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Università di Napoli Federico IIb, I-80126 Napoli, Italy 129

53NIKHEF, National Institute for Nuclear Physics and High Energy Physics, NL-1009 DB Amsterdam, The Netherlands 130

54University of Notre Dame, Notre Dame, Indiana 46556, USA 131

55Ohio State University, Columbus, Ohio 43210, USA 132

56University of Oregon, Eugene, Oregon 97403, USA 133

57INFN Sezione di Padovaa; Dipartimento di Fisica, Università di Padovab, I-35131 Padova, Italy 134
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An analysis of exclusive charmless semileptonic B-meson decays based on 383 million BB pairs
recorded at the Υ (4S) resonance with the BABAR detector is presented. Reconstructing the ω
mesons in the channel ω → π+π−π0 and the η mesons in the channels η → π+π−π0 and η → γγ,
the branching fractions B(B+ → ωℓ+ν) = (1.18± 0.17stat ± 0.08syst)× 10−4 and B(B+ → ηℓ+ν) =
(3.19 ± 0.61stat ± 0.80syst) × 10−5 are measured.
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PACS numbers: 13.20.He, 14.40.Nd162

Measurements of branching fractions of charmless163

semileptonic B decays can be used to determine the164

Cabibbo-Kobayashi-Maskawa matrix [1] element |Vub|165

and thus provide an important constraint on the Uni-166

tarity Triangle. Studies of exclusive decays allow for167

more stringent kinematical constraints and better back-168

ground suppression than inclusive measurements. The169

determination of |Vub| from branching-fraction measure-170

ments of exclusive decays depends on theoretical predic-171

tions of form factors and is thus affected by theoretical172

uncertainties that are different from those involved in in-173

clusive decays. The currently most precise determination174

of |Vub| using exclusive decays comes from a BABAR mea-175

surement of B → πℓν decays [2]. It is important to study176

other semileptonic final states to perform further tests of177

theoretical calculations and to improve the knowledge of178

the composition of charmless semileptonic decays.179

In this paper, new measurements of the branch-180

ing fractions B(B+ → ωℓ+ν) and B(B+ → ηℓ+ν)181

(charge-conjugate modes are included implicitly) are pre-182

sented. These decays have previously been studied by the183

CLEO [3] and BABAR [4, 5] collaborations (B+ → ηℓ+ν)184

and by the Belle [6] collaboration (B+ → ωℓ+ν). The185

ω meson is reconstructed in its decay to three pions186

(B(ω → π+π−π0) = (89.1 ± 0.7)% [7]), while for the187

η meson the decay to three pions and the decay to two188

photons (B(η → π+π−π0) = (22.7±0.4)%, B(η → γγ) =189

(39.38 ± 0.24)% [7]) are used. In contrast to earlier190

B+ → ηℓ+ν analyses in BABAR [4, 5], this measurement191

does not reconstruct the second B meson in the event192

and therefore yields a much larger candidate sample.193

The results presented here are based on a sample of194

383 million BB pairs recorded with the BABAR detec-195

tor [8] at the PEP-II asymmetric-energy e+e− storage196

rings. The data correspond to an integrated luminosity197

of 347 fb−1 collected at the Υ (4S) resonance and 35 fb−1
198

recorded 40 MeV below the resonance (off-resonance).199

Simulated BB events are used to estimate signal efficien-200

cies and shapes of signal and background distributions.201

Charmless semileptonic decays are simulated as a mix-202

ture of three-body decays B → Xuℓν (Xu = π, η, η′, ρ, ω)203

and have been reweighted according to the latest form-204

factor calculations from light-cone sum rules [9–11]. De-205

cays to non-resonant hadronic states Xu with masses206

mXu
> 2mπ are simulated following a prescription of207

Ref. [12]. Monte-Carlo simulations based on GEANT 4 [13]208

