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A largely model-independent measurement of the inclusive electron momentum spectrum and branching
fraction for semileptonic decays ofB mesons is presented based on data recorded at theY(4S) resonance with
the BABAR detector. Backgrounds from secondary charm decays are separated from promptB decays using
charge and angular correlations between the electron from oneB meson and a high momentum electron tag
from the second B meson. The resulting branching fraction isB(B→Xen)5@10.8760.18(stat)
60.30(syst)#%. Based on this measurement we determine the Cabibbo-Kobayashi-Maskawa~CKM! matrix
elementuVcbu.

DOI: 10.1103/PhysRevD.67.031101 PACS number~s!: 12.15.Hh, 11.30.Er, 13.20.He
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Measurements of semileptonicB meson decays are a goo
way to determine the Cabibbo-Kobayashi-Maskawa~CKM!
matrix elementsuVcbu anduVubu, two of the parameters of th
standard model. ForuVcbu, analyses of exclusive and inclu
sive decays have resulted in comparable precision. W
most measured values ofB(B→Xen) are below 11%@1#,
theoretical calculations including perturbative QCD con
butions predict values of 12% or above@2#.

The measurement presented here employs the metho
troduced by ARGUS@3# and later used by CLEO@4#, in
which BB̄ events are tagged by the presence of a high m
mentum lepton. As a tag, we choose electrons with mom
tum p* in the interval 1.4 to 2.3 GeV/c, wherep* is mea-
sured in the center-of-mass frame. A second electron in
event is taken as the signal lepton for which we requirep*

*Also with Universitàdi Perugia, I-06100 Perugia, Italy.
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.0.6 GeV/c, to avoid large backgrounds at lower momen
Signal electrons are mostly from primaryB decays if they are
accompanied by a tag electron of opposite charge~unlike
sign!. Those with a tag of the same charge~like sign! origi-
nate predominantly from secondary decays of charm p
ticles produced in the decay of the otherB meson. Inversion
of this charge correlation due toB0B̄0 mixing is treated ex-
plicitly, and unlike-sign pairs with both electrons originatin
from the sameB meson are isolated kinematically. With
small model dependence on the estimated fraction of prim
electrons belowp* 50.6 GeV/c, we infer the semileptonicB
branching fraction from the background corrected ratio
unlike-sign electron pairs to tag electrons.

This measurement is based on data recorded in the
2000 with the BABAR detector@5# at the PEP-II energy
asymmetrice1e2 storage ring@6# at SLAC. The detector
consists of a five-layer silicon vertex tracker, a 40-layer d
chamber~DCH!, a detector of internally reflected Cherenko
1-3
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light ~DIRC!, and an electromagnetic calorimeter~EMC! all
embedded in a solenoidal magnetic field of 1.5 T and s
rounded by an instrumented flux return. To ensure the h
quality of the data, we have selected the largest contigu
block of events with identical and stable detector conditio
in the year 2000, corresponding to an integrated lumino
of 4.13 fb21 collected at theY(4S) resonance, and 0.96
fb21 recorded about 40 MeV below theY(4S) peak ~off
resonance!.

Multihadron events are selected by requiring a char
track multiplicity of Nch.4, or Nch54 plus at least 2 neutra
energy deposits above 80 MeV in the EMC. Track pairs fr
converted photons are not included inNch, but count as one
neutral particle. For further suppression of non-BB̄ events,
we requireR2,0.6, whereR2 is the ratio of Fox-Wolfram
momentsH2 /H0 @7#.

The electron momentum measurement and identifica
are critical for this analysis. For electron candidates we
quire hits in at least 12 DCH layers, and a polar angleu
within the EMC acceptance, i.e.20.72,cosu,0.92. To re-
duce the contamination from photon conversions and be
gas background we require the track impact parameter
the plane perpendicular to the beams and along the dete
axis to be less than 0.25 cm and 3.0 cm, respectively.

The track finding efficiencye trk is determined from data
as a function of charged multiplicity, transverse momentu
and polar and azimuthal angles. For signal electrons w
p* .0.6 GeV/c, the average efficiency is (97.161.1)%.

