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25Indian Institute of Technology Guwahati, Guwahati, Assam,781 039, India
26Harvard University, Cambridge, Massachusetts 02138, USA

27Harvey Mudd College, Claremont, California 91711
28Universität Heidelberg, Physikalisches Institut, Philosophenweg 12, D-69120 Heidelberg, Germany

29Humboldt-Universität zu Berlin, Institut für Physik, Newtonstr. 15, D-12489 Berlin, Germany
30Imperial College London, London, SW7 2AZ, United Kingdom

31University of Iowa, Iowa City, Iowa 52242, USA
32Iowa State University, Ames, Iowa 50011-3160, USA

33Johns Hopkins University, Baltimore, Maryland 21218, USA
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45McGill University, Montréal, Québec, Canada H3A 2T8

46INFN Sezione di Milanoa; Dipartimento di Fisica, Università di Milanob, I-20133 Milano, Italy
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Università di Napoli Federico IIb, I-80126 Napoli, Italy
50NIKHEF, National Institute for Nuclear Physics and High Energy Physics, NL-1009 DB Amsterdam, The Netherlands

51University of Notre Dame, Notre Dame, Indiana 46556, USA
52Ohio State University, Columbus, Ohio 43210, USA
53University of Oregon, Eugene, Oregon 97403, USA

54INFN Sezione di Padovaa; Dipartimento di Fisica, Università di Padovab, I-35131 Padova, Italy
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We present a search for semi-leptonicB decays to the charmed baryonΛ+
c based on 420 fb−1 of data collected

at theϒ(4S) resonance with theBABAR detector at the PEP-IIe+e− storage rings. By fully reconstructing the
recoilingB in a hadronic decay mode, we reduce non-B backgrounds, and determine the flavor of the signalB,
modulo the effect ofB0 mixing, which is corrected for statistically. We measure the relative branching fraction
B(B→ Λ+

c Xℓ−νℓ)/B(B→ Λ+
c X) = (1.7±1.0stat. ±0.6syst.)%, averaged overℓ = e andµ, corresponding to a

90% confidence level upper limit ofB(B→ Λ+
c Xℓ−νℓ)/B(B→ Λ+

c X) < 3.5%.

PACS numbers: 13.20He, 12.38.Qk, 14.40Nd

Decays ofB mesons to charmed baryons are not as well un-1

derstood asB decays to charmed mesons. In particular, there2

is limited knowledge, both theoretical and experimental, about3

semi-leptonicB decays to theΛ+
c charmed baryon. IfBdecays4

to charmed baryons are dominated by externalW emission5

(Fig. 1a), as is the case forB decays to charmed mesons, and6

final-state hadronic interactions are small, the semi-leptonic7

fraction of these decays should be roughly the same [1]:8

B(B→ Λ+
c Xℓ−νℓ)

B(B→ Λ+
c X)

∼ B(B→ DXℓ−νℓ)

B(B→ DX)
(1)

where ℓ = e or µ. The semi-leptonic fraction ofB decays9

to charmed mesons is currently measured to be about 10%10

[2]. A significantly smaller semi-leptonic ratio forB decays11

to charmed baryons would be evidence for a sizable internal12

W emission amplitude in baryonicB decay (Fig. 1b), or of13

large final state interactions.14

About 90% of the measured inclusive semi-leptonicB →15

Xcℓ
−νℓ branching fraction into charmed final states can be16

accounted for by summing the branching fractions from ex-17

clusiveB→ D(∗)(π)ℓ−νℓ decays [3]. Semi-leptonicB decays18

to charmed baryons could account for some of the remaining19

difference.20

A previous search for semi-leptonicB decays into charmed21

baryons by the CLEO collaboration [4] resulted in an upper22

limit on the ratioB(B→ Λ+
c Xe−νe)/B(B→ Λ+

c /Λ−
c X) < 5%23

at the 90% confidence level. By usingB(B → Λ+
c /Λ−

c X) =24

FIG. 1: Feynman diagrams for chargedB decays into a charmed
baryon through externalW emission (a) and internalW emission (b).

