv) B(b— ¢ — stv)
(%) (%)
ACCMM e 11.4/18 10.54+0.2+0.3 9.740.8+0.6
n 3.9/ 9 10.73+0.740.7
£ 17.1/31 10.540.2+0.4 9.740.8+0.6
ISGW e 26.2/20 10.14+0.24+0.3 11.1+0.74£0.7
n 16.0/11 9.740.34+0.6
£ 44.0/33 9.940.1+0.4 11.34+0.740.6
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FIG. 6. The electron and muon momenta spectra for pe > 0.8 GeV/c and the fits to these data; (a) is the ACCMM fit,

(b) is the ISGW fit, and (c) is the ISGW** fit where the D** fraction is allowed to vary. The total fit and the b — cfv and
b — ¢ — sfv components are illustrated as indicated. For clarity, the b — ufv components are not included.

found that the sum of the branching fractions for the two
exclusive modes was only (65 12)% of the total semilep-
tonic branching fraction. This suggests that the reason
for the relatively poor fit to the ISGW model may be
that the branching fraction to higher mass charm states
may be much larger than the 11% branching fraction for
B — D**¢~ b predicted by the model. This motivated
us to fit the data to the ISGW model allowing the D**
fraction to vary relative to the sum [50] of the D and
D* contributions (we refer to this fit with a variable D*~
fraction as the ISGW** model). The best-fit results are

TABLE III. Best-fit values of m. and pr for the b — clv
component of the ACCMM model. The data labeled “£” refer
to the simultaneous fit to the e and p data. The first error is
statistical and the second is systematic.

Data m. PF
(MeV/c?) (MeV/c)
e 1717+ 80+16 247+ 82416
u 1600+105+18 3854135427
£ 1673+ 58+24 298+ 59427




45 MEASUREMENTS OF SEMILEPTONIC BRANCHING FRACTIONS . ..

2221

TABLE IV. Contributions to the experimental systematic errors for the & — ¢fv branching
fractions listed in Table II. For each parameter used in determining the semileptonic branching
fractions, the fractional error in the parameter is listed along with its contribution to the systematic

error in the branching fraction, B.

Fractional error

Contribution to

Parameter in parameter systematic error in B
(%) (%)

e data pu data e data u data
Lepton identification efficiency 2 5 0.2 0.6
Track-reconstruction efficiency 1 1 0.1 0.2
Luminosity ratio - f¢ 0.5 0.5 0.1 0.1
esL/eBp 1 1 0.1 0.1
Radiative corrections 0.1 0.05
Fake probability 20 20 0.04 0.04
B—-yX 25 25 0.03 0.05
B—-1rX 67 67 0.02 0.05
Sum in quadrature 0.3 0.6

illustrated in Fig. 6(c) and given in Table VI; the D**
fraction resulting from the fit is (32 + 5)%, comparable
to our result from exclusive decays. In addition, inclu-
sion of this single parameter to the fit leads to a decrease
of 25 in the x2. However, the semileptonic branching
fraction for B decays obtained from the ISGW model
fit increases from 9.9% to 11.2%. Comparison of Tables
IT and VI shows that this larger B-meson semileptonic
branching fraction is at the expense of the contribution
from b — ¢ — sfv decays, which decreases by a compa-
rable amount. The substantial decrease in x2 when the
D** fraction is allowed to float indicates that the ISGW
model does not adequately describe the contributions due
to charm states above the D and D*. Although there is
no firm evidence that the shape of the ISGW D** spec-
trum adequately models the low-momentum (high charm
mass) states, we nevertheless are compelled to quote the
ISGW** fit instead of the ISGW fit as the result of fit-
ting the ISGW model to our data. The average of the
ACCMM and ISGW** branching fractions is

B(B— Xt~9)=(108+£02+04+04)%, (19)

where the first error is statistical, the second is the exper-
imental systematic error, and the third is an estimate of

TABLE V. Summary of recent measurements of the
semileptonic branching fraction. When both electron and
muon results were available, the average is quoted.

B(b — qtv)
Experiment (%)
ACCMM Model ISGW Model

Present results 10.5+0.2+0.4 9.940.140.4
ARGUS [14] 10.2+0.440.2 9.94+0.4
CUSB [15] 10.04+0.4+£0.3 10.04+0.4+0.3
CLEO [13, 49] 10.1+0.3+0.4 10.11+0.3+0.4
Crystal Ball [11] 12.0+0.540.7 11.940.44+0.7

the systematic error due to uncertainties in the models.

Figure 7 shows the results of the ACCMM, ISGW,
and ISGW** fits near the b — cfv end point. The
b — ufv contributions of the ACCMM and ISGW** fits
are consistent with the data above the b — cfv end point,
while the b — ufv contribution for the ISGW fit is much
smaller than the data indicate. The suppression of this
component in the ISGW fits is due to the fact that the
small D** fraction in the model forces the hard D and
D* contributions to be larger near the b — cfv end point,
which in turn reduces the b — wfv contribution allowed
in the fit. This indicates that the ISGW model is incon-
sistent with the data in the region of 6 — ufr dominance
as well as in the region between b — ¢fv and b — ¢ — sfv
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FIG. 7. The electron and muon momentum spectra in the

interval, 2.0 < p¢ < 2.8 GeV/c; (a) is the fit to the ACM
model, (b) is the fit to the ISGW model, and (c) is the fit to
the ISGW** model where the D** fraction is allowed to vary.
The b — cfv and b — ulv components are shown along with
the total. The b — ¢ — s€v contribution is negligible in this
momentum interval and has not been included in the figures.
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TABLE VI.

