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Using a sample of 3.810° Y(4S)HB§events collected with the CLEO Il detector at the Cornell Electron
Storage Ring(CESR, we measure3(B— plv), |V, and the partial rateT") in three bins ofg?=(pg
-p)%  We  find B(B%-p 1Tv)=(2.69£041753+0.50)x10° %,  |V,/=(3.23+0.24°332
+0.58)x10 3, AT(0<q?<7 GeVP/c?)=(7.6+3.0"05+3.0)x10 2 ns %, AT (7<q?<14 GeVP/c*)=(4.8
+2.9°37+0.7)x 102 ns %, andAT (14<q?<21 GeV¥/c*) = (7.1+2.1793+0.6)x 10 2 ns . Here,I=e or
M, but not both, and the errors are statistical, systematic, and theoretical. The method is sensitive primarily to
B— plv decays with leptons in the energy range above 2.3 GeV. Averaging with the previously published
CLEO results forB—plv, we obtain B(B°—p |7 v)=(2.57+0.29' 033+ 0.41)x 10 * and |V,,|=(3.25
+0.14" §25+0.55)x 10" 2.

PACS numbes): 13.20.He, 12.15.Hh, 14.40.Nd

I. INTRODUCTION |Vyol, and provides the first information on thg depen-
dence for this decay.

Exclusive semileptonib—ulv decays are an active area  Extracting|V,;,| from a measured decay rate requires sig-
of experimental and theoretical studly—23]. These rare pro- nificant theoretical input because the matrix elements for
cesses can be used to extract the magnitudé,gf one of  such processes involve complex strong-interaction dynamics.
the smallest and least well known elements of the CabibboAlthough the underlyindp— ulv decay is a relatively simple
Kobayashi-Maskaw#CKM) quark-mixing matrix[24]. Be-  weak process, it is difficult to calculate the strong-interaction
causgV,,/V¢p| =~0.08, the branching fractions for exclusive effects involved in the transition from the heaBymeson to
b—ulv processes are small, of order 70 and they have the light daughter meson. Because of these theoretical uncer-
only recently become experimentally accessible. The presemainties, even a perfectly measurBd- pl v branching frac-
analysis confirms the initial CLEO observatigt] of B tion would not at present lead to a precise valug\gf; .

—plwv, improves the precision on the branching fraction and The dynamics inB—plv decay are in contrast with
—clv decays, such aB—D*lv, where a heavy quark is
present both in initial and final states. In this case, techniques

*Permanent address: University of Texas, Austin, TX 78712. based on heavy quark effective thedQET) can be used
TPermanent address: Yonsei University, Seoul 120-749, Korea. to calculate the decay amplitude with good precision, par-
*Permanent address: University of Cincinnati, Cincinnati, ticularly for the kinematic configuration in which the charm

OH 45221. hadron has zero recoil velocity. The zero-recoil pointBin
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—plv cannot be treated with similar techniques, howeverstate is givenB— pl v refers generically td8—p*lv, and
because the daughtarquark is not heavy compared to the B— p°l v decays. When specifying a particular decay mode,
scale of hadronic energy transfers. Nevertheless, substantiak implicitly include its charge-conjugate decay.
progress has been made using a variety of theoretical meth- We begin in Sec. Il by introducing the phenomenology of
ods, including quark modelg—12], lattice QCD[13-15, B— plv decay. The full differential decay rate is expressed
QCD sum rule§16-18, and models relating form factors in terms of helicity amplitudes, which depend in turn on
measured ifD — K*| v decay{19] to those inB— pl v decay.  form factors, Lorentz-invariant functions of that param-
Experimentally, the main difficulty in observing signals etrize the hadronic current. We discuss five form-factor mod-
from b—ulv processes is the very large background due tels that are used to obtajk,,| and to extrapolate our yield
b—clv. Because a significant fraction &d—plv events measured at high lepton energy to the full phase space avail-
have lepton energy beyond the endpoint lfier-clv decay, able inB— plv decay.
lepton-energy requirements provide a powerful tool for back- Section Il describes the data sample and the requirements
ground suppression. However, extrapolation of the decawysed to distinguish signal events from backgrounds, which

rate measured in this portion of phase space to the full ratgre due primarily to continuum event®e"—qq, qq
again requires the use of theoretical models, and it introduces - 4q ss andcc), b—clv, andb—ulv (other thanB
model dependence beyond that associated with simply ex;}pl;j or’B—>va) evénts '
tracting the value (?fv“b| from the branching fractpn. n Section IV describes the binned maximum-likelihood fit
this study, we begin to explore the decay dynamicsBof

b ing the distribution @f, th tth used to extract thB— pl v signal. Although we must rely on
—plv by measuring the distribution @, e square ol In€ - yqnte Carlo calculations to model the shapes of distribu-
mass of the virtuaWW. The distribution ofg< is reflected in

h ¢ ; Eventually. studi f e tions for theb— c(u)l v backgrounds, the normalization and
1€ p momentum spectrum. ventually, studies o lepton-energy spectrum of each background component are
distribution, as well as of the angular distributions of the

determined by the data. In addition, the assumed background

decay products,_ .ShOUId red_uce the model dependence %rf\apes are extensively tested using sideband regions where
[Vupl by constraining theoretical models for the decay formy,e contribution from signal events is small. The continuum

factors. h ious| h 0 background contribution is measured directly using data.
CLEO has previously observedl] the decaysB Section V presents the yields extracted from the fit and the

-1+ + o+ 0 -1+ + o)+
—p |7y, B"=p 7w, Biwa | "v, andB" — a1 "v by q4el-dependent detection efficiencies used to obtain values
measuring both the missing energy and momentum in agy, B(B— plv) and |V
ubl -

event to infer the momentum of the neutrino. Using  gection VI describes the contributions to our systematic

2.84x10° Y (4S)—BB events, this study obtained error. Apart from model dependence, these are due primarily

0 it 05 4 to uncertainties in the— ulv backgrounds and to uncertain-
B(B"—p 1" v)=(2.5£0.4737£0.5 X107, ties in the detector simulation. In the high lepton-energy re-
0 . L, gion, where the sensitivity to the signal is greatest, the back-

B(B"— 7 1"v)=(1.8+0.4+0.30.2X10 %, ground from otheb—ulv processes is comparable to that

03 . from b—clv decays, but its kinematic properties are less

[Vupl=(3.3£0.2253+0.7) X 10", well understood.
) Section VII presents our measured valued36B— pl v)

g\nd |Vuol, as well as the average with the previous CLEO

result. This average takes into account the correlation in the
systematic errors as well as the variation in results for dif-

ferent form-factor models. In Sec. VIII we present our con-

clusions and an outlook for future measurements.

where the errors are statistical, systematic, and theoretical.
large contribution to th&— pl v systematic error is associ-
ated with a possible nonresonaBt— wwlv rate. In the
analysis described below this uncertainty is reduced.

We report on a measurement 8(B— plv) and|V,,| as
well as the first measurement of the partial rateBer pl v
in bins of g2. We study five signal mode®8°—p 1",
B+Hp0|+v, B —wlty, B—# 1Ty, andBT—a% " v.
Our method is sensitive primarily to leptons with energies
above theb—clv lepton-energy end pointg>2.3 GeV).
The resulting event sample is essentially statistically indeMmeson,V(q’q), can be writter{25]
pendent of that from the previous analysis since it contains
much larger signal .an.d background yields, even though the M(P—Vly)= —i&V R )
data samples are similar. \/5 4 m

In this paper, we use the notatidm—u(c)lv to denote
inclusive B— Xyl v decay, whereX,, is a hadronic system whereV,, q is the CKM matrix element for th@—q’ tran-
with no charm quarks, an¥. is a hadronic system with a sition [26], L* is the leptonic current
charm quark. When discussing backgrounds, we will often
refer tob—ulv inclusive decays excluding one or more sig- Lf‘:U,y“(l— YV, 3
nal modes. In this case, we will use the notatior ulv and
explicitly list the modes not to be included. When no chargeand the hadronic current

II. SEMILEPTONIC DECAY KINEMATICS

The matrix element for the semileptonic decay(Qa)
—V(gq'g)l *v_of a pseudoscalar mesoR(Qq), to a vector

052001-3



B. H. BEHRENSet al. PHYSICAL REVIEW D 61 052001

2 T T T 2 L LN 2 T T T
| — ISGW2 (@) | | — ISGW2 b | — ISGW2 (¢) 4]
--- LCSR --- LCSR --- LCSR £
- UKQCD l [ e UKQCD 1 - UKQCD /iy ]
L —— Wise/Ligeti+E791 ] L —— Wise/Ligeti+E791 4 —-— Wise/Ligeti+E791 .{,.-‘;} ]
~ | == Beyer/Melikhov ~ | —— Beyer/Melikhov § - — Beyer/Melikhov # #/
o (4] NA &
=1t 1 & o ' i
- N g
< < >
-___.___4.3‘-;;_;:‘-
0 5 10 15 20 0 5 10 15 20 O 5 10 15 20

q2 (GeVz/c4)

FIG. 1. Model predictions for théa) A;(g?), (b) A,(g?), and(c) V(g?) form factors. TheA;(g?) form factor determines the rate at high
g°. TheV(q?) form factor has a large effect on the lepton-energy spectrum. Maximum daughter-hadron recoil occurs at the minimum value
of g2, which is close to zero.

