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We have studied semileptoniB meson decays with @-wave charm meson in the final state
using 3.29 X 10° BB events collected with the CLEO Il detector at the Cornell Electron-Positron
Storage Ring. We find a value for the exclusive semileptonic product branching fraB{iBn —

DY 7)B(DY) — D**7~) = (0.373 = 0.085 * 0.052 = 0.024)% and an upper limit forB(B~ —
D7) B(D’ — D* 7)) < 0.16% (90% C.L.). Furthermore, we present the first measurement of
the g2 spectrum forB~ — D¢~ 7,. [S0031-9007(98)06078-5]

PACS numbers: 13.20.He, 14.40.Lb, 14.40.Nd

There is general agreement among a number of meaesponding t@3.29 X 10° BB events, and .61 fo~! at a
surements of the exclusive semileptoBieneson decays, center-of-mass energy55 MeV below the Y (4S) reso-
B — D{v, andB — D*{7,. Together they account for nance (OFF resonance).
approximately 60%—70% of the inclusivB — X {7, The exclusiveB~ — D%~ 7, decay is studied [10] by
branching fraction [1]. Since the branching fraction for reconstructing the decay chand# — D** 7~ using the
b — ulv, is known to be small, the missing exclusive decay chainD** — D°z*, andD? — K~ 7" or D° —
decays must be sought amahg~ c¢7, decays to higher K~ 7" #° [11]. Hadronic events are required to have
massD; states or nonresonant hadronic states with a at least one track identified as a lepton with momentum
or D* and other hadrons. Pioneering measurements blgetween 0.8 an®.0 GeV/c for electrons and between
ARGUS [2] and CLEO [3] indicate the possible presencel.0 and2.0 GeV/c for muons. Electrons are identified
of resonant and _nonresonant contributions fromr €7, by matching energy deposited in the Csl calorimeter
and D*7{v, in B decays. More recent measurementsand momentum measured in the drift chamber, and by
from the CERN Large Electron-Positron Collider experi- measuring their energy loss in the drift chamber gas. The
ments [4—6] confirm the presence bfr andD* 7 states muon identification relies upon penetration through layers
in B semileptonic decays. Exclusive measurements obf iron absorber to muon chambers. To reduce non-
B~ — DY 7, and B~ — D3¢ 7, have been reported BB background [contamination of our sample bye~
previously [4,5]. In this paper we report new measuredinteractions which result igg hadronization rather than
ments of these two decay modes. producing anY (4S) meson], each event must satisfy a

The D; mesons contain one charm quark and one lightequirement on the ratio of Fox-Wolfram [12] moments,
guark with relative angular momentuin= 1. The quark H,/Hy < 0.4. All charged tracks must originate from
spins can sum t§ = 0 or § = 1, so there are four spin- the vicinity of thee "¢ interaction point. Charged kaon
parity states given by” = 1* or0*, 17, and2®. Parity and pion candidates, with the exception of the slow
and angular momentum conservation restrict the decaysion from the decay of théd**, are required to have
available to the four states. According to heavy quarkonization losses in the drift chamber within 2.5 and
effective theory (HQET), there exists an approximate3.0 standard deviations, respectively, of those expected
spin-flavor symmetry for hadrons consisting of one heavyfor the hypothesis under consideration. The invariant
and one light quark [7]. In the limit of infinite heavy mass of the two photons from® — yy must be within
quark mass, such mesons are described by the total0 standard deviationso(= 5 MeV/c? to 8 MeV/c?,
angular momentum of the light constituenits= S, + L.  depending on shower energies and polar angles) of the
In HQET, theD; mesons make up two doublejs= 1/2  nominal7° mass.
andj = 3/2. The members of th¢ = 3/2 doublet are The K~ 7" and K~ 7" #° combinations are required
predicted to decay dominantly vid wave and to be to have an invariant mass within 16 a2 MeV/c?
relatively narrow. Thej = 1/2 mesons are predicted to (~20) of the nominalD® mass, respectively. In addition,
decay only in an wave and to be relatively broad. In this we select regions of thed® — K~ 7" #° Dalitz plot
analysis we study the semileptonic decays ofBhm@eson to take advantage of the known resonant substructure
to final states containing the narrofy = 3/2) excited [13] and we enforce a minimum energy for tad. In
charm mesons: theL, = /2P, and*2P,, calledD; and theD? — K~ «* 7° mode we requirdpp| > 0.8 GeV/c
D1, respectively [8]. in order to further reject fakeD® background. We