Results of fits to the inclusive lepton spectrum using the ISGW model with the

fraction of final-state D** allowed to vary. The ratio of the amount of D* to D is fixed at 2.3.
The data labeled “¢” refer to simultaneous fits to the e and u data, resulting in the average of

the electron and muon branching fractions.
experimental systematic error.

The first error is statistical and the second is the

Data x?/NpF D/D*/D** ratios B(b — qtv) B(b — ¢ — stv)
(%) (%) (%)
e 13.8/19 22/49/29 11.14£0.3+0.3 9.340.940.6
M 3.7/10 19/43/38 11.740.6£0.7
14 19.1/32 21/47/32 11.24+0.3+0.4 9.0+£0.8+0.6

dominance. The b — ufv contributions of the ACCMM
and ISGW** models are consistent, but neither is very
consistent with that of the ISGW model.

We conclude that the ISGW model with a D™* contri-
bution of 11% does not adequately describe the inclusive
electron spectrum from B meson decay. We have in-
cluded the results obtained with this model in Table II
and elsewhere in this paper to facilitate comparison with
other measurements.

C. Semileptonic B decay to baryons

The measurements of the B-meson semileptonic
branching fraction are somewhat lower than theoretical
expectations based on the spectator model [10, 16], which
generally predict semileptonic branching fractions above
12%. However, some care must be taken in interpret-
ing this statement, because of the possibility that our
procedure fails to account for some subset of semilep-
tonic decays, such as B® — A}n¢~i. These leptons
would be expected to have a soft momentum spectrum,
though the exact shape of this spectrum has neither
been measured nor predicted. In principle, decays of
this type would be included in the lepton spectrum pre-
dicted by the ACCMM model, since it sums over all pos-
sible final hadron states. Decays of this type are ex-
plicitly not included in the ISGW model, so we must
estimate how large their contribution could be. We es-
timate an upper limit for this effect by combining the
CLEO measurement [51] of the inclusive branching frac-

TABLE VII.

tion B(B — A}YX) = (6.4 £ 1.1)%, with the expected
semileptonic branching fraction for these decays. The
latter is expected to be approximately 20%, since the vir-
tual W is not sufficiently energetic to decay into ¢s or Tv.
From these considerations we conclude that this chan-
nel could contribute no more than an additional 1.3%
to the semileptonic branching fraction. Furthermore, it
is possible that A, production in B decays might not
be dominantly from spectator diagrams, in which case
the true branching fraction could be significantly less
than 1.3%. ARGUS has measured [14] an upper limit
B(B — Xpetv,) < 0.16% (90% C.L.) for B decays to
an antiproton and positron; this shows that the fraction
of the inclusive lepton spectrum coming from semilep-
tonic decays involving baryons is indeed small. There-
fore, we neglect the baryon contribution to semileptonic
B decays.

D. Calculating |Ves| and |Vus/Ves|
from the semileptonic branching fraction

We obtain the CKM matrix element |V,| from the
semileptonic branching ratio using

Csr = velVes|? + vu [ Vas |- (20)

where the reduced widths, . and +,, are obtained from
the ACCMM and ISGW models. We calculate 7. for the
ISGW model [52] and the ACCMM model [53] from the
same model parameters used in obtaining the semilep-
tonic branching fractions. The resulting values of 7. are
given in Table VII. To obtain the semileptonic width,
we use our measured semileptonic branching fractions

Values of |V,| obtained from the ISGW and ACCMM models using the measured

semileptonic branching fractions B(b — cfv), the average B lifetime, and the values of v, from
the models. The first error for |V 4| is derived from the errors for the branching fraction and 7p;
the second error is due to the quoted uncertainty in y.. For the ISGW model, two values of |V],
corresponding to 11% and 32% D** contributions are included.

Model Ye B(b — ctv) |Ves|

(ps™)) (%)
ACCMM 37+ 7 10.3+0.240.4 0.048+0.00240.005
ISGW - 11% D** 41+ 8 9.84+0.21+0.4 0.04440.002+40.004
ISGW** - 32% D** 50+£10 11.04+0.3+0.4 0.042+0.00240.004
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for b — cfv. For the B-meson lifetime, we use [54]
g = 1.23 + 0.08 ps, the average of the PDG value [24],
TB 1.18 £ 0.11 ps, and a more recent measurement,
8 = 1.29 4+ 0.06 &+ 0.10 ps, from the ALEPH Collabo-
ration [55]. These branching fractions, and the result-
ing values for |V,;|, are given in Table VII. They are in
good agreement with previous CLEO measurements [22,
56] obtained from exclusive B — D(D*)¢v decays and
with measurement of inclusive semileptonic decays from
ARGUS [14]. The values of |V, for the two versions of
the ISGW model are nearly identical.

Extraction of |Vy;| is hampered by large experimental
and theoretical uncertainties in the small b — ufv con-
tribution. However, many of these are avoided by calcu-
lating |Vius/Ves| instead. We do this using the ratios of
Yu/vc and B(b — ulv)/B(b — cfv). These parameters,
and the resulting values of |Vy;/Ves|, are given in Table
VIII for the ACCMM model, and the ISGW model with
11% and 32% D** fraction. They are in agreement with
the previous CLEO measurement [40] of |Vys/Ves], using
the same data sample. These new measurements are pre-
sented to show that determining |Vys/Ves| from fits to the
lepton spectra using the ACCMM and ISGW** models is
consistent with the previous measurements. The values
given here do not supersede the previous CLEO mea-
surement of |Vy,/Ves| because the new measurements are
much more sensitive to the 6 — cfv spectrum than the
earlier results obtained using only data above or just be-
low the b — cfv end point.