J,=(V(pv,&)|[(V=A),|P(pp)) The amplitudes for the vector meson to have helicity
+1,—1, or 0, denoted b , (g%), H_(g?), andHy(g?), can
=~k (mp+my)A(g?) be expressed in terms of the form factors:
Ax(g?)
+(pvtpp)u(e™ Q) —— _2mp|py|
vHPe)u(e” A H(0) = (Mo my) Ay(@7) % - 22 BV (),
* 2my 2 2
+tau(e 'q)v(Aa(q )= Ao(07)) .
Ho(a?) = — | (Mp—my—a?)(mp+my)A(g%)
V(2 2myyg
i * VAP AT
2l €unpoe pvppmp‘*‘mvy @ _4mE’|pv|2A 2 (6)
mp+my 2(9) |,

is written in terms of four form factorsi;(g?), A(q?),

V(g?), andAq(g%), whereAq(0)=A4(0) and where py is the vector meson three-momentum in the
B-meson rest frame, which is a function gf

mp+ mV mpfmv

2my Al(qz)—WAz(qz). 5) o |\/
=

Heremp, my, pp, andpy are the pseudoscalar and vector

meson masses and four-momerda pp—py, ande is the  As g? decreases from?,,,=(me—m,)? to g2,,=n¥~0, |py/|
vector-meson polarization four-vector. TermsJip propor-  increases from| py| min=0 to |pv|maX:(m§,—n‘§,)/2m%. At
tional to g, vanish in the limit of massless leptons, so thatlarge g, the A;(q?) form factor therefore dominates all
the decayB— plv depends effectively on only three form three of the helicity amplitudes. The full differential decay
factors[ A1(q?), A,(g?), andV(qg?)] for electrons or muons. rate forP—Vlv (V—P,P,) is given by[25]

As(g?)= M3 +m2— g2

2
T ) —mZ. 7)

dr 3 Ipvlg?

— 2 , 2 _ 2ci AYA
dq2d C030|dC030VdX 8(4,”_)4GF|Vq Q| m% B(VHPIPZ)[(:L 770059|) S|n20V|H+(q )|

+(1+ 7 cosh,)?sir?oy|H_(q?)|?+ 4 sirf6,cos 6y |Ho(g?)|?
—47sin6,(1— 7 cosb,)sin 6,cosb,cosyH . (q>)Hy(g%) + 47 sin6,(1+ 7 cosb))
X sin 6,cosé,cosyH _(q?)Hq(g?) — 2 sirf§sirf6ycos 2vH , (g>)H_(g?)], (8)
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FIG. 3. Theoreticab? distributions for theB— pl v form-factor
models that we have considere@ over the full lepton-energy
range andb) for E;>2.3 GeV. The lepton energf, , is computed
in the Y (4S)—BB rest frame(lab frame, which differs slightly

Foobogo R from theB rest frame. In each plot, models have been normalized to
0 1 2 equal areas. For high lepton energieés> 2.3 GeV, all of the mod-
Eg (GeV) els predict very similag? distributions.

FIG. 2. A simulated Dalitz plotg? vs E,, for B—plv decay. .
The lepton energyE, , is computed in th& (4S)— BB rest frame a}mong these.models. THVUM measurement has .an ,addl'
(lab frame, which differs slightly from theB rest frame. This tional theoretical uncertainty due to the determination of

analysis is most sensitive 88— plv events in the lepton-energy [y .-
region to the right of the vertical linds;>2.3 GeV. The horizontal The Dalitz plot for B—plv decay predicted by the
lines define theg? bins in the AT measurement: €q? ISGW2 model is shown in Fig. 2. For a given valueqdt

4 2 4 2 4
<7 GeV/c!, 7<g’<14 GeV'/c’, and 14<g°<21 GeV/c’. At cos@ varies from —1 to +1 across the allowed range of

high g2, our lepton-energy requirement retains a much larger frac; . . o
tion of the phase space than it does at kgt lepton energies. The Dalitz plot shows that positive values of

cosh are favored over negative values; this effect, which
produces a hard lepton-energy spectrum, is a consequence of

the W rest frame with respect to tha flight direction in the eV —A coupling, and is discussed further below. We are
B rest frame, and, is the polar angle of one of the pseudo- MOSt sensitive td— plv decay in the end point region to
scalar daughters in the rest frame of the vector meson witH'€ right of the vertical lineF,>2.3 GeV. Although a sig-
respect to the vector-meson flight direction in tBerest  nificant fraction(37%—-43% of the total predicted rate for
frame. y is the angle between the decay planes ofwhand ~ B—plv lies at high lepton energy, Table | shows that theo-
the vector meson. The facteris equal to+1 (—1) when the  retical approaches differ, giving results between 24% and
quarkQ has charge-1/3 (+2/3). 35% for this fraction.

For the extraction of3(B— plv) and AT in bins of g Table | also shows the quantityy,, predicted by each
from the data, we use E@) to extrapolate our measure- torm.factor model. Even with a perfectly measurd&
ments based primarily on the high lepton energy part of the , |, jyranching fraction|V,,,| would be uncertain due to
decay phase space to the entire phase space. The form factord’ =
AL(9?), A,(g?), and V(g?) are evaluated using various the spread il'y,, values among f0r~m-factor models. We can
models, Wh_OS_e predict_ions are ShOWf_] in_Fig. 1. These formsummarize the model predictions Bg, = (16.8+2.6) ps %,
factor predictions provide the normalization a 15% spread. As explained in Sec. VII, we assign a 30%

whereg?=(pp—pv)?, 6, is the polar angle of the lepton in

~ error only, .
Ly =T (B—pl v)/|Vyp|?, 9 Figure 3 shows thg? distribution predicted by our imple-
mentation of these models. Integrated over all lepton ener-

which allows us to extractV,,| from the measured decay gies, there is a substantial difference among the models at
rate. We use a set of form-factor models representative dbw g (large daughter-hadron recpilt high lepton energy,
current theoretical work, including results from two quark- however, the shapes of tig distributions predicted by each
model approachedsgur-Scora-Grinstein-Wis@SGW?2) [9]  of the form-factor models are very similar. To distinguish
and Melikhov-Beyer[10]), lattice QCD (UKQCD [15]), among form-factor models on the basis of ¢fedistribution,
light-cone sum rule$LCSR[17]), and a method incorporat- the lepton-energy region below 2.0 GeV must be probed.
ing form-factor measurements iD—K*[v decay (Wise- Table 1l shows how the efficiency of the lepton-energy
Ligeti+E791[19]). In all cases we have used form-factor requirement varies witly? for each form-factor model. Our
parametrizations as described in the above references. A thiepton-energy requirement retains a much larger fraction of
oretical error is added to the branching fraction afimea-  the phase space at higff than it does at lowg?. Thus, at
surements based on one-half of the full spread in resultbigh g2, the efficiency is quite high and a small variation is

052001-5
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TABLE I. I:thy and lepton-energy distribution predictions from each form-fag&®) model. The lepton

energy,E,, is computed in thé((4S)HB§ rest frame(lab frame, which differs slightly from theB rest
frame. For the branching fraction measurement, the primary source of model dependence is in the ratio
I'(E;>2.3 GeV)I'. For the|V,,| measurement, there is significant additional model dependence arising

from the quantityfthy.

FF model f‘thy(ps’l) I'(E;>2.3 GeV)I' (%) I'(2.0<E;<2.3 GeV)I' (%)

ISGW2 14.2 35 33

LCSR 16.9 24 28

UKQCD 16.5 27 30

Wise-Ligeti+E791 19.4 31 34

Beyer-Melikhov 16.0 27 30
seen among models. At log?, on the other hand, the effi- lll. DATA SAMPLE AND EVENT SELECTION
ciency is relatively low with a large variation among the . . . .
form-factor models. The data used in this analysis were collected using the

Integrating Eq.(8) over the angular variables, we obtain CLEO_II detector[27] quated at the Cornell Electron Stor-
age Ring(CESR), operating near th& (4S) resonance. We
a2 N have analyzed a 3.1 3 sample taken on the resonance,
_2:_F3|Vq,Q|2%B(VHp1p2) corresponding to approximately %30° BB pairs. Addi-
dg”® 9 Mp tionally, we examine a 1.7 fot sample taken at a center-of-
X[|H 4 (6?)|2+[H_(q2)|2+|Ho(a?)[2].  (10) mass energy 60 MeV below th¥(4S) mass. These off-
resonance data, which have an energy below the threshold

Figure 4 shows thel'/do? distribution for each term in Eq. for BB production, are used to measure the continuum back-

: round.
(10). In each form-factor model, the term proportional to9 . . :
|H_|? contributes the largest fraction of the total rate. As a The CLEO Il detector is designed to provide excellent

consequence of thé— A couplings of theW boson the vec- charggd— and neutral—'parjucle reconstruction efficiency and
) . - resolution. Three cylindrical tracking chambers are sur-

tor meson is more likely to have helicity1 than +1. For . : |

B— plv decay, this asymmetry is quite large, except at verymlijnded by a t|me|-((_)f-f||gh¢TOF) sTyr?tem, aICsI calolrlmeterl,_ d

high g2 (low daughter-hadron recoil momentunvhere the and a muon tracking system. The nearly complete solid-

. - . ngle coverage of both the tracking system and calorimeter is
Ay for_m factor dommat.es each of the helicity amplitudes an(]prloited in this analysis to obtain information on the mo-
the p is nearly unpolarized, and at small valuesyéf where

e . S mentum of the neutrino.
only the zero-helicity _compor]ent .contrlbutes S|gn|f|ca_ntly. To be considered as a hadron or lepton candidate, charged
Because th¢H , |? contribution is quite small, the theoretical ’

X . A tracks must satisfy several requirements. The impact param-
error in theB(B— pl v) andAI" measurements is due prima- ger of the track along and transverse to the beam direction
rily 0 the uncertainty in the relative size 61_(q°) and )¢t pe less than 5 cm and 2 mm, respectively. The spread
Ho(q). . 2+ 1. in the impact parameter along the beam direction is domi-

Table Il shows the predictions far/|Vy,|* in bins of  hateq by the beam width in that direction and is approxi-
q° (AT’ ) for the form-factor models. These predictions canmately 1.5 cm. Transverse to the beam direction, the resolu-
be used to extradV,,| from a measurement of thg? dis-  tion on the impact parameter is approximately 0.3 mm. The
tribution. rms residual for the hits on the track must be less than 1 mm.

