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Using a sample of 3.33106 Y(4S)→BB̄ events collected with the CLEO II detector at the Cornell Electron
Storage Ring~CESR!, we measureB(B→r ln), uVubu, and the partial rate (DG) in three bins ofq2[(pB

2pr)2. We find B(B0→r2l 1n)5(2.6960.4120.40
10.3560.50)31024, uVubu5(3.2360.2420.26

10.23

60.58)31023, DG(0,q2,7 GeV2/c4)5(7.663.021.2
10.963.0)31022 ns21, DG(7,q2,14 GeV2/c4)5(4.8

62.920.8
10.760.7)31022 ns21, andDG(14,q2,21 GeV2/c4)5(7.162.121.1

10.960.6)31022 ns21. Here,l 5e or
m, but not both, and the errors are statistical, systematic, and theoretical. The method is sensitive primarily to
B→r ln decays with leptons in the energy range above 2.3 GeV. Averaging with the previously published
CLEO results forB→r ln, we obtain B(B0→r2l 1n)5(2.5760.2920.46

10.3360.41)31024 and uVubu5(3.25
60.1420.29

10.2160.55)31023.

PACS number~s!: 13.20.He, 12.15.Hh, 14.40.Nd
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I. INTRODUCTION

Exclusive semileptonicb→uln decays are an active are
of experimental and theoretical study@1–23#. These rare pro-
cesses can be used to extract the magnitude ofVub , one of
the smallest and least well known elements of the Cabib
Kobayashi-Maskawa~CKM! quark-mixing matrix@24#. Be-
causeuVub /Vcbu'0.08, the branching fractions for exclusiv
b→uln processes are small, of order 1024, and they have
only recently become experimentally accessible. The pre
analysis confirms the initial CLEO observation@1# of B
→r ln, improves the precision on the branching fraction a

*Permanent address: University of Texas, Austin, TX 78712.
†Permanent address: Yonsei University, Seoul 120-749, Kore
‡Permanent address: University of Cincinnati, Cincinna

OH 45221.
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uVubu, and provides the first information on theq2 depen-
dence for this decay.

ExtractinguVubu from a measured decay rate requires s
nificant theoretical input because the matrix elements
such processes involve complex strong-interaction dynam
Although the underlyingb→uln decay is a relatively simple
weak process, it is difficult to calculate the strong-interact
effects involved in the transition from the heavyB meson to
the light daughter meson. Because of these theoretical un
tainties, even a perfectly measuredB→r ln branching frac-
tion would not at present lead to a precise value ofuVubu.

The dynamics inB→r ln decay are in contrast withb
→cln decays, such asB→D* ln, where a heavy quark is
present both in initial and final states. In this case, techniq
based on heavy quark effective theory~HQET! can be used
to calculate the decay amplitude with good precision, p
ticularly for the kinematic configuration in which the char
hadron has zero recoil velocity. The zero-recoil point inB

,

1-2
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MEASUREMENT OFB→r ln DECAY AND uVubu PHYSICAL REVIEW D 61 052001
→rln cannot be treated with similar techniques, howev
because the daughteru quark is not heavy compared to th
scale of hadronic energy transfers. Nevertheless, substa
progress has been made using a variety of theoretical m
ods, including quark models@6–12#, lattice QCD @13–15#,
QCD sum rules@16–18#, and models relating form factor
measured inD→K* ln decay@19# to those inB→r ln decay.

Experimentally, the main difficulty in observing signa
from b→uln processes is the very large background due
b→cln. Because a significant fraction ofB→r ln events
have lepton energy beyond the endpoint forb→cln decay,
lepton-energy requirements provide a powerful tool for ba
ground suppression. However, extrapolation of the de
rate measured in this portion of phase space to the full
again requires the use of theoretical models, and it introdu
model dependence beyond that associated with simply
tracting the value ofuVubu from the branching fraction. In
this study, we begin to explore the decay dynamics ofB
→r ln by measuring the distribution ofq2, the square of the
mass of the virtualW. The distribution ofq2 is reflected in
the r momentum spectrum. Eventually, studies of theq2

distribution, as well as of the angular distributions of t
decay products, should reduce the model dependenc
uVubu by constraining theoretical models for the decay fo
factors.

CLEO has previously observed@1# the decays B0

→r2l 1n, B1→r0l 1n, B0→p2l 1n, and B1→p0l 1n by
measuring both the missing energy and momentum in
event to infer the momentum of the neutrino. Usi
2.843106 Y(4S)→BB̄ events, this study obtained

B~B0→r2l 1n!5~2.560.420.7
10.560.5!31024,

B~B0→p2l 1n!5~1.860.460.360.2!31024,

uVubu5~3.360.220.4
10.360.7!31023,

~1!

where the errors are statistical, systematic, and theoretica
large contribution to theB→r ln systematic error is assoc
ated with a possible nonresonantB→pp ln rate. In the
analysis described below this uncertainty is reduced.

We report on a measurement ofB(B→r ln) and uVubu as
well as the first measurement of the partial rate forB→r ln
in bins of q2. We study five signal modes:B0→r2l 1n,
B1→r0l 1n, B1→v l 1n, B0→p2l 1n, and B1→p0l 1n.
Our method is sensitive primarily to leptons with energ
above theb→cln lepton-energy end point (El.2.3 GeV).
The resulting event sample is essentially statistically in
pendent of that from the previous analysis since it conta
much larger signal and background yields, even though
data samples are similar.

In this paper, we use the notationb→u(c) ln to denote
inclusiveB→Xu(c)ln decay, whereXu is a hadronic system
with no charm quarks, andXc is a hadronic system with a
charm quark. When discussing backgrounds, we will of
refer tob→uln inclusive decays excluding one or more si
nal modes. In this case, we will use the notationb→uln and
explicitly list the modes not to be included. When no char
05200
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state is given,B→r ln refers generically toB→r6ln, and
B→r0ln decays. When specifying a particular decay mo
we implicitly include its charge-conjugate decay.

We begin in Sec. II by introducing the phenomenology
B→r ln decay. The full differential decay rate is express
in terms of helicity amplitudes, which depend in turn o
form factors, Lorentz-invariant functions ofq2 that param-
etrize the hadronic current. We discuss five form-factor m
els that are used to obtainuVubu and to extrapolate our yield
measured at high lepton energy to the full phase space a
able inB→r ln decay.

Section III describes the data sample and the requirem
used to distinguish signal events from backgrounds, wh
are due primarily to continuum events (e1e2→qq̄, qq̄

5uū, dd̄, ss̄, andcc̄), b→cln, andb→uln ~other thanB
→r ln or B→v ln) events.

Section IV describes the binned maximum-likelihood
used to extract theB→r ln signal. Although we must rely on
Monte Carlo calculations to model the shapes of distrib
tions for theb→c(u) ln backgrounds, the normalization an
lepton-energy spectrum of each background component
determined by the data. In addition, the assumed backgro
shapes are extensively tested using sideband regions w
the contribution from signal events is small. The continuu
background contribution is measured directly using da
Section V presents the yields extracted from the fit and
model-dependent detection efficiencies used to obtain va
for B(B→r ln) and uVubu.

Section VI describes the contributions to our systema
error. Apart from model dependence, these are due prima
to uncertainties in theb→uln backgrounds and to uncertain
ties in the detector simulation. In the high lepton-energy
gion, where the sensitivity to the signal is greatest, the ba
ground from otherb→uln processes is comparable to th
from b→cln decays, but its kinematic properties are le
well understood.

Section VII presents our measured values ofB(B→r ln)
and uVubu, as well as the average with the previous CLE
result. This average takes into account the correlation in
systematic errors as well as the variation in results for d
ferent form-factor models. In Sec. VIII we present our co
clusions and an outlook for future measurements.

II. SEMILEPTONIC DECAY KINEMATICS

The matrix element for the semileptonic decayP(Qq̄)
→V(q8q̄) l 2n̄ of a pseudoscalar meson,P(Qq̄), to a vector
meson,V(q8q̄), can be written@25#

M~P→Vln!52 i
GF

A2
Vq8QLmJm , ~2!

whereVq8Q is the CKM matrix element for theQ→q8 tran-
sition @26#, Lm is the leptonic current

Lm5ūlg
m~12g5!vn , ~3!

and the hadronic current
1-3
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FIG. 1. Model predictions for the~a! A1(q2), ~b! A2(q2), and~c! V(q2) form factors. TheA1(q2) form factor determines the rate at hig
q2. TheV(q2) form factor has a large effect on the lepton-energy spectrum. Maximum daughter-hadron recoil occurs at the minimu
of q2, which is close to zero.
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Jm5^V~pV ,«!u~V2A!muP~pP!&

52«m* ~mP1mV!A1~q2!