are used to model the BABAR detector response, taking209

into account the varying detector conditions.210

The reconstruction of the signal decays B+ → ωℓ+ν211

and B+ → ηℓ+ν requires the identification of a charged212

lepton (ℓ = e, µ) and the reconstruction of an ω or η213

meson. The center-of-mass momentum of the lepton is214

restricted to |~p ∗
ℓ | > 1.6 (1.0) GeV [14] for the ω (η)215

final state. This lepton-momentum requirement signif- 216

icantly reduces the background with fake leptons and 217

rejects a large fraction of true leptons from secondary 218

decays or photon conversions. For the reconstruction 219

of the ω or η meson, charged (neutral) pions are re- 220

quired to have a momentum in the laboratory frame 221

above 200 (400) MeV to reduce combinatorial back- 222

ground. Neutral pion candidates are formed from two 223

photons with energies above 100 MeV and an invariant 224

mass in the range 100 < mγγ < 160 MeV. A three-pion 225

system is accepted as an ω (η) candidate if its invari- 226

ant mass is in the range 760 < m3π < 806 MeV for 227

ω candidates and 540 < m3π < 555 MeV for η candi- 228

dates. The η meson is also reconstructed via its de- 229

cay into two photons, for which photon energies above 230

50 MeV and a two-photon invariant mass in the range 231

520 < mγγ < 570 MeV are required. To reduce the com- 232

binatorial background, two-photon combinations are re- 233

jected as possible η candidates if one of the photons can 234

be combined with any other photon of the event to form 235

a π0. 236

The charged lepton is combined with an ω(η) candidate 237

to form a so-called Y pseudo-particle candidate, whose 238

four-momentum is defined as the sum of the correspond- 239

ing lepton and hadron four-momenta. All charged tracks 240

belonging to the Y are fit to a common vertex. This 241

vertex fit must yield a χ2 probability of at least 0.1%. 242

Multiple Y candidates per event are possible and all can- 243

didates are retained in this analysis. The Y multiplicity 244

is well described by the Monte-Carlo simulation; about 245

96% (98%) of simulated B+ → ωℓ+ν (B+ → ηℓ+ν) sig- 246

nal events and more than 90% of all selected data events 247

contain only one Y candidate. 248

The neutrino four-momentum, Pν = (|~pmiss|, ~pmiss), is 249

inferred from the difference between the net momentum 250

of the colliding-beam particles and the sum of the mo- 251

menta of all detected particles in the event. Here the 252

modulus of the missing-momentum vector is used to es- 253

timate the neutrino energy, since the missing momentum 254

is a vector sum and contributions from particle losses or 255

additional tracks or energy deposits do not add linearly 256

as is the case for the missing energy. Hence the miss- 257

ing momentum tends to have a better resolution than 258

the measured missing energy. A minimum value for the 259

modulus of the missing-momentum vector of 500 MeV is 260

required. To reduce the effect of losses due to detector ac- 261

ceptance, the missing-momentum vector must point into 262

the polar-angle range 0.3 < θmiss < 2.2 rad. If the miss- 263

ing energy and momentum in the event comes from a 264

single undetected neutrino and the rest of the event is 265

correctly reconstructed, the missing mass measured from 266

the whole event should be compatible with zero. Because 267

the missing-mass resolution varies linearly with the miss- 268
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ing energy, only events with |m2
miss/(2Emiss)| < 2.5 GeV269

are selected.270

Assuming a vanishing missing mass, the angle be-271

tween the Y candidate and the B meson is computed272

as cos θBY =
(

2E∗
BE∗

Y − M2
B − M2

Y

)

