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INFN Sezione di Pisaa; Dipartimento di Fisica, Università di Pisab; Scuola Normale Superiore di Pisac, I-56127 Pisa, Italy131

D. Lopes Pegna, C. Lu, J. Olsen, A. J. S. Smith, and A. V. Telnov132

Princeton University, Princeton, New Jersey 08544, USA133

F. Anullia, G. Cavotoa, R. Facciniab, F. Ferrarottoa, F. Ferroniab,134

M. Gasperoab, L. Li Gioia, M. A. Mazzonia, and G. Pireddaa135

INFN Sezione di Romaa; Dipartimento di Fisica,136
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CEA, Irfu, SPP, Centre de Saclay, F-91191 Gif-sur-Yvette, France143

D. Aston, D. J. Bard, R. Bartoldus, C. Cartaro, M. R. Convery, J. Dorfan, G. P. Dubois-Felsmann, W. Dunwoodie,144

R. C. Field, M. Franco Sevilla, B. G. Fulsom, A. M. Gabareen, M. T. Graham, P. Grenier, C. Hast, W. R. Innes,145

M. H. Kelsey, H. Kim, P. Kim, M. L. Kocian, D. W. G. S. Leith, P. Lewis, S. Li, B. Lindquist, S. Luitz, V. Luth,146

H. L. Lynch, D. B. MacFarlane, D. R. Muller, H. Neal, S. Nelson, I. Ofte, M. Perl, T. Pulliam, B. N. Ratcliff,147

A. Roodman, A. A. Salnikov, R. H. Schindler, A. Snyder, D. Su, M. K. Sullivan, J. Va’vra, A. P. Wagner,148

M. Weaver, W. J. Wisniewski, M. Wittgen, D. H. Wright, H. W. Wulsin, A. K. Yarritu, C. C. Young, and V. Ziegler149

SLAC National Accelerator Laboratory, Stanford, California 94309 USA150

W. Park, M. V. Purohit, R. M. White, and J. R. Wilson151

University of South Carolina, Columbia, South Carolina 29208, USA152

A. Randle-Conde and S. J. Sekula153

Southern Methodist University, Dallas, Texas 75275, USA154

M. Bellis, J. F. Benitez, P. R. Burchat, and T. S. Miyashita155

Stanford University, Stanford, California 94305-4060, USA156

M. S. Alam and J. A. Ernst157

State University of New York, Albany, New York 12222, USA158

R. Gorodeisky, N. Guttman, D. R. Peimer, and A. Soffer159

Tel Aviv University, School of Physics and Astronomy, Tel Aviv, 69978, Israel160

P. Lund and S. M. Spanier161



University of Tennessee, Knoxville, Tennessee 37996, USA162

R. Eckmann, J. L. Ritchie, A. M. Ruland, C. J. Schilling, R. F. Schwitters, and B. C. Wray163

University of Texas at Austin, Austin, Texas 78712, USA164

J. M. Izen and X. C. Lou165

University of Texas at Dallas, Richardson, Texas 75083, USA166

F. Bianchiab and D. Gambaab167

INFN Sezione di Torinoa; Dipartimento di Fisica Sperimentale, Università di Torinob, I-10125 Torino, Italy168
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We report results on the updated branching fraction (B) measurements of the color-suppressed
decays B0 → D0π0, D∗0π0, D0η, D∗0η, D0ω, D∗0ω, D0η′, and D∗0η′. We measure the branching
fractions B(B0 → D0π0) = (2.69±0.09±0.13)×10−4, B(B0 → D∗0π0) = (3.05±0.14±0.28)×10−4,
B(B0 → D0η) = (2.53 ± 0.09 ± 0.11) × 10−4, B(B0 → D∗0η) = (2.69 ± 0.14 ± 0.23) × 10−4,
B(B0 → D0ω) = (2.57± 0.11± 0.14)× 10−4, B(B0 → D∗0ω) = (4.55± 0.24± 0.39)× 10−4, B(B0 →
D0η′) = (1.48±0.13±0.07)×10−4, and B(B0 → D∗0η′) = (1.49±0.22±0.15)×10−4. We also present
the first measurement of the longitudinal fraction of the channel D∗0ω, fL=(66.5± 4.7± 1.5)%. In
the above, the first uncertainty is statistical and the second is systematic. The results are based
on a sample of (454 ± 5) × 106BB pairs collected at the Υ (4S) resonance from 1999 to 2007, with
the BABAR detector at the PEP-II storage rings at SLAC. The measurements are the most precise
determinations of these quantities from a single experiment. They are compared to theoretical
predictions obtained by factorization, Soft Collinear Effective Theory (SCET) and perturbative
QCD (pQCD). We find that the presence of final state interactions is favored and the measurements
are in better agreement with SCET when compared to pQCD.