Electron identification is based on the ratio of the ene
in the EMC and the track momentum,EEMC/p, the shower
shape in the EMC, the specific energy lossdE/dx in the
DCH, and the number of Cherenkov photons and the C
enkov angle measured in the DIRC. Muons are eliminated
the basis ofdE/dx and EEMC/p. Taking into account the
correlations between deposited energy and shape in had
showers, we combine probability density functions deriv
from data samples for each discriminating variable to c
struct the likelihood functionL(j), jP$e,p,K,p%. A track
is identified as an electron if

L~e!

L~e!15L~p!1L~K !10.1L~p!
.0.95.

The weights roughly reflect the relative abundances, th
exact values not being crucial for electron identification.

We measure the electron identification efficiency as
function of p* and center-of-mass polar angleu* using ra-
diative Bhabha events. For momentap* .0.6 GeV/c, the
average efficiency is 92%~see Fig. 1a!. However, Monte
Carlo simulations indicate that relative to radiative Bhab
events, the identification efficiency inBB̄ events is reduced
between (462)% at low momenta (p* ,1 GeV/c) and (2
61)% abovep* 51.6 GeV/c. We correct the measured e
ficiency for this momentum-dependent difference.

The misidentification rates for pions, kaons, and proto
~see Fig. 1b! are extracted from control samples selec
from data. Figure 1c shows the misidentification probab
ties hh per hadronic track, where the relative abundance
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pions, kaons, and protons is taken from aBB̄ Monte Carlo
simulation. The DCH and DIRC contribute significantly
low momenta, while the performance of the EMC increas
with p* . This leads to a minimum of 0.05% forhh at 1
,p* ,1.3 GeV/c. The relative systematic error is estimate
to be 15% from the purities of the control samples and
uncertainties in the relative abundances.

The branching fraction analysis makes use of th
samples:~1! the tag electrons,~2! unlike-sign and~3! like-
sign pairs of a tag and a signal electron candidate. Misid
tified hadrons and electrons from non-BB̄ ~continuum!
events, photon conversions,p0,h→ge1e2 ~‘‘Dalitz’’ ! and
J/c,c(2S)→e1e2 decays contribute to the background
all three samples. The unlike-sign sample also contains p
of primary and secondary electrons from the sameB meson
decay. Further contaminations to the like- and unlike-s
samples arise from decays oft leptons and charmed meson
produced inb→cc̄s decays. Apart from the correction fo
unlike-sign electron pairs from the sameB, which is per-
formed in bins ofp* only, all background corrections ar
performed in bins ofp* and polar angleu* .

The continuum background is subtracted from all thr
samples by scaling the off-resonance yields by the ratio
on-and off-resonance integrated luminosities, corrected
the energy dependence of the continuum cross secti
4.2560.02. The relative systematic error in this ratio is es
mated from the variation of the efficiency of di-muon even
used to measure the relative luminosity. The continuum m
menta are scaled byAson/Aso f f to compensate for the 0.4%
lower center-of-mass energy. After the continuum subtr
tion, the yields forp* .2.6 GeV/c are compatible with zero
for all samples.

Electrons from photon conversions and Dalitz decays
identified by pairing them with any oppositely charged tra
with transverse momentumpt.0.1 GeV/c. We distinguish
the two sources of pairs by the distanceRpair of the pair
vertex from the detector axis. Photon conversions are ide
fied by requiringRpair.1.6 cm, a pair invariant massMee

FIG. 1. Electron identification efficiencyee as obtained from
radiative Bhabha events~a!, and individual~b! and total~c! hadron
misidentification rateshh as a function ofp* .
1-4
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,10 MeV/c2, and the transverse and longitudinal distanc
between the two tracks at the point of closest approachDxy
,0.3 cm andDz,1.0 cm. For Dalitz pairs, we requireRpair
,1.6 cm, Mee,20 MeV/c2, Dxy,0.2 cm andDz,1.0 cm.
The momentum- and polar-angle-dependent pair finding
ficiency, which is obtained from a full detector simulation,
low since, in most cases, the momentum of the second t
is too small to produce a track in the DCH. It varies betwe
30% and 40% for photon conversions and between 20%
30% for Dalitz pairs. From a detailed comparison betwe
data and simulation, including the energy spectra of
pairs, the relative systematic uncertainties are estimated t
13% and 19% for the conversion and Dalitz backgrou
rates, respectively.

