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We present a study of B decays into the semileptonic final states containing charged and neutral
charmed states of the j = sq + L = 3/2 doublet, D1(2420) and D∗

2(2460), which decay via D wave
transitions. The analysis is based on a data sample of 208 fb−1 collected at the Υ (4S) resonance with
the BABAR detector at the PEP-II asymmetric-energy B Factory at SLAC. With a simultaneous fit



to four different decay chains, the semileptonic branching fractions are extracted from the measure-
ments of the mass difference ∆m = m(D∗∗)−m(D) distributions. Product branching fractions are
determined to be B(B+ → D0

1ℓ+νℓ) × B(D0
1 → D∗+π−) = (2.97 ± 0.17 ± 0.18) × 10−3, B(B+ →

D∗0
2 ℓ+νℓ)×B(D∗0

2 → D(∗)+π−) = (2.29±0.23±0.20)×10−3 , B(B0 → D−
1 ℓ+νℓ)×B(D−

1 → D∗0π−) =

(2.78±0.24±0.26)×10−3 and B(B0 → D∗−
2 ℓ+νℓ)×B(D∗−

2 → D(∗)0π−) = (1.77±0.26±0.11)×10−3 .

In addition we measure the branching ratio Γ(D∗
2 → Dπ−)/Γ(D∗

2 → D(∗)π−) = 0.62 ± 0.03 ± 0.06.