TABLE II. The fraction of events predicted to hat>2.3 GeV in bins ofg? for each form-facto(FF)
model. The spread among these results is the largest component of the theoretical erradrlinnieasure-

ment.
FF model AT(E;>2.3 GeV)AT  AT(E>23 GeV)AI  AI(E;>2.3 GeV)AT
(%) (%) (%)
0<g?<7 Ge\®/c* 7<q’<14 GeVP/c* 14<g?<21 GeV?/c*
ISGW2 24 35 43
LCSR 12 25 38
UKQCD 15 28 39
Wise-Ligeti+E791 23 29 37
Beyer-Melikhov 14 27 38
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F T sews backgrounds are suppressed by requiring candidates for these

[ T " T '2 ] T ‘2|.
P T o Ir! 1[5 bkaco ! i hadronic systems to have a momentum greater than
3 B ‘Q’e‘f,‘:’bj,?;',‘,:,ﬁ,?i ____________ | g ot ] 300 MeV/c; these backgrounds are further suppressed in the
| w7~ 7% mode by making a cut on the— 7" 7~ #° Dalitz
% I amplitude. We require that the”, =, and #° be config-
Sosl AE ured such that the decay probability densitydl’(
3 \IH_Izcmﬁbu"m;“‘s‘\x oc|p77+><p777|2 wherep+ andp, - are evaluated in the
B 11 1% Contibut ! rest frame is at least 12% of its maximum value.
L TN We define the missing momentum in the event to be
D S T T
42 (GevZic®)

FIG. 4. dT'/dq? distributions for each of the three terms in Eq. Pmiss= — = Pi , (13)
(10): (a) the terms proportional toH _|? and |H,|? and (b) the
[Ho|? term.

where the sum is over reconstructed charged tracks and pho-
Finally, we require that at least 15 out of the 67 trackington candidates in the event. If the event contains no undetec-
layers be used in the track fit. ted particles other than the from the B— plv decay,ppmiss

Electron and muon identification requirements are choser=p, . The resolution orp,ss is determined by undetected

to achieve high efficiency and a low hadronic fake rate. Weparticles, such aKE mesons, and our experimental resolu-
require [cos6|<0.85, whered is the polar angle of the tion. As discussed in the following sectiopyss is used to
track’'s momentum vector with respect to the beam axiscalculate one of our three fit variables.
Electrons are identified primarily using the ratio of the calo-  Background events come from continuuim~clv, b
rimeter energy to track momentunEAp) and specific ion-  _, y;, (other thanB— plv or B—wlv), and events with
ization (dE/dx) information. Muon candidates are found by hadrons misidentified as leptons. Thesclv background is
extrapolating tracks from the central detector into the muory,inant at lower lepton energy. To distinguish signal

counters, such candidates are required to penetrate at leae?Ients from background most effectively, we consider three
seven interaction lengths of iron. For electr¢gnauong that lepton-energy rangesE;>2.3 GeV (denoted as HILEP in

satisfy the tracking requirements described above as well . :
the lepton-energy requirements of our analysis, the efficiencaﬂ%ed rle:r;;aéniezr OOfGth\'f’ pip)eth.;KIE,TZ.B Gev (LQLEP)’
of these lepton-identification requirements is approximatel na-L. 1<2.0 GeV, where the lepton energy,, is com-

94% (82%). The fraction of hadrons passing electfonuony ~ Puted in the Y(4S)—BB rest frame (lab frame. The
identification criteria is determined from data and is approxi-B-meson rest frame is moving with a small velocitg,
mately 0.1%(0.6%). ~0.065, relative to theY(4S) frame. Sensitivity toB
Photon candidates are associated with Csl calorimeter>plv decay is best in the HILEP lepton-energy bin where
clusters that are not matched to any charged track. Individudhe b—clv background is quite small. Here, the back-
photons are required to have enerdy,, greater than 30 grounds are primarily continuum and—ulv events. In
MeV. To be considered in @ candidate, two photons must LOLEP, the b—clv background dominates, but thi
have a combined invariant mas¥l,, within 20 of the —ulv contributions in this region are not negligible. Events
nominal 7° mass. Their combined energg,,, is required ~ With 1.7<E;<2.0 GeV are completely dominated Hy
to be greater than 325 MeV. In addition, we require that at—Clv decays and are included primarily to verify our under-
least one photon satisfgos6,|<0.71, whered,, is the polar ~ standing of this source of background.
angle with respect to the beam axis. Each photon candidate is Because our best sensitivity &— plv is in the HILEP
included in at most oner® candidate. region, suppression of continuum background is a key issue
To search forB—plv, B—wlv, and B—xlv events, in the analysis. At theY(4S) center-of-mass energy,
electron or muon candidates are combined witf7°, Y (4S)—BB decays can be distinguished from continuum
awtw”, wta w°, =~ or #° candidates. Combinatoric events, which have a three times larger cross section, on the

TABLE lll. Partial rate @fthy) predictions ing? bins from each form-factofFF) model.

FF model ATy (ps?) ATy (ps™h) ATy (ps™)
0<q?<7 Ge\®/c* 7<0?<14 Ge\P/c* 14<g?<21 GeV¥/c*
ISGW2 2.8 6.1 5.3
LCSR 5.4 6.6 4.9
UKQCD 4.5 6.7 5.3
Wise-Ligeti+E791 3.5 8.4 7.5
Beyer-Melikhov 4.3 6.4 5.3
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basis of various quantities that describe the overall distribu- , T wmwe @] e T e
tion of tracks and photons in the event. Such event shape, @ | ;7 Gentinuum data 1t - Continuum deta |
event topology, variables exploit the fact that Benesons
are produced nearly at rest so their decay products are disg
tributed roughly uniformly in solid angle. In contrast, con-
tinuum events yield a much more collimated or jet-like event
topology. We use several event-shape requirements in sele
ing our sample:

The ratio of the second to zeroth Fox-Wolfram moments - M b 11
[28] is required to be less than 0.3. This ratio of moments ° s ~2%5 0 o5 10 =~ 85 a5 . 15 20

. . |pgl cos 6, (GeVic) Mixm) (GeVie?)

tends to be close to zero for spherical events and up to unity g

for jet-like events. FIG. 5. Signal and background distributions for the HILER
pl, ol, and ml candidates are required to have modes:(a) |pg|cosdgy for events that pass all other requirements
|COSOinust <0.8, whereby, is defined to be the angle be- including |M(7m7)—M(p)|<0.15 GeVLt? and |AE|<0.5 GeV
tween the thrust axis of the candidate system and the thruahd (b) M(#) for events that pass all requirements including
axis of the rest of the event. |AE|<0.5 GeV. Shown are the Monte Carlo signal, continuum
We select events withcosf,sd <0.9, wheref,ss is the  data, and Monte Carlb—clv contributions. Each has been nor-
polar angle of the missing momentum, ) with respectto  malized using the results of the likelihood fit described in Sec. IV.
the beam axi$see Eq.(11)]. The signal contribution includes events from one signal mode
We select events whose energy is evenly distributedhat have been reconstructed in another signal mode. The
around the momentum axis of the candidate lepton using sl -|c0s6ky|<385 MeVic requirement keeps almost all signal
Fisher discriminanf29]. The input variables to the Fisher €vents. while rejecting much of the background.
discriminant are the track and Csl cluster energies in nine
cones of equal solid angle around the lepton-momentum Because the has a large width and we are reconstructing
axis. Energy inBB events tends to be more evenly distrib- S€veral different hadronic modes, events with multiple en-
uted in these cones than in jet-like continuum events. tries passing all of the above requirements are common. To