E. The semileptonic branching fraction
from dilepton yields

The ratio of dilepton to single lepton yields at the
Y(4S) can be used to measure b [Eq. (8)], the average
of the semileptonic branching fractions of charmed and
neutral B mesons. We assume that the lepton contribu-
tion from possible non- B B decays of the Y(4S) are neg-
ligible; this assumption is examined carefully elsewhere
[25]). The single and dilepton yields from the T(4S) are,
respectively,

N¢ = 2€¢Nas(fobo + f-b-), (21)
Nee = gei Nas(fob2 + f-b2). (22)

In these expressions, N4 is the number of Y(4S5) events,
€¢ is the efficiency for detecting a single lepton, and g =

TABLE VIIL
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0.98 + 0.02 is a factor, estimated from a Monte Carlo
calculation, accounting for the differences between cf and
the efficiency for detecting dileptons. The ratio

Ry = 2Nee fob3+f_b2_ ___(bﬁ
“ 7 geeNe ~ fobo + f-b_ (b)

determined from measured single lepton and dilepton
yields and the known lepton efficiencies, is sensitive to
b, but is very insensitive [57] to f or to the ratios ¢ and
B, if the latter two quantities are near 1. In terms of Ry,
¢ [Eq. (2)], and p [Eq. (4)], b is given by

bo+b_

2

where ¢(¢, p) is

_(+p)(é+n)

In fact, the derivatives of ¢(¢, ) with respect to ¢ and p
are zero at ¢ = p = 1. We use the theoretical estimate,
¢ = 1.00 & 0.05 [see the discussion of Eq. (10)], and the
average of the ARGUS and CLEO values of u from Eq.
(5). These give

c(¢,p) = 0.997 £3:0%3, (26)

(23)

b= = ¢(¢, p) Ree, (24)

(25)

where the asymmetry in the errors is due to the fact that
the measured value of u is not equal to 1. Note that
these errors are comparable to the fractional errors in
the measurements of (b) given in Tables II and VI.

Event and lepton selection followed the same proce-
dures outlined above. For this analysis, leptons in the
momentum interval, 1.4 < p, < 2.5 GeV/c are used [58],
but it is necessary to handle some backgrounds differ-
ently. The single and dilepton yields are corrected for
backgrounds as follows.

(i) Conlinuum leptons. The yields, Nyse, of direct
leptons from Y(4S) events are obtained by subtracting
the lepton yields from off T(4S) events from those of on
T(4S) events using the luminosity ratio, f¢ in Eq. (17).

(it) Fake leptons. The contributions, ny,, of fake
leptons to the single lepton yields are estimated using
the momentum-dependent fake probabilities illustrated
in Fig. 4, and subtracted from the single lepton yields.
The contribution of fake leptons to the dilepton yields are
dominated by real-fake combinations, so the estimated

Values of |Vyus/Veo| obtained from the ISGW and ACCMM models using the ratio

Ruc = B(b — ulv)/B(b — clv), and the ratio of v, and ¥ from the models. The first error for
|Vus/Veo| is derived from the errors for the branching fractions; the second error is due to the quoted
uncertainty in widths. For the ISGW model, two values of |Vc|, corresponding to 11% and 32%
D** contributions, are included. As noted in the text, the results given here do not supersede the

previous CLEO results given in Ref. [40].

Model Yu/ve B(b — utv) R.. |Vaus/Ves|

(%)
ACCMM 2.24+0.4 0.2840.1240.03 0.027+0.012 0.1140.0340.01
ISGW -11% D** 1.140.2 0.06+0.08+0.03 0.00640.009 0.0740.0640.01
ISGW** - 32% D** 0.940.2 0.254+0.1040.02 0.022+40.009 0.16+0.0340.02
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dilepton fake rate is nyee = Nasenge/Nas. This proce-
dure also automatically includes the small contributions
from fake-fake and cascade-fake pairs that can occur.

(111) Cascade leptons. Leptons from b — ¢ — sfv de-
cays are largely suppressed by the requirement, p, > 1.4
GeV/c. We calculate the remaining background us-
ing the ACCMM and ISGW theoretical models of the
b — ¢ — sfv spectrum. This contribution to the single
lepton yield is approximately 2%. For primary-cascade
pairs, the primary (b — cfv) lepton can come from ei-
ther the B or the B and the cascade lepton can also
come from either. Hence, the cascade correction to the
dilepton yields is approximately 8%.

(iv) Leptons from B — ¢ X. Lepton pairs from
B — X are removed by a mass cut as described above.
However, for the single lepton yields, we must subtract
an estimate of “y leakage”, the number of leptons aris-
ing from B — ¥ X decays where one of the leptons was
not detected. For both the single and dilepton yields, we
must add an estimate of the “¢ veto” loss, the signal lost
because it appeared as combinatorial background under
the ¥ mass peak.

The on-T(4S5) and off-T(4S) single electron and muon
yields and the estimates of the fake, cascade, and B —
1 X backgrounds are given in Table IX. The correspond-
ing dilepton yields for ee, pp, and ey events are given in
Table X. (All dilepton yields in this analysis include both
like- and unlike-sign dileptons.) Independently of effi-
ciencies, the numbers of ee, pu, and ep dileptons should
satisfy N¢, = 24/NeeN,,; the numbers for the two sides
of this equation are, respectively, 310 &+ 26 and 293 + 27,
in excellent agreement.