PACS numbers: 13.25.Hw, 12.15.Hh, 11.30.Er182

∗ Now at Temple University, Philadelphia, Pennsylvania 19122,
USA

† Also with Università di Perugia, Dipartimento di Fisica, Perugia,
Italy

‡ Now at the University of Huddersfield, Huddersfield HD1 3DH,
UK

§ Now at University of South Alabama, Mobile, Alabama 36688,
USA
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I. INTRODUCTION183

Weak decays of hadrons provide a direct access to the184

parameters of the Cabibbo-Kobayashi-Maskawa (CKM)185

matrix and thus to the study of CP violation. Strong186

interaction scattering in the final state [1] (Final State187

Interactions, or FSI) can modify the decay dynamics and188

must be well understood. The two-body hadronic decays189

with a charmed final state, B → D(∗)h, where h is a light190

meson, are of great help in studying strong-interaction191

physics related to the confinement of quarks and gluons192

into hadrons.193

The decays B → D(∗)h can proceed through the emis-194



sion of a W± boson following three possible diagrams:195

external, internal (see Fig. 1), or by a W± boson ex-196

change whose contribution is much smaller [2]. The neu-197

tral B0 → D(∗)0h0 decays proceed through the internal198

diagrams [3]. Since mesons are color singlet objects, in199

internal diagrams B0 → D(∗)0h0 the quarks from the200

W± decay are constrained to have the anti-color of the201

spectator quark, which induces a suppression of inter-202

nal diagrams in comparison with external ones. For this203

reason, internal diagrams are called color-suppressed and204

external ones are called color-favored.205

b c

d
–
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–
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–
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W -
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– 0 D(*)+
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FIG. 1. External (a) and internal (b) tree diagrams for B0 →
D(∗)h decays.