In the unlike-sign sample, electrons from primary a
charm decays of the sameB tend to be produced in opposit
directions. Definingp̂e* as the center of the signal electro
momentum bin, this background is reduced by a factor of
by imposing the condition

cosa.1.02 p̂e* /~GeV/c! and cosa.20.2 ~1!

on the opening anglea of e1e2 pairs, measured in the
Y(4S) frame. SinceB mesons are nearly at rest in th
frame, there is no angular correlation between two electr
from differentB mesons, and the loss in signal efficiency c
be calculated on the basis of geometrical acceptance.

This selection also rejectse1e2 pairs from J/c and
c(2S) decays in the unlike-sign sample. The backgrou
from J/c andc(2S) decays with only one contributinge is
estimated by Monte Carlo simulation, usingB(B→J/c
→e1e2)5(6.8260.38)31024, B(B→c(2S)→e1e2

…

5(3.160.6)31025 @1# and the observed inclusiveJ/c and
c(2S) momentum spectra.

For each tag candidate, we ensure that the invariant m
Mee formed with any oppositely charged electron satisfyi
cosa,20.2 is incompatible with theJ/c hypothesis, 2.9
,Mee,3.15 GeV/c2. This veto also rejects true tags; th
loss rate is corrected using the background below theJ/c
peak in the observedMee distribution.

The contribution of unlike-sign pairs from the sameB
decay satisfying Eq.~1! is approximately 2%. After subtrac
tion of background contributions from continuum, phot
conversions and Dalitz decays, the observed opening a
distribution ~without the requirement! contains a flat contri-
bution from electron pairs from differentB mesons and a
contribution from electron pairs from the sameB, which
peaks at cosa521. The shape of the non-flat backgroun
is taken from Monte Carlo simulation and the relative n
malization of the two contributions is determined by a
to the data, which is performed separately for ea
100 MeV/c-wide momentum bin below 1.2 GeV/c. The in-
tegral over the fitted non-flat contribution between the mi
mal allowed value of cosa and 1 is taken as the residu
background. As can be seen in Fig. 2, the shape of the ca
distribution is well described by the Monte Carlo simulatio
The very small background above 1.2 GeV/c ~0.8% of the
total contribution! is determined from Monte Carlo simula
tion with a relative uncertainty of 50%.
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The study of systematic uncertainties in the predic
opening angle distributions is based on a parameterizatio
heavy quark effective theory~HQET! derived form factors
@8# to model the decayB→D* en, the Isgur-Scora-
Grinsteen-Wise model 2~ISGW2! @9# for B decays toDen,
D** en and charmless mesons, and the work of Goity a
Roberts@10# for non-resonantB→D (* )pen decays. Varying
the branching fractions by one standard deviation aro
current average values@1# and repeating the fitting procedur
from above leads to a relative systematic error of 5% for t
background estimate.

Figure 3 shows the observed momentum spectra and
individual background contributions discussed so far, c
rected for tracking efficiency; a summary of yields is giv
in Table I. Following this initial set of background correc

FIG. 2. Distribution of the cosine of the opening angle
unlike-sign pairs for 0.7,p* ,0.8 GeV/c. The points represent the
data and the histogram is the result of a fit. The shaded area re
sents the estimated contribution of background electrons, and
vertical dashed line indicates the requirement on the opening an

FIG. 3. Total measured spectrum~points! and estimated back
grounds~histograms! for signal electron candidates in~a! thee1e2

sample, and~b! the e6e6 sample.
1-5
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TABLE I. Electron yield for the three samples and corrections with statistical and systematic errors.

~1! Tag sample
1.4,p* ,2.3 GeV/c

~2! e1e2 sample, cut ona
0.6,p* ,2.5 GeV/c

~3! e6e6 sample, alla
0.6,p* ,2.5 GeV/c

On Y(4S) 3957916630 146926120 108386110
Continuum 8207365906410 130167667 93966465
g→e1e2 5616236140 283640637 8566826110

h, p0→ge1e2 9269623 51622610 80682615
Fakede 145561406360 136616620 348648652

e from sameB 31767616

Yield before and
after correction for
electron efficiency

31161068706570 126036150646 861661806120

1413461806170 973461906200

B→t→e 353617642 9369611
B→Ds→e 2936196110 7269628
B→D→e 226616657 6568616

Secondary tags 807369162,000 296617674 8866296220
e from J/c or c(2S) 19256426122 776866 11961067

e removed byJ/c veto 2(24356506220)

Net e yield 304048688062,100 1289061806230 850062006300
a

y

y

c-

um
in
le
-
th

h
he

to

nd
tions, the electron yield is corrected for electron identific
tion efficiency.