To suppress combinatoric backgrounds frbm clv and avoid the statisti(_:al _difficulties associated with this,_ we
from b—ulv sources other thaB— plv and B— wl v, we choose one combination per event after all other criteria are
require that the event kinematics be consistent with thesF"posed* picking the combination wify +ppis{ closest to
signal modes. Using the constrairtg=Egg,y, and p,2,=0 Pl
=(pPs—P,— p))?, we compute the angle between tReno-
mentum direction and that of the reconstructed
=(p,w,m)+| system:

ts / (0.12 68viey
8

o)
=
T

.
Events / (90 MeV/c2)

E\’len

------

The largep width also leads to an important effect in
signal events. The candidater system may not consist of
the true daughter particles of the For example, it is pos-
sible for aB—p°lv event to satisfy the analysis require-
ments for theB— p "1 v channel. In additionB— wl v events
2EgEy—m3—md can feed into th&— pl v channels. We denote this contribu-

2[pallpy] (120 tjon ascrossfeedsignal. Although the kinematic distributions

of these events are somewhat different from correctly recon-

structed signal events, the crossfeed contribution is produced
The distribution of|pg|-coségy is shown in Fig. %a) for by signal processes, and it is counted as such.
signal, continuum, antb—clv events that satisfy all other ~ Figure 8b) shows theM (7 ) distribution expected from
analysis requirements. We require thdpg|-|coségy] signal, continuum, and—clv events in the HILEP7 @
<385 MeV/c. For well-reconstructed signal events witlBa modes. Each contribution has been normalized using the re-
momentum of less than 385 Med//this cut is 100% effi- sults of the likelihood fit described in Sec. IV.
cient, butb—ulv (non-signal modes b—clv, and con-
tinuum events often produce unphysical values of &gs
and can be rejected. At CESR, the averBgeeson momen-
tum is approximately 320 Me\¢/, with a standard deviation We perform an extended binned maximume-likelihood fit
of 50 MeV/c due to the beam energy spread from the emisusingmiNuIT [30] in three lepton-energy ranges and five sig-
sion of synchrotron radiation, so this cut is nearly 100%nal modes: B—p~1"», B*—p°% "y, B*—wlv, B°

COSHBYE

IV. FIT METHOD

efficient for well-reconstructed signal events. —a 1y, andB"— 7% Tv. In addition to lepton energy,
Finally, we compare the direction of the missing momen-we fit two kinematic variables, so we are in effect perform-
tum (Pmis9 With that of the neutrino momentunpf) in-  ing a three-dimensional correlated fit. Our fit includes con-

ferred from thep,=pg—py momentum. The latter is known tributions fromB—plv, B—wlv, B— wlv, otherb—ulv

to within an azimuthal ambiguity about thgg direction be- modesb—clv, continuum events, as well as a contribution
cause the magnitude, but not the direction, of Bhemeson  from hadrons faking leptons. In this section, we describe the
momentum is known. We require that the minimum differ- fit variables and constraints, the modeling of signal and
ence in the angle between these two directions be less thdrackground components, and our method for extracting the
0.6 radians. rate as a function ofj?.
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2T T T using measured fake rates and data, as described below. The
ST R .“nu" . oo data or Monte Carlo samples that are used to estimate the
TorimmErae L2, o @ non-continuum contributions are sufficiently large that their
e R | B85 S8oa” o statistical fluctuations are negligible compared with those of
0 :::Eg@%ﬁ;::::ii .... ‘[a25E0oa o o oo the data. We now discuss each of these fit components in
[eooo Onw T ooo oo [Oo T H
ooooODOoe sa«- .« Noo0 ooo more detail.
cnLaELilily o0 & o or signal, the Monte Carlo sample provides shepeo
EEEEEEEE DEE“”““: F I, the Monte Carl | des shapeof
s | nEg:m the three-dimensional distribution d&,, M.y, and AE.
() (a) B—pflrlag (b) Continuum There is very little model dependence in th& vs My,q
%—2 e distributions, but the distribution of signal events across the
L 1o, C el D .. ree lepton-ener ins varies significantly among form-
Wl L th lept gy bi . ignificantly g f
R L TR TR (EEEEREF R R S factor models. The variation among tBe- pl v form-factor
. fnooaasesesssae-aOnoOOOaGGaE ... - models is a significant systematic error for our measurement
o E3288RBa53885500 . [BABOERBAAAEES 1 | of B(B—plv) and|Vy.
Tl OOoo=0n=»« Oopaa-cs - ere are a large number of crossfeed signal events, as
(=]u] [=lm=1-L-F-F- RN -] OOO0oQo = « Th | g b f f d g | t
oo CEET Booaas"ll . described in the previous section. The size of the crossfeed
o0 DoOoooss DOD0DDOO0OOn = « « . . . . . . . . .
poOfoooaoas. -« LI EERERE contribution relative to the direct signal is determined using
fiiaiillT @ b=t [T T (A b—uly Monte Carlo simulatio.n. These events are misreconstructed
A T L T —_— signal decays and their kinematic distributions can be some-
0.5 1.0 15 05 1.0 15 2.0

s what different from direct signal events.
M) (GeVic®) Isospin and quark-model relations are used to constrain

; ot 0, —|+ + oy +
FIG. 6. Signal and backgroun§E vs M () distributions for thf reIatLve normalizations &"— p Iﬁg' B P ", arld
the combinednr* #° and =" #~ modes in HILEP:(a) the direct B"—wl"v and, separately, those & — = |"» andB

signal contribution; background events frahj the continuumjc) — %l v. Isospin symmetry implies that
b—clv events;(d) b—ulv events. The continuum contribution is 0 S N o +

modeled using the off-resonance data, while the other contributions F(B —=p 1"»)=2I(B" —p"l"v),

are taken from Monte Carlo samples. Signal events are centered on

AE=0 and are clustered around themass inM (7). F(B—a 1 y)=2I'(B* =7 "), (14

The three fit variable€, , M., andAE, are constructed While the w and p° wave functions are expected to be very
from the three decay products in semileptonic decay: théimilar in the quark model, giving
lepton, the final-state hadron, and the neutrino. The three o4 N N
lepton-energy bins were discussed in Sec. Ill. The invariant [(B"—p1"y)=I'(B"— ol v). (19

mass of the daughter hadroi,,.q4, IS reconstructed in the . . . . . .
ot andwiw"%hannels foBTplvand in thert 77— 70 Possible isospin breaking effects are discussed in Refs.

channel forB— wl v. The bin size for the fit is 90 Me\t? ~ [32,33. We assume that th¥(4S) decays only toBB in
for both M (7 7) andM (7). The momentum of the had- equal proportions of8°B® and B*B~ mesons {, _/fq
ron is not used as a fit variable but is the basis for measuring- 1.0£0.1). We also use the valueg+/7g0=1.04=0.04

the g2 distribution after the fit is performed. [34] for the ratio of charged to neutr@meson lifetimes.
The presence of a neutrino consistent vidth: pl v decay The shape and normalization of the continuum back-
is signaled by a peak in the distribution of ground are measured using the off-resonance data sample.
The statistical fluctuations in the off-resonance sample are
AE=E,+E|+|Pmisd — Egeam (13  accounted for by fitting the on- and off-resonance samples

simultaneously, accounting for the difference in luminosity

at AE=0. Backgrounds fronb—clv andb—ulv (except and cross section. For each bin in the fit, the mean number of
for B— 7l v) events tend to havR E<0. On the other hand, continuum background events is determined so as to maxi-
B— mrlv events havé\E>0 when reconstructed in then mize the combined likelihoof33].
or w7~ w° modes, since extra particles beyond the adual The normalization of théo—clv background is deter-
decay products are included in the decay hypothesisAhe mined to a large extent from the data. This background arises
bin size for the fit is 200 MeV. primarily from two extensively studied decayd DI v and

AE vs M(m) distributions for signal and background B—D*|», and the associated kinematic distributions are
contributions in the HILEP region are shown in Fig. 6. well known. As for the signal modes, the shapes of Alte
Shapes of distributions for signdd—clv, andb—ulv are  ys M, distributions due tdo—cl» are obtained using the
taken from Monte Carlo simulations using theoretical modelgvionte Carlo calculations. With these constraints, there re-
of B-meson decays and full detector simulations based ofain 15b—clv normalization parameters, one for each of
GEANT [31], while the continuum background is measuredthe five signal modes in each of three lepton-energy bins.
with the off-resonance data. An additional background, not |n our fit, there are in fact only seven free parameters
shown, arises from hadrons passing the lepton identificatiogssociated with thé— clv background, defined in the fol-
requirements irBB events. This contribution is determined lowing way. Five of the parameters, one for each signal
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mode, are scale factors that give the overall normalization of LA L ) I B B R BB LI B A
the b—clv background relative to that expected from the
Monte Carlo simulation. Two additional parameters describe
the ratios of scale factors among the three lepton-energy — —]
bins. A common set of ratios is used for all five modes, so
we have two rather than>% parameters for thé—clv
lepton energy spectrum. The reason for this choice is that the
same set of background modes, dominate@®byD* | v and
B— Dl v, contributes to each of the five sighal modes. The
relative contributions of the differert— clv modes are es-
sentially independent of the— ulv mode we reconstruct. In
Sec. V, we show that our fit results for all seven of thbse
—clv background parameters agree well with Monte Carlo
predictions. ~ Crossfeed signal

The normalization for the contribution froB— 7l v de- o= 2.6 Gev2ct
cay is also determined by the data. As for B> plv con- B
tribution, form-factor models are used to describe the kine-
matic distributions. A systematic error is assigned based on -10 -5
the variation observed in the— pl v fit results for different g2 (Reconstructed) -g2 (Generated) (GeV2/c?)
B— |l v form-factor models. 5 ] )

The ISGW2[9] predictions are used to model the distri- FIG. 7. Theq_ resolution for signal Monte Carlo eyents. The
butions ofb— ulv sources other thaB— pl v, B— wl », and curve shows a fit to the Monte Carlo everighaded histogram

B— v for resonances up to the(1450). The dominant using two Gaussians. The narrow+0.4 GeV¥/c*) component is
resonances are, b, anda,. The uncertai.nty on the com due to events where the correct hadronic mode is reconstructed. The
y 1 1- -

it f this back di dered ¢ t.broader =2.6 GeV¥/c*) component is from crossfeed events.
position © IS background 1S considered as a systemaliGy, occount for this smearing in our measuremenk Bfin bins of

error. To reduce this systematic uncertainty, we allow for 2. The full g2 range forB— pl v is Aq?~21 Ge\Z/c*.
separate normalization for the—ulv component in each
lepton-energy bin.