1~pV1pP!m~«* •q!
A2~q2!

~mP1mV!

1qm~«* •q!
2mV

q2 „A3~q2!2A0~q2!…

12i emnrs«* npV
r pP

s
V~q2!

mP1mV
, ~4!

is written in terms of four form factors,A1(q2), A2(q2),
V(q2), andA0(q2), whereA0(0)5A3(0) and

A3~q2!5
mP1mV

2mV
A1~q2!2

mP2mV

2mV
A2~q2!. ~5!

HeremP , mV , pP , andpV are the pseudoscalar and vect
meson masses and four-momenta,q[pP2pV , and« is the
vector-meson polarization four-vector. Terms inJm propor-
tional to qm vanish in the limit of massless leptons, so th
the decayB→r ln depends effectively on only three form
factors@A1(q2), A2(q2), andV(q2)# for electrons or muons
05200
t

The amplitudes for the vector meson to have helic
11,21, or 0, denoted byH1(q2), H2(q2), andH0(q2), can
be expressed in terms of the form factors:

H6~q2!5~mP1mV!A1~q2!7
2mPupVu
mP1mV

V~q2!,

H0~q2!5
1

2mVAq2 F ~mP
2 2mV

22q2!~mP1mV!A1~q2!

24
mP

2 upVu2

mP1mV
A2~q2!G , ~6!

where pV is the vector meson three-momentum in t
B-meson rest frame, which is a function ofq2

upVu5AS mP
2 1mV

22q2

2mP
D 2

2mV
2. ~7!

As q2 decreases fromqmax
2 5(mP2mV)2 to qmin

2 5ml
2'0, upVu

increases fromupVumin50 to upVumax5(mP
22mV

2)/2mP
2 . At

large q2, the A1(q2) form factor therefore dominates a
three of the helicity amplitudes. The full differential deca
rate forP→Vln (V→P1P2) is given by@25#
dG

dq2d cosu ld cosuVdx
5

3

8~4p!4 GF
2 uVq8Qu2

upVuq2

mP
2 B~V→P1P2!@~12h cosu l !

2sin2uVuH1~q2!u2

1~11h cosu l !
2sin2uVuH2~q2!u214 sin2u lcos2uVuH0~q2!u2

24h sinu l~12h cosu l !sinuVcosuVcosxH1~q2!H0~q2!14h sinu l~11h cosu l !

3sinuVcosuVcosxH2~q2!H0~q2!22 sin2u lsin2uVcos 2xH1~q2!H2~q2!#, ~8!
1-4
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MEASUREMENT OFB→r ln DECAY AND uVubu PHYSICAL REVIEW D 61 052001
whereq25(pP2pV)2, u l is the polar angle of the lepton i
theW rest frame with respect to theW flight direction in the
B rest frame, anduV is the polar angle of one of the pseud
scalar daughters in the rest frame of the vector meson
respect to the vector-meson flight direction in theB rest
frame.x is the angle between the decay planes of theW and
the vector meson. The factorh is equal to11 ~21! when the
quarkQ has charge21/3 ~12/3!.

For the extraction ofB(B→r ln) and DG in bins of q2

from the data, we use Eq.~8! to extrapolate our measure
ments based primarily on the high lepton energy part of
decay phase space to the entire phase space. The form fa
A1(q2), A2(q2), and V(q2) are evaluated using variou
models, whose predictions are shown in Fig. 1. These fo
factor predictions provide the normalization

G̃ thy[G~B→r ln!/uVubu2, ~9!

which allows us to extractuVubu from the measured deca
rate. We use a set of form-factor models representative
current theoretical work, including results from two quar
model approaches„Isgur-Scora-Grinstein-Wise~ISGW2! @9#
and Melikhov-Beyer@10#…, lattice QCD ~UKQCD @15#!,
light-cone sum rules~LCSR @17#!, and a method incorporat
ing form-factor measurements inD→K* ln decay ~Wise-
Ligeti1E791 @19#!. In all cases we have used form-fact
parametrizations as described in the above references. A
oretical error is added to the branching fraction andDG mea-
surements based on one-half of the full spread in res

FIG. 2. A simulated Dalitz plot,q2 vs El , for B→r ln decay.

The lepton energy,El , is computed in theY(4S)→BB̄ rest frame
~lab frame!, which differs slightly from theB rest frame. This
analysis is most sensitive toB→r ln events in the lepton-energ
region to the right of the vertical line,El.2.3 GeV. The horizontal
lines define the q2 bins in the DG measurement: 0,q2

,7 GeV2/c4, 7,q2,14 GeV2/c4, and 14,q2,21 GeV2/c4. At
high q2, our lepton-energy requirement retains a much larger fr
tion of the phase space than it does at lowq2.
05200
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among these models. TheuVubu measurement has an add
tional theoretical uncertainty due to the determination

G̃ thy .
The Dalitz plot for B→r ln decay predicted by the

ISGW2 model is shown in Fig. 2. For a given value ofq2,
cosul varies from21 to 11 across the allowed range o
lepton energies. The Dalitz plot shows that positive values
cosul are favored over negative values; this effect, whi
produces a hard lepton-energy spectrum, is a consequen
the V2A coupling, and is discussed further below. We a
most sensitive toB→r ln decay in the end point region t
the right of the vertical line,El.2.3 GeV. Although a sig-
nificant fraction~37%–43%! of the total predicted rate fo
B→r ln lies at high lepton energy, Table I shows that the
retical approaches differ, giving results between 24% a
35% for this fraction.

Table I also shows the quantityG̃ thy predicted by each
form-factor model. Even with a perfectly measuredB
→r ln branching fraction,uVubu would be uncertain due to

the spread inG̃ thy values among form-factor models. We ca

summarize the model predictions asG̃ thy5(16.862.6) ps21,
a 15% spread. As explained in Sec. VII, we assign a 3

error onG̃ thy .
Figure 3 shows theq2 distribution predicted by our imple

mentation of these models. Integrated over all lepton en
gies, there is a substantial difference among the model
low q2 ~large daughter-hadron recoil!. At high lepton energy,
however, the shapes of theq2 distributions predicted by eac
of the form-factor models are very similar. To distinguis
among form-factor models on the basis of theq2 distribution,
the lepton-energy region below 2.0 GeV must be probed

Table II shows how the efficiency of the lepton-ener
requirement varies withq2 for each form-factor model. Ou
lepton-energy requirement retains a much larger fraction
the phase space at highq2 than it does at lowq2. Thus, at
high q2, the efficiency is quite high and a small variation

-

FIG. 3. Theoreticalq2 distributions for theB→r ln form-factor
models that we have considered:~a! over the full lepton-energy
range and~b! for El.2.3 GeV. The lepton energy,El , is computed

in the Y(4S)→BB̄ rest frame~lab frame!, which differs slightly
from theB rest frame. In each plot, models have been normalize
equal areas. For high lepton energies,El.2.3 GeV, all of the mod-
els predict very similarq2 distributions.
1-5
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TABLE I. G̃ thy and lepton-energy distribution predictions from each form-factor~FF! model. The lepton

energy,El , is computed in theY(4S)→BB̄ rest frame~lab frame!, which differs slightly from theB rest
frame. For the branching fraction measurement, the primary source of model dependence is in th
G(El.2.3 GeV)/G. For the uVubu measurement, there is significant additional model dependence ar

from the quantityG̃ thy .

FF model G̃ thy(ps21) G(El.2.3 GeV)/G ~%! G(2.0,El,2.3 GeV)/G ~%!

ISGW2 14.2 35 33
LCSR 16.9 24 28
UKQCD 16.5 27 30
Wise-Ligeti1E791 19.4 31 34
Beyer-Melikhov 16.0 27 30
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seen among models. At lowq2, on the other hand, the effi
ciency is relatively low with a large variation among th
form-factor models.

Integrating Eq.~8! over the angular variables, we obtai

dG

dq2 5
GF

2

96p3 uVq8Qu2
upVuq2

mP
2 B~V→P1P2!

3@ uH1~q2!u21uH2~q2!u21uH0~q2!u2#. ~10!

Figure 4 shows thedG/dq2 distribution for each term in Eq
~10!. In each form-factor model, the term proportional
uH2u2 contributes the largest fraction of the total rate. As
consequence of theV2A couplings of theW boson the vec-
tor meson is more likely to have helicity21 than11. For
B→r ln decay, this asymmetry is quite large, except at v
high q2 ~low daughter-hadron recoil momentum! where the
A1 form factor dominates each of the helicity amplitudes a
ther is nearly unpolarized, and at small values ofq2, where
only the zero-helicity component contributes significant
Because theuH1u2 contribution is quite small, the theoretica
error in theB(B→r ln) andDG measurements is due prima
rily to the uncertainty in the relative size ofH2(q2) and
H0(q2).