0.045± 0.004± 0.012 andB(B → Λ−
c X)/B(B → Λ+

c X) = 25

0.19± 0.13± 0.04 [2], and assuming lepton universality, 26

this result implies a semi-leptonic fraction limitB(B → 27

Λ+
c Xℓ−νℓ)/B(B→ Λ+

c X) < 6% at 90% confidence level. 28

In this paper, we present a search for semi-leptonicB 29

decays toΛ+
c using data collected with theBABAR detec- 30

tor at the PEP-II asymmetric-energye+e− storage rings at 31

SLAC. The data consist of a total of 420 fb−1 recorded at the 32

ϒ(4S) resonance, corresponding to approximately 460 mil-33

lion BB pairs. TheBABAR detector is described in detail else- 34

where [5]. Charged-particle trajectories are measured by a5- 35

layer double-sided silicon vertex tracker and a 40-layer drift 36

chamber, both operating in a 1.5-T magnetic field. Charged-37

particle identification is provided by the average energy loss 38

(dE/dx) in the tracking devices and by an internally reflect- 39
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ing ring-imaging Cherenkov detector. Photons are detected40

by a CsI(Tl) electromagnetic calorimeter. Muons are iden-41

tified by the instrumented magnetic-flux return. A detailed42

GEANT4-based Monte Carlo simulation [6] ofBB and con-43

tinuum events (light quarks andτ pairs) is used to study the44

detector response, its acceptance, and to test the analysistech-45

niques.46

We search for semi-leptonicB→Λ+
c Xℓ−νℓ decays withℓ =47

e or µ in events pre-selected to contain a candidateB recon-48

structed in a fully hadronic decay mode (Btag), as described49

later in the text. We select signal candidates in these events50

by looking for candidate leptons and fully reconstructedΛ+
c51

decays. We then refine our selection ofBtag, and make a final52

signal extraction based on the selectedBtag andΛ+
c kinematic53

properties. We also select candidateB→Λ+
c X events, starting54

with the same sample and using similar techniques and cuts,55

but without requiring an identified lepton candidate.56

Selection cuts are optimized using Monte Carlo simula-57

tion of signal and background processes. Because little is58

known aboutB → Λ+
c Xℓ−νℓ decay, we use an ad-hoc signal59

model which can be tuned to cover a large range of possi-60

ble kinematics of the final state particles. In our model the61

B decays semi-leptonically into an intermediate massive par-62

ticle Y, B → Yℓ−νℓ, with a kinematic distribution accord-63

ing to phase space [8]. TheY subsequently decays into a64

Λ+
c , an anti-nucleon (anti-proton or anti-neutron), andn1 (n2)65

charged (neutral) pions, again assuming phase space distri-66

butions, with isospin symmetry required in the final state.67

The free parameters in the model (the massmY and widthΓY68

of the pseudo-particleY, andn1 andn2) are tuned to repro-69

duce the lepton and charmed hadron momentum spectra pre-70

dicted by theB→ D(∗)πℓνℓ model of Goity and Roberts [9],71

after accounting for the phase space limits implied by the72

large baryon masses. We choosemY = 4.5 GeV/c2, ΓY = 0.273

GeV/c2, andn1 +n2 ≤ 6.74

We reconstructBtag decays of the typeB→ DY′, whereY′
75

represents a collection of hadrons with a total charge of±1,76

composed ofn′1π±+n′2K
±+n′3K

0
S+n′4π0, wheren′1+n′2 ≤ 5,77

n′3 ≤ 2, andn′4 ≤ 2. UsingD0 (D+) andD∗0 (D∗+) as seeds78

for B− (B0) decays, we reconstruct about 1000 completeB79

decay chains [7]. The kinematic consistency of aBtag candi-80

date with aB meson decay is evaluated using two variables:81

the beam-energy substituted massmES≡
√

s/4−|p∗B|2, and82

the energy difference∆E ≡ E∗
B −

√
s/2. Here

√
s is the to-83

tal center of mass (CM) energy, andp∗B and E∗
B denote the84

momentum and energy of theBtag candidate in the CM frame.85

For correctly identifiedBtagdecays, themESdistribution peaks86

at theB meson mass, with a resolution of about 2.5 MeV/c2,87

while ∆E is consistent with zero, with a resolution of about 1888