/ (2|~p ∗
B||~p ∗

Y |). Here273

MB, MY , E∗
B, E∗

Y , ~p ∗
B, ~p ∗

Y refer to the masses, energies,274

and momenta of the B meson and the Y candidate. The275

B-meson energy E∗
B and momentum ~p ∗

B are not mea-276

sured event by event. Instead, E∗
B =

√
s/2 is given by277

the center-of-mass energy of the colliding beam parti-278

cles, and the modulus of the B momentum is derived279

as |~p ∗
B| =

√

E∗2
B − m2

B . Signal candidates are required280

to satisfy −1.2 < cos θBY < 1.1, allowing for detector281

resolution and photon radiation.282

To enhance signal over background, the momenta of283

the lepton (~p∗ℓ ) and the hadron (~p∗ω,η) that make up a Y284

candidate are restricted. For B+ → ωℓ+ν, the momenta285

are required to satisfy |~p∗ω| > 1.3 GeV or |~p∗ℓ | > 2.0 GeV286

or |~p∗ω| + |~p∗ℓ | > 2.65 GeV. In the case of B+ → ηℓ+ν,287

the conditions |~p∗η| > 1.3 GeV or |~p∗ℓ | > 2.1 GeV or288

|~p∗η| + |~p∗ℓ | > 2.8 GeV have to be fulfilled.289

Event-shape variables that are sensitive to the topo-290

logical differences between jet-like continuum events and291

more spherical BB̄ events are used to suppress back-292

grounds from e+e− → qq (q = u, d, s, c) and other QED293

processes. The second Fox-Wolfram moment R2 [15] is294

required to be less than 0.5 and a loose requirement on295

the second Legendre moment L2 [16] of L2 < 3.0 GeV296

is imposed. In addition, the event must contain at least297

four charged tracks.298

The kinematic consistency of the Y + ν system299

with a signal B decay is checked using the two vari-300

ables ∆E = (PB · Pbeam − s/2)/
√

s and mES =301
√

(s/2 + ~pB · ~pbeam)2/E2
beam − ~p 2

B, where
√

s is the302

center-of-mass energy of the colliding beam particles303

and PB = (EB , ~pB) is the B-meson four-momentum.304

Only candidates with |∆E| < 0.95 GeV and mES >305

5.095 GeV are retained. In addition, these variables are306

later used to extract the signal yields in a fit to the two-307

dimensional ∆E vs. mES distribution.308

At this stage of the selection, the signal-to-background309

ratio is low and amounts to 0.8% for B+ → ωℓ+ν, and310

0.2% (1.0%) for B+ → ηℓ+ν with η → π+π−π0(γγ). The311

total signal efficiencies for the sum of electrons and muons312

are 4.1% for B+ → ωℓ+ν and 8.5% (16%) for B+ → ηℓ+ν313

where the η decays in three pions (two photons).314

To further discriminate the signal against the back-315

ground, a multivariate selection based on neural net-316

works [17] is used. For each of the three signal chan-317

nels under study, neural-networks with two hidden layers318

(four and two neurons, respectively) are applied consec-319

utively to separate the signal from the two main back-320

grounds. A first neural network discriminates the signal321

against qq continuum events; a second network is used to322

further distinguish the signal from the B → Xcℓν back-323

ground. The neural-network decision is based on the fol-324

TABLE I: Efficiencies and signal-to-background ratios after
the neural-network selection. The signal-to-background ratio
is shown both in the ∆E vs. mES range used in the selection
(“fit region”) and for illustration purposes also in a smaller
region with enhanced signal fraction, delimited by −0.2 <
∆E < 0.4 GeV and mES > 5.255 GeV (“signal region”).

Fit Region Signal Region
ǫsignal S/B S/B

B+ → ωℓ+ν 0.12 0.136 0.43
B+ → ηℓ+ν, η → π+π−π0 0.56 0.097 0.34
B+ → ηℓ+ν, η → γγ 2.56 0.036 0.14