In the factorization model [3–6], the non-factorizable206

interactions in the final state by soft gluons are neglected.207

The matrix element in the effective weak Hamiltonian of208

the decay B → Dh is then factorized into a product of209

asymptotic states. Factorization appears to be successful210

in the description of the color-favored decays [7].211

The color-suppressed b → c decays B0 → D(∗)0π0
212

were first observed by the CLEO [8] and Belle [9] col-213

laborations in 2001 with respectively 9.67 × 106 and214

23.1×106 BB pairs. The Belle collaboration has also215

observed the decays D0η and D0ω and put upper limits216

on the branching fraction (B) of D∗0η and D∗0ω [9].217

The B of the color-suppressed decays B0 → D(∗)0π0,218

D(∗)0η, D(∗)0ω, and D0η′ were measured by BABAR [10]219

in 2003 with 88×106 BB pairs and an upper limit was220

set on B(B0 → D∗0η′). The Belle collaboration updated221

with 152×106 BB pairs the measurement of B(B0 →222

D(∗)0h0), h0 = π0, η, ω, and η′ [11] in 2005 and [12]223

in 2006 and studied in 2007 the decays B0 → D0ρ0224

with 388×106 BB pairs [13]. In an alternative approach,225

BABAR [14] used the charmless neutral B to K±π∓π0
226

Dalitz plot analysis with 232×106 BB pairs, and found227

B(B0 → D0π0) to be in excellent agreement with earlier228

experimental results.229

Many of these branching fraction measurements are230

significantly larger than predictions obtained within the231

factorization approximation [15]. It is also well agreed232

that non-factorizable contributions are mostly dominant233

for color-suppressed charmed B decays and therefore can234

not be neglected [16].235

While the initial various experimental results demon-236

strated overall good consistency, the most recent mea-237

surements performed by Belle [11, 12] have shown a ten-238

dency to systematically lower B values for the color-239

suppressed B0 → D(∗)0h0 decays. Such lower B mea-240

surements are closer to factorization predictions [3, 15].241

Stronger experimental constraints are therefore needed242

to distinguish between the different models of the color-243

suppressed dynamics like pQCD (perturbative QCD) [17,244

18] or SCET (Soft Collinear Effective Theory) [19–21].245

Finally we emphasize again the need of accurate measure-246

ments for hadronic color-suppressed B0 → D(∗)0h0 de-247

cays for constraining the theoretical predictions on B̄u,d,s248

decays to D(∗)P and D̄(∗)P decays, where P is a light249

pseudoscalar meson such as a pion or a kaon (see for ex-250

ample [22]). These decays are and will be employed to251

extract the less accurately measured CKM-angle γ and252

other angles [23], especially at the dawn of the B-physics253

program at the LHC.254

This paper reports the improved branching fraction255

measurements of eight color-suppressed decays B0 →256

D(∗)0π0, D(∗)0η, D(∗)0ω and D(∗)0η′ with 454×106 BB257

pairs and shows for the first time the measurement of258

the longitudinal polarization for the decay mode into two259

vector mesons B0 → D∗0ω.260

II. THE BABAR DETECTOR AND DATA261

SAMPLE262

The data used in this analysis were collected with the263

BABAR detector at the PEP-II asymmetric e+e− stor-264

age rings operating at the SLAC National Accelerator265

Laboratory. The BABAR detector is described in detail266

in Ref. [24]. Charged particle tracks are reconstructed267

using a five-layer silicon vertex tracker (SVT) and a 40-268

layer drift chamber (DCH) immersed in a 1.5 T magnetic269

field. Tracks are identified as pions or kaons (particle270

identification or PID) based on likelihoods constructed271

from energy loss measurements in the SVT and the DCH272

and from Cherenkov radiation angles measured in the273

detector of internally reflected Cherenkov light (DIRC).274

Photons are reconstructed from showers measured in275

the CsI(Tl) crystal electromagnetic calorimeter (EMC).276

Muon and neutral hadron identification are performed277

with the instrumented flux return (IFR).278

The results presented in this paper are based on a data279

sample of an integrated luminosity of 413 fb−1 recorded280

at the Υ (4S) resonance with a e+e− center-of-mass (CM)281

energy of 10.58 GeV, corresponding to (454±5)×106 BB282

pairs. As suggested in the Particle Data Group (PDG)283

mini-review on production and decay of b − flavored284

hadrons [25], we assume equal B0B0 and B+B− produc-285

tion rate at that resonance in this paper. A data sample286

of 41.2 fb−1 with a CM energy of 10.54 GeV, below the287

BB threshold, is used to study background contributions288

from continuum events e+e− → qq (q = u, d, s, c). We289



call that latter data set off-peak events in what follows.290

Samples of simulated Monte Carlo (MC) events were291

used to determine signal and background characteristics,292

to optimize selection criteria and to evaluate efficien-293

cies. Simulated events e+e− → Υ (4S) → B+B−, B0B0,294

e+e− → qq (q = u, d, s) and e+e− → cc are generated295

with EvtGen [26], which interfaces to Pythia [27] and296

Jetset [28].297

Separate samples of exclusive B0 → D(∗)0h0 decays298

were generated to study the signal features and to quan-299

tify the signal selection efficiencies. We use high statis-300

tics control samples of exclusive decays B− → D(∗)π−
301

and D(∗)0ρ− for the specific selections and background302

studies. Those control samples have been generated in303

the Monte Carlo simulation and similarly selected in the304

data. All MC samples include simulation of the BABAR305

detector response generated through Geant4 [29]. The306

integrated luminosity of the MC samples is about three307

times the data luminosity for BB, one times the data308

luminosity for e+e− → qq (q = u, d, s) and two times309

for e+e− → cc. The equivalent integrated luminosities of310

the exclusive B decay mode simulations range from 50 to311

2500 times the data luminosity.312

III. ANALYSIS METHOD313

A. General considerations314

The color-suppressed B0 meson decay modes are re-315

constructed from D(∗)0 meson candidates that are com-316

bined with light neutral-meson candidates h0 (π0, η, ω,317

and η′). The D(∗) and h0 mesons are detected in vari-318

ous possible channels. In total, we consider 72 different319

B0 → D(∗)0h0 decay modes.320

We perform a blind analysis: the optimization of the321

various event selections, the background characteriza-322

tions and rejections, the efficiency calculations, and most323

of the systematic uncertainties computations are based324

on studies done with MC simulations, data sidebands,325

or data control samples. The fits to data, including the326

various signal regions, are only effected after all analysis327