PACS numbers: 13.25.Hw, 12.15.Hh, 11.30.Er163

Higher excitations than the D∗ play an important role164

in the understanding of semileptonic B decays. Precise165

knowledge of their properties is important to reduce the166

uncertainties on measurements of other semileptonic de-167

cays, and thus the determination of the CKM elements168

|Vcb| and |Vub|. One fraction of the excited charmed169

states is given by the orbitally-excited D∗∗ states. In170

the framework of Heavy Quark Symmetry, they form two171

doublets with jP
q = 1/2− and jP

q = 3/2− where jP
q de-172

notes the spin-parity of the light quark coupled to the or-173

bital angular momentum. The doublet with jP
q = 3/2−,174

namely the D1 and D∗
2 , have to decay via D-wave to175

conserve parity and angular momentum and therefore176

are narrow [1]. In this paper we describe a simultane-177

ous measurement of all B semileptonic decays to the two178

narrow orbitally-excited charmed states without explicit179

reconstruction of the rest of the event.180

The CLEO collaboration has reported a measurement181

for the neutral D1 and an upper limit for the D∗0
2 [2].182

More recently Belle and BABAR have reported prelimi-183

nary results using a technique in which one of the B in184

the process Υ (4S) → BB is fully reconstructed [3].185

The data used in this analysis were collected with the186

BABAR detector at the PEP-II storage ring. A total in-187

tegrated luminosity of 208 fb−1 has been recorded at a188

center of mass energy of the Υ (4S).189

The BABAR detector and event reconstruction is de-190

scribed in detail elsewhere [4]. A Monte Carlo (MC)191

simulation based on GEANT4 [5] is used to estimate sig-192

nal efficiencies and to understand the background. The193

sample of simulated BB events is equivalent to approx-194

imately three times the data sample. In addition a dedi-195

cated simulation of signal events has been produced with196

samples of roughly five times the expected signal events197

contained in the data based on the ISGW2 model [6].198

D∗∗ decays are reconstructed in the decay chains199

D∗∗→D∗π− [7], and D∗∗→Dπ−. The former is acces-200

sible to both narrow D∗∗ states while the latter has no201

contribution from the D1. Intermediate D∗ states are202

reconstructed in D∗→D0π and the D mesons are recon-203

structed exclusively in D0→K−π+ and D+→K−π+π+.204

Finally D∗∗ candidates are paired with reconstructed lep-205

tons and required to be consistent with the semileptonic206

decays B → D∗∗ℓν, as described in the following.207

The signal event reconstruction proceeds as follows.208

First, events are selected which are likely to contain a209

semileptonic B decay. We require that there is a recon-210

structed D candidate and at least one lepton in the event 211

with a momentum greater than 800 MeV/c in the center- 212

of-mass (CM) frame [8]. Neutral D meson candidates 213

are formed by K−π+ combinations requiring the invari- 214

ant mass to be consistent with the D0 mass within three 215

sigma: 1.846 < m(Kπ) < 1.877 GeV/c2. This asymmet- 216

ric mass window is choosen to take into account resolu- 217

tion effects of the detector. 218

D0 candidates are combined with charged and neu- 219

tral pions to form D∗ candidates. For charged D∗ the 220

mass difference between the D∗ and the D0 is required 221

to be 144 < m(D0π+) − m(D0) < 148 MeV/c2. For 222

neutral D∗ the π0 is reconstructed from a photon pair 223

with an invariant mass of 115 < mγγ < 150 MeV/c2. 224

Those photon pairs are re-fitted in a mass constrained 225

fit to match the nominal mass of the π0. The mass dif- 226

ference between the D∗0 and the D0 is required to be 227

140 < m(D0π0) − m(D0) < 144 MeV/c2. 228

D+ candidates are formed from K−π+π+ combina- 229

tions with an invariant mass of 1.854 < m(Kππ) < 230

1.884 GeV/c2. The probability that the three tracks orig- 231

inate from a common vertex, PVtx, is required to be 232

PVtx(Kππ) > 0.01. 233

Candidates for D and D∗ are combined with charged 234

pions to form D∗∗ candidates. These are combined with 235

muons or electrons. The charge of the lepton is required 236

to match the charge of the kaon from the D decay. As- 237

suming that the reconstructed visible part of the decay 238

(Y = D∗∗ℓ) is produced in a semileptonic B decay with 239

a massless neutrino being the only missing particle, the 240

decay kinematic is determined up to one angular quan- 241

tity. The energy of the initial B is determined from 242

the incident beam energies, hence conservation of four- 243

momentum leads to the relation 244

cosBY = −
2EBEY − m2

B − m2
Y

2|~pB||~pY |

where E, |~p| and m are the energies, momenta and masses 245

of the B and the Y respectively measured in the CM- 246

frame. If the assumption is correct, cosBY is the cosine of 247

the angle between the directions of flight of the B and the 248

Y . If the assumption made is not correct, this quantity 249

does not represent a physical angle and therefore can take 250

any value. Thus only events with values of |cosBY | ≤ 1 251

are selected. 252

In case a D∗ is reconstructed in the decay chain a veto 253

is applied against decays B → D∗ℓν by calculating the 254



variable cosBY ′ which is defined as above but the Y sys-255

tem is redefined to contain only the D∗ and the lepton:256

Y ′ = D∗ℓ. In this variable, signal events of the type257

B → D∗∗ℓν tend to have values less than −1. Back-258

ground events, especially events with a true B → D∗ℓν259

decay, are rejected by the requirement cosBY ′ < −1.260

For the decay modes D∗∗→Dπ this veto cannot be261

applied. Instead, events reconstructed in this channel262

are rejected if the D0 can be paired with any charged263

pion to form a D∗+ candidate as described above. In264

addition, if multiple D∗∗ℓ candidates are present in the265

event, we retain the candidate with m̃2