The data used in this analysis were collected with thehen combineD? candidates with7* candidates to
CLEO Il detector at the Cornell Electron-Positron Storageform D** candidates. The slow pion used to form the
Ring (CESR). The CLEO II detector [9] is a multipur- D** must have a momentum of at leas§ MeV/c.
pose high energy physics detector incorporating excellerithe reconstructed mass differenéen = M (D7) —
charged and neutral particle detection and measuremeni (D) is required to be withi2 MeV/c? of the known
The data sample consists of an integrated luminosity ob** — D° mass difference [8]. Th&®*" candidate is
3.11 fo~! on the Y(4S) resonance (ON resonance), cor-then combined with an additional~ in the event to form
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a DY candidate. TheD! candidates must have a scaled 40 1 SSTOST.0L
momentum xp, = Ipp,|/vEZL, . — M2(D;) < 0.5, the | |
kinematic limit fromB decays.

These DY candidates are then paired with leptons
selected as described above to form candidates for-
DY%¢ 7, decays. There is significant background in this
analysis from realD**’s combined with pions that are
not from DY mesons. To suppress this background, we
selectD?¢~ pairs that are consistent wih™ — D¢,
decays and rejecb* ¢~ pairs that are consistent with
B — D*t¢ v,. Thus, we requireD%‘ candidates to
have|cosfp-p,¢l = 1 and co¥p_p-¢ < —1, where

Events / (14 MeV / ¢ 2)
N w
o o

=
o
T

_ lpp,el> + Ipsl> — Ip,P

COSOp-p, ¢ 1)
! 2lpsl Ipp, ¢l NI
014 024 034 044 054 064
and M, =M O 7)) -M @) Gevi )
lpo-cl* + Ipsl* — Ip, I
COSOp-p+¢ = . (2) FIG. 1. The 6M, distribution from the Y(4S) resonance

2lpsllpo-l data forB~ — D{¢ 7, and B~ — D°¢" 7, (€ = ¢ and u)
Here, 05_p.¢ (05_p-) is the angle betweem; and candidates obtained by combining both th& — K~ 7" and
’ —Uy -

( 7 wh ipsl is the K itude of D° — K 7"7% modes. The dashed curve illustrates the
Pp,¢ (Pp+¢), WNhere |pgl 1S (he known magnitude o background function, whereas the solid line shows the sum of