Since Ry involves the ratio of the dilepton to single
lepton rates, the efficiencies for detecting single leptons
enters the expression for the measured value of Ry, [Eq.
(23)]. The efficiency €¢(p) for detecting leptons of mo-

TABLE IX. Single electron and muon yields and back-
grounds. Contributions with minus signs are subtracted; as
explained in the text, the ¥ veto contributions are added. The
cascade lepton corrections were estimated using the ACCMM
model. For simplicity, the errors given for each individual
contribution are the statistical and systematic errors added
in quadrature. The single-lepton efficiencies calculated using

the ACCMM and ISGW models are also included.

Contribution € n

On Y(4S5) 213914146 153354124
Off T(45) —2661+ 52 —2505%+ 50
T(4S5) 15856183 101254164
Randoms —91+ 2
Fake leptons —320% 50 —346% 76
Cascade leptons —-380t 5 —178+ 3
P veto +2304 48 +168+ 38
¢ leakage —34+ 18 —15+ 8
Single leptons 153524187162 96621+:168+383
ee ACCMM 0.301£0.005 0.198+0.010
ee [ISGW 0.316£0.006 0.216+0.011
ce ISGW** 0.286+0.005 0.18040.009
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TABLE X. Dilepton yields and backgrounds. Contribu-
tions with minus signs are subtracted; as explained in the
text, the ¥ veto contributions are added.

Contribution ee I epn
On Y(45) 320+£18 127+11 397420
Off T(45) —15+ 4 —9+ 3 —194 4
T(45) 289420 108+£13 358+22
Fake leptons —-22+ 8 —19+ 7 —44+16
Cascade leptons  —26+ 2 -6+ 1 —27+ 2
P veto +13+ 6 +2+ 4 +23+ 7
Dileptons 2541+19+7 85137 310+£21+15
mentum p is

fl(P) = 6trackalfid(p)a (27)

where €50k 1s the efficiency of the track-finding program
for finding leptons, a, is the solid-angle acceptance of
the device used for the particle identification, and ¢;4(p)
is the efficiency for identifying a lepton of momentum p
within the solid angle a,. The track-finding efficiency is
estimated to be €track = 0.99 £ 0.01 from a Monte Carlo
calculation. The solid angles for sample A and sample B
electrons and muons and the particle identification effi-
ciencies, €4(p), are described in Sec. II. The overall lep-
ton detection efficiencies, ¢,, are given by

ce = celpi)f(pi),

7

(28)

where f(p;) is the fraction of the lepton momentum spec-
trum in the momentum interval 7 and the sum runs over
the range of accepted momentum, 1.4 < p, < 2.5 GeV /c.
The fraction f(p;) introduces model dependence into the
calculation of the efficiency. The model-dependent single-
lepton efficiencies are included in Table IX. Again, the
D** fraction was fixed to be the 11% in the ISGW model
and 32% in the ISGW** model. The consistency between
the estimated efficiencies and the yields can be checked by
comparing efficiency-corrected single and dilepton yields.
Using the ACCMM efficiencies and including the errors
in the efficiencies in the comparison, we find that the e
and pu single-single lepton yields differ by 0.5 standard
deviations. The x2 for the consistency of the efficiency-
corrected ee, pp, and ey yields with their average is 2.3
for 2 degrees of freedom. The consistency of the dilepton
yields is actually better than this x> would seem to indi-
cate, since the errors in the efficiencies have been ignored
(otherwise the calculation would be much more compli-
cated due to correlations among the efficiency-corrected
rates).

The average semileptonic branching fractions obtained
from Ry, are presented in Table XI. The numbers in the
column labeled “all” in Table XI are the sums of the ee,
pp, and ep yields. The consistency between the measure-
ments obtained using dileptons and the measurements
obtained by fitting the lepton spectra are strong evidence
that the non-BB component in Y(4S) decay is not large
enough to influence the measured semileptonic branching
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TABLE XI. The semileptonic B meson branching frac- T r
tions obtained from the ratio of dilepton to single lepton 800 b Monte Corlo Calculuhon' |

yields. The numbers in the column labeled “all” are deter- —— Partial Reconstrgmmn
mined from the sums of the three lepton-pair combinations. 1600 | —=—Full Reconstruction 1
The first error is statistical and the second is systematic. 1400
Model ee ny All <&
1200
(%) (%) (%) 2
[}
ACCMM 11.240.840.5 9.0+£1.3+0.9 10.6+£0.51+0.6 = 1000
ISGW 10.740.840.4 8.3+1.240.8 9.940.5+0.6 g 800
ISGWH** 12.04+0.940.5 10.0£1.5£1.0 11.5+£0.6+0.6 {
& 600
400
fractions. The differences among the ACCMM, ISGW, 200
and ISGW** models track the differences between the 0
di Its from the fits to the lepton spectra e E e s
corresponding resufts ir ¢ 1epton sp : 520 522 524 526 528
This is evidence that the most substantial difference be- M (Gev/c?)
tween these models is the fraction of the lepton spectrum
above p; = 1.4 GeV/c predicted by the models. FIG.8. Reconstructed B° — D** 1~ events from a Monte