ν closest to zero,266

where m̃2
ν is the neutrino mass squared, calculated under267

the approximation that the B momentum vanishes in268

the CM frame. The neutrino mass squared is given by269

m̃2
ν = m2

B+|~p ∗
D∗∗ℓ|

2−2E∗
BE∗

D∗∗ℓ, where ~p ∗ and E∗ denote270

the momentum and energy of a particle in the CM frame.271

Furthermore, D∗∗ℓ candidates are selected only if the272

angle between the direction of flight for the D∗∗ and the273

lepton exceeds 90 degrees in the CM frame. This criterion274

rejects combinations where the lepton comes from the275

decay of the other B. Finally, an event is also rejected276

if the pion emitted by the D∗∗ and the lepton have a277

probability to originate from a common vertex of less278

than 0.001. In about 2% of the events more than one279

D∗∗ℓ candidate is selected and if so all of them enter the280

analysis.281

Remaining background events are dominantly decays282

B → D(∗)ℓν. Backgrounds from the process e+e− → qq283

with q = u, d, s, c are small compared to the BB back-284

ground sources.285

We perform a binned χ2 fit to the distributions of the286

mass difference ∆m = m(D∗∗) − m(D) to extract the287

yield of events in the four different final states, specifi-288

cally B+/0 → D∗+/0π−ℓν with contributions from both289

D1 and D∗
2 , and B+/0 → D+/0π−ℓν for D∗

2 only. To290

disentangle the D1 and D∗
2 contributions, we subdivide291

the D∗π−ℓν data into subsamples, based on the helicity-292

angle ϑh of the D∗. This quantity is defined as the angle293

between the two pions emitted by the D∗∗ and the D∗
294

in the rest frame of the D∗. For a D∗ produced by a295

D∗
2 this angle must follow a distribution proportional to296

sin2 ϑh. For D1 decays, the helicity-angle is distributed297

like 1+AD1
cos2 ϑh, where AD1

is a parameter which de-298

pends on the initial polarization of the D1 and a possible299

contribution of the S-wave to the D1 decay. For unpo-300

larized D1 decaying purely via D-wave, AD1
is predicted301

to be AD1
= 3. To make use of this, the spectra of the302

two decay chains including a D∗ are split into four bins303

each of equal size in | cosϑh|. This gives a total of ten304

mass-difference spectra which are fitted simultaneously.305

The fit contains twelve parameters to describe the sig-306

nals and 22 parameters for the backgrounds. Signal dis-307

tributions in the mass-difference spectra are described308

by Breit-Wigner functions. For the signal the branching309

fractions of the D∗∗ production for the charged and neu-310

tral narrow states give four free parameters. The masses 311

of the states are also fitted, but are constrained to be 312

equal for charged and neutral states, giving two param- 313

eters. Four additional parameters arise from the effec- 314

tive widths of the D∗∗ states, which represent a convo- 315

lution of the intrinsic widths and detector resolution ef- 316

fects. The detector resolution contributes approximately 317

2−3 MeV/c2 depending on the mode. For the decay of the 318

D∗
2 , namely the ratio BD/D∗ = Γ(D∗

2 → Dπ−)/Γ(D∗
2 → 319

D(∗)π−), measurements and calculations point to a ra- 320

tio near two, but with uncertainties of about 30% [9]. 321

We therefore allow this ratio to vary freely in the fit and 322

furthermore the mixing parameter AD1
describing the 323

distribution of the helicity-angle is a free parameter as 324

well. 325

Backgrounds are modeled by polynomial functions 326

of third order in the mass difference. For the modes 327

D∗∗→D∗π− the shape of the background events in ∆m 328

has been found to be independent of the helicity binning. 329

Therefore only the normalisation of the background func- 330

tion is allowed to vary for the different spectra of a given 331

reconstruction channel. 332

The selection efficiency is deduced from a fit to the 333

simulation. This fit uses the same parameterization as 334

the fit determining the branching fractions from data 335

and is applied to the sum of the full background sim- 336

ulation and the simulation of only one signal, the D1 337

or the D∗
2 . In the D∗ modes the efficiencies have been 338

found to be equal for D1 and D∗
2 . For all four chan- 339

nels the efficiencies are: ǫ(D∗+π−) = (6.89 ± 0.12)%, 340

ǫ(D∗0π−) = (5.34± 0.12)%, ǫ(D+π−) = (12.88± 0.96)% 341

and ǫ(D0π−) = (17.56±0.70)%, where the quoted uncer- 342

tainties are the statistical uncertainties from the fit. For 343

the decays including a D∗ the efficiency is multiplied by 344

the probability for a D∗∗ to decay with a value of | cosϑh| 345

falling into a given bin. This factor includes the theoret- 346

ical distribution discussed above as well as corrections 347

for the different detector acceptances in the four helicity 348

bins of up to 10%. The total number of B mesons in the 349

full data sample is derived as described in [10]. For the 350

charged and neutral B mesons we assume Γ(Υ (4S) → 351

B+B−)/Γ(Υ (4S) → B0B0) = 1.065 ± 0.026 [11]. 352

In order to validate the fit procedure several cross- 353

checks have been made. The analysis procedure is tested 354

on statistically independent MC simulated data samples 355

and was found to successfully reproduce the simulated 356

signal parameters with a χ2/n = 12.66/12, where n is 357

the number of signal parameters. Consistent fit results 358

were also obtained when the data sample was separated 359

into subsamples representing specific data taking periods, 360

or separated by electron on muon modes. Furthermore 361

the fit is tested on data by restricting it to certain decay 362

modes, using charged or neutral D∗∗ only, or combining 363

the helicity-bins. 364

The results of the fit are shown in figure 1. As expected 365

the contribution of the D∗
2 vanishes for large values of 366



TABLE I: Extracted yields for the four signal modes in the
five relevant ∆m-spectra.