The small contribution from fake leptons is found using

the data. The shapes of theE vs M () distribution, IM(7m)—M(p)|<0.15 GeVE? and |AE|<0.5 GeV. The

along with that ofg,, are found by combining candidates P - . ;
with charged tracks not identified as leptons. These Combit_)ackground contributions in eadff interval are estimated

. . LN using the results of the likelihood fit. We count the number
hations are .requ'.md to pass all analysis criteria except for th8f events in the background samples and subtract them from
lepton-identification requ_lrements._The normalization of the,[Pe data. Below we discuss the determinatiomdfor each
fake-lepton component is determined by measurements g

the probability for hadrons to satisfy the lepton identificationeV?fn:haeng ?niicghbfng]rﬁei)ig;cszgtgj ﬁ?elsli:;gl\j;?rgoul d

rseeqcuw”el)ments usingr, K, andp samples from the datesee be determined unambiguously from the energy of the daugh-
There are thus twelve free parameters in the fit: the yieI(}er hadron. FoB— plv,

of B— plv events(1 parameter the yield ofB— =l v events

Direct signal
o=0.4 Gev¥ct

Events / (0.2 GeVZ/c?)
|
1

lepton-energy region. To determine tgé distribution, we
consider events in ther“#° and =" 7~ modes with

2_ 2 2
(1 parameter the yield ofb—ulv events in each lepton- q°=Mg+M;,—2EgE,+2pg-p,. (17)
energy bin(3 parametens and the seven parameters that . .
describe the normalization of the—clv contribution. We know the magnitude of th& momentum, but not its

We do not include a contribution froB— 7al» non-  direction, which introduces an uncertainty 3. Using the
resonant events in our fit. Instead, we use the data to conbeam-energy constraint, we compute the min_imU_m and
strain the size of this contribution and assign a systematiaximum allowedg? values for eachp+I combination.

error (see Sec. Vl These correspond to the kinematic configurations where the
For each form-factor model, thB(B— plv) result from B momentum direction is closest to, or furthest from, the
the likelihood fit is used to compute momentum direction. The midpoint of the allowgd range

is our estimate o§. Theq? resolution function is shown in

B(B—p 17v) Fig. 7.
Vil =/ — =" (16) To find the trueg? distribution from the data, we must
I ihy7go

determine the efficiency of our analysis requirements as a
- function of g2, including the smearing effects shown in Fig.
Results forl'y,, are given for each of the five form-factor 7. We perform this measurement in three equal bingf
models in Table I. We usego=1.56+0.04 ps[34]. Monte Carlo simulation is used to compute the efficiency of
The likelihood fit results are also used to measureghe events generated with a particulgr to be reconstructed at a
distribution in B—plv decay. The largeb—clv back- different value ofg?. This efficiency matrix is computed for
grounds in LOLEP limit this measurement to the HILEP each of the five form-factor models that we consider; model
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TABLE IV. Summary of data yields for the*, p°, andw modes with lepton energies between 2.3 and
2.7 GeV (HILEP) and between 2.0 and 2.3 GeVOLEP). Yields of the background contributions are
insensitive to the form-factor model used to mo8ek pl v events; the yields presented in this table were
obtained using the UKQCD model. The—ulv background includes aB— X | » modes except fop, w,
and 7. The crossfeedXfeed signal contribution corresponds to events from one vector mode passing the
selection cuts of another vector mog& (v« p* v or pl v wl v) and is constrained to the signal in the fit.
All errors are statistical only. The errors on the direct and crossfeed signal yields are completely correlated,
as are those on the yields Bf— =l v events. Errors on thb—ulv background are completely correlated
among modes, but not between HILEP and LOLEP.

p~ HI p° HI o HI p~ LO p° LO L0
Y (4S) yield 198 621 460 2249 7298 8552
ete —qq bkg. 63+11 248+22 250+22 127-16 398+28 43729
b—clv bkg. 39+5 90+7 52+5 1941+47 6419-114 7804-129
fake lepton bkg. &2 13+7 10+5 11+7 35+21 44+22
b—ulv bkg. 25+10 57+23 43+17 97+24 222+57 236+60
B— v bkg. 9+3 20+6 4=1 15+5 32+10 6+2
Direct sig. 56-8 67+10 21+3 61+9 79+12 31+5
Xfeed sig. 132 80+12 32+5 23+3 100+15 52+8

dependence arises primarily from the efficiency of e
>2.3 GeV requirement. The reconstructgddistribution of

aa and 7t 7~ 7° modes. The signal yields for the com-
bined7w" #° and =" 7~ modes in HILEP, where our sensi-

the HILEP data and this efficiency matrix are used to detertivity to the signal is best, are 12318 (direc) and 93-14
(crossfeedl for a total of 216-32 signal events. The fivie
—clv normalization scale factors are consistent with Monte
Carlo predictions to better than 5%. The two scale factor
ratios that determine the lepton-energy distribution for the
The signal and background yields extracted from the fit inb—clv contribution are within one standard deviation of
HILEP and LOLEP are shown in Tables IV and V for the unity. Theb—ulv (modes other thaB— pl v, B— wl v, and

mine the trueg? distribution.

V. FIT RESULTS

TABLE V. Summary of direct and crossfedédfeed signal yields for thep™, p° and w modes with
lepton energies between 2.3 and 2.7 GeNLEP) and between 2.0 and 2.3 GEVOLEP). Signal efficien-
cies are normalized to the number of events in the full lepton-energy region. The crossfeed contribution
corresponds to events from one vector mode passing the selection cuts of another vectgsinede €l v
or plv— wlv) and is constrained to the signal in the fit. All errors are statistical only. Errors on the direct and
crossfeed signal yields are completely correlated.

p= HI p® HI o HI p~ LO p° LO wLO
Signal eff.(ISGW2 0.040 0.091 0.032 0.039 0.094 0.040
Signal yield(ISGW2) 58+9 68+10 21+3 55+9 70+11 26+4
Xfeed yield (ISGW2) 14+2 80+12 34+5 203 89+13 48+7
Signal eff.(LCSR) 0.026 0.061 0.022 0.030 0.076 0.034
Signal yield(LCSR) 56+8 6610 21+3 64+10 84+13 335
Xfeed yield (LCSR) 14+2 8011 32+5 24+3 105£15 54+8
Signal eff.(UKQCD) 0.031 0.070 0.025 0.033 0.083 0.036
Signal yield(UKQCD) 56+8 6710 21*3 61+9 7912 315
Xfeed yield (UKQCD) 14+2 80+12 335 23+3 100+15 52+8
Signal eff.(Wise-Ligeti+E797) 0.035 0.080 0.028 0.037 0.094 0.040
Signal yield(Wise-Ligeti+E791) 56+8 6610 21+3 609 7912 30+4
Xfeed yield (Wise-Ligeti+ E79]) 14+2 80+12 32t5 24+3 102+15 52+8
Signal eff.(Beyer-Melikhoy 0.029 0.067 0.024 0.033 0.083 0.036
Signal yield (Beyer-Melikhoy 55+8 6610 21+3 61+10 81+12 31+5
Xfeed yield (Beyer-Melikhoy 14+2 80+12 32+5 24+3 104+15 53+8
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FIG. 8. Projections of the fit for the combings® and p® modes for HILEP E,>2.3 GeV, upper plotsand LOLEP (2.&E,
<2.3 GeV, lower plots (a) M () for HILEP after a] AE|<0.5 GeV cut;(b) AE for HILEP after )M (7m) —M(p)|<0.15 GeV£E? cut;
(¢) M () for LOLEP after | AE|<0.5 GeV cut;(d) AE for LOLEP after a|M(m#)—M(p)|<0.15 GeVt? 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 the fit. The
contributions to the fit are the direct and crossfeed components of the sigrshladed regions, above and below the dashed line, respec-
tively); the background fronb— ul» non-signal modesdarkly-shaded regionand the background from— clv (lightly-shaded region
The b—ulv background includeB— 7l v contributions.