Background contributions from B→D̄D (s)X, D (s)

→eneY decays andB→t→e decays are estimated b
Monte Carlo simulation, using the ISGW2 model@9# to de-
scribe semileptonicD andDs decays, together with currentl
known branching fractions: CombiningB(Ds→Xen)
5(8.1260.68)%, which is computed from the averageD
branching fractionB(D0,1→Xen) @1# and the lifetime ratios
tD0,1 /tDs

, with B(B→DsX)5(9.863.7)% @11# yields

B(B→Ds→e)5(0.8060.31)%. We take the inclusive

branching fractionB(B→D̄D (* )X) to be (8.261.3)% @11#.
Assuming equal production rates ofD andD* , but allowing
for any ratio in the systematic error, we arrive atB(B→D
→e)5(0.8460.21)%. To estimate the contribution of ele
trons from t decays, we useB(B→Xtn)5(2.660.2)%,
B(Ds→tn)5(5.7962.00)% @12# and B(t→e nen̄t)
5(17.8360.06)% @1#. This leads toB(B→t→e)5(0.565
60.063)%, where thet lepton originates either directly
from a B decay or from aB→Ds→t cascade.

The tag electron sample is first corrected for continu
background and hadron misidentification. The remain
background is from secondary decays of charm partic
c(2S) and unvetoedJ/c→e1e2 decays. All these contribu
tions are estimated by Monte Carlo simulation, leading to
background-subtracted number of tag electronsNtag

53040486880(stat)62100(syst)~Table I!.

Due toB0B̄0 flavor oscillations, electrons from primaryB
decays andB→D̄X, D̄→e2neY cascades contribute to bot
unlike- and like-sign spectra. Denoting the efficiency of t
opening angle cut asea(p* ), their p* distributions can be
written as
03110
-

g
s,

e

1

ea~p* !

dN12

dp*
5

dNB→Xen

dp* ~12x!1
dNB→D̄→Xen

dp*
x,

dN66

dp*
5

dNB→Xen

dp*
x1

dNB→D̄→Xen

dp* ~12x!,

where x is the product of theB0B̄0 mixing parameterx0

50.17460.009 @1# and f 05B„Y(4S)→B0B̄0
…. Since the

measured ratio of charged to neutralY(4S) decays is con-
sistent with unity@13#, we assumef 050.50060.025, where
the error is taken from@13#. We use these linear equations
determine the primary electron spectrum fromB decays,
dNB→Xen /dp* . Integration of this spectrum between 0.6 a
2.5 GeV/c yields NB→Xen5250706410(stat). Using Monte

TABLE II. Impact of systematic uncertainties onBSL .

Source DBSL(%) Source DBSL(%)

g→e1e2 0.042 B→Ds→e 0.130
Fakede 0.024 B→D→e 0.067
e from sameB 0.022 Mistaggede 0.061
p0, h→g e1e2 0.014 B→t→e 0.044
Continuum 0.008 J/c, c(2S)→e1e2 0.003
e efficiency 0.144 Extrapolation 0.092
e trk 0.120 Ntag 0.075
eevt 0.054 f 0x0 0.059
ebrem 0.039

Total 0.296
1-6
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Carlo simulation, we determine the relative efficiency f
selecting events with two electrons compared to events w
a single tag to beeevt5(98.060.5)%. Together with the
polar angle acceptanceegeom584%, we obtain the partia
branching fraction

B~B→Xen,p* .0.6 GeV/c!5
NB→Xen

Ntagebremeevtegeom

5@10.2460.17~stat!60.26~syst!#%,

which includes a correction for the small loss of electro
due to bremsstrahlung in the detector material and the
ited momentum resolution, 12ebrem5(2.2060.35)%. The
contributions to the systematic error are listed in Table
Figure 4 shows the momentum spectrum of primary el
trons.