procedures are determined and systematic uncertainties328

are studied.329

Intermediate resonances of the decays B0 → D(∗)0h0
330

are reconstructed by combining tracks and/or photons331

for the channels with the highest decay rate and detec-332

tion efficiency. Vertex constraints are applied to charged333

daughter particles of these resonances before computing334

their invariant masses. At each step in the decay chain335

we require that mesons have masses consistent with their336

assumed particle type. If daughter particles are produced337

in the decay of a parent meson with a natural width that338

is small relative to the reconstructed width (except for339

ω and ρ0 mesons), we constrain the meson’s mass to its340

nominal value [25]. This fitting technique improves the341

resolution of the energy and the momentum of the B0
342

candidates as they are calculated from improved ener-343

gies and momenta of the D(∗)0 and h0.344

Charged particle tracks are reconstructed from mea-345

surements in the SVT and/or the DCH, and an iden-346

tification is assigned by the PID algorithm. Extrapo-347

lated tracks must be in the vicinity of the e+e− inter-348

action point, i.e. within 1.5 cm in the plane transverse349

to the beam axis and 2.5 cm along the beam axis. The350

tracks used for the reconstruction of η → π+π−π0 and351

η′ → π+π−η(→ γγ) must in addition have a transverse352

momentum pT larger than 100 MeV/c and at least 12353

hits in the DCH. When PID criterion is required for a354

track, the track polar angle θ must be in the DIRC fidu-355

cial region 25.78◦ < θ < 146.10◦. Photons are defined as356

single bumps in the EMC crystals not matched with any357

track, and with a shower lateral shape consistent with a358

photon. Because of high background levels in the very359

forward part of the EMC caused by the beam asymmetry,360

we reject photons detected in the region θ < 21.19◦.361

The selections applied to each meson (π0, η, ω, η′,362

D0, and D∗0) are optimized by maximizing the figure of363

merit S/
√
S +B, where S is the number of signal and B364

is the number of background events. The numbers S and365

B are computed from simulations, the branching ratios366

used to evaluate S are the present world average values367

of color-suppressed decay mode provided by PDG [25].368

Each resonance mass distribution is fitted with a set of369

Gaussian functions or a so-called modified Novosibirsk370

empirical function [30], which is composed of a Gaussian-371

like peaking part with two tails at low and high values.372

Resonance candidates are then required to have a mass373

within ±2.5σ around the fitted mass central value, where374

σ is the resolution of the mass distribution obtained by375

the fit. For the resonances D0 → K−π+π0 and D∗0 →376

D0γ, the lower bound is extended to −3σ because of377

the photon energy losses in front and between the EMC378

crystals, which makes the mass distribution asymmetric379

with a tail at low values.380

B. Selection of intermediate resonances381

1. π0 selection382

The π0 mesons are reconstructed from photon pairs.383

Each photon energy E(γ) must be larger than 85 MeV384

for π0 produced directly from B0 decays, and larger than385

60 MeV for π0 from η, ω or D0 meson decays. Soft386

π0’s originating from D∗0 → D0π0 decays must satisfy387

E(γ) > 30 MeV. The π0 reconstructed mass resolution is388

about 6.5−7.0 MeV/c2 for π0 from η, ω, and D0 mesons389

decays, and about 7.0 − 7.5 MeV/c2 for π0 produced in390

D∗0 or B0 decays.391



2. η selection392

The η mesons are reconstructed in the γγ and π+π−π0
393

decay modes. These modes account for about 62% of394

the total decay rate [25], and may originate from B0 →395

D(∗)0η or η′ → π+π−η decays.396

The η → γγ candidates are reconstructed by combin-397

ing two photons that satisfy E(γ) > 200 MeV for B0
398

daughters and E(γ) > 180 MeV for η′ daughters. As399

photons originating from high momentum π0 mesons may400

fake a η → γγ signal, a veto is applied against those π0:401

for each η → γγ candidate, if any of the other photons402

in the events with E(γ) > 200 MeV combined with ei-403

ther photon in η has an invariant mass between 115 and404

150 MeV/c2, the η candidate is rejected. Such a veto is405

highly efficient on signal (about 91−95%) while it reduces406

the background of fake η mesons candidates by a factor407

of two. The resolution of the η → γγ mass distribution is408

approximately 15 MeV/c2, dominated by the resolution409

on the photon energy measurement in the EMC.410

For η candidates reconstructed in the channel π+π−π0,411

the π0 is required to satisfy the conditions described in412

Sec. III B 1. The mass resolution is about 3 MeV/c2,413

which is smaller than for the mode η → γγ, thanks to414

the relatively better resolution of the tracking system and415

the various vertex and mass constraints applied to the η416

and π0 candidates.417

3. ω selection418

The ω mesons are reconstructed in the π+π−π0 decay419

mode. These modes account for approximately 89% of420

the total decay rate. The π0 is required to satisfy the421

conditions described in Sec. III B 1 and the transverse422

momentum of the charged pions must be greater than423

200 MeV/c. The natural width of the ω mass distribution424

Γ ∼ 8.49 MeV [25] is comparable to the experimental425

resolution σ ∼ 7 MeV/c2, therefore the ω mass is not426

constrained to its nominal value. We define a total width427

σtot =
√

σ2 + Γ2/c2 ∼ 11 MeV/c2 and require the ω428

candidates to satisfy |m(ω)−m(ω)mean| < 2.5σtot.429

4. ρ0 selection430

The ρ0 mesons originate from η′ → ρ0γ and are recon-431

structed in the π+π− decay mode. The charged tracks432

must satisfy pT (π
±) > 100 MeV/c. We define the he-433

licity angle θρ0 as the angle between the pion momen-434

tum in the ρ0 rest frame and the ρ0 momentum in the435

η′ rest frame. Because the ρ0 meson is a vector me-436

son and the charged pions are pseudo-scalar mesons, the437

angular distribution is proportional to sin2(θρ0) for sig-438

nal, and is flat for background. The ρ0 candidates with439

| cos(θρ0)| > 0.73 are rejected. Due to the large ρ0 nat-440

ural width Γ ∼ 149.1 MeV [25], no mass constraint is441

applied to the ρ0. The mass of the ρ0 candidate must be442

within 160 MeV/c2 around the nominal mass value and443

no mass constraint is applied.444

5. η′ selection445

The η′ mesons are reconstructed in the π+π−η(→ γγ)446

and ρ0γ decay modes. These modes account for approx-447

imately 46.3% of the total decay rate.448

Only the η → γγ sub-mode is used in the π+π−η re-449

construction due to its higher efficiency. The selection is450

described in Sec. III B 2. For candidates reconstructed in451