mode | cos ϑh| D0
1 D∗0

2 D+
1 D∗+

2

D∗π+ [0 |0.25] 344 273 212 152
D∗π+ [0.25| 0.5] 470 238 286 123
D∗π+ [0.5 |0.75] 699 170 439 83
D∗π+ [0.75| 1] 1027 67 668 31
Dπ+ – 8414 – 3361

| cosϑh| while the contribution of the D1 is suppressed367

for cosϑh close to zero. The extracted yields are given in368

table I369

All systematic uncertainties have been propagated370

through the fit procedure taking the correlations between371

the results into account. Efficiencies for reconstructing372

and selecting the particles of the final state are derived373

from Monte Carlo simulation. The simulation of the374

tracking and the π0-reconstruction has been studied by375

comparing τ decays to one and three charged tracks and376

with or without a neutral pion. Uncertainties introduced377

by the particle identification for kaons and leptons are378

studied using control samples with high purities for the379

particles in question. The impact of the finite statistics of380

the simulated signal events is deduced from the fit-error381

of the efficiency-determination.382

The branching fractions of the decays of the D∗ and383

the D are taken from [9]. The uncertainty of the number384

of B mesons in the data set is determined as in [10].385

In addition the uncertainty in the ratio of charged and386

neutral B mesons produced is taken into account.387

Uncertainties introduced by the physics model which388

was used to simulate the MC have been addressed by389

re-doing the fit after fixing the functions describing the390

backgrounds to the shapes derived from the simulation.391

The deviations in the results are taken as a conservative392

estimate of the uncertainty. A possible influence of the393

background description has been tested by varying the394

parameterizations. The backgrounds are alternatively395

described by a square-root function multiplied by either396

polynomials or exponentials in ∆m. Aa an additional397

crosscheck the fit was performed with one background-398

parameterization while using an aletrnative parameteri-399

zation for the determination of the efficiencies.400

Table II gives a summary on the various sources of401

systematic uncertainties and their impact on the results.402

Added in quadrature the total systematic uncertainties403

on the semileptonic branching fractions are 5-10% de-404

pending on the D∗∗ type.405

In summary, we have measured the four branching406

fractions of B mesons decaying semileptonically into nar-407

row D∗∗. Taking into account the unknown decay rates408

TABLE II: Summary of systematic uncertainties of the deter-
mination of the semileptonic branching fractions.

Source ∆B(B → D∗∗ℓν)/B(B → D∗∗ℓν)[%]
D0

1 D∗0
2 D+

1 D∗+
2

tracking 1.76 1.39 1.03 1.14
π0-efficiency 0.06 0.29 3.25 0.60
particle identification 2.61 2.75 3.11 1.60
MC statistics 1.80 5.61 2.50 3.32
helicity correction 0.65 0.14 0.17 0.31
number of B mesons 2.68 2.68 2.68 2.68
B(D∗+ → D0π+) 0.76 0.19 0.04 0.10
B(D∗0 → D0π0) 0.11 0.45 5.07 0.93
B(D0 → K−π+) 1.89 0.42 1.78 2.03
B(D+ → K−π+π+) 0.07 2.67 0.24 0.54
bkg. parameterization 1.93 1.68 3.20 2.71
modeling 3.24 4.05 3.96 1.52
total systematic 6.23 8.68 9.45 6.06

of the D∗∗ we find the product branching fractions 409

B(B+ → D0
1ℓ

+νℓ) × B(D0
1 → D∗+π−)

= (2.97 ± 0.17stat ± 0.18syst) × 10−3,

B(B+ → D∗0
2 ℓ+νℓ) × B(D∗0

2 → D(∗)+π−)

= (2.29 ± 0.23stat ± 0.20syst) × 10−3,

B(B0 → D−
1 ℓ+νℓ) × B(D−

1 → D∗0π−)

= (2.78 ± 0.24stat ± 0.26syst) × 10−3,

B(B0 → D∗−
2 ℓ+νℓ) × B(D∗−

2 → D(∗)0π−)

= (1.77 ± 0.26stat ± 0.11syst) × 10−3

and Γ(D∗
2 → Dπ−)/Γ(D∗

2 → D(∗)π−) = 0.62±0.03stat± 410

0.06syst. We observe all modes with significances greater 411

than 5σ and achieve for the modes already observed a 412

better precision than previous measurements [2, 3, 12]. 413
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FIG. 1: ∆m-spectra for the selected data and the results of the fitted functions. The solid line represents the complete fit
function, dotted (D1) and dashed (D∗

2) lines the signal parts and dash-dotted the background. (a) to (d) show the mode
D∗∗0→D∗+π− with increasing values for | cos ϑh|, (e) the mode D∗∗0→D+π−. (f) to (i) show the corresponding bins in | cos ϑh|
for the mode D∗∗+→D∗0π+ and (k) the mode D∗∗+→D0π+.
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