B— wlv) normalizations in the three lepton-energy binsshown, the signal component is modeled using the ISGW2
agree with each other to better than 20%, within one standarfbrm-factor model, and the continuum contribution has been
deviation, indicating that the ISGW2 cocktail &af—uly  subtracted.
modes is adequate, at least to within our sensitivity. Theb— clv background is quite small in the HILEP plots
We show projections of the fit in both signal- and butis dominant in all of the LOLEP projections. The peak in
background-dominated regions of tA& vs M (wrar) distri-  the LOLEP 77 modes at largél (7 ) is due toB—Dl v,
butions. Figure 8 shows HILEP and LOLEP projections ontowith D— K, where theK has been misinterpreted as a pion.
M(m) for |AE|<0.5 GeV and ontoAE for |M(mw)  LOLEP projections in Fig. 9 show that the shape of the
—M(p)|<0.15 GeVE?. We observe a significarB—ply ~ —clv Monte Carlo distribution describes the data well in
signal in theM (77r) andAE distributions in HILEP. Figure regions of the fit where thb—ulv contributions are small.
9 shows the same distributions for sidebands wWitE|  In Fig. 8, the shape of thil () distribution in the LOLEP
>0.5 GeV and|M(m7)—M(p)|>0.15 GeVt?, where we lepton-energy bin indicates that the-ulv contributions are
expect much less signal. In both signal- and backgroundrecessary to describe properly the data belowlheclv
dominated distributions, we observe good agreement bdepton-energy endpoint region. We do not show fit projec-
tween the data and the fit projections. In the projectiongions for the data withE;<2.0 GeV, but the fit agrees well

052001-12



MEASUREMENT OFB— plv DECAY AND |V PHYSICAL REVIEW D 61 052001

' ' ' ' ' ' with the data in this region. Thie—clv Monte Carlo simu-

< ) HILEP < (B} HILEF lates M (77r) and AE projections of the data well in both
> 20 2 shape and normalization.
E § 50 T Figure 10 shows the reconstructgél and lepton-energy
e g distributions for thews modes with|AE|<0.5 GeV and
2 % |M () —M(p)|<0.15 GeVE? requirements. We observe
2 4 = & ; [ good agreement between the data and dhedistribution
w . . ] 0 t predicted in HILEP by the form-factor models. The lepton-
_ ' ' © LOLEP ' '(d) LOLEP energy spectrum predicted from the fit results shows good
RS + S agreement with the data over the full range of lepton-energy
E 100 + 1= 400} . used E;>1.7 GeV). A large excess in the lepton-energy
P S spectrum, consistent with the fit projection, is observed
< :w' above the continuum contribution in the region beyond the
g 50 1 & 29 1 b—clv lepton energy end point.
:>J’ & In the above projections, the™#° and 77~ modes

ol ¢ , , , have been combined. Figure 11 shows hér ) distribu-

! L 0
05 10 15 20 -2 -1 0 1 2  tionwith a|AE[<0.5 GeV requirement for these modes in-
M) (GeVic?) AE(GeV) dividually where the ratio of['(B°—p~17v) to I'(B*

FIG. 9. Projections of the fit for the combingd andp® modes _’P%HV)_ h+as beerl aIIoS/v+ed to ﬂo?to in the fit. We find
for HILEP (E,>2.3 GeV, upper plolsand LOLEP (2.6&E, L(B%—p 1" »)/T(B"—p°l"v)=1.7"¢g, where the error
<2.3 GeV, lower plots (8 M(wm) for HILEP after a|AE| is statistical only. This value is in good agreement with the
>0.5 GeV cut; (b) AE for HILEP after a [M(wm)—M(p)|  isospin relation in Eq(14), which is used to determine our
>0.15 GeVt? cut; (c) M(mm) for LOLEP after a |AE|  final results.
>0.5 GeV cut; (d) AE for LOLEP after a|M(mm)—M(p)| In Fig. 12a) we show theM(x" 7~ #°) plot for the
>0.15 GeVL? cut. In each plot, the points with error bars show the HILEP lepton-energy bin. We do not observe a significant
on-resonance data after continuum-background subtraction, whilB— wl v signal, but the fit describes the data well.
the histogram shows the projection of the fit. The contributions to Figure 12 also shows th&E distributions for the HILEP
the fit are the direct and crossfeed components of the sigmal  (12h) and LOLEP(12d) combined=" and#° modes and the
shaded regions, above and below the dashed line, respegtitely cos6, (120 distribution for the HILEP and LOLER* and
background fronb— ul» non-signal mode&arkly-shaded region ° modes. Independent of mode, is expected to have a

and the background fromb—clv (lightly-shaded region Theb g2y gistribution for B— | v events. The HILEFB— rl v
—ulv background includeB— 7l v contributions.

L B ALELEL B L 0 fF T 11
(a) -

N
o
|
|

Y
o

Events / (50 MeV)
N
o
o

Events / (1 GeV/c?)

0 = b
0 5 10 15 20 1.8 2.0 22 24 26
q2 (GeV3/cH E,(GeV)

FIG. 10. Projections of the kinematic variablés} g2 and(b) E, . Both distributions are shown for the combined and p® modes for
events with| AE|<0.5 GeV andM () —M(p)|<0.15 GeVt2. Theg? distribution is shown only for events with,>2.3 GeV. In each
plot, the points with error bars show the on-resonance data after continuum-background subtraction, while the histogram shows the
projection of the fit. The contributions to the fit are the direct and crossfeed components of theighalded regions, above and below
the dashed line, respectivglythe background fronb— ulv non-signal modesgdarkly-shaded regionand the background froh—clv
(lightly-shaded region Theb— ulv background includeB— =l v contributions.
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T T T T T T 1 T T T T T
&« (a) p* mode (b) p° mode « (a) HILEP | (b) HILEP
2 40 - K 2
2 20 - > =
= = 10 18
S g =
210 120 I 2 2
5 - g
I'I>'I - “ I | |

ok it 1 0= L T 05 1.0 15 20
0.5 1.0 1.5 2.0 0.5 1.0 15 2.0 M(rmr) (GeV/c?)
2 U T T
M(r ) (GeV/ic?) 100}  (c) HILEP + LOLEP
o . S
FIG. 11. Projections of the fit ontd(7=) for HILEP (E, = 2 100

>2.3 GeV) with a] AE|<0.5 GeV requirementta) for the 7= 7° S S

mode and(b) for the 7“7~ mode. In each plot, the points with @ 5 e

error bars show the on-resonance data after continuum-backgroun § @ 50

subtraction, while the histogram shows the projection of the fit. The W §

w

contributions to the fit are the direct and crossfeed components o

the signal(unshaded regions, above and below the dashed line, _q =0 0 05 1.0 92 =3 ) 1 ;
respectively; the background fromb—ulv non-signal modes ) cos 6, ’ ' AE (GeV)
(darkly-shaded regionand the background froma—clv (lightly-

shaded region The b—ulv background include8— =l v contri- FIG. 12. Projections of the fit in ther™ 7~ #° and combined
butions. 7+ and #° modes in HILEP and LOLEP:(a) the HILEP

M (7t 7~ w% distribution in the #* 7~ #° mode with |AE|
d <0.5 GeV;(b) the HILEPAE distribution for them modes;(c) the
cos@, distribution for the combined HILEP and LOLER modes;
t(d) the LOLEP AE distribution for thew modes.§, is the angle
between the lepton momentum direction in Weest frame and the
. . W momentum direction in th8 rest frame. In each plot, the points
sensitive to systematics related to the laige: plv back- with error bars show the on-resonance data Fia)lfter cor?tinuum-

grounds. background subtraction, while the histogram shows the projection
Table VI shows the results of thel’ measurement before ¢ yhe fit. The contributions to the fit are the direct and crossfeed

the correction for the lepton-energy cut is performed. The;omponents of the signélinshaded regions, above and below the
small spread seen among form-factor models is due to difgashed line, respectivelythe background frorb— ulv non-signal
ferences in the background subtraction and the smearing Cofrodes (darkly-shaded regiop and the background frorb—clv
rection. Results for the full lepton-energy range are comslightly-shaded region For theB— wl v channel, thdd— ul v back-
puted using the predictions in Table Il and are discussed iground includesB— =l v contributions. For th&— arl v channels,
Sec. VII. the b—ulv background includeB— p(w)l v contributions.

modes are dominated bB— plv backgrounds. We fin
B(B°— 71" v)=(1.3+0.4)x 104, where the quoted error
is statistical only, consistent with the previous CLEO resul
[1]. We do not quote a fulB—lv result as it is very

nonresonant events. We consider these dominant uncertain-
ties in more detail here.

Table VII summarizes our systematic errors. The largest The leptons inb—clv background events are primarily
systematic errors are due to uncertainties onbtheclv and  from B—DIlv, B—D*lv, and B—J/¢X decays. TheB
b—ulv backgrounds, the dependence of the efficiencies of->D** | v contribution is small but is nevertheless included
our selection criteria on the Monte Carlo modeling of thein the fit. For events with AE|<0.5 GeV and|M (7 )
detector, and the possible contamination dueBte 7l v —M(p)|<0.15 GeVt? for the om modes and

VI. SYSTEMATIC ERRORS

TABLE VI. Results forAT (B°— p~1 ") in bins ofg? for events withE,>2.3 GeV for each form-factor
(FP model. The errors are statistical only.