V. TAGGED MEASUREMENTS OF bo

A. Measuring bo using B® — D*trn~ tags

In the decay chain B® — D*tx~, D** — DOr* kine-
matic constraints can be used to reconstruct [59-61] the
BO without detecting the D°. We interpret all oppositely
charged tracks in an event as the two pions from the de-
cays B® — D*t7~ and D*t* — D%r*. We designate the
primary 7~ as the “hard” pion, with energy E}, and the
7t from the D** as the “soft” pion, with energy F;. If
the B® were at rest, the momentum of the missing D°
could be determined from four-momentum conservation
alone. However, since a B® meson produced at the T(45)
has a momentum of approximately 325 MeV/c, we have
only two constraints for three unknown variables. The
energy Ep of the D is calculated from the conservation
of energy:

Ep = Eveam — En — Es, (29)

where Fpeam is the beam energy. Track combinations
with Ep < Mp are rejected. The cosine of 6, the angle
between the slow pion and the D in the laboratory, is
calculated from the D** mass:

M2+ M2 +2E,Ep — M3.
2pspp

(30)

cosf =

In this equation, M,, Mp, and Mp. are the masses of
the charged pion, the D%, and the D**, respectively, and
ps and pp are the momenta of the slow pion and the D°,
respectively. Track combinations with | cos 8| > 1 cannot
form a D* and are rejected. The azimuthal angle of pp
about p; is not determined by kinematic constraints. We
choose this azimuthal angle so that the D° is coplanar
with the hard and soft pions; this leaves a twofold am-
biguity which is resolved by choosing the azimuth that
gives the maximum angle between the direction of the D°
and the direction of the hard pion. The resulting momen-

Carlo simulation. The filled squares show the mass distribu-
tion for partially reconstructed events and the solid line is the
fit to this distribution described in the text; the dashed line
shows the mass distribution from fully reconstructed events.

tum of the three-particle configuration is the minimum

possible, which results in the maximum possible recon-

structed mass. Since the momentum of the B° is small,

this somewhat arbitrary choice does not deteriorate the

resolution of the B candidate mass significantly, nor dis-

tort the shape of the background, as we show below.
The mass of the B candidate can be written as

M?* = Egeam - (ps +ppD cosf + ph COSCY)Q

—(pp sinf — pp sina)?, (31)

where o is the angle between the hard and soft pions.
The mass of the B? so determined lies between the true
mass and the beam energy, a range of 10 MeV. Figure
8 shows a Monte Carlo mass distribution obtained with
this procedure. The solid curve is a fit to the mass distri-
bution using a half Gaussian centered at 5.290 GeV/c?
with standard deviation 7.9 MeV/c?. The dashed curve
is the expected mass distribution for a full reconstruction
of the B.

To suppress the continuum under the T(4S) resonance
we require that the Fox-Wolfram [37] parameter R, be
less than 0.5 and that no track in the event have a mo-
mentum greater than half the beam energy. We require
that the slow particle have dE/dz in the drift-chamber
consistent with a pion. The resulting mass distribution
from T(4S5) data is shown in Fig. 9, where the curve is the
sum of a signal which is one half of a Gaussian with mean
and width fixed by the Monte Carlo calculation, a linear
background, and a small background contribution from
B~ — D**%(2420)7~, D**°(2420) — D** 7~ events, es-
timated as described in the following paragraph. There
are Ng, = 370+£45+40 events in the peak where the sys-
tematic error is estimated by changing the range of the fit
and the order of the background polynomial. The over-
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all efficiency for detecting these partially reconstructed
B® — D*t7~ events is ¢ = 0.63 & 0.03.

Because of the choice of the azimuthal angle that we in-
troduced to complement the two kinematical constraints,
it is conceivable that the signal is due to some distortion
of the background. The continuum data, shown in Fig.
9, are used to demonstrate that there is no such effect
from the continuum background. The difference between
the solid and dashed lines in Fig. 9 represents the back-
ground due to B decays. The effect of the azimuthal
angle choice on the B-decay background is investigated
using Monte Carlo studies. A generic B-decay Monte
Carlo simulation, excluding B® — D**r~ decays, fails
to produce a peak at the B mass. Since we are tag-
ging neutral B mesons, our analysis will be misled only
if charged B mesons can produce a peak. It is possible
that this Monte Carlo calculation does not accurately de-
scribe low-multiplicity B~ decays where an unobserved
soft pion might lead to a background mass peak. Pos-
sible backgrounds of this type are B~ — D*tr— 7~
decays and the decay sequence B~ — D**°(2420)7~,
D**9(2420) — D**t7x~. The product branching fraction
for the latter decay sequence has been measured [27, 28]
to be (0.141538 +0.02)%. A Monte Carlo simulation of
the mass distribution for this decay sequence, normalized
to the product branching fraction of 0.14 is illustrated in
Fig. 10. The broad peak at high mass is very different
from the signal in Fig. 9; it is well described by a Gaus-
sian with area 58 events, mean 5.267 GeV/cZ, and stan-
dard deviation 38 MeV/c?. This Gaussian was included
as a background in the fit to the data in Fig. 9. The un-
certainties in this product branching fraction contribute
+10 events in quadrature to the quoted systematic un-
certainty for Ng. ~

As a consistency check, we can obtain B(B° —
D**tr~) from Ng;. However now we must also con-
sider B contamination. We study events from a Monte
Carlo calculation including both charged and neutral B
mesons. We do not find a mass peak in the data from
which B® — D** 7~ decays have been excluded. From
these data we estimate an upper limit of 64 events at
90% C.L. for the background [61] contributed by both
charged and neutral B mesons. To account for these pos-
sible backgrounds, we add 40 events in quadrature to the
lower systematic error in Ng, giving Ng, = 370 + 45*:;},‘
For B(B® — D**r~), we then obtain