ρ0γ, channel we select ρ0 as described in Sec. III B 4, and452

the photons must have an energy larger than 200 MeV.453

As photons coming from π0 decays may fake signal, a454

veto against π0 as described in Sec. III B 2 is applied.455

The η′ mass resolution is about 3 MeV/c2 for π+π−η456

and 8 MeV/c2 for ρ0γ.457

6. K0
S selection458

The K0
S
mesons are reconstructed through their decay459

to two charged pions (π−π+) which must originate from460

a common vertex. These modes account for 69% of the461

total decay rate. The χ2 probability of the vertex fit of462

the pair of charged pions must be larger than 0.1%. We463

define the flight significance as the ratio L/σL, where L is464

the K0
S
flight length in the plane transverse to the beam465

axis and σL is the resolution on L determined from the466

vertex fit constraint. The combinatorial background is467

rejected by requiring a flight significance larger than 5.468

The reconstructed K0
S
mass resolution is about 2 MeV/c2469

for a core Gaussian part corresponding to about 70%470

of the candidates and 5 MeV/c2 for the remaining part,471

depending on the transverse position of the decay of the472

K0
S
within the tracking system (SVT or DCH).473

7. D0 selection474

The D0 mesons are reconstructed in the K−π+,475

K−π+π0, K−π+π−π+, and K0
S
π+π− decay modes.476

These modes account for about 29% of the total de-477

cay rate. All D0 candidates must satisfy p∗(D0) >478

1.1 GeV/c, where p∗ refers to the value of the momentum479

computed in the Υ (4S) rest frame. That requirement is480

loose enough so that various sources of background can481

populate the sidebands of the signal region.482

For the decay modes reconstructed only with tracks,483

we require that the charged pions originated from the D0
484

candidates must fulfill pT (π
±) > 400 MeV/c for K−π+,485

pT (π
±) > 100 MeV/c for K−π+π−π+, and pT (π

±) >486

120 MeV/c for K0
S
π−π+. Where pT is the transverse487

component to the beam axis of the momentum computed488

in the laboratory.489

The charged tracks must originate from a common ver-490

tex, therefore the χ2 probability of the vertex fit must491



be larger than 0.1% for the channel K−π+ and larger492

than 0.5% for the other modes with more abundant back-493

ground. Because of the increasing level of background494

present for the various decay modes, the kaon candidates495

must satisfy from looser to tighter PID criteria for respec-496

tively the modesK−π+, K−π+π−π+, andK−π+π0. For497

K0
S
π+π−, the K0

S
candidates must satisfy the selection498

criteria described in Sec. III B 6.499

For the decay D0 to K−π+π0 the combinatorial500

background can significantly be reduced by using the501

parametrization of the K−π+π0 Dalitz distribution as502

provided by the Fermilab E691 experiment [31]. This503

distribution is dominated by the two K∗ resonances504

(K∗0 → K−π+ or K∗− → K−π0) and by the ρ+(π+π0)505

resonance. Therefore we select only D0 candidates that506

fall in the enhanced region of the Dalitz plot as deter-507

mined by the above parametrization. The π0 must satisfy508

the selections described in Sec. III B 1.509

The reconstructed D0 mass resolution is about 5, 5.5,510

6.5, and 11 MeV/c2 for the decay mode K−π+π−π+,511

K0
S
π+π−, K−π+, and K−π+π0 modes, respectively.512

8. D∗0 selection513

The D∗0 mesons are reconstructed in D0π0 and D0γ514

decay modes. The π0 and D0 candidates are requested to515

satisfy the selections described in Sec. III B 1 and III B 7516

respectively. The photons from D∗0 → D0γ must fulfill517

the additional condition E(γ) > 130 MeV and must pass518

the veto against π0 mesons as described in Sec. III B 2.519

The resolution of the mass difference ∆m ≡ m(D∗0)−520

m(D0) is about 1.3 MeV/c2 for D0π0 and 7 MeV/c2 for521

D0γ.522

C. Selection of B-meson candidates523

The B candidates are reconstructed by combining a524

D(∗)0 with an h0, with the D(∗)0 and h0 masses con-525

strained to their nominal value except when h0 is an ω.526

One needs to discriminate between real B signal can-527

didates and fake B candidates. The fake B candidates528

are originated from combinatorial backgrounds, or from529

other specific B modes or from the cross feed in between530

the similar studied color-suppressed signals.531

1. B-mesons kinematic variables532

Two kinematic variables are used in BABAR to select533

B candidates: the energy-substituted mass mES and the534

energy difference ∆E. These two variables use the con-535

straints from the precise knowledge of the beam ener-536

gies and from energy conservation in the two-body decay537

Υ (4S) → BB. The quantity mES is the invariant mass of538

the B candidate where the B energy is set to the beam539

energy in the CM frame:540

mES =

√

(

s/2 + ~p0.~pB
E0

)2

− |~pB |2, (1)

and ∆E is the energy difference between the recon-541

structed B energy and the beam energy in the CM frame:542

∆E = E∗
D(∗) + E∗

h −
√
s/2, (2)

where
√
s is the e+e− center-of-mass energy. The small543

variations of the beam energy over the duration of the544

run are taken into account when calculating mES. For545

the momentum ~pi (i = 0, B) and the energy E0, the546

subscripts 0 and B refer to the e+e− system and the547

reconstructed B meson, respectively. The energies E∗
D(∗)548

and E∗
h are calculated from the measured D(∗)0 and h0

549

momenta.550

For the various channels of the B signal events, the551

mES distribution peaks at the B mass with a resolution552

of 2.6−3 MeV/c2, dominated by the beam energy spread,553

whereas ∆E peaks near zero with a resolution of 15 −554

50 MeV depending on the number of photons in the final555

state.556

2. Rejection of e+e− → qq background557

The continuum background e+e− → qq, where the558

light quarks q are u, d, s or c quarks, creates high mo-559

mentum mesons D(∗)0, π0, η(
′), ω that can fake the560

signal mesons originating from the two body decays561

B0 → D(∗)0h0. That background is dominated by cc̄562

processes and to a lesser extent by ss̄ processes. Since563

the B mesons are produced almost at rest in the Υ (4S)564

frame, the Υ (4S) → BB event shape is spherical. By565

comparison, the qq events have a back-to-back jet-like566

shape. The qq background is therefore discriminated by567

employing event shape variables. The following set of568

variables was found to be optimal among various tested569

configurations:570

• The thrust angle θT defined as the angle between571

the thrust axis of the B candidate and the thrust572

axis of the rest of event. The distribution of573

| cos(θT )| is flat for signal and peaks at 1 for con-574

tinuum background.575

• Event shape monomials L0 and L2 defined as:576

L0 =
∑

i

p∗i ; L2 =
∑

i

p∗i | cos(θ∗i )|2, (3)