Table III shows the predictions forG/uVubu2 in bins of

q2 (DG̃ thy) for the form-factor models. These predictions c
be used to extractuVubu from a measurement of theq2 dis-
tribution.
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III. DATA SAMPLE AND EVENT SELECTION

The data used in this analysis were collected using
CLEO II detector@27# located at the Cornell Electron Sto
age Ring~CESR!, operating near theY(4S) resonance. We
have analyzed a 3.1 fb21 sample taken on the resonanc

corresponding to approximately 3.33106 BB̄ pairs. Addi-
tionally, we examine a 1.7 fb21 sample taken at a center-o
mass energy 60 MeV below theY(4S) mass. These off-
resonance data, which have an energy below the thres
for BB̄ production, are used to measure the continuum ba
ground.

The CLEO II detector is designed to provide excelle
charged- and neutral-particle reconstruction efficiency a
resolution. Three cylindrical tracking chambers are s
rounded by a time-of-flight~TOF! system, a CsI calorimeter
and a muon tracking system. The nearly complete so
angle coverage of both the tracking system and calorimete
exploited in this analysis to obtain information on the m
mentum of the neutrino.

To be considered as a hadron or lepton candidate, cha
tracks must satisfy several requirements. The impact par
eter of the track along and transverse to the beam direc
must be less than 5 cm and 2 mm, respectively. The sp
in the impact parameter along the beam direction is do
nated by the beam width in that direction and is appro
mately 1.5 cm. Transverse to the beam direction, the res
tion on the impact parameter is approximately 0.3 mm. T
rms residual for the hits on the track must be less than 1 m
TABLE II. The fraction of events predicted to haveEl.2.3 GeV in bins ofq2 for each form-factor~FF!
model. The spread among these results is the largest component of the theoretical error in theDG measure-
ment.

FF model DG(El.2.3 GeV)/DG DG(El.2.3 GeV)/DG DG(El.2.3 GeV)/DG

~%! ~%! ~%!

0,q2,7 GeV2/c4 7,q2,14 GeV2/c4 14,q2,21 GeV2/c4

ISGW2 24 35 43
LCSR 12 25 38
UKQCD 15 28 39
Wise-Ligeti1E791 23 29 37
Beyer-Melikhov 14 27 38
1-6
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Finally, we require that at least 15 out of the 67 tracki
layers be used in the track fit.

Electron and muon identification requirements are cho
to achieve high efficiency and a low hadronic fake rate. W
require ucosuu,0.85, whereu is the polar angle of the
track’s momentum vector with respect to the beam a
Electrons are identified primarily using the ratio of the ca
rimeter energy to track momentum (E/p) and specific ion-
ization (dE/dx) information. Muon candidates are found b
extrapolating tracks from the central detector into the mu
counters; such candidates are required to penetrate at
seven interaction lengths of iron. For electrons~muons! that
satisfy the tracking requirements described above as we
the lepton-energy requirements of our analysis, the efficie
of these lepton-identification requirements is approximat
94% ~82%!. The fraction of hadrons passing electron~muon!
identification criteria is determined from data and is appro
mately 0.1%~0.6%!.

Photon candidates are associated with CsI calorim
clusters that are not matched to any charged track. Individ
photons are required to have energy,Eg , greater than 30
MeV. To be considered in ap0 candidate, two photons mus
have a combined invariant mass,Mgg , within 2s of the
nominalp0 mass. Their combined energy,Egg , is required
to be greater than 325 MeV. In addition, we require that
least one photon satisfyucosugu,0.71, whereug is the polar
angle with respect to the beam axis. Each photon candida
included in at most onep0 candidate.

To search forB→r ln, B→v ln, and B→p ln events,
electron or muon candidates are combined withp6p0,
p1p2, p1p2p0, p6, or p0 candidates. Combinatori

FIG. 4. dG/dq2 distributions for each of the three terms in E
~10!: ~a! the terms proportional touH2u2 and uH1u2 and ~b! the
uH0u2 term.
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backgrounds are suppressed by requiring candidates for t
hadronic systems to have a momentum greater t
300 MeV/c; these backgrounds are further suppressed in
p1p2p0 mode by making a cut on thev→p1p2p0 Dalitz
amplitude. We require that thep1, p2, andp0 be config-
ured such that the decay probability density (dG
}upp13pp2u2 wherepp1 and pp2 are evaluated in thev
rest frame! is at least 12% of its maximum value.

We define the missing momentum in the event to be

pmiss[2Spi , ~11!

where the sum is over reconstructed charged tracks and
ton candidates in the event. If the event contains no unde
ted particles other than then from theB→r ln decay,pmiss

'pn . The resolution onpmiss is determined by undetecte
particles, such asKL

0 mesons, and our experimental resol
tion. As discussed in the following section,pmiss is used to
calculate one of our three fit variables.

Background events come from continuum,b→cln, b
→uln ~other thanB→r ln or B→v ln), and events with
hadrons misidentified as leptons. Theb→cln background is
dominant at lower lepton energy. To distinguish sign
events from background most effectively, we consider th
lepton-energy ranges:El.2.3 GeV ~denoted as HILEP in
the remainder of this paper!, 2.0,El,2.3 GeV ~LOLEP!,
and 1.7,El,2.0 GeV, where the lepton energy,El , is com-
puted in the Y(4S)→BB̄ rest frame ~lab frame!. The
B-meson rest frame is moving with a small velocity,b
'0.065, relative to theY(4S) frame. Sensitivity toB
→r ln decay is best in the HILEP lepton-energy bin whe
the b→cln background is quite small. Here, the bac
grounds are primarily continuum andb→uln events. In
LOLEP, the b→cln background dominates, but theb
→uln contributions in this region are not negligible. Even
with 1.7,El,2.0 GeV are completely dominated byb
→cln decays and are included primarily to verify our unde
standing of this source of background.

Because our best sensitivity toB→r ln is in the HILEP
region, suppression of continuum background is a key is
in the analysis. At theY(4S) center-of-mass energy
Y(4S)→BB̄ decays can be distinguished from continuu
events, which have a three times larger cross section, on
TABLE III. Partial rate (DG̃ thy) predictions inq2 bins from each form-factor~FF! model.

FF model DG̃ thy (ps21) DG̃ thy (ps21) DG̃ thy (ps21)
0,q2,7 GeV2/c4 7,q2,14 GeV2/c4 14,q2,21 GeV2/c4

ISGW2 2.8 6.1 5.3
LCSR 5.4 6.6 4.9
UKQCD 4.5 6.7 5.3
Wise-Ligeti1E791 3.5 8.4 7.5
Beyer-Melikhov 4.3 6.4 5.3
1-7
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basis of various quantities that describe the overall distri
tion of tracks and photons in the event. Such event shap
event topology, variables exploit the fact that theB mesons
are produced nearly at rest so their decay products are
tributed roughly uniformly in solid angle. In contrast, co
tinuum events yield a much more collimated or jet-like eve
topology. We use several event-shape requirements in se
ing our sample:

The ratio of the second to zeroth Fox-Wolfram mome
@28# is required to be less than 0.3. This ratio of mome
tends to be close to zero for spherical events and up to u
for jet-like events.

r l , v l , and p l candidates are required to hav
ucosuthrustu<0.8, whereu thrust is defined to be the angle be
tween the thrust axis of the candidate system and the th
axis of the rest of the event.

We select events withucosumissu<0.9, whereumiss is the
polar angle of the missing momentum (pmiss) with respect to
the beam axis@see Eq.~11!#.

We select events whose energy is evenly distribu
around the momentum axis of the candidate lepton usin
Fisher discriminant@29#. The input variables to the Fishe
discriminant are the track and CsI cluster energies in n
cones of equal solid angle around the lepton-momen
axis. Energy inBB̄ events tends to be more evenly distri
uted in these cones than in jet-like continuum events.

To suppress combinatoric backgrounds fromb→cln and
from b→uln sources other thanB→r ln and B→v ln, we
require that the event kinematics be consistent with th
signal modes. Using the constraintsEB5EBeam and pn

250
5(pB2pr2pl)

2, we compute the angle between theB mo-
mentum direction and that of the reconstructedY
[(r,v,p)1 l system:

cosuBY[
2EBEY2mB

22mY
2

2upBuupYu
. ~12!