Nae
2f0N45€BD.+
(0.46 + 0.0679.95)%,

B(B° - D*tr™) =

(32)

where Nys is the number of T(4S) events in the data
sample, obtained from Table I; Bp.+ is the branching
fraction (24]; B(D** — D°x%) = (55 + 4)%; and we
have used fy = 0.5 (without any contribution to the sys-
tematic error). This is in good agreement with our latest
result from full reconstruction [27,28,62] of these decays,
B(B° — D**7~) = (0.47 £ 0.12 %+ 0.06)%.

To determine the neutral B-meson semileptonic
branching fraction with the most favorable signal to
noise, we use the “signal” region 5.28 < M < 5.29
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FIG. 9. The mass distribution from partially recon-

structed B® — D**r~ candidates. Filled squares are T(4S)
data and open squares are continuum data scaled by the lu-
minosity factor fz = 2.08. The solid and dashed lines are
fits described in the text to the Y(4S) and continuum data,
respectively.

GeV/c?. After subtracting continuum D**7 and nonres-
onant D*77 background contributions, there are Ny, =
279 + 29%2% events in this interval. The systematic er-
ror is dominated by the uncertainties in the background
fit. This asymmetric systematic error is due to the pos-
sible charged-B-meson contamination, which was esti-
mated by fitting the charged-B-meson events from the
Monte Carlo calculation to a linear background plus the
Gaussian signal described above. We find an upper limit
of 18 events at a 90% C.L. for this contribution to the
background.

We define a sideband region 5.20 < M < 5.27 GeV /c?
which is used to estimate the continuum and B-meson
background in the signal region. We search for lep-
tons with momentum between 1.4 and 2.4 GeV/c in
both regions. The average of the efficiencies for detect-
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FIG. 10. The mass distribution for partially reconstructed

B° — D**r~ candidates, obtained from a Monte Carlo simu-
lation of B~ — D**°(2420)7~, D**°(2420) — D** ™~ events.
The number of events is normalized to a product branching
fraction of 0.14%.
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TABLE XII.
B° — D** ¢ decays.
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Lepton yields and backgrounds for events tagged with B° — D*¥x~ and

B° — D**tx~ tag

B® — D** (b tag

Right sign Wrong sign Right sign Wrong sign
Observed leptons 23 +4.8 8 +2.8 7 X2.6 0 1.2
Combinatorial background 6.4+1.0 5.0+0.8 1.484+0.53 0.2740.11
Fake leptons 0.240.0 0.440.0 0.08+0.03 0.07+0.03
Cascade - same B 1.6+0.1
Cascade - other B 0.1+0.0 0.3%0.1 0.0240.00 0.09+0.03
Net lepton yield 14.7+4.9 2.3£2.9 54 x2.7 -0.4 £+1.2
Total lepton yield 17.0£ 5.7 5.0+ 3.0

ing electrons and muons between 1.4 and 2.4 GeV/c is
€¢ = 0.28 £ 0.01. The lepton efficiency includes the
fraction of the lepton spectrum above 1.4 GeV/c, esti-
mated using the ISGW model [46]; the systematic error
is dominated by the uncertainty in this fraction. Lep-
tons with charge opposite to that of the hard pion in
the tagged B® — D** 7~ decay are called right-sign lep-
tons, while leptons with the same charge as the hard pion
(arising from mixed B°B° events) are called wrong-sign
leptons. In the right-sign sample we find 12 electrons and
11 muons; in the wrong-sign sample we find 5 electrons
and 3 muons. The lepton yields for tagged events and
their backgrounds are given in Table XII. For right-sign
leptons, the sideband region yields a background esti-
mate of 6.4 + 1.0 leptons of which 2.8 £+ 0.5 are due to
continuum processes.

To estimate the background due to fake leptons we take
all events in the signal region and search for any track
in the correct momentum range not positively identified
as a lepton. We multiply the number of such tracks by
the average fake probability to determine the fake con-
tribution [61]. In addition there are two other sources of
background leptons.

(1) A cascade lepton from the semileptonic decay of the
undetected D° resulting from B® — D**t7~ decay; this
yields only right-sign leptons.

(ii) A cascade lepton from the semileptonic decay of a
D meson resulting from the decay of the other B meson;
this yields right-sign leptons in mixed events and wrong-
sign leptons in unmixed events.

These backgrounds are estimated [61] using measured
semileptonic D° branching fractions. Both backgrounds
are small because little of the cascade lepton spectrum is
above 1.4 GeV/c, even in the first case where the DO is
relatively hard. The background from the second case is
further reduced because mixing is required. For estimat-

TABLE XIII. Tagged measurements of branching frac-
tions for semileptonic decay of neutral B mesons.
Tag bor bo
(%) (%)
B° — D*tx- 9.4+3.3+1.0 10.943.8+1.2
B° — D**e v 8.844.54+0.7 8.2+5.0+0.6
Average 9.242.740.9 9.943.040.9

ing this background we use the value of r given in Eq.
(15).