the B momentum, andpp,¢ (pp-¢) is the momentum the background and signal functions.
of the D%~ (D**¢~) candidate. The magnitude of
the neutrino momentunip,| is inferred from energy
conservation, using the beam energy for themeson 2.8 MeV/c2. The DY and D,° yields obtained from the
energy Es.  When the requirement$cosfs—p,cl =1  fit are summarized in Table I.
and co9p-p-¢ < —1 are applied together, they retain  To check that the data are consistent with the presence
60% of the B~ — Dy¢ 7, decays and reject 89% of of a signal, we fit thesM, distribution with only the
the background remaining after all other cuts. To reducgmooth background function. The difference between
uncorrelated background (background from events inhe logarithm of the likelihood of the fit with the signal
which the DY comes from theB and the lepton from plus the background functions and the logarithm of the
the B), we require theD} and the lepton to be in likelihood with only the background function is 18.7.
opposite hemispheres: c@g,¢ < 0, where 6p,¢ is the  Assuming Gaussian statistics, this corresponds 6ol &
angle between thé) and the lepton. The remaining statistical significance for the signal. If the mass and
uncorrelated background is negligible. the width of theD{ resonance are allowed to float, the
The B~ — D% 7, signal is identified using the mass fitted mass and width obtained @420 + 4 MeV/c2 and
difference 5M, =MD" 77) — M(D*"). To avoid 23 *= 9 MeV/c?, which are in agreement W|th the Particle
multiple D¢~ combinations per event, we select the besData Group averages [8]. The{ and D3’ yields from
candidate based on the probability thalf)%f combina- this fit are62.5 = 16.7 and10.5 * 9.8, respectively.
tion is a signal event. The latter probability is calculated The background from noBB events is obtained by
from the independent observables(7°), M(DY), §m, measuring the signal yields using OFF resonance data.
and M2(¥,) = M3 + M*(D,¢) — 2E3E(D;€). In the The results are scaled by the ratio of the luminosities and
computation ofM?(7,), the B meson momentunpy is  the square of the beam energies. Fake lepton background
taken to be zero, anfi(D,{) is the energy of thed )¢~ (the contribution in which DY is paired with a hadron
candidate. misidentified as a lepton) is estimated by performing the
The 6M; distribution obtained by combining the two same analysis using tracks that are not leptons. The fake
decay modes of theD® meson is shown in Fig. 1. lepton yields are scaled by the appropriate misidentifica-
An unbinned likelihood fit is performed on théM;  tion probabilities and abundances for hadrons. The sums
distribution. The fitting function is the sum of a threshold of these two types of backgrounds are subtracted from the
background function [14] plus Breit-Wigner resonanceON resonance yields as indicated in Table I.
functions with the masses and widths of the two narrow SemileptonicB decays to more highly excited charmed
DY resonances fixed [8]. Each Breit-Wigner function ismesons which then decay tB° mesons are predicted
convoluted with a Gaussian function that describes théo be small [15]. The smooth background function
detector resolution. The width of the Gaussian functioraccounts for both combinatoric background and possible
is estimated by Monte Carlo simulation to he =  background from broad and nonresonaxit 77~ X states.
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TABLE I. Yields and product branching fractions. The first error on the product branching fractions is statistical, the second is
experimental systematic, and the third is theoretical.

D} D3’
ON resonance yield 56.6 = 11.9 10.3 = 94
Background yield 31 =28 1.5 =28
Net yield 53.5 £ 12.2 8.8 = 9.8
’P(D_‘,)) (0.373 + 0.085 = 0.052 * 0.024)% (0.059 + 0.066 = 0.010 * 0.004)%

The product branching fraction® (D)) = B(B~ —  to quote the product of branching fractions because the
DY 7)B(D} — D**w~) and P(D>’) = B(B~ —  branching fractions forDj} — D**#~ have not been
D>’ 7¢)B(D;’ — D** ) are obtained by dividing measured. We find
the yields by the total numbers &~ events in our data 0y
sample and the sum of the products of the efficiencies P(Dy) = (0373 x 0.085 * 0.052 = 0.024)%.  (3)
times theD*" and D° branching fractions for the modes W0\ _
used. The reconstruction efficienci¢sp,) for B~ — P(D77) = (0.059 £ 0.066 + 0.010  0.004)%
DY T, (E=e and u) are ep” = (437 * 0.09)%, < 0.16% (90% C.L.), (4)

0
Sglwo = (1.09 = 0.02)%, &, = (461 = 0.09)%, and  \here the errors are statistical, systematic, and theoretical,
aggw = (1.10 = 0.02)%. Our event selection efficien- respectively. For the quoted upper limit, we add the
cies were obtained using Monte Carlo data generateexperimental systematic and the theoretical uncertainties in
according to the ISGW2 model [15]. The quoted errorsquadrature, and add the result to the upper limit computed
on the efficiencies are statistical only. We assume thawith the statistical error only.
the branching fractions oY (4S) to charged and neutral  In order to estimate the contribution of these decays
BB pairs are each 50%. The values of thé™ and to the total semileptonid® meson branching fraction,
D° branching fractions are taken from Ref. [8]. Thewe need to make some assumptions about the branching
contributions of the systematic uncertainties are listedractions of theDY mesons. Isospin conservation and
in Table Il. Details on the estimation of the systematicCLEO measurements [16] of the decays of flemesons
uncertainties can be found elsewhere [10]. The theoreticaluggest thatB(D{ — D**#~) = 67% and B(D;° —
uncertainties associated with the model dependence @&**7~) = 20%. Using these estimates, we find

the efficiency is obtained by varying the parameters and _ 0p——
the form factors used in the ISGW2 model. We chooseB (B = Dit 7 = (0.56 = 0.13 = 0.08 = 0.04)%,