The distribution ofupBu•cosuBY is shown in Fig. 5~a! for
signal, continuum, andb→cln events that satisfy all othe
analysis requirements. We require thatupBu•ucosuBYu
<385 MeV/c. For well-reconstructed signal events with aB
momentum of less than 385 MeV/c, this cut is 100% effi-
cient, but b→uln ~non-signal modes!, b→cln, and con-
tinuum events often produce unphysical values of cosuBY
and can be rejected. At CESR, the averageB meson momen-
tum is approximately 320 MeV/c, with a standard deviation
of 50 MeV/c due to the beam energy spread from the em
sion of synchrotron radiation, so this cut is nearly 100
efficient for well-reconstructed signal events.

Finally, we compare the direction of the missing mome
tum (pmiss) with that of the neutrino momentum (pn) in-
ferred from thepn5pB2pY momentum. The latter is known
to within an azimuthal ambiguity about thepY direction be-
cause the magnitude, but not the direction, of theB meson
momentum is known. We require that the minimum diffe
ence in the angle between these two directions be less
0.6 radians.
05200
-
or

is-

t
ct-

s
s
ity

st

d
a

e
m

e

-

-

an

Because ther has a large width and we are reconstructi
several different hadronic modes, events with multiple e
tries passing all of the above requirements are common
avoid the statistical difficulties associated with this, w
choose one combination per event after all other criteria
imposed, picking the combination withupY1pmissu closest to
upBu.

The larger width also leads to an important effect i
signal events. The candidatepp system may not consist o
the true daughter particles of ther. For example, it is pos-
sible for a B→r0ln event to satisfy the analysis require
ments for theB→r1ln channel. In addition,B→v ln events
can feed into theB→r ln channels. We denote this contribu
tion ascrossfeedsignal. Although the kinematic distribution
of these events are somewhat different from correctly rec
structed signal events, the crossfeed contribution is produ
by signal processes, and it is counted as such.

Figure 5~b! shows theM (pp) distribution expected from
signal, continuum, andb→cln events in the HILEPpp
modes. Each contribution has been normalized using the
sults of the likelihood fit described in Sec. IV.

IV. FIT METHOD

We perform an extended binned maximum-likelihood
usingMINUIT @30# in three lepton-energy ranges and five s
nal modes: B0→r2l 1n, B1→r0l 1n, B1→v l 1n, B0

→p2l 1n, and B1→p0l 1n. In addition to lepton energy
we fit two kinematic variables, so we are in effect perform
ing a three-dimensional correlated fit. Our fit includes co
tributions fromB→r ln, B→v ln, B→p ln, other b→uln
modes,b→cln, continuum events, as well as a contributio
from hadrons faking leptons. In this section, we describe
fit variables and constraints, the modeling of signal a
background components, and our method for extracting
rate as a function ofq2.

FIG. 5. Signal and background distributions for the HILEPpp
modes:~a! upBucosuBY for events that pass all other requiremen
including uM (pp)2M (r)u,0.15 GeV/c2 and uDEu,0.5 GeV
and ~b! M (pp) for events that pass all requirements includi
uDEu,0.5 GeV. Shown are the Monte Carlo signal, continuu
data, and Monte Carlob→cln contributions. Each has been no
malized using the results of the likelihood fit described in Sec.
The signal contribution includes events from one signal mo
that have been reconstructed in another signal mode.
upBu•ucosuBYu<385 MeV/c requirement keeps almost all sign
events, while rejecting much of the background.
1-8
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MEASUREMENT OFB→r ln DECAY AND uVubu PHYSICAL REVIEW D 61 052001
The three fit variables,El , Mhad, andDE, are constructed
from the three decay products in semileptonic decay:
lepton, the final-state hadron, and the neutrino. The th
lepton-energy bins were discussed in Sec. III. The invar
mass of the daughter hadron,Mhad, is reconstructed in the
p1p2 andp6p0 channels forB→r ln and in thep1p2p0

channel forB→v ln. The bin size for the fit is 90 MeV/c2

for both M (pp) andM (ppp). The momentum of the had
ron is not used as a fit variable but is the basis for measu
the q2 distribution after the fit is performed.

The presence of a neutrino consistent withB→r ln decay
is signaled by a peak in the distribution of

DE[Er1El1upmissu2EBeam ~13!

at DE50. Backgrounds fromb→cln and b→uln ~except
for B→p ln) events tend to haveDE,0. On the other hand
B→p ln events haveDE.0 when reconstructed in thepp
or p1p2p0 modes, since extra particles beyond the actuaB
decay products are included in the decay hypothesis. TheDE
bin size for the fit is 200 MeV.

DE vs M (pp) distributions for signal and backgroun
contributions in the HILEP region are shown in Fig.
Shapes of distributions for signal,b→cln, andb→uln are
taken from Monte Carlo simulations using theoretical mod
of B-meson decays and full detector simulations based
GEANT @31#, while the continuum background is measur
with the off-resonance data. An additional background,
shown, arises from hadrons passing the lepton identifica
requirements inBB̄ events. This contribution is determine

FIG. 6. Signal and backgroundDE vs M (pp) distributions for
the combinedp6p0 and p1p2 modes in HILEP:~a! the direct
signal contribution; background events from~b! the continuum;~c!
b→cln events;~d! b→uln events. The continuum contribution i
modeled using the off-resonance data, while the other contribut
are taken from Monte Carlo samples. Signal events are centere
DE50 and are clustered around ther mass inM (pp).
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using measured fake rates and data, as described below
data or Monte Carlo samples that are used to estimate
non-continuum contributions are sufficiently large that th
statistical fluctuations are negligible compared with those
the data. We now discuss each of these fit component
more detail.

For signal, the Monte Carlo sample provides theshapesof
the three-dimensional distribution ofEl , Mhad, and DE.
There is very little model dependence in theDE vs Mhad
distributions, but the distribution of signal events across
three lepton-energy bins varies significantly among for
factor models. The variation among theB→r ln form-factor
models is a significant systematic error for our measurem
of B(B→r ln) and uVubu.

There are a large number of crossfeed signal events
described in the previous section. The size of the crossf
contribution relative to the direct signal is determined us
Monte Carlo simulation. These events are misreconstruc
signal decays and their kinematic distributions can be so
what different from direct signal events.

Isospin and quark-model relations are used to const
the relative normalizations ofB0→r2l 1n, B1→r0l 1n, and
B1→v l 1n and, separately, those ofB0→p2l 1n and B1

→p0l 1n. Isospin symmetry implies that

G~B0→r2l 1n!52G~B1→r0l 1n!,

G~B0→p2l 1n!52G~B1→p0l 1n!, ~14!

while thev andr0 wave functions are expected to be ve
similar in the quark model, giving

G~B1→r0l 1n!5G~B1→v l 1n!. ~15!

Possible isospin breaking effects are discussed in R
@32,33#. We assume that theY(4S) decays only toBB̄ in
equal proportions ofB0B̄0 and B1B2 mesons (f 12 / f 00
51.060.1). We also use the valuetB1 /tB051.0460.04
@34# for the ratio of charged to neutralB-meson lifetimes.

The shape and normalization of the continuum ba
ground are measured using the off-resonance data sam
The statistical fluctuations in the off-resonance sample
accounted for by fitting the on- and off-resonance samp
simultaneously, accounting for the difference in luminos
and cross section. For each bin in the fit, the mean numbe
continuum background events is determined so as to m
mize the combined likelihood@33#.

The normalization of theb→cln background is deter-
mined to a large extent from the data. This background ar
primarily from two extensively studied decays,B→Dln and
B→D* ln, and the associated kinematic distributions a
well known. As for the signal modes, the shapes of theDE
vs Mhad distributions due tob→cln are obtained using the
Monte Carlo calculations. With these constraints, there
main 15b→cln normalization parameters, one for each
the five signal modes in each of three lepton-energy bins

In our fit, there are in fact only seven free paramet
associated with theb→cln background, defined in the fol
lowing way. Five of the parameters, one for each sig

ns
on
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B. H. BEHRENSet al. PHYSICAL REVIEW D 61 052001
mode, are scale factors that give the overall normalization
the b→cln background relative to that expected from t
Monte Carlo simulation. Two additional parameters descr
the ratios of scale factors among the three lepton-ene
bins. A common set of ratios is used for all five modes,
we have two rather than 235 parameters for theb→cln
lepton energy spectrum. The reason for this choice is tha
same set of background modes, dominated byB→D* ln and
B→Dln, contributes to each of the five signal modes. T
relative contributions of the differentb→cln modes are es
sentially independent of theb→uln mode we reconstruct. In
Sec. V, we show that our fit results for all seven of theseb
→cln background parameters agree well with Monte Ca
predictions.