MeV. We selectBtag candidates in the signal region defined as89

5.27 GeV/c2 < mES< 5.29 GeV/c2, with a ∆E within 4σ of90

zero. For eachBtag decay chain, thea priori purity P is esti-91

mated using Monte Carlo simulation as the ratio of signal over92

background events. This selection has an estimated efficiency93

of 0.2 to 0.3% perB meson.94

We identify electron candidates based on the combined in-95

formation of the measured momentum and energy loss in the96

SVT and DCH, the angle of Cherenkov radiation in the DRC,97

and the energy deposition and shower shape in the EMC. We98

correct for bremsstrahlung of electrons by combining detected 99

photons which are emitted close to the electron direction. We 100

select muon candidates through the detector information from 101

the IFR, in addition to the variables used in the electron iden- 102

tification. Furthermore, we require lepton candidates to have 103

a momentum in the CM framep∗ℓ > 0.35 GeV/c, and with a 104

point of closest approach to the interaction point in the trans- 105

verse plane of less than 0.1 cm. Thep∗ℓ cut value is moti- 106

vated by the large mass of theΛ+
c and the assumption of an- 107

other baryon in the decay due to baryon number conservation,108

which greatly restricts the available kinetic energy. We iden- 109

tify photon conversions andπ0 Dalitz decays using a dedi- 110

cated algorithm based on the vertex and kinematic properties 111

of two opposite charge tracks, and eliminate electron candi- 112

dates coming from these. 113

CandidateΛ+
c baryons are reconstructed in thepK−π+, 114

pK0
S, pK0

Sπ+π−, Λπ+, Λπ+π+π− modes.K0
S candidates are 115

reconstructed in theπ+π− decay mode,Λ candidates in the 116

pπ− decay mode. OnlyΛc candidates with opposite charge as117

the lepton candidate are considered. Charged particles daugh- 118

ters of theΛ+
c candidate are fit to a vertex tree [10], withK0

S 119

andΛ masses constrained to their measured values [2], and the120

Λ+
c origin constrained to the known average luminous position121

within its size and measured errors. In events with multiple122

Λ+
c and/orℓ candidates, the candidates are fit to a common123

vertex, and theΛ+
c -ℓ− pair with the highest vertex fit proba- 124

bility is selected. 125

We select finalBtag candidates by first removing those 126

whose daughter particles are based on tracks already used to127

reconstruct the signal-sideΛ+
c or lepton, and those charged 128

Btag whose flavor is inconsistent withB → Λ+
c Xℓ−νℓ on the 129

signal side, given the measuredΛc charge. We account for 130

mixing effects by appropriately weightingB0 andB0 tags ac- 131

cording to theΛc charge, as described in Ref. [11]. In events132

with multiple Btag candidates, we select the one decaying in133

the highesta priori purityP mode. When multiple candidates 134

in the same event have the sameBtag mode, we select the one 135

with the smallest|∆E| value. 136

We reconstruct the missing momentumPmiss in selected 137

events by subtracting the CM three-momentum of theBtag, 138

the Λc and ℓ candidates, plus any additional well-measured139

charged track or neutral cluster, from the null vector. We re- 140

quire |Pmiss| > 0.2 GeV/c, which removes background from 141

hadronicB→ Λ+
c X decays in which all the particles in theX 142

system have been reconstructed and one hadron is misiden-143

tified as a lepton. We compute the total charge of selected144

events by adding the charges of all particles used in thePmiss 145

calculation, and require this to be zero. This reduces the com- 146

binatorial background in theBtag reconstruction from missing 147

particles. 148

We determine theB semi-leptonic signal yield with a si- 149

multaneous one-dimensional unbinned maximum likelihood150

fit to the Λ+
c invariant mass distribution in both the electron151
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and muon samples. Backgrounds can be divided according152