®)
TABLE Il. Experimental systematic errors on the product BB~ — D¢ 7¢) < 0.8% (90% C.L).  (6)
branching fractions. Tracking uncertainties are for all charged]_ . .
particles other than the slow. his leads to an upper limit of
BB~ — DT
Source of . 0 r = 2 2 7 _1500%CL).  (7)
systematic error P(DY) P(D; B(B~ — Di{ vy)

Mp, 1-0‘(’)/0 1-1‘(’]/0 A clear picture of the exclusive modes which make
EDJ K 4 funci 10;?0/2/ 14-50(;‘;/ up the 30%—-40% of th& semileptonic decays that are
Uigo?rrgll;?e 4 ‘é';iﬁ'(o?oun g 0.59% 6.4, NOt D€P; and D*¢, has not yet emerged. However,
Lepton fake g 1.0% 100 It appears that no more than half of the excess can be
Lepton 1D 1.3% 1.3% d‘i‘é to exclusive semileptonic decays 41?('2420) and_
Monte Carlo statistics 1.5% 15% D, (2460). It should be noted that this interpretation
B(D*" — D7) 2.0% 2.0% holds under specific assumptions: we assume the con-
B[D® — K~ 7t (7w9)] 3.5% 3.5% tribution of three bodyp, andn decays of the narrow;
Slow ™ effic_ie_ncy 5.0% 5.0% to be negligible.
Tracking efficiency 4.0% 4.0%  several theoretical models make predictions for the
g l_rteconstrhutctmn 21";@ Zl"ggj decay rate of exclusive semileptonic decays of Bhee-
M?Jlltii)l\g%gunting 1'40/2 1'4% son to excited charm mesons [15,17—-21]. Our measure-
Particle identification 1.0% 1.0% Ments seem to disfavor all of the th(_eoretlcal pred_lctlons
Luminosity 2.0% 209 that advocate smallgcp/mp corrections for semilep-

tonic decays of th& meson top-wave charm mesons in

0 0,
Total 14.0% 17:3%  the framework of HQET.

4130



VOLUME 80, NUMBER 19 PHYSICAL REV

IEW LETTERS 11 My 1998

3570897-002
\\\\‘\\\\‘\\\\:

N
o
o

=
a
=)

LARRNRRLRN RARRY RARRY LI ARNRRPRNRRY

=
=
S

o
o
o

dT/dg? [ns™Y (2 Gev? 1 ¢

1 2 3 4 5 6
q2 (GeV2/ c4)

FIG. 2. Theg? spectrum forB~ — D¢~ 7, data after back-

ground subtraction and efficiency correction. The error bar on
each data point is statistical only. The dashed line is the pre-

diction from the ISGW2 model.

Despite the fact that this analysis is statistically limited,
we are nevertheless able to study e spectrum for
B~ — D¢ 7,. Theq¢? spectrum is extracted by fitting
the 6M; distribution in four bins ofg¢?, keeping the
mass and width of theD? fixed. In each bin, the
appropriate norBB and fake lepton yields are subtracted
from the fitted yield. The final or net yieldp, (¢%) is then
corrected by the reconstruction efficiengy, (¢), which
was computed for the samg bin. Theg? spectrum is
then the differential decay rate:

ﬂ _ "D,(qz)/SD,(qz) )
dq? ZTB*NY(4S)B(D? — D**77)Bp+Bpo

The B~ lifetime is taken to berg- = (1.62 = 0.06) ps
[8]. We assumeB (D) — D**7~) = 67%. The D**
and D° branching fractions aréBp-+ and Bpo, respec-
tively [8]. The resultingg” spectrum is shown in Fig. 2.

In summary, we have studied exclusive semileptoni
decays of theB mesons tgp-wave charm mesons. We
measured a branching fraction fB(B~ — D¢~ %,) and
an upper limit for B(B~ — D;*¢" 7). These results
indicate that a substantial fracti¢® 18%) of the inclusive
B semileptonic rate is from modes other th&7,,
D*€w,, D\{v,, and D;{w,. Our measurements are
consistent with ALEPH [4] and OPAL [5]. We also
presented the first measurement of #espectrum for
B~ — DY v,.
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