with p∗i the CM momentum of the particle i that577

does not come from a B candidate, and θ∗i is the578

angle between p∗i and the thrust axis of the B can-579

didate.580



• The polar angle θ∗B between the B momentum in581

the Υ (4S) frame and the beam axis. The Υ (4S)582

being vector and the B mesons being pseudoscalar,583

the angular distribution is proportional to sin2(θ∗B)584

for signal and roughly flat for background.585

These four discriminating variables are combined in586

a Fisher discriminant built with the TMVA [32] toolkit587

package. An alternate approach employing a multi-588

layers perception artificial neural network with two hid-589

den layer within the same framework was tested and590

showed marginal relative gain, therefore the Fisher dis-591

criminant is used.592

The Fisher discriminant Fshape is trained with signal593

MC events and off-peak data events. In order to maxi-594

mize the number of off-peak events all the B0 → D(∗)0h0
595

modes are combined. We retain signal MC events with596

mES in the signal region 5.27−5.29 MeV/c2 and off-peak597

data events with mES in the range 5.25 − 5.27 MeV/c2,598

accounting for half of the 40 MeV CM energy shift be-599

low the Υ (4S) resonance. The training and testing of600

the multivariate classifier are performed with the non-601

overlapping data samples of equal size obtained from a602

cocktail of 20000 MC simulation signal events and from603

20000 off-peak events. The obtained Fisher formula is:604

Fshape = 2.36− 1.18× | cos(θT )|+
0.20× L0 − 1.01× L2 − 0.80× | cos(θ∗B)|. (4)

The qq background is reduced by applying a selection cut605

on Fshape. The selection is optimized for each of the 72606

possible B0 signal modes by maximizing the statistical607

significance with signal MC against generic MC e+e− →608

qq, q 6= b. This requirement for the various decay modes609

retains between about 30% and 97% of B signal events,610

while rejecting between about 98% and 35% of the light611

qq pairs background.612

3. Rejection of other specific backgrounds613

The ω mesons in B0 → D0ω decays are longitudinally614

polarized. We define the normal angle θN [10, 33] as the615

the angle between the normal to the plane of the three616

daughter pions in the ω frame and the line-of-flight of617

the B0 meson in the ω rest frame. That definition is the618

equivalent of the two-body helicity angle for the three-619

body decay. To describe the three-body decay distribu-620

tion of ω → π+π−π0, we define the Dalitz angle θD [10]621

as the angle between the π0 momentum in the ω frame622

and the π+ momentum in the frame of the pair of charged623

pions.624

The signal distribution is proportional to cos2(θN ) and625

sin2(θD), while the combinatorial background distribu-626

tion is roughly flat as a function of cos(θN ) and cos(θD).627

These two angles are combined in a Fisher discriminant628

Fhel built from signal MC events and generic qq and BB629

MC events:630

Fhel = −1.41− 1.01× | cos(θD)|+3.03× | cos(θN )|. (5)