to whether they contain aΛ+
c candidate with a mass value153

in the signal region (peaking), and those that do not. Monte154

Carlo studies of genericBB and continuum events show that155

the peaking background comes mainly from hadronicB →156

Λ+
c X decays, where theΛ+

c is correctly reconstructed, and157

the lepton candidate is either an electron from gamma con-158

versions orπ0 Dalitz decays, or a hadron misidentified as159

a muon. We estimateNpeak = 3.6± 0.7stat. ± 0.7syst. and160

Npeak= 15.3±1.5stat.±1.4syst. peaking background events for161

the electron and muon samples, respectively. The sources of162

systematic error are described in the following.163

TheΛ+
c invariant mass distribution is described as the sum164

of three probability density functions (PDFs) representing sig-165

nal, peaking background, and combinatorial background. The166

functional forms of the PDFs are chosen based on simulation167

studies. The signal and peaking background contributions are168

modeled as Gaussians whose mean and width are fixed to the169

values obtained from a fit to the theΛ+
c mass spectrum in the170

B→ Λ+
c X data sample described below. The number of peak-171

ing background events is fixed to the Monte Carlo prediction.172

The combinatorialBB and continuum backgrounds are mod-173

eled as a first order polynomial, whose parameters are con-174

strained by a fit to theΛ+
c invariant mass sidebands, defined175

as the mass ranges from 2.23−2.26 and 2.31−2.34 GeV/c2.176

The fit to theΛ+
c invariant mass is shown in Fig. 2, projected177

separately for the electron and muon samples.178

In order to reduce systematic uncertainties due toBtag and179

Λ+
c reconstruction, theB(B→ Λ+

c Xℓ−νℓ) branching fraction180

is measured relative to the inclusiveB(B → Λ+
c X) branch-181

ing fraction. To determine the inclusive yield, we start with182

the sameBtag sample used for the semi-leptonic selection. We183

reconstructΛ+
c candidates as in the semi-leptonic case, choos-184

ing the candidate with the highest vertex probability in case of185

multiple candidates. We excludeBtag candidates with daugh-186

ter particles in common with theΛ+
c candidate, and resolve187

multipleBtag candidates as in the semi-leptonic case.188

We determine theB → Λ+
c X signal yield with a one-189

dimensional unbinned maximum likelihood fit to theΛ+
c in-190

variant mass distribution. That distribution is describedas191

the sum of two PDFs representing signal and combinatorial192

background, described as a single Gaussian and a first order193

polynomial, respectively. All parameters of the signal Gaus-194

sian are left free in the fit. We obtain aΛ+
c mass value of195

2.2853± 0.0003 GeV/c2, consistent with the current world196

average [2], and a resolution of 4.0±0.3 MeV/c2, consistent197

with Monte Carlo expectations. TheΛ+
c invariant mass distri-198

bution and the results of the inclusive fit are shown in Fig. 3.199

We determine the relative branching fractionB(B →200

Λ+
c Xℓ−νℓ)/B(B→ Λ+

c X) as the ratio of the measured signal201

yields, after correcting for the reconstruction efficiencyratio:202

B(B→ Λ+
c Xℓ−νℓ)

B(B→ Λ+
c X)

=

(

Nsemil

Nhad

)(

εhad

εsemil

)

. (2)

Here,Nsemil (Nhad) is the number ofB → Λ+
c X signal events203

for the semi-leptonic (inclusive) mode, reported in Table Ito-204
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FIG. 2: Fit to theΛ+
c distribution forB→ Λ+

c Xe−νe (top) andB→
Λ+

c Xµ−νµ (bottom). The data are shown as points with error bars,
the overall fit as a solid line, the peaking background contribution
as a cross-hatched area, and the combinatorialBB and continuum
background as a dashed line.
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FIG. 3: Fit to theΛ+
c distribution forB→ Λ+

c X. The data are shown
as points with error bars, the overall fit as a solid line, and the com-
binatorialBB and continuum background as a dashed line.

gether with the corresponding reconstruction efficienciesε es- 205

timated on signal Monte Carlo events. 206

Many systematic uncertainties approximately cancel in this 207

ratio, such as those due to theΛ+
c andBtag reconstruction ef- 208

ficiencies and theΛ+
c decay branching fractions. We catego-209

rize the remaining systematic uncertainties into those which 210

directly affect the signal yield, and those which affect only 211

the branching fraction ratio. The systematic uncertainties that 212

have been considered are described below and summarized in213

Table II. 214
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Systematic uncertainties in the signal yield are dominated215

by the peaking-background yield estimate. We estimate this216

by propagating the uncertainty in theB → Λ+
c X branching217

fraction, and the Poisson error from the Monte Carlo statis-218

tics. We add in quadrature the effect of varying the lepton219

misidentification probabilities by 15% for both electrons and220

muons. To account for a possible bias in the fit technique,221

we perform ensembles of Monte Carlo experiments, in which222

events are generated according to the PDF shapes measured223

on data, varying the signal to background rate, and fitting for224

the signal as in the full analysis. The average difference be-225

tween the fitted value of the yield and the Monte Carlo true226

value is taken as a systematic error, labeled “Fit bias” in ta-227

ble II.228

TABLE I: Signal yields and reconstruction efficiencies for the B→
Λ+

c Xℓ−νℓ, B→ Λ+
c X, andB/B→ Λ+

c X decays with the correspond-
ing statistical uncertainties.