The normalization for the contribution fromB→p ln de-
cay is also determined by the data. As for theB→r ln con-
tribution, form-factor models are used to describe the ki
matic distributions. A systematic error is assigned based
the variation observed in theB→r ln fit results for different
B→p ln form-factor models.

The ISGW2@9# predictions are used to model the dist
butions ofb→uln sources other thanB→r ln, B→v ln, and
B→p ln for resonances up to ther(1450). The dominant
resonances areh, b1, anda1. The uncertainty on the com
position of this background is considered as a system
error. To reduce this systematic uncertainty, we allow fo
separate normalization for theb→uln component in each
lepton-energy bin.

The small contribution from fake leptons is found usi
the data. The shapes of theDE vs M (pp) distribution,
along with that ofEl , are found by combiningr candidates
with charged tracks not identified as leptons. These com
nations are required to pass all analysis criteria except for
lepton-identification requirements. The normalization of t
fake-lepton component is determined by measurement
the probability for hadrons to satisfy the lepton identificati
requirements usingp, K, andp samples from the data~see
Sec. III!.

There are thus twelve free parameters in the fit: the y
of B→r ln events~1 parameter!, the yield ofB→p ln events
~1 parameter!, the yield of b→uln events in each lepton
energy bin ~3 parameters!, and the seven parameters th
describe the normalization of theb→cln contribution.

We do not include a contribution fromB→pp ln non-
resonant events in our fit. Instead, we use the data to
strain the size of this contribution and assign a system
error ~see Sec. VI!.

For each form-factor model, theB(B→r ln) result from
the likelihood fit is used to compute

uVubu5AB~B0→r2l 1n!

G̃ thytB0

. ~16!

Results forG̃ thy are given for each of the five form-facto
models in Table I. We usetB051.5660.04 ps@34#.

The likelihood fit results are also used to measure theq2

distribution in B→r ln decay. The largeb→cln back-
grounds in LOLEP limit this measurement to the HILE
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lepton-energy region. To determine theq2 distribution, we
consider events in thep6p0 and p1p2 modes with
uM (pp)2M (r)u,0.15 GeV/c2 and uDEu,0.5 GeV. The
background contributions in eachq2 interval are estimated
using the results of the likelihood fit. We count the numb
of events in the background samples and subtract them f
the data. Below we discuss the determination ofq2 for each
event and describe the extraction of theq2 distribution.

If the B meson momentum vector were known,q2 could
be determined unambiguously from the energy of the dau
ter hadron. ForB→r ln,

q25MB
21M r

222EBEr12pB•pr . ~17!

We know the magnitude of theB momentum, but not its
direction, which introduces an uncertainty inq2. Using the
beam-energy constraint, we compute the minimum a
maximum allowedq2 values for eachr1 l combination.
These correspond to the kinematic configurations where
B momentum direction is closest to, or furthest from, ther
momentum direction. The midpoint of the allowedq2 range
is our estimate ofq2. Theq2 resolution function is shown in
Fig. 7.

To find the trueq2 distribution from the data, we mus
determine the efficiency of our analysis requirements a
function of q2, including the smearing effects shown in Fi
7. We perform this measurement in three equal bins ofq2.
Monte Carlo simulation is used to compute the efficiency
events generated with a particularq2 to be reconstructed at
different value ofq2. This efficiency matrix is computed fo
each of the five form-factor models that we consider; mo

FIG. 7. Theq2 resolution for signal Monte Carlo events. Th
curve shows a fit to the Monte Carlo events~shaded histogram!
using two Gaussians. The narrow (s50.4 GeV2/c4) component is
due to events where the correct hadronic mode is reconstructed
broader (s52.6 GeV2/c4) component is from crossfeed event
We account for this smearing in our measurement ofDG in bins of
q2. The full q2 range forB→r ln is Dq2'21 GeV2/c4.
1-10
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TABLE IV. Summary of data yields for ther6, r0, andv modes with lepton energies between 2.3 a
2.7 GeV ~HILEP! and between 2.0 and 2.3 GeV~LOLEP!. Yields of the background contributions ar
insensitive to the form-factor model used to modelB→r ln events; the yields presented in this table we
obtained using the UKQCD model. Theb→uln background includes allB→Xuln modes except forr, v,
andp. The crossfeed~Xfeed! signal contribution corresponds to events from one vector mode passin
selection cuts of another vector mode (r0ln↔r6ln or r ln↔v ln) and is constrained to the signal in the fi
All errors are statistical only. The errors on the direct and crossfeed signal yields are completely corr
as are those on the yields ofB→p ln events. Errors on theb→uln background are completely correlate
among modes, but not between HILEP and LOLEP.

r6 HI r0 HI v HI r6 LO r0 LO v LO

Y(4S) yield 198 621 460 2249 7298 8552

e1e2→qq̄ bkg. 63611 248622 250622 127616 398628 437629

b→cln bkg. 3965 9067 5265 1941647 64196114 78046129
fake lepton bkg. 462 1367 1065 1167 35621 44622
b→uln bkg. 25610 57623 43617 97624 222657 236660
B→p ln bkg. 963 2066 461 1565 32610 662

Direct sig. 5668 67610 2163 6169 79612 3165
Xfeed sig. 1362 80612 3265 2363 100615 5268
te
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e
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dependence arises primarily from the efficiency of theEl
.2.3 GeV requirement. The reconstructedq2 distribution of
the HILEP data and this efficiency matrix are used to de
mine the trueq2 distribution.

V. FIT RESULTS

The signal and background yields extracted from the fi
HILEP and LOLEP are shown in Tables IV and V for th
05200
r-

n

pp and p1p2p0 modes. The signal yields for the com
binedp1p0 andp1p2 modes in HILEP, where our sens
tivity to the signal is best, are 123618 ~direct! and 93614
~crossfeed!, for a total of 216632 signal events. The fiveb
→cln normalization scale factors are consistent with Mon
Carlo predictions to better than 5%. The two scale fac
ratios that determine the lepton-energy distribution for
b→cln contribution are within one standard deviation
unity. Theb→uln ~modes other thanB→r ln, B→v ln, and
ibution

t and
TABLE V. Summary of direct and crossfeed~Xfeed! signal yields for ther6, r0, andv modes with
lepton energies between 2.3 and 2.7 GeV~HILEP! and between 2.0 and 2.3 GeV~LOLEP!. Signal efficien-
cies are normalized to the number of events in the full lepton-energy region. The crossfeed contr
corresponds to events from one vector mode passing the selection cuts of another vector mode (r0ln↔r6ln
or r ln↔v ln) and is constrained to the signal in the fit. All errors are statistical only. Errors on the direc
crossfeed signal yields are completely correlated.

r6 HI r0 HI v HI r6 LO r0 LO v LO

Signal eff.~ISGW2! 0.040 0.091 0.032 0.039 0.094 0.040
Signal yield~ISGW2! 5869 68610 2163 5569 70611 2664
Xfeed yield ~ISGW2! 1462 80612 3465 2063 89613 4867

Signal eff.~LCSR! 0.026 0.061 0.022 0.030 0.076 0.034
Signal yield~LCSR! 5668 66610 2163 64610 84613 3365
Xfeed yield ~LCSR! 1462 80611 3265 2463 105615 5468

Signal eff.~UKQCD! 0.031 0.070 0.025 0.033 0.083 0.036
Signal yield~UKQCD! 5668 67610 2163 6169 79612 3165
Xfeed yield ~UKQCD! 1462 80612 3365 2363 100615 5268

Signal eff.~Wise-Ligeti1E791! 0.035 0.080 0.028 0.037 0.094 0.040
Signal yield~Wise-Ligeti1E791! 5668 66610 2163 6069 79612 3064
Xfeed yield ~Wise-Ligeti1E791! 1462 80612 3265 2463 102615 5268

Signal eff.~Beyer-Melikhov! 0.029 0.067 0.024 0.033 0.083 0.036
Signal yield~Beyer-Melikhov! 5568 66610 2163 61610 81612 3165
Xfeed yield ~Beyer-Melikhov! 1462 80612 3265 2463 104615 5368
1-11
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FIG. 8. Projections of the fit for the combinedr6 and r0 modes for HILEP (El.2.3 GeV, upper plots! and LOLEP (2.0,El

,2.3 GeV, lower plots!: ~a! M (pp) for HILEP after auDEu,0.5 GeV cut;~b! DE for HILEP after auM (pp)2M (r)u,0.15 GeV/c2 cut;
~c! M (pp) for LOLEP after auDEu,0.5 GeV cut;~d! DE for LOLEP after auM (pp)2M (r)u,0.15 GeV/c2 cut. In each plot, the points
with error bars show the on-resonance data after continuum-background subtraction, while the histogram shows the projection of t
contributions to the fit are the direct and crossfeed components of the signal~unshaded regions, above and below the dashed line, res
tively!; the background fromb→uln non-signal modes~darkly-shaded region!; and the background fromb→cln ~lightly-shaded region!.
The b→uln background includesB→p ln contributions.
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B→p ln) normalizations in the three lepton-energy bi
agree with each other to better than 20%, within one stand
deviation, indicating that the ISGW2 cocktail ofb→uln
modes is adequate, at least to within our sensitivity.