lowing input variables: m2
miss/(2Emiss), θmiss, cos θBY , 325

R2, L2, cos∆θthrust, the cosine of the polar-angle dif- 326

ference between the thrust axis of the Y candidate and 327

the thrust axis of the rest of the event, and cos θWℓ, the 328

cosine of the lepton “helicity angle” measured in the rest 329

frame of the virtual W relative to the W direction in 330

the laboratory frame. For the three-pion final states, the 331

Dalitz amplitude, the outer product of the π+ momen- 332

tum vector and the π− momentum vector in the ω/η 333

rest frame, normalized to its maximum value, serves as 334

an additional input variable. 335

The training of the neural networks is done using the 336

corresponding simulated signal and background samples 337

for each of the three signal channels separately. Inde- 338

pendent simulated event samples are used to validate 339

the training. Based on Monte-Carlo simulation, a se- 340

lection criterion for each of the output discriminants is 341

chosen to maximize the expected statistical significance, 342

S/
√

S + B, where S and B denote the expected sig- 343

nal and background yields, respectively. The signal effi- 344

ciencies and the estimated S/B ratios after the neural- 345

network selection are given in Table I. 346

To extract the signal yields, binned extended 347

maximum-likelihood fits [18] to the ∆E vs. mES distri- 348

butions of the three signal channels in the range defined 349

above are performed independently. The fit accounts for 350

statistical fluctuations of the data and Monte-Carlo sam- 351

ples and determines the relative proportions of signal and 352

background samples describing the data. The fit uses a 353

total of 50 bins with small bin sizes in the region around 354

the signal peak to resolve the signal shape and larger 355

bin sizes in the sidebands to determine the background 356

normalization from data. 357

Free parameters of the fit are the normalizations of 358

the signal and the B → Xcℓν background samples. The 359

B → Xcℓν background normalization is left free to ac- 360

count for a slight discrepancy of the B → Xcℓν back- 361

ground yields between data and Monte-Carlo simulation. 362

For B+ → ωℓ+ν, it was found that the qq̄ continuum 363

background can also be estimated from the fit to the 364

data. Its normalization is thus left free in the fit. For the 365

B+ → ηℓ+ν channels, where the signal-to-background 366

ratio is worse and the correlations between the back- 367
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TABLE II: Total branching fractions obtained from the
maximum-likelihood fits for the three signal channels and the
combined B+ → ηℓ+ν channels. The last row shows the χ2

per degree of freedom to estimate the quality of the fit results.