Decay Mode Ndata ε (×10−5)
B→ Λ+

c Xe−νe 15.0±6.8 1.98±0.17
B→ Λ+

c Xµ−νµ −6.2±6.3 1.04±0.12
B→ Λ+

c X 934±55 3.09±0.11
B/B→ Λ+

c X 1386±66 3.21±0.12

Systematic uncertainties on the reconstruction efficiencyra-229

tio are dominated by the uncertainty in the signal model. This230

is estimated by comparing our nominal signal model with a231

pure phase space model, where theB→ Λ+
c Xℓ−νℓ decay oc-232

curs in one step, taking the full difference in the signal ef-233

ficiency estimate compared to our nominal signal model as234

the systematic uncertainty. We estimate the effect of particle235

identification systematic uncertainties on the signal efficiency236

by varying the electron (muon) identification efficiency by 2%237

(3%) respectively. Because the event selection algorithmsare238

slightly different in the semi-leptonic and inclusive samples,239

the Btag andΛ+
c reconstruction efficiency ratio uncertainties240

do not exactly cancel. We evaluate the corresponding sys-241

tematic uncertainty by reversing the order of the lepton and242

Btag selection in signal Monte Carlo, and comparing the re-243

construction efficiency with our standard selection order.We244

find the reversed selection order efficiency to be compatible245

with the standard selection order efficiency within the pre-246

cision of our Monte Carlo statistics, and so we estimate the247

systematic uncertainty as the statistical error of the efficiency248

comparison.249

As a cross-check of the signal model, we compare the250

measured shapes of theΛ+
c and electron momentum spec-251

tra in our semi-leptonic sample, assuming that the observed252

excess of events is due to semileptonicB → Λ+
c Xe−νe de-253

cays, with those predicted by our nominal signal model. To254

reduce the impact of combinatorial background on this com-255

parison, we subtract the spectra measured in theΛ+
c invariant256

mass sideband region, scaled to the signal region. We find a257

∆χ2/n.d.f. < 1 when comparing the histograms of these spec-258

tra, showing our model is consistent with the data.259

TABLE II: Table of systematic uncertainties. The errors on the signal
yield are shown in units of events, those on on the reconstruction
efficiency ratio are shown in units of percent.

yield systematics (ev.) ℓ = e ℓ = µ
Peaking background: MC statistics 1.0 1.4
Peaking background:B(B→ Λ+

c X) 1.6 4.7
Lepton miss-id rate 0.7 2.0
Fit bias 0.3 1.2
Total 2.0 5.4

efficiency ratio systematics (%) ℓ = e ℓ = µ
Reco. efficiency statistics 8.4 11.4
Signal Model 11.3 35.9
Lepton id efficiency 1.1 2.7
Selection order 5.0 6.8
Total 15.0 38.4

We measure the following branching ratios: 260

B(B→ Λ+
c Xe−νe)

B(B→ Λ+
c X)

= (2.5±1.1stat.±0.6syst.)%

B(B→ Λ+
c Xµ−νµ)

B(B→ Λ+
c X)

= (−2.0±2.0stat.±1.9syst.)%

B(B→ Λ+
c Xℓ−νℓ)

B(B→ Λ+
c X)

= (1.7±1.0stat.±0.6syst.)%. (3)

We find a signal significanceS = 2.1, including the signal 261

yield systematic uncertainties, from the difference in thelog 262

likelihood between the nominal fit and a fit in which we fix 263

the signal yield to zero. From scanning the likelihood val-264

ues we estimate the 90% confidence level upper limitB(B→ 265

Λ+
c Xℓ−νℓ)/B(B → Λ+

c X) < 3.5%. As a cross-check, we re- 266

peat the analysis without requiring charge-flavor correlation 267

between the lepton and the chargedBtag and without correct- 268

ing for mixing. After re-estimating backgrounds, we find con- 269

sistent results as in Eq. 3, but with lower significance. 270

For a comparison with the CLEO result [4] in which the271

flavor of the semi-leptonicB was not determined, we re- 272

peat the analysis without requiring the charge-flavor correla- 273

tion between theBtag and theΛ+
c in the normalization mode. 274

The yield for the normalization mode without requiring the275

charge-flavor correlation is shown in Tab. I. We obtain the276

branching fraction ratio 277

B(B→ Λ+
c Xℓ−νℓ)

B(B/B→ Λ+
c X)

= (1.2±0.7stat.±0.4syst.)% (4)

with its corresponding 90% confidence level upper limit278

B(B→ Λ+
c Xℓ−νℓ)/B(B/B→ Λ+

c X) < 2.5%, which im- 279

proves the existing result. 280

In conclusion, we have presented a search for semi-leptonic281

B decays into the charmed baryonΛ+
c . We obtain an improved 282

upper limit with respect to previous measurements [2] on the283

relative branching fractionB(B→ Λ+
c Xℓ−νℓ)/B(B→ Λ+

c X), 284

which is found to be much smaller than the corresponding rel-285

ative branching fraction forB decays into charmed mesons.286

Our result shows that the rate of baryonic semi-leptonicB 287
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decay is too small to substantially contribute to the inclusive288

semi-leptonicB decay branching fraction.289
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