We require B0 → D0ω candidates to satisfy Fhel > −0.1,631

to obtain an efficiency (rejection) on signal (background)632

of about 85% (62%).633

We also exploit the angular distribution properties in634

the decay D∗0 → D0π0 to reject combinatorial back-635

ground. We define the helicity angle θD∗ as the an-636

gle between the line-of-flight of the D0 and that of the637

D∗0, both evaluated in the D∗0 rest frame. The an-638

gular distribution is proportional to cos2(θD∗) for sig-639

nal and roughly flat for combinatorial background. Al-640

though in principle such a behavior could be employed for641

B0 → D∗0π0, D∗0η, and D∗η′, a selection on | cos(θD∗)|642

significantly improves the statistical significance for the643

B0 → D∗0π0 mode only. Therefore D∗0 candidates com-644

ing from the decay B0 → D∗0π0 are required to satisfy645

| cos(θD∗)| > 0.4 with an efficiency (rejection) on signal646

(background) of about 91% (33%).647

A major BB background contribution in the analy-648

sis of the B0 → D(∗)0π0 channel comes from the color-649

allowed decay B− → D(∗)0ρ−. If the charged pion650

(mostly slow) from the decay ρ− → π−π0 is omitted in651

the reconstruction of the B0 candidate, B− → D(∗)0ρ−652

events can mimic the D(∗)0π0 signal. Moreover, the653

B(B− → D(∗)0ρ−) are 30 − 50 times larger than that654

of the B0 → D(∗)0π0 modes, and not precisely known655

(δB/B = 13.4% − 17.3% [25]). A veto is applied to re-656

duce this background. For each B0 → D(∗)0π0 candidate,657

we combine any remaining negatively charged track in658

the event to reconstruct a B− candidate in the decay659

mode D(∗)0ρ−. If the reconstructed B− candidate sat-660

isfies mES(B
−) > 5.27 GeV/c2, |∆E(B−)| < 100 MeV,661

and |m(ρ−) − m(ρ−)PDG| < 250 MeV/c2, then the ini-662

tial B0 candidate is rejected. For the analysis of the663

decay mode B0 → D0π0 (B− → D∗0π0), the veto re-664

tains about 90% (82%) of signal and rejects about 67%665

(56%) of B− → D0ρ− and 44% (66%) of B− → D∗0ρ−666

background.667

4. Choice of the “best” B candidate in the event668

The average number of B0 → D(∗)0h0 candidate per669

event after all selections ranges between 1 and 1.6 de-670

pending on the complexity of the sub-decays. We keep671

one B candidate per mode per event. The chosen B is672

the one with the smallest value of673

χ2
B =

(

m(D0)−m(D0)mean

σm(D0)

)2

+

(

m(h0)−m(h0)mean

σm(h0)

)2

, (6)

for D0h0 modes and of674



χ2
B =

(

m(D0)−m(D0)mean

σm(D0)

)2

+

(

m(h0)−m(h0)mean

σm(h0)

)2

+

(

∆m−∆mmean

σ∆m

)2

, (7)

for the D∗0h0 modes. The quantities σm
D0 and σm

h0675

(m(D0)mean and m(h0)mean) are the resolution (mean)676

of the mass distributions. The quantities ∆mmean and677

σ∆m are respectively the mean and resolution of the ∆m678

(≡ m(D∗0)−m(D0)) distributions. These quantities are679

obtained from fits of the mass distribution of true simu-680

lated candidates selected from signal MC simulations.681

The probability of choosing the true B0 candidate in682

the event according to the above criteria ranges from 71683

to 100%. The cases with lower probabilities correspond684

to the D(∗)0h0 modes with high neutral multiplicity.685

5. Selection efficiencies686

The branching fraction of the B0 → D(∗)0h0 decays is687

computed as:688

B(B0 → D(∗)0h0) =
NS

NBB̄ · E · Bsec
, (8)