B+ → ωℓ+ν B+ → ηℓ+ν

η → π+π−π0 η → γγ combined

B(10−5) 11.8 ± 1.7 4.53 ± 1.48 3.08 ± 0.67 3.19 ± 0.61

χ2/d.o.f. 50.2/47 53.8/48 26.9/48 26.3/48

grounds are rather high, the amount of qq̄ background368

is determined from off-resonance data and is not varied369

in the fit. All other background distributions are fixed370

to their Monte-Carlo predictions. Table II presents the371

fit results in terms of signal branching fractions for the372

three signal channels. As for the background, the fit ad-373

justs the B → Xcℓν normalization with respect to the374

Monte-Carlo simulation by a factor of 1.06 ± 0.07 for375

B+ → ωℓ+ν and 0.96±0.07 (1.12±0.03) for B+ → ηℓ+ν376

with η → π+π−π0 (η → γγ). The correlations between377

the signal and the B → Xcℓν fit parameters are 0.08,378

-0.60, and -0.48 for the above signal channels, respec-379

tively. The correlation between the signal and the con-380

tinuum fit parameters for the B+ → ωℓ+ν channel is381

-0.55 and the continuum background is adjusted by a382

factor of 0.89 ± 0.12 with respect to the normalization383

obtained from the low-statistics off-resonance data sam-384

ple. The goodness-of-fit is evaluated using a χ2-based385

comparison of the fitted simulated ∆E vs. mES distribu-386

tions and data and is shown in Table II. In addition, the387

∆E vs. mES distributions of the two η channels have been388

added and fitted together to obtain a combined branch-389

ing fraction measurement for B+ → ηℓ+ν. The results390

of the combined fit are also presented in Table II.391

Figure 1 shows projections of the fitted ∆E vs. mES392

distributions for the three signal channels and the com-393

bined B+ → ηℓ+ν channel. For illustration purposes, the394

signal contribution is enhanced by restricting the events395

to −0.2 < ∆E < 0.4 GeV for the mES distributions and396

to mES > 5.255 GeV for the ∆E distributions.397

All the systematic errors on the measured branching398

fractions are listed in Table III. To estimate them, each399

variable in the description of the detector efficiencies and400

in the modeling of the signal and the background pro-401

cesses is varied within its uncertainty. The complete402

analysis is then repeated and the differences in the re-403

sulting branching fractions are taken as the systematic404

error for this specific variable. The total systematic er-405

ror is then computed as the quadratic sum of all the listed406

contributions.407

Uncertainties due to the reconstruction of charged par-408

ticles and photons are evaluated by varying in simulation409

their reconstruction efficiencies and the energy deposi-410

tions of photons. The neutrino reconstruction is affected411

by long-lived K0
L, which often escape detection and con- 412

tribute to the measured missing momentum of the event. 413

The uncertainty arising from the assumed K0
L production 414

rate and the description of the K0
L detection is estimated 415

by varying their production rate as well as their detection 416

efficiency and energy deposition in the simulation. For 417

lepton identification, relative uncertainties of 1.4% and 418

3% are used for electrons and muons, respectively. A 3% 419

uncertainty is assigned to the π0/η → γγ reconstruction 420

efficiency. 421

The uncertainty due the B → Xcℓν background is eval- 422

uated by varying the B → D/D∗/D∗∗ℓν branching frac- 423

tions [7] and the B → D∗ form factors [19]. Prior to the 424

event selection by the neural networks, the background 425

level is high and discrepancies between data and Monte- 426

Carlo distributions of the neural-network input variables 427

are observed. To estimate the effect of these discrepancies 428

on the measured branching fractions, the dominant back- 429

ground component, the B → Xcℓν events, is reweighted. 430

The weights are determined from a B → Xcℓν-enhanced 431

sample obtained by selecting only events that are other- 432

wise rejected by the B → Xcℓν neural-network selection, 433

but keeping all other selection requirements unchanged. 434

For the B → Xuℓν background, the non-resonant con- 435

tribution is varied within the range allowed by the un- 436

certainty of the total B → Xuℓν branching fraction [20]. 437

The uncertainty due to the normalization of the contin- 438

uum background is determined with off-resonance data. 439

Uncertainties in the modeling of signal decays due to 440

the imperfect knowledge of the form factors affect the 441

shapes of kinematic spectra and thus the acceptances 442

of signal decays. This has an effect on the measured 443

branching fractions. As the ω meson is a vector meson, 444

the B+ → ωℓ+ν decay is described by three form fac- 445

tors, for which the parametrization of [10] is used. The 446

B+ → ηℓ+ν decay is described by a single form fac- 447

tor [11], since the η meson is a pseudoscalar meson. In 448

both cases, the errors on the measured branching frac- 449

tions due to form-factor shapes is estimated by varying 450

the parameters of the form-factor calculations withing 451

their uncertainties. The branching fractions of the de- 452

cays ω/η → π+π−π0 and η → γγ are varied within their 453

uncertainties [7]. The uncertainty on the number of pro- 454

duced B mesons has been measured to be 1.1 %. 455

The total systematic error on the measured branch- 456

ing fractions amounts to 7.1 % and 25.1 % for the 457

B+ → ωℓ+ν and the combined B+ → ηℓ+ν channels, 458

respectively. 459

In summary, the exclusive total branching fractions of 460

B+ → ωℓ+ν and B+ → ηℓ+ν decays have been measured 461

to be 462

B(B+ → ωℓ+ν) = (1.18 ± 0.17 ± 0.08)× 10−4,

B(B+ → ηℓ+ν) = (3.19 ± 0.61 ± 0.80)× 10−5,

where the errors are statistical (data and simulation) and 463

systematic. 464
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FIG. 1: (color online) Projected ∆E distributions for mES > 5.255 GeV (top), and mES distributions for −0.2 < ∆E < 0.4 GeV
(bottom). From left to right: B+ → ωℓ+ν channel, B+ → ηℓ+ν channel with η → π+π−π0, B+ → ηℓ+ν channel with η → γγ,
and combined B+ → ηℓ+ν channels. The error bars on the data points represent the statistical uncertainties. The histograms
show simulated distributions for signal (white), B → Xcℓν decays (light shaded/yellow), qq-continuum (dark shaded/blue) and
all other backgrounds (hatched). The distributions of the simulated signal and B → Xcℓν background have been scaled to the
results of the maximum-likelihood fit.

The B+ → ωℓ+ν result significantly improves the cur-465

rent knowledge of this decay. For comparison, the previ-466

ously most precise measurement by the Belle [6] collab-467

oration yielded B(B+ → ωℓ+ν) = 1.3 ± 0.4stat ± 0.4syst.468

The B+ → ηℓ+ν result is compatible with and com-469

parable in relative precision to the currently best mea-470

surement by BABAR [5] based on semileptonic B-tags,471

B(B+ → ηℓ+ν) = 6.4±2.0stat±0.3syst×10−5. The anal-472

ysis presented here is statistically independent and thus473

complements the semileptonic-tag measurement. It is474

statistically more precise but has larger systematic uncer-475

tainties, as expected for an untagged measurement. The476

improved measurements of B+ → ωℓ+ν and B+ → ηℓ+ν477

decays are important ingredients in the understanding of478

the composition of the inclusive charmless semileptonic479

decay rate.480
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