FF model AT(/10 2 ns'1) AT'(/10 2 ns'}) AT'(/10 2 ns'})
0<g?<7 GeVe/c* 7<0°<14 GeV¥/c* 14<qg?<21 GeV¥/c*

E,>2.3 GeV E;>2.3 GeV E;>2.3 GeV
ISGW2 1.2£0.5 1.4-0.8 2.7+0.8
LCSR 1.3t0.5 1.4-0.8 2.7+0.8
UKQCD 1.20.5 1.4-0.8 2.7+0.8
Wise-Ligeti+E791 1.1x0.5 1.4+0.8 2.8:0.8
Beyer-Melikhov 1.x0.5 1.4:0.8 2.8:0.8
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TABLE VII. Summary of systematic errors.

Systematic contribution  6B,/5, S|Vl Vbl STIT SriT STIT
q? range (GeV/c* (0<g?<7) (7<g?<14) (14< %< 21)
Simulation of detector +9% +5% +9% +6% +3%
b—clv composition *+2% +1% *2% *+6% +3%
b—ulv composition +6% +3% *+4% +9% 7%
Integrated luminosity *+2% *+1% *+2% *+2% *+2%
Lepton identification +2% +1% +2% +2% +2%
Fake lepton rate +1% +1% +1% +3% +2%
Fit technique +5% +3% +5% +5% +5%
fo_Ifg +2% +1% +3% +3% +3%
B— 7rrl v nonresonant —8% —4% —10% —10% —10%
T8 +1% +2% +3% +3% +3%
Total systematic error T tim BT i i

(excluding model dep.

IM(7" 7~ 7% —0.783<0.05 GeVt? for the ='x #°  used to form thep+I candidate. To evaluate our sensitivity
mode, the Monte Carlo simulation predicts the following mix to the details of our detector Monte Carlo simulation, we

of b—clv modes in HILEP(LOLEP): 23% (17%) for B vary the input parameters of the Monte Carlo calculation.
—Dlv, 48% (76% for B—D*lv, 23% (1%) for B These include conservative variations of the tracking effi-

—J/¢yX, and 5%(5%) for B—D** | v. ciency, charged-track momentum resolution, Csl cluster
The b—clv systematic error reflects the fit sensitivity to identification efficiency, cluster energy resolution, and the
the shape of thA E vs M () distribution determined from simulation of the detector endcaps. In addition, we examine
the b—clv Monte Carlo simulation(Recall that the fitting ~Our sensitivity to the number Y mesons produced and the
method already allows the data to determine the overall noraccompanying detector response. While this systematic error
malization of theb— cl» background as well as the shape of is significant, it is somewhat smaller than the error quoted in
its lepton-energy distribution.To evaluate this systematic Ref.[1]. This is the case for two reasons. First, in order to
error, we vary the relative sizes of the background sourcegnaintain a relatively high signal efficiency, we have not im-
For B—DIlv» and B—D*|v variations are=20%, well be- posed several requirements that significantly improve the
yond the current experimental uncertainties in their branchresolution of the missing momentum as a measure of the
ing fractions. FoB—D** | v andB— J/ X we make varia- neutrino momentum. Second, we do not require that the re-
tions of £40%. These uncertainties produce only a smaliconstructed energy of the event be consistent with the mag-
effect in the Signa| branching fraction, about 2%. nitude of the missing momentum. Thus, we are not as sensi-
The same method is used to evaluate the uncertainty dU#ve to the detector model in our Monte Carlo simulation.
to theb— ulv simulation.(The fit method allows the datato  Finally, we assign a systematic error associated with a
determine the normalization of this background componenfonresonanB— v contribution. Like signal events, non-
in each lepton-energy binwWe vary the relative contribution resonant events would have &E distribution centered
of each mode predicted by the ISGW2 modelb§0%. The

systematic error assigned is the sum in quadrature of thes~ BE ) (165 IV, l0107%)
variations. o e e -
We also examine the sensitivity of the fit to tBes |y ~ 218%034%% e ISGw2 et (314202453
decay distributions. In contrast to—ulv, where the nor-  3.19:10.48:04} Ha—i LCSR H--+ | 3.48.£0.267533
malization is allowed to vary in each lepton-energy bin of .~ e UKQCD ey |3202025002

the fit, the shape of thB— 7l v lepton-energy distribution is
fixed by the Monte Carlo prediction. We therefore vary the 243:037:33;  [w=+ |Wise/Ligeti+ E79 et |283:0.21:33
lepton-energy spectrum of ti&— «lv Monte Carlo calcu- 25104393 H=t | BeyerMelikhov | =+ [3.38+0.25:0%
lation and use form factors foB— =l v determined using

. . 412335 20.50 | HH—e—H A | 3.23+0.24:322 20.58
several different methodsnuch as we have done for tge ~ 289*04"aa+050] e verage | rar| 32320245
. 2.0 3.5 25 4.0
—plv component of the fit In both cases, thB—plv re-
sults are robust against changes toBhie 7l v Monte Carlo FIG. 13. B(B°—p~1"v) and|V,,| results. The errors are sta-
simulation. We include this uncertainty in the systematic er-istical, systematic, and theoretican the averagessuccessively
ror due to theb—ulv simulation. combined in quadrature. For the branching fraction measurement,

The computation oflp,sd relies on the Monte Carlo the theoretical error is taken to be 1/2 of the full spread of results.
simulation to adequately simulate the detector response fdror the|V.y| measurement there is an additional contribution to the
all charged tracks and clusters in the event, not just thostheoretical uncertainty due to the determinatiori'gf,.
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around zero. Therw invariant-mass distribution, however, range. We use form-factor models, as described in Sec. Il, to
would be somewhat different. Although we do not know determine the signal efficiency. As the significance of the
how to describe thd/ (7 r) distribution of such a contribu- measured yield comes primarily from the HILEFE(
tion, other properties help us to distinguish resonBnt >2.3 GeV) region, the variation in efficiency among models
—plv from nonresonanB— mr#rlv. The isospin(l) of the is a significant systematic error in the branching fraction
hadronic system in B— 7l v decay must be eithér=0 or ~ measurement. The fitted yields in HILEP itself depend only
|=1. For I=1, where the relative production of~7°: slightly on the set of form factors used. The signal efficiency
a7 7070 is 2:1:0, the relative orbital angular momentum and yield for each form-factor model are presented in Table

p resonancgs]. Contributions fromL=3,5, ... aresup-  each form-factor model, along with, to relate the branch-
pfgsggd. For=0, the relative production of 7w " 7. ing fraction result tdV,,|, as given by Eq(16). Results for

m o is 0:2:1, distinct froml =1. An1=0 contribution will BB pl ») and|V,,| are presented in Fig. 13.

consist primarily of L=0. In addition, thex°z° mode,  The final values for3(B— pl») and|V,,| are the aver-
which has no resonant contribution, is useful for constrainingages of the results obtained using the five form-factor mod-
the size of any nonresonaBt— 7wl v contribution. els. We assign a systematic error to account for the substan-

Nonresonant events should also differ froBv>plv  tjal spread in results among the form-factor models. For the
events in theig? distribution. We expect nonresonant eventsmeasurement 0B(B— pl v) this error is assigned to be 1/2
to occur mainly at lonq®, where the daughtar quark has a  the full spread among the five form-factor model results.
large momentum relative to the spectator quark. As shown ifrhjs uncertainty reflects our sensitivity to the different
Table Il, the efficiency of theE;>2.3 GeV requirement is  shapesof kinematic distributions predicted by the models,
highest at largeg®. Thus, we expect to preferentially select (mostly due to theE,>2.3 GeV acceptangeFor |V,,|, we

resonanlB_HpI v events. _ _ must also include an error due to the uncertainty on the com-
To assign a systematic error, we include a possible nor]p')utation ofl"yy, relecting the differenbormalizationsof the
resonant contribution in our fit, using two sets of assump- Y ~
tions for theM () andg? distribution. First, we consider a form-factor models. The models quote errors B, be-
M () distribution with a broad Breit-Wigner shape having tween 17% and 50%. We have therefore assigned a 30%
M=0.8 GeVk? andI'=1.0 GeVk?. To simulate aq” dis-  error onl'y,, (corresponding to a 15% error ¢W,,|), rather
tribution that is peaked at low?, we useB—mlv form  than 15%, which is the spread in predictions among models.
factors from the ISGW2 model. The second set of parametenrg/e find
is designed such that the nonresonant contribution is very
similar to resonanB— plv events. We usé— plv form 0 —1+.N_ +0.35 —4
factors(again from ISGW2 and ap Breit-Wigner shape for BB —=p 171)=(2.692041030-0.50 % 10"%,
the parentM () distribution.
Using these two sets of assumptions, we repeat our like- Vbl =(3.23+0.24" 533+ 0.58 x 10”2,
lihood fit with the additional freedom of a possible nonreso- (18
nantB— mrl v contribution. As described above, we assume
that this contribution is primarily=0. A 20%1=1 contri-
bution accounts for a possible=3 component. Addition-
ally, we perform the fit with and without the®7° mode.