The net yields of right- and wrong-sign leptons are in-
cluded in Table XII. The semileptonic branching fraction
bor, calculated from the number of right-sign leptons ny,
using

Nor

= — 33
2Etha,g ( )

bOr
is given in Table XIII. We can eliminate the effect of mix-
ing by including both right-sign and wrong-sign leptons.
The total lepton yield is included in Table XII, and the
corresponding value of by given in Table XIII; it is con-
sistent with the average branching fraction (b) measured
using the untagged semileptonic spectrum.

B. Measuring bo using B® — D**¢~p tags

The reconstruction of neutral B mesons using the de-
cay B® — D*t¢~ i is extensively described elsewhere [56,

63, 64]. Briefly, we reconstruct the decay B° — D*t¢—p
using a missing-mass technique. Because B mesons are
produced nearly at rest at the T(4S5) resonance one can
use the fact that Eg = Epeam and pp = 325 MeV/c = 0
to write the missing mass squared as

MM? = [Eveam — (Ep- + E¢))? — (Pp- + pe)%. (34)
The M M? distribution for D**¢~ is shown in Fig. 11.

The prominent peak at MM? =~ 0 is evidence for
the decay B — D*t¢~ 5. The width of the MAM?
distribution [full width at half maximum (FWHM) =
0.8 (GeV/c?)?] arises from neglecting the momentum of
the B meson. We select a sample of tagged neutral B
mesons by requiring a 30 cut on the MM? distribution
[F1< MM? <1 (GeV/c?)?.

From the fit to the missing-mass-squared distribution
we obtain the numbers of candidate and background
events shown in Table XIV. We find Niag = 109+ 13+7
D*t ¢~ v events, Nother = 28.5 + 10 events due to other
B-meson decays, and N¢ont = 6.243.0 continuum events.
The systematic uncertainty in Niag is obtained by fitting
the M M? distribution with and without a D** compo-
nent.

In order to measure the inclusive semileptonic branch-
ing fraction we search for a second lepton with momen-
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FIG. 11. Missing-mass-squared distribution for B° —
D*t¢~p. The filled squares are the data points, the solid
histogram is the result of the fit with a Gaussian for the sig-
nal and a background. The background due to mixing and
cascades is the dot-dashed histogram, the background due to
fake D*’s is the dashed histogram, and the background due
to excited D*’s is the dotted line.

tum between 1.4 and 2.4 GeV/c in the event. The average
efficiency for detecting a lepton with momentum between
1.4 and 2.4 GeV/c, calculated using the ISGW [46] model
is ¢ = 0.28 + 0.01. We find 7 right-sign (D*T¢~¢%)
events and 0 wrong-sign (D**t£7(~) events. Since we
did not find any wrong-sign events, we estimate the er-
ror in this number from our estimate of the number of
expected events using Niag, €2, (b) [from Eq. (19)], and
r. We find that we expect 1 signal event and 0.4 back-
ground events, so we assign the error £1.2 to the number
of wrong-sign tagged leptons. Three of the four kinds of
background present in the B® — D** 7~ tagged sample
are also present in this tagged sample; background from
the semileptonic decay of the tagging D is not present
because the tagging D is reconstructed from decays to
hadronic modes. The numbers of tagged leptons and the
estimated backgrounds are included in Table XII.

The contribution to the combinatorial background due

TABLE XIV. B° — D**¢~ 5 signal and backgrounds for
IMM]? < 1 GeV2.

Source Events
Signal events — Niag 109+13
Continuum events — Ncont 6.243.0
Fake leptons 2.240.3
Fake D**’s 8.34+0.4
Mixed events and cascades 1.1+0.4
D**7 and nonresonant D*wrm 16.9+10
Total — Nother 28.5+10
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to B-meson decays other than B® — D*t¢~ i is esti-
mated from Nggher, assuming that they are all from neu-
tral B-meson decays. The background due to semilep-
tonic decay of the other B meson in the event is twice the
product of Nother, (b), and €;. There is also a small con-
tribution due to the semileptonic decay of charm daugh-
ters from the decay of the other B meson. The total of
these estimated contaminations is 1.7 &+ 0.5 events. The
contamination for right-sign events is 1/(1+r) times this
number and the contamination for wrong-sign events is
r/(1 + r) times this number. These backgrounds are in-
cluded 1n Table XII.

The continuum contribution to the combinatorial
background is estimated by using the continuum back-
ground, Ncong, In our tagged sample, the measured
branching fraction [13], B(ete™ — ¢¢ — X{¢70) =
0.080 & 0.009, an average lepton efficiency, 0.52 £ 0.02,
and the fraction of leptons from charm above 1.4 GeV /c,
0.02 & 0.005. By multiplying these numbers we obtain
0.005 £ 0.003 events, so the continuum contribution is
negligible.

To estimate the background due to fake leptons we
take all events in the interval —1 < MM? < 1 (GeV/c?)?
and search for any track in the correct momentum range
not positively identified as a lepton. We find 7 right-
sign tracks and 6 wrong-sign tracks. Weighting these
tracks with the momentum-dependent fake rate yields
the numbers given in Table XII.

The final background arises from the cascade decay of
a D from the other B in the event. This can be either
right or wrong sign depending on whether or not the B
mixes before decay. Our estimates of these backgrounds
are also included in Table XII.

The net lepton yields for right- and wrong-sign leptons
are given in Table XII and the corresponding branching
fractions b, and by are given in Table XIII. The value of
bo obtained with this tag is consistent with our measure-
ment of (b), and these values of by, and by are consistent
with those obtained from the B® — D*tx~ partial re-
construction tag.