To determine the total semileptonic branching fractio
we need to extrapolate the spectrum top* 50. This is
achieved by fitting the data to the sum of the spectra from
various exclusive decays where the relative contributions
the different exclusive decay modes are constrained to
within two standard deviations of the measured aver
branching fractions@1#. The best estimate for the extrapol
tion factor is 11k51.06160.009, where the error accoun
for the observed variations of the fit results for different d
cay models forB→Den andB→D* en ~ISGW2 @9#, HQET
@8,14#! and branching fractions. This extrapolation leads t
total semileptonic branching fractionBSL of

B~B→Xen!5@10.8760.18~stat!60.30~syst!#%.

One of the limiting factors of this analysis is the bac
ground at low momenta, especially semileptonic decays
charmed mesons produced inb→cc̄s decays. As shown in
Table III, raising the minimum momentum requirementpmin*
reduces the systematic uncertainty due to this backgro
substantially, but also increases the error on the extrapola
to p* 50. We choosepmin* 50.6 GeV/c for the final result,
since the systematic error is comparable with higher val
of pmin* , while the model dependence is significantly lowe

FIG. 4. Momentum spectrum of electrons fromB→Xen after
correction for efficiencies and external bremsstrahlung, with co
bined statistical and systematic errors. The curve indicates th
used for the extrapolation top* 50.
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Based on the work by Hoanget al. @15#, we relate decay
rate and modulus of the CKM matrix elementVcb by

uVcbu5~41.960.8~pert!60.7~l1!60.5~mb!!31023

3AB~B→Xcen!/0.105A1.6 ps/tB.

Using tB5(1.60160.021) ps and B(B→Xuen)5(1.7
60.6)31023 @1#, we obtain uVcbu50.042360.0007(expt)
60.0020(theory), where the individual theoretical erro
have been added linearly.

In conclusion, we have used electrons inY(4S) decays
tagged by a high momentum electron to measureB(B
→Xen)5@10.8760.18(stat)60.30(syst)#%. This measure-
ment is largely model independent. The result is in agr
ment with previous measurements@4,16#, but the systematic
uncertainties are reduced. However, the poorly kno
branching fractions inB andD (s) decays lead to significan
systematic uncertainties in the background subtraction.
resulting measurement ofuVcbu remains dominated by theo
retical uncertainties.
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conditions provided by our PEP-II colleagues, and for t
substantial dedicated effort from the computing organi
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wish to thank SLAC for its support and kind hospitality. Th
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~Canada!, IHEP ~China!, CEA and CNRS-IN2P3~France!,
BMBF and DFG~Germany!, INFN ~Italy!, NFR ~Norway!,
MIST ~Russia!, and PPARC~United Kingdom!. Individuals
have received support from the A. P. Sloan Foundation,
search Corporation, and Alexander von Humboldt Foun
tion.

-
fit

TABLE III. Determination ofk, BSL , and the contributions to
the systematic error for different signal electron momentum cuto
All numbers are stated in percent.

pmin* (GeV/c) 0.5 0.6 0.7 0.8 0.9 1.0

k 3.8 6.1 9.3 13.6 19.2 27.2
BSL 10.79 10.87 10.87 10.82 10.80 10.9
DBSL(g,p0) 0.07 0.04 0.03 0.02 0.02 0.01
DBSL(e trk) 0.12 0.12 0.12 0.12 0.12 0.12
DBSL(e eff.) 0.15 0.14 0.14 0.12 0.11 0.10
DBSL(B→Ds) 0.17 0.13 0.09 0.06 0.05 0.04
DBSL(B→D) 0.10 0.07 0.05 0.03 0.02 0.01
DBSL(B→t) 0.05 0.04 0.04 0.03 0.03 0.02
DBSL(extrapolation) 0.06 0.09 0.13 0.19 0.25 0.3
DBSL(other) 0.15 0.14 0.14 0.15 0.15 0.17

DBSL(syst) 0.33 0.30 0.29 0.30 0.34 0.41
DBSL(stat) 0.21 0.18 0.16 0.16 0.15 0.15
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