where Bsec is the product of the branching fractions as-689

sociated with the secondary decays of the D(∗)0 and h0
690

mesons for the each of the 72 decay channel considered691

in this paper [25]. NBB̄ is the number of BB pairs in692

data and NS is the number of signal events remaining693

after all the selections. The quantity E is the total signal694

efficiency including reconstruction (detector and trigger695

acceptance) and analysis selections. It is computed from696

each of the 72 exclusive high statistics MC simulation697

samples.698

The selection efficiency from MC simulation is slightly699

different from the efficiency in data. The MC efficiency700

and its systematic uncertainty therefore has to be ad-701

justed according to control samples. For the reconstruc-702

tion of π0/γ, the efficiency corrections are obtained from703

detailed studies performed with a high statistics and704

high purity control sample of π0 mesons produced in705

τ → ρ(ππ0)ντ decays normalized to τ → πντ , to unfold706

tracking effects. Such corrections are validated against707

studies performed on the relative ratio of the number of708

detected D0 mesons in the decays D0 → K−π+π0 and709

D0 → K−π+, and produced in the decay of D∗+ mesons710

from e+e− → cc̄ events. The relative data/simulation711

efficiency measurements for charged tracks are simi-712

larly based on studies of track mis-reconstruction using713

e+e− → τ+τ− events. On one side the events are tagged714

from a lepton in the decay τ− → l−ν̄lντ and on the other715

side one reconstructs the 2 or 3 tracks from the decay716

τ+ → π+π−h+ν̄τ (the π+π− can be originated from a ρ0717

resonance). The simulated efficiency of charged particle718

identification is compared to the efficiency computed in719

data with control samples of kaons selected with detector720

independent considerations from D∗+ → D0(K−π+)π+
721

produced in e+e− → cc̄ events. The simulation efficiency722

on K0
S
candidates is modified using a data sample of K0

S
,723

mainly arising from the continuum processes e+e− into724

qq.725

The efficiency corrections for the selection criteria ap-726

plied to D(∗)0 candidates and on the Fisher discriminant727

(Fhel) for the continuum qq rejection are obtained from728

studies of a B− → D(∗)0π− control sample. This abun-729

dant control sample is chosen for its kinematic similarity730

with B0 → D(∗)0h0. The corrections are computed from731

the ratios Erel.(data)/Erel.(MC), where the relative effi-732

ciencies Erel. are computed with the signal yields as ob-733

tained from fits to mES distributions of B− → D(∗)0π−
734

candidates in data and MC simulation, before and af-735

ter applying the various selections. The obtained re-736

sults are checked with the color-allowed control sample737

B− → D(∗)0ρ−, which has slightly different kinematics738

due to the relatively higher mass of the ρ−, and therefore739

validates those corrections for the modes such as D(∗)0η′.740

The reconstruction efficiency of B0 → D∗0ω depends741

on the angular distribution, which is not yet known.742

To evaluate this efficiency we combine a set of properly743

weighted fully longitudinally and fully transversely po-744

larized MC samples, according to the fraction of longitu-745

dinal polarization (fL = 66.5 %) that we measure in this746

paper (see Sec. VI).747

D. Fit procedure and data distributions748

We present the fits used to extract the branching frac-749

tions B. For each of the 72 possible B0 → D(∗)0h0 sub-750

decay modes, using an iterative procedure, we fit the ∆E751

distribution in the range −280 < ∆E < 280 MeV for752

mES > 5.27 GeV/c2 to get the signal (NS) and back-753

ground yields. The use of the ∆E distribution allows754

us to model and adjust the complex non-combinatoric755

B background structure without relying completely on756

simulation.757

The data samples corresponding to each B0 decay758

mode are disjoint and the fits are performed indepen-759

dently for each mode. According to their physical ori-760

gin, four categories of events with differently shaped ∆E761

distributions are separately considered: signal events,762

cross-feed events, peaking background events, and com-763

binatorial background events. The event (signal and764

background) yields are obtained from unbinned extended765

maximum likelihood (ML) fits. We write the extended766

likelihood L as767

L =
e−n

N !
nN

N
∏

j=1

f(∆Ej |θ, n), (9)
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FIG. 2. Fit of ∆E distributions in data for modes B0 → D0π0 (a), B0 → D0ω (b), B0 → D0η(γγ) (c), B0 → D0η(πππ0) (d),
B0 → D0η′(ππη) (e), and B0 → D0η′(ρ0γ) (f). The dots with error bars are data, the blue solid curve is the fitted total PDF,
the red dotted curve is the signal PDF, the black dotted-dashed curve is the cross-feed PDF, the brown double dotted-dashed
curve is the B− → D(∗)0ρ− PDF, and the long blue dashed curve is the combinatorial background PDF.

where θ indicates the set of parameters which are fit-768

ted from the data. N is the total number of signal and769

background events, and n =
∑

i Ni is the expectation770

value for the total number of events. The sum runs over771

the different signal and background categories i, which772

PDF and characteristics will be detailed below. The total773

probability density function (PDF) f(∆Ej |θ, n) is writ-774

ten as the sum over the different signal and background775

categories776

f(∆Ej |θ, n) =
∑

i Nifi(∆Ej |θ)
n

, (10)

where fi(∆E|θ) is the PDF of the various i categories:777

signal or background components. Some of the PDF778

component parameters are fixed from the MC simulation779

(see details in the following sections).780

The individual corresponding branching ratios are781

computed and then combined as explained in Sec. V.782

1. Signal contribution783

All of the 72 possible reconstructed B0 channels con-784

tain at least one photon. Due to the possible energy785

losses of early showering γ’s in the detector material be-786

fore the EMC, the ∆E shape for signal is modeled by787

the so-called modified Novosibirsk PDF [30]. A Gaussian788

PDF is added to the modes with a large ∆E resolution to789

describe mis-reconstructed events. The signal shape pa-790

rameters are estimated from a ML fit to the distributions791

of simulated signal events in the high statistics exclusive792

decay modes.793

2. Cross-feed contribution794

We call “cross feed” the events from all of the D(∗)0h0
795

modes, except the one we reconstruct, that pass the com-796

plete selection and that are reconstructed in the given797

mode. The cross-feed events are a non-negligible part of798

the ∆E peak in some of the modes, and the signal event799

yield must be corrected for these cross-feed events. As800

the various channels are studied in parallel, we use an801

iterative procedure to account for those contributions in802

the synchronous measurements (see Sec. IIID 5).803

The dominant cross-feed contribution to B0 → D0h0
804

comes from the companion channel B0 → D∗0h0, when805

the π0/γ from the D∗0 decay is not reconstructed. Such806

cross-feed events are shifted in ∆E by by approximately807

the mass of π0 (−135 MeV), with a long tail from D∗0(→808

D0γ)h0 leaking into the signal region. Similarly, the809

channel B0 → D∗0h0 receives a cross-feed contribution810

from the associated decay mode B0 → D0h0 and there is811

a cross-contamination in between the D∗0 → D0π0 and812
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FIG. 3. Fit of ∆E distributions in data for modes B0 → D∗0π0 (a), B0 → D∗0ω (b), B0 → D∗0η(γγ) (c), B0 → D∗0η(πππ0)
(d), B0 → D∗0η′(ππη) (e), and B0 → D∗0η′(ρ0γ) (f) where the D∗0 mesons decay into the signal mode D0π0. A detailed
legend is provided in the caption of Fig. 2.

D∗0 → D0γ channels.813

The main cross-feed contributions from the other re-814

constructed B0 color-suppressed modes are listed in815

Table I. For each signal mode, different cross feeds816

are summed and their contribution is estimated with a817

histogram-based PDF built from the various signal MC818

samples.819

TABLE I. Main cross feeds between signal modes and for a for
a given D0 decay mode. For a given D∗0h0 mode the cross
feed coming from the sub-decay D∗0 → D0π0 into D∗0 →
D0γ is relatively larger than in the mirror case.

B mode Cross-feed modes

D0h0 D∗0h0

D∗0(D0π0)h0 D∗0(D0γ)h0, D0h0

D∗0(D0γ)h0 D∗0(D0π0)h0, D0h0

3. Peaking BB background contributions820

The major background in the reconstruction of B0 →821