C. Average of the two measurements of bo

The results obtained with the two tagging methods are
in good agreement. Since they are statistically indepen-
dent we combine them; the averages are included in Table
XIII. The average value of by is consistent with (b) [Eq.
(19)]; their ratio is

® 1094033+ 0.04.

. (35)

Since this ratio is 1 within the experimental error, there
is no evidence for a difference between the branching frac-
tions bg and b_. The value of u [Eq. (4)] derived from
this ratio is

P EL (1+¢)-<-"l_1= 1.18 + 0.66 =+ 0.08,
fobo bo

(36)
compared to g = 0.90 £ 0.17 from the average of the
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ARGUS and CLEO measurements of this ratio [Eq. (5)].
More precise measurements of the ratio of b_ to by will
require large tagged samples of both charged and neutral
B mesons from T(45) decay.

D. Correcting bo- for mixing to obtain bo

Instead of using both right-sign and wrong-sign tagged
leptons to measure by, it is possible to obtain a modest
improvement in the statistical error for by by using the
measured value of p [Eq. (12)] the ratio of like-sign to
opposite-sign dileptons at the T(4S) to correct b, for
mixing. However, this procedure requires some knowl-
edge of fo and f_, as well as a measurement of (b). Using
Eq. (13) giving r in terms of p and A, Eq. (6) defining
(b), Eq. (16) relating bo to b, and r, and Eq. (3) defining
A, we derive a quadratic equation for bg in terms of bo,
by eliminating b_:

folf= —pfolb2+ fol2p(b) — bor (1+p) f-]bo— p(b?) = 0.
(37)

To calculate by we use the average value of b, from Table
X111, {(b) from Eq. (19), and the average of the ARGUS
and CLEO values for p from Eq. (14). As noted in Sec. II,
we do not have any direct measurements for fo and f_.
However, we use the theoretical result, ¢ = 1.00 £ 0.05,
[Eq. (10)] and we assume that f, the fraction of non-BB
decays is negligible. We find

bo = B(B® — X*¢™p) =(10.8+23+£08)%, (38)

where the statistical and systematic errors include the
uncertainties in bg., (b), and p. The systematic er-
ror is quite insensitive to the uncertainty in ¢ because
dby/d¢ = 0.007. Although there is modest improvement
in the dominant statistical error in the measurement of
bo using this procedure, we prefer to quote the average
of the two direct measurements using both wrong- and
right-sign leptons because the direct result is less depen-
dent on other measurements.

VI. CONCLUSIONS

We have measured the average B-meson semileptonic
branching fraction by fitting the lepton spectra from B
decay to the distributions predicted by the ACCMM [43]
modified free-quark model and the ISGW [46] form-factor
model. We obtain B(B — X¢~p) = (10.5+ 0.2+ 0.4)%
using the ACCMM model and B(B — X¢~v) = (99 +
0.1 £+ 0.4)% using the ISGW model. However, the fit to
the ISGW data has an uncomfortably large x2, so we
quote the ISGW result only for comparison with other
experiments that have used this model.

We obtain a substantially better fit (the x? of the fit
decreases by 25) using the ISGW model if the D**¢~ 5
contribution is allowed to rise from the 11% predicted
by the ISGW model to 32%. The resulting branching
fraction for the ISGW** model is B(B — X¢~7) =
(11.2 £ 0.3 £ 0.4)%,; this increase in the b — ¢fv branch-
ing fraction is at the expense of the branching fraction
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for leptons from cascade b — ¢ — sfv decays. Although
we are not certain that the shape of the lepton spectrum
from B — D**{~ i decays in the ISGW model accurately
represents the contribution to the low-momentum lepton
spectrum due to high-mass charm states, the very large
decrease in x? shows that the resulting spectrum repre-
sents the experimental data much better than the spec-
trum of the original ISGW model. Our best estimate of
the semileptonic branching fraction of B mesons is the
average of this ISGW** result with that of the ACCMM
model:

B(B— Xt~7)=(108+02+04+04)%, (39)

where the errors are statistical, systematic uncertainties
in the measurement, and systematic uncertainties asso-
ciated with the theoretical models, respectively.

The average semileptonic branching fraction was also
measured using dilepton events to eliminate the uncer-
tainties due to possible non-BB decays of the Y(45).
Using this technique we obtain, B(B — X{7b) =
(10.6 + 0.5 £ 0.6)% using the ACCMM model, B(B —
X p)=(9.9£ 0.5+ 0.6)% using the ISGW model, and
B(B — X{~v) = (1154 0.6 £ 0.6)% using the ISGW**
model. The excellent agreement between these results
and the corresponding results from the fits to the lep-
ton spectra shows that non-BB decays of the Y(4S) are
small enough to be safely ignored in the measurements
of the semileptonic branching fractions reported here.

We have also measured the B semileptonic branch-
ing fraction by tagging a B° from the Y(4S) using
B® — D**7~ and B° — D**t¢~ ¥ decays, and count-
ing the number of leptons from the B® decay. From
these tagged measurements, we obtain (9.9+3.0+0.9)%
which, together with the result for the average semilep-
tonic branching fraction, is additional evidence that the
charged and neutral B mesons have similar semileptonic
branching fractions and lifetimes.

Taking all experimental and model uncertainties into
account, our measurements of the semileptonic branching
fraction for B-meson decay are substantially lower than
the 12% that can be gracefully accommodated by typical
pure spectator models of B decay [10], but are well within
the range predicted by more recent theoretical estimates
including nonspectator diagrams [16].
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