The errors are statistical, systematic, and theoretical. The
dominant uncertainty ofV/,,;,| arises from the theoretical er-

In all fits, we find a nonresonant component consistenf®r O the normalization'y,,. This 30% uncertaintycorre-
with zero. The systematic error is assigned from the increasaPOnding to a 15% error of¥/,|) is independent of the
in the statistical uncertainty on tHg— pl » yield due to the ~Method used to measuB¢B—plv), and itis larger than the
correlation with the nonresonant fit component. This systemstatistical error orfV,| (6%) or the model dependence of
atic error is one-sided, as our nominal fit assumes no norf€ detection efficiency19% one or 9% on|Vyy|).

. . ) . . - . 2 . .
resonant contribution. The associated uncertainty is 8%, OUr results forAT" in bins ofq“ are shown in Fig. 14. As
which we regard as conservative. for the branching fraction anfV/,p| results, we compute an

average over form-factor models and assign the theoretical
uncertainty to be one-half the full spread in results. For these
measurements, the model dependence comes primarily from

To extract theB— pl v branching fraction from our mea- the variation in the efficiency of the HILEP lepton-energy
sured yields, we must extrapolate to the full lepton-energyequirement. We find

VII. B(B—plv), |Vyp|, AND AT RESULTS

AT (0<q?<7 GeVP/c*)=(7.6+3.0'93+3.00x10 2 ns ¢,
AT(7<q?<14 GeV¥/c*)=(4.8+2.9"31+0.7)x 1072 ns 1,

AT (14<g?<21 GeVP/cH=(7.1+2.1799+0.6)x 1072 ns7?, (19
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0<q?<7GeVct 7 < q% < 14 GevZ/ct 14 < g2 < 21 GeVZ/e?

ISGW2 et 4.9+2.0:38 e 39223082 —t 6.3+1.9:93

LCSR —a—1 [10.824.2%13 —a—15.443.3'3] —a—t [7.2£2.2:99

UKQCD —a— 8.5+3.4:19 — = (49229197 ay [7.0£2.1299

Wise/Ligeti+E791| = 4.812.043% a1 |4.7+2.808 = |7.542.2+19

Beyer/Melikhov | +—=— | 9.1£3.6%]] —s— [5.1£3.1233 —e—i |7.3:2.2*}3
Average H—a—H 7.613.0493+3.0| —=— [4.8+2.9:37+07| —=—n [7.122.179320.7

EERETRET: 024 s 46 810

AT(B— p=¢*,)(11072ns™)

FIG. 14. The partial width £T) in bins of g2. The errors are statistical, systematic, and theorefmalthe averagessuccessively
combined in quadrature. The theoretical error on each measurement is taken to be 1/2 of the full spread of results for the form-factor models.

where the errors are statistical, systematic, and theoreticalstatistical, systematic, and theoretjcah the average. Be-
Because the form-factor models predict nearly the sgfme cause Ref[1] extracts|V,,| using bothB—plv and B
distribution at large lepton energy, we cannot distinguish— 7l v results, we perform the average separately for the
among them, as shown in Fig. 15. The models do, howevehranching fraction anfV,,| measurements. Figure 16 shows
agree well with theg? distribution seen in the data. At high the resulting averages accounting for correlated systematic
g, our lepton-energy requirement covers a large fraction oerrors between the two methods. Averaging these results
the allowed lepton-energy rangas shown in Fig. 2 and we  over form-factor models, as described above, we obtain

are able to measure a partial rate with a relatively small

theoretical error. B(B°—p 17 v)=(2.57+0.29" 533+ 0.41) x 104,
Finally, we have formed an average 8(B— plv) and

[Vyo| with the previously published CLEO exclusivie [Vupl =(3.25+0.14" 053+ 0.55 x 10" 3,

—ulv result[1]. The two methods share only a small frac- (20

tion of events and are therefore essentially statistically inde- o ) )
pendent. The published result has been updated to consid&here the errors are statistical, systematic, and theoretical.
the same set of form-factor models used in this padrese

results are described in the AppendiA weight has been VIIl. CONCLUSIONS AND OUTLOOK

assigned to each analysis such as to minimize the total error
We have performed a measuremenBBoB— pl v), |V |,

and theg? distribution inB— pl v decay using a data sample

41

— ISGW2 T E
o | = ISaw: (a) Ee>2.3GeV_ .l (b) AllE, T . B N
T Wi(s%(/:lfi)gethﬂm 10 . BE—p7Ew) (10°7) IVpl0)
& [ --- BeyerMelikhov z==s, 1 F 1 1028 T LML 1021
~ = I | 2.19+0.25%55 o+ ISGW2 HeH o [3.24+0.14%5333
Tm I ; 7 ] +0.39 40.22
2o L .~ i 3.0210.34%535; sl LCSR = [3.4510.15%035%
o .
[) — % —
g 5 / ] 2.6610.28*331 [u— UKQCD HaH |3.32£0.14:92)
] &
o L £a 4
g L 2.3310.27038 e Wise /Ligeti+E791| Ha 2.92+0.13+312
) '/

AT B A T T 2682031253 rret | BeyerMelikhov | r+mn (3.32:0.15:3%)

0 5 10 15 20 0 5 10 15 20 "
g2(GeVicY) 2.57+0.29:533 +0.41 i Average | st 3.25:0.14:53}£0.55
20 35 25 4.0

FIG. 15. Comparison of measur@d” distribution (points with ] ) ]
error barg with expectations from the form-factor modétsurves FIG. 16. Branching fraction anV/,| results averaged with the
(a) for the E,;>2.3 GeV region andb) after the data have been Previous CLEO analysis. The errors are statistical, systematic, and
extrapolated over the fulE, range. The errors on the points are theoretical(on the averagessuccessively combined in qgadrature._
statistical, systematic, and theoretical, successively combined ifOF the branching fraction measurement, the theoretical error is
quadrature. Because the form-factor models predict nearly the sanf@ken to be 1/2 of the full spread of results. For fWg;| measure-
g2 distribution at large lepton energi@), we cannot distinguish ment there is an additional contribution to the theoretical uncer-

between them. tainty due to the determination tffmy.
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TABLE VIIl. Updated results of Ref{1] for B(B®—p~ | *v), B(B*— = 1" v), and|V,,|. The errors are
statistical and systematic.

plv FF model ol v FF model B(plv) (/104 B(wlv) (/107%) [Vyol (12073)
ISGW2 ISGW2 2.2+0.4°0% 2.0+0.5+0.3 3.3+0.2°33
LCSR QCD SR 2.8+0.5'33 1.6+0.4+0.3 3.4£0.2°03
UKQCD QCD SR 2.5+0.5°93 1.7+0.4+0.3 3.3:0.2°03
Wise-Ligeti+E791 QCD SR 2.2+0.4" %4 1.8+0.4+0.3 3.0+£0.2°03
Beyer-Melikhov Beyer-Melikhov 2.5+0.5'03 1.6+0.4x0.3 3.3£0.2" 93
of approximately 3.3 10° BB pairs. Using leptons near the |Vupl =(3.25+0.14' 053+ 0.55 X 10" . (22)
b—clv lepton-energy end point, we find
0 - — +0.35 — 4
B(B%—p~17v)=(2.69+0.41" 5735+ 0.50 X 10" %, These values represent the current best CLEO results based
0.23 . on exclusiveb—ulv measurements. For the branching frac-
Vbl =(3.23+0.247535+0.58 X 10°°, 20 tion, the experimental (/%) and theoretical uncertainties

(£16%) are comparable. Fd¥ |, however, the experi-

where the errors are statistical, systematic, and theoreticdl’ental uncerta|nt|esi€0%) are substantially smaller than
The B(B—plv) result confirms the previous CLEO mea- the estimated theoretical errat(L7%). The theoretical error
surement and has a comparable statistical precision. This rén V| contains a contribution from the uncertainty on the
sult is statistically independent from the previous CLEO re-detection efficiency £8%) and one from the overall nor-
sult and has a somewhat smaller systematic error. Averagingalization (15%).

the measurements, we find We have also measured tlg distribution in B— plv

decay in three bins. We find
B(B°—p 1 Tv)=(2.57+0.29" 53+ 0.41) x 104,

AT (0<q?<7 Ge\/ch)=(7.6+3.0'93+3.00x10 2 ns !,
AT (7<q?<14 GeV/c*)=(4.8+2.9°35+0.7)X10 2 ns %,

AT (14<g?<21 GeVP/cH)=(7.1+2.1799+0.6)x 1072 ns™ L. (23)
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which used 2.8% 10°BB pairs[1]. These results are used in the fits using the UKQCD, LCSR, and Wise-Liget791
Sec. VII to compute average values B{B—plv) and Ppredictions to describB— plv events, we use thB— mlv

[Vl predictions from Khodjamiriaret al. [18] using QCD sum
We have updated these results to use form-factor modeksiles (QCD SR.
for B—plv andB— =l v decay developed since R¢L]. To The fit results have been updated to use these form-factor

compute B(B—plv) and |V,,|, a form-factor model is models as well as thes results used in this paper. No other
needed to describe boBy- plv andB— 77l v decay. In gen- changes from Ref[1] have been made. Results f&(B
eral, we use predictions from the same authors to describe; plv), B(B— mlv), and|V,,| are shown in Table VIII.
both sets of form factors when both are predidted0]. For
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