We show projections of the fit in both signal- an
background-dominated regions of theDE vs M (pp) distri-
butions. Figure 8 shows HILEP and LOLEP projections on
M (pp) for uDEu,0.5 GeV and ontoDE for uM (pp)
2M (r)u,0.15 GeV/c2. We observe a significantB→r ln
signal in theM (pp) andDE distributions in HILEP. Figure
9 shows the same distributions for sidebands withuDEu
.0.5 GeV anduM (pp)2M (r)u.0.15 GeV/c2, where we
expect much less signal. In both signal- and backgrou
dominated distributions, we observe good agreement
tween the data and the fit projections. In the projectio
05200
rd

o

d-
e-
s

shown, the signal component is modeled using the ISG
form-factor model, and the continuum contribution has be
subtracted.

Theb→cln background is quite small in the HILEP plot
but is dominant in all of the LOLEP projections. The peak
the LOLEPpp modes at largeM (pp) is due toB→Dln,
with D→Kp, where theK has been misinterpreted as a pio
LOLEP projections in Fig. 9 show that the shape of theb
→cln Monte Carlo distribution describes the data well
regions of the fit where theb→uln contributions are small.
In Fig. 8, the shape of theM (pp) distribution in the LOLEP
lepton-energy bin indicates that theb→uln contributions are
necessary to describe properly the data below theb→cln
lepton-energy endpoint region. We do not show fit proje
tions for the data withEl,2.0 GeV, but the fit agrees we
1-12
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FIG. 9. Projections of the fit for the combinedr6 andr0 modes
for HILEP (El.2.3 GeV, upper plots! and LOLEP (2.0,El

,2.3 GeV, lower plots!: ~a! M (pp) for HILEP after a uDEu
.0.5 GeV cut; ~b! DE for HILEP after a uM (pp)2M (r)u
.0.15 GeV/c2 cut; ~c! M (pp) for LOLEP after a uDEu
.0.5 GeV cut; ~d! DE for LOLEP after a uM (pp)2M (r)u
.0.15 GeV/c2 cut. In each plot, the points with error bars show t
on-resonance data after continuum-background subtraction, w
the histogram shows the projection of the fit. The contributions
the fit are the direct and crossfeed components of the signal~un-
shaded regions, above and below the dashed line, respectively!; the
background fromb→uln non-signal modes~darkly-shaded region!;
and the background fromb→cln ~lightly-shaded region!. The b
→uln background includesB→p ln contributions.
05200
with the data in this region. Theb→cln Monte Carlo simu-
lates M (pp) and DE projections of the data well in both
shape and normalization.

Figure 10 shows the reconstructedq2 and lepton-energy
distributions for thepp modes with uDEu,0.5 GeV and
uM (pp)2M (r)u,0.15 GeV/c2 requirements. We observ
good agreement between the data and theq2 distribution
predicted in HILEP by the form-factor models. The lepto
energy spectrum predicted from the fit results shows g
agreement with the data over the full range of lepton-ene
used (El.1.7 GeV). A large excess in the lepton-ener
spectrum, consistent with the fit projection, is observ
above the continuum contribution in the region beyond
b→cln lepton energy end point.

In the above projections, thep6p0 and p1p2 modes
have been combined. Figure 11 shows theM (pp) distribu-
tion with a uDEu,0.5 GeV requirement for these modes i
dividually where the ratio ofG(B0→r2l 1n) to G(B1

→r0l 1n) has been allowed to float in the fit. We fin
G(B0→r2l 1n)/G(B1→r0l 1n)51.720.6

11.0, where the error
is statistical only. This value is in good agreement with t
isospin relation in Eq.~14!, which is used to determine ou
final results.

In Fig. 12~a! we show theM (p1p2p0) plot for the
HILEP lepton-energy bin. We do not observe a significa
B→v ln signal, but the fit describes the data well.

Figure 12 also shows theDE distributions for the HILEP
~12b! and LOLEP~12d! combinedp6 andp0 modes and the
cosul ~12c! distribution for the HILEP and LOLEPp6 and
p0 modes. Independent of model,u l is expected to have a
sin2u distribution for B→p ln events. The HILEPB→p ln

ile
o

hows the
w

FIG. 10. Projections of the kinematic variables:~a! q2 and~b! El . Both distributions are shown for the combinedr6 andr0 modes for
events withuDEu,0.5 GeV anduM (pp)2M (r)u,0.15 GeV/c2. Theq2 distribution is shown only for events withEl.2.3 GeV. In each
plot, the points with error bars show the on-resonance data after continuum-background subtraction, while the histogram s
projection of the fit. The contributions to the fit are the direct and crossfeed components of the signal~unshaded regions, above and belo
the dashed line, respectively!; the background fromb→uln non-signal modes~darkly-shaded region!; and the background fromb→cln
~lightly-shaded region!. Theb→uln background includesB→p ln contributions.
1-13
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modes are dominated byB→r ln backgrounds. We find
B(B0→p2l 1n)5(1.360.4)31024, where the quoted erro
is statistical only, consistent with the previous CLEO res
@1#. We do not quote a fullB→p ln result as it is very
sensitive to systematics related to the largeB→r ln back-
grounds.

Table VI shows the results of theDG measurement befor
the correction for the lepton-energy cut is performed. T
small spread seen among form-factor models is due to
ferences in the background subtraction and the smearing
rection. Results for the full lepton-energy range are co
puted using the predictions in Table II and are discusse
Sec. VII.

VI. SYSTEMATIC ERRORS

Table VII summarizes our systematic errors. The larg
systematic errors are due to uncertainties on theb→cln and
b→uln backgrounds, the dependence of the efficiencies
our selection criteria on the Monte Carlo modeling of t
detector, and the possible contamination due toB→pp ln

FIG. 11. Projections of the fit ontoM (pp) for HILEP (El

.2.3 GeV) with auDEu,0.5 GeV requirement:~a! for the p6p0

mode and~b! for the p1p2 mode. In each plot, the points wit
error bars show the on-resonance data after continuum-backgr
subtraction, while the histogram shows the projection of the fit. T
contributions to the fit are the direct and crossfeed component
the signal~unshaded regions, above and below the dashed
respectively!; the background fromb→uln non-signal modes
~darkly-shaded region!; and the background fromb→cln ~lightly-
shaded region!. The b→uln background includesB→p ln contri-
butions.
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nonresonant events. We consider these dominant uncer
ties in more detail here.

The leptons inb→cln background events are primaril
from B→Dln, B→D* ln, and B→J/cX decays. TheB
→D** ln contribution is small but is nevertheless includ
in the fit. For events withuDEu,0.5 GeV anduM (pp)
2M (r)u,0.15 GeV/c2 for the pp modes and

nd
e
of
e,

FIG. 12. Projections of the fit in thep1p2p0 and combined
p6 and p0 modes in HILEP and LOLEP:~a! the HILEP
M (p1p2p0) distribution in the p1p2p0 mode with uDEu
,0.5 GeV;~b! the HILEPDE distribution for thep modes;~c! the
cosul distribution for the combined HILEP and LOLEPp modes;
~d! the LOLEPDE distribution for thep modes.u l is the angle
between the lepton momentum direction in theW rest frame and the
W momentum direction in theB rest frame. In each plot, the point
with error bars show the on-resonance data after continu
background subtraction, while the histogram shows the projec
of the fit. The contributions to the fit are the direct and crossfe
components of the signal~unshaded regions, above and below t
dashed line, respectively!; the background fromb→uln non-signal
modes~darkly-shaded region!; and the background fromb→cln
~lightly-shaded region!. For theB→v ln channel, theb→uln back-
ground includesB→p ln contributions. For theB→p ln channels,
the b→uln background includesB→r(v) ln contributions.
TABLE VI. Results forDG(B0→r2l 1n) in bins ofq2 for events withEl.2.3 GeV for each form-factor
~FF! model. The errors are statistical only.

FF model DG(/1022 ns21) DG(/1022 ns21) DG(/1022 ns21)
0,q2,7 GeV2/c4 7,q2,14 GeV2/c4 14,q2,21 GeV2/c4

El.2.3 GeV El.2.3 GeV El.2.3 GeV

ISGW2 1.260.5 1.460.8 2.760.8
LCSR 1.360.5 1.460.8 2.760.8
UKQCD 1.260.5 1.460.8 2.760.8
Wise-Ligeti1E791 1.160.5 1.460.8 2.860.8
Beyer-Melikhov 1.160.5 1.460.8 2.860.8
1-14
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TABLE VII. Summary of systematic errors.

Systematic contribution dBr /Br duVubu/uVubu dG/G dG/G dG/G

q2 range (GeV2/c4) (0,q2,7) (7,q2,14) (14,q2,21)

Simulation of detector 69% 65% 69% 66% 63%
b→cln composition 62% 61% 62% 66% 63%
b→uln composition 66% 63% 64% 69% 67%
Integrated luminosity 62% 61% 62% 62% 62%
Lepton identification 62% 61% 62% 62% 62%
Fake lepton rate 61% 61% 61% 63% 62%
Fit technique 65% 63% 65% 65% 65%
f 12 / f 00 62% 61% 63% 63% 63%
B→pp ln nonresonant 28% 24% 210% 210% 210%
tB 61% 62% 63% 63% 63%

Total systematic error 215%
113%

28%
17%

216%
112%

217%
114%

216%
113%

~excluding model dep.!
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uM (p1p2p0)20.782u,0.05 GeV/c2 for the p1p2p0

mode, the Monte Carlo simulation predicts the following m
of b→cln modes in HILEP~LOLEP!: 23% ~17%! for B
→Dln, 48% ~76%! for B→D* ln, 23% ~1%! for B
→J/cX, and 5%~5%! for B→D** ln.

The b→cln systematic error reflects the fit sensitivity
the shape of theDE vs M (pp) distribution determined from
the b→cln Monte Carlo simulation.~Recall that the fitting
method already allows the data to determine the overall n
malization of theb→cln background as well as the shape
its lepton-energy distribution.! To evaluate this systemati
error, we vary the relative sizes of the background sour
For B→Dln and B→D* ln variations are620%, well be-
yond the current experimental uncertainties in their bran
ing fractions. ForB→D** ln andB→J/cX we make varia-
tions of 640%. These uncertainties produce only a sm
effect in the signal branching fraction, about 2%.

The same method is used to evaluate the uncertainty
to theb→uln simulation.~The fit method allows the data t
determine the normalization of this background compon
in each lepton-energy bin.! We vary the relative contribution
of each mode predicted by the ISGW2 model by650%. The
systematic error assigned is the sum in quadrature of th
variations.

We also examine the sensitivity of the fit to theB→p ln
decay distributions. In contrast tob→uln, where the nor-
malization is allowed to vary in each lepton-energy bin
the fit, the shape of theB→p ln lepton-energy distribution is
fixed by the Monte Carlo prediction. We therefore vary t
lepton-energy spectrum of theB→p ln Monte Carlo calcu-
lation and use form factors forB→p ln determined using
several different methods~much as we have done for theB
→r ln component of the fit!. In both cases, theB→r ln re-
sults are robust against changes to theB→p ln Monte Carlo
simulation. We include this uncertainty in the systematic
ror due to theb→uln simulation.

The computation ofupmissu relies on the Monte Carlo
simulation to adequately simulate the detector response
all charged tracks and clusters in the event, not just th
05200
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used to form ther1 l candidate. To evaluate our sensitivi
to the details of our detector Monte Carlo simulation, w
vary the input parameters of the Monte Carlo calculatio
These include conservative variations of the tracking e
ciency, charged-track momentum resolution, CsI clus
identification efficiency, cluster energy resolution, and t
simulation of the detector endcaps. In addition, we exam
our sensitivity to the number ofKL

0 mesons produced and th
accompanying detector response. While this systematic e
is significant, it is somewhat smaller than the error quoted
Ref. @1#. This is the case for two reasons. First, in order
maintain a relatively high signal efficiency, we have not im
posed several requirements that significantly improve
resolution of the missing momentum as a measure of
neutrino momentum. Second, we do not require that the
constructed energy of the event be consistent with the m
nitude of the missing momentum. Thus, we are not as se
tive to the detector model in our Monte Carlo simulation.

Finally, we assign a systematic error associated wit
nonresonantB→pp ln contribution. Like signal events, non
resonant events would have aDE distribution centered

FIG. 13. B(B0→r2l 1n) and uVubu results. The errors are sta
tistical, systematic, and theoretical~on the averages!, successively
combined in quadrature. For the branching fraction measurem
the theoretical error is taken to be 1/2 of the full spread of resu
For theuVubu measurement there is an additional contribution to

theoretical uncertainty due to the determination ofG̃ thy .
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around zero. Thepp invariant-mass distribution, howeve
would be somewhat different. Although we do not kno
how to describe theM (pp) distribution of such a contribu
tion, other properties help us to distinguish resonantB
→r ln from nonresonantB→pp ln. The isospin~I! of the
hadronic system in aB→pp ln decay must be eitherI 50 or
I 51. For I 51, where the relative production ofp6p0:
p1p2:p0p0 is 2:1:0, the relative orbital angular momentu
~L! must be odd. TheL51 contribution is dominated by th
r resonance@5#. Contributions fromL53,5, . . . aresup-
pressed. ForI 50, the relative production ofp6p0:p1p2:
p0p0 is 0:2:1, distinct fromI 51. An I 50 contribution will
consist primarily of L50. In addition, thep0p0 mode,
which has no resonant contribution, is useful for constrain
the size of any nonresonantB→pp ln contribution.

Nonresonant events should also differ fromB→r ln
events in theirq2 distribution. We expect nonresonant even
to occur mainly at lowq2, where the daughteru quark has a
large momentum relative to the spectator quark. As show
Table II, the efficiency of theEl.2.3 GeV requirement is
highest at largeq2. Thus, we expect to preferentially sele
resonantB→r ln events.

To assign a systematic error, we include a possible n
resonant contribution in our fit, using two sets of assum
tions for theM (pp) andq2 distribution. First, we consider a
M (pp) distribution with a broad Breit-Wigner shape havin
M50.8 GeV/c2 andG51.0 GeV/c2. To simulate aq2 dis-
tribution that is peaked at lowq2, we useB→p ln form
factors from the ISGW2 model. The second set of parame
is designed such that the nonresonant contribution is v
similar to resonantB→r ln events. We useB→r ln form
factors~again from ISGW2! and ar Breit-Wigner shape for
the parentM (pp) distribution.

Using these two sets of assumptions, we repeat our l
lihood fit with the additional freedom of a possible nonres
nantB→pp ln contribution. As described above, we assu
that this contribution is primarilyI 50. A 20% I 51 contri-
bution accounts for a possibleL53 component. Addition-
ally, we perform the fit with and without thep0p0 mode.

In all fits, we find a nonresonant component consist
with zero. The systematic error is assigned from the incre
in the statistical uncertainty on theB→r ln yield due to the
correlation with the nonresonant fit component. This syste
atic error is one-sided, as our nominal fit assumes no n
resonant contribution. The associated uncertainty is
which we regard as conservative.

VII. B„B\r l n…, zVubz, AND DG RESULTS

To extract theB→r ln branching fraction from our mea
sured yields, we must extrapolate to the full lepton-ene
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range. We use form-factor models, as described in Sec. I
determine the signal efficiency. As the significance of t
measured yield comes primarily from the HILEP (El
.2.3 GeV) region, the variation in efficiency among mode
is a significant systematic error in the branching fracti
measurement. The fitted yields in HILEP itself depend o
slightly on the set of form factors used. The signal efficien
and yield for each form-factor model are presented in Ta

V. In addition, to extractuVubu, we use the value ofG̃ thy for
each form-factor model, along withtB , to relate the branch-
ing fraction result touVubu, as given by Eq.~16!. Results for
B(B→r ln) and uVubu are presented in Fig. 13.

The final values forB(B→r ln) and uVubu are the aver-
ages of the results obtained using the five form-factor m
els. We assign a systematic error to account for the subs
tial spread in results among the form-factor models. For
measurement ofB(B→r ln) this error is assigned to be 1/
the full spread among the five form-factor model resu
This uncertainty reflects our sensitivity to the differe
shapesof kinematic distributions predicted by the mode
~mostly due to theEl.2.3 GeV acceptance!. For uVubu, we
must also include an error due to the uncertainty on the c

putation ofG̃ thy , relecting the differentnormalizationsof the

form-factor models. The models quote errors onG̃ thy be-
tween 17% and 50%. We have therefore assigned a 3

error onG̃ thy ~corresponding to a 15% error onuVubu), rather
than 15%, which is the spread in predictions among mod
We find

B~B0→r2l 1n!5~2.6960.4120.40
10.3560.50!31024,

uVubu5~3.2360.2420.26
10.2360.58!31023.

~18!

The errors are statistical, systematic, and theoretical.
dominant uncertainty onuVubu arises from the theoretical er

ror on the normalization,G̃ thy . This 30% uncertainty~corre-
sponding to a 15% error onuVubu! is independent of the
method used to measureB(B→r ln), and it is larger than the
statistical error onuVubu ~6%! or the model dependence o
the detection efficiency~19% one or 9% onuVubu).

Our results forDG in bins ofq2 are shown in Fig. 14. As
for the branching fraction anduVubu results, we compute an
average over form-factor models and assign the theore
uncertainty to be one-half the full spread in results. For th
measurements, the model dependence comes primarily
the variation in the efficiency of the HILEP lepton-energ
requirement. We find
DG~0,q2,7 GeV2/c4!5~7.663.021.2
10.963.0!31022 ns21,

DG~7,q2,14 GeV2/c4!5~4.862.920.8
10.760.7!31022 ns21,

DG~14,q2,21 GeV2/c4!5~7.162.121.1
10.960.6!31022 ns21, ~19!
1-16
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FIG. 14. The partial width (DG) in bins of q2. The errors are statistical, systematic, and theoretical~on the averages!, successively
combined in quadrature. The theoretical error on each measurement is taken to be 1/2 of the full spread of results for the form-facto
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where the errors are statistical, systematic, and theoret
Because the form-factor models predict nearly the sameq2

distribution at large lepton energy, we cannot distingu
among them, as shown in Fig. 15. The models do, howe
agree well with theq2 distribution seen in the data. At hig
q2, our lepton-energy requirement covers a large fraction
the allowed lepton-energy range~as shown in Fig. 2!, and we
are able to measure a partial rate with a relatively sm
theoretical error.

Finally, we have formed an average forB(B→r ln) and
uVubu with the previously published CLEO exclusiveb
→uln result @1#. The two methods share only a small fra
tion of events and are therefore essentially statistically in
pendent. The published result has been updated to con
the same set of form-factor models used in this paper.~These
results are described in the Appendix.! A weight has been
assigned to each analysis such as to minimize the total e

FIG. 15. Comparison of measuredDG distribution ~points with
error bars! with expectations from the form-factor models~curves!
~a! for the El.2.3 GeV region and~b! after the data have bee
extrapolated over the fullEl range. The errors on the points a
statistical, systematic, and theoretical, successively combine
quadrature. Because the form-factor models predict nearly the s
q2 distribution at large lepton energy~a!, we cannot distinguish
between them.
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~statistical, systematic, and theoretical! on the average. Be
cause Ref.@1# extracts uVubu using both B→r ln and B
→p ln results, we perform the average separately for
branching fraction anduVubu measurements. Figure 16 show
the resulting averages accounting for correlated system
errors between the two methods. Averaging these res
over form-factor models, as described above, we obtain

B~B0→r2l 1n!5~2.5760.2920.46
10.3360.41!31024,

uVubu5~3.2560.1420.29
10.2160.55!31023,

~20!

where the errors are statistical, systematic, and theoretic

VIII. CONCLUSIONS AND OUTLOOK

We have performed a measurement ofB(B→r ln), uVubu,
and theq2 distribution inB→r ln decay using a data samp

in
me

FIG. 16. Branching fraction anduVubu results averaged with the
previous CLEO analysis. The errors are statistical, systematic,
theoretical~on the averages!, successively combined in quadratur
For the branching fraction measurement, the theoretical erro
taken to be 1/2 of the full spread of results. For theuVubu measure-
ment there is an additional contribution to the theoretical unc

tainty due to the determination ofG̃ thy .
1-17



B. H. BEHRENSet al. PHYSICAL REVIEW D 61 052001
TABLE VIII. Updated results of Ref.@1# for B(B0→r2l 1n), B(B0→p2l 1n), anduVubu. The errors are
statistical and systematic.

r ln FF model p ln FF model B(r ln) (/1024) B(p ln) (/1024) uVubu (/1023)

ISGW2 ISGW2 2.260.420.6
10.4 2.060.560.3 3.360.220.4

10.3

LCSR QCD SR 2.860.520.8
10.5 1.660.460.3 3.460.220.4

10.3

UKQCD QCD SR 2.560.520.7
10.5 1.760.460.3 3.360.220.4

10.3

Wise-Ligeti1E791 QCD SR 2.260.420.6
10.4 1.860.460.3 3.060.220.4

10.3

Beyer-Melikhov Beyer-Melikhov 2.560.520.7
10.5 1.660.460.3 3.360.220.4

10.3
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of approximately 3.33106 BB̄ pairs. Using leptons near th
b→cln lepton-energy end point, we find

B~B0→r2l 1n!5~2.6960.4120.40
10.3560.50!31024,

uVubu5~3.2360.2420.26
10.2360.58!31023,

~21!

where the errors are statistical, systematic, and theoret
The B(B→r ln) result confirms the previous CLEO me
surement and has a comparable statistical precision. Thi
sult is statistically independent from the previous CLEO
sult and has a somewhat smaller systematic error. Avera
the measurements, we find

B~B0→r2l 1n!5~2.5760.2920.46
10.3360.41!31024,
e
e
l
o

in

r
l
re
t

th

ul

r

05200
al.

re-
-
ng

uVubu5~3.2560.1420.29
10.2160.55!31023. ~22!

These values represent the current best CLEO results b
on exclusiveb→uln measurements. For the branching fra
tion, the experimental (221

117%) and theoretical uncertaintie
(616%) are comparable. ForuVubu, however, the experi-
mental uncertainties (210

18 %) are substantially smaller tha
the estimated theoretical error (617%). The theoretical erro
on uVubu contains a contribution from the uncertainty on t
detection efficiency (68%) and one from the overall nor
malization (615%).

We have also measured theq2 distribution in B→r ln
decay in three bins. We find
DG~0,q2,7 GeV2/c4!5~7.663.021.2
10.963.0!31022 ns21,

DG~7,q2,14 GeV2/c4!5~4.862.920.8
10.760.7!31022 ns21,

DG~14,q2,21 GeV2/c4!5~7.162.121.1
10.960.6!31022 ns21. ~23!
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Because we are sensitive to a large fraction of the allow
lepton-energy region at highq2, we measure the partial rat
for 14,q2,21 GeV2/c4 with a relatively small theoretica
uncertainty. This result is promising for future analyses
B→r ln that use the high lepton-energy region to determ

uVubu, if theoretical predictions forDG̃ thy at high q2 can be
made with good precision. For high lepton energies, the p
dicted shapes of theq2 distributions are virtually identica
for the different form-factor models. The models, therefo
cannot be distinguished on the basis of measurements in
lepton-energy region alone.

To determineuVubu more precisely using the fullq2 range,
it is important to include leptons whose energy is below
lepton-energy end point region, so that the fullq2 distribu-
tion of B→r ln decay can be measured. Experimental res
on theq2 distribution for leptons withEl,2.0 GeV would
help to improve form-factor models, and thus the measu
ment of uVubu.
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APPENDIX: UPDATE OF PREVIOUS CLEO RESULTS

In this appendix we present updated results of the pre
ously published CLEO analysis ofB→r ln and B→p ln,
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which used 2.843106BB̄ pairs@1#. These results are used in
Sec. VII to compute average values ofB(B→r ln) and
uVubu.

We have updated these results to use form-factor mod
for B→r ln andB→p ln decay developed since Ref.@1#. To
compute B(B→r ln) and uVubu, a form-factor model is
needed to describe bothB→r ln andB→p ln decay. In gen-
eral, we use predictions from the same authors to desc
both sets of form factors when both are predicted@9,10#. For
05200
ls

be

the fits using the UKQCD, LCSR, and Wise-Ligeti1E791
predictions to describeB→r ln events, we use theB→p ln
predictions from Khodjamirianet al. @18# using QCD sum
rules ~QCD SR!.

The fit results have been updated to use these form-fa
models as well as thetB results used in this paper. No oth
changes from Ref.@1# have been made. Results forB(B
→r ln), B(B→p ln), anduVubu are shown in Table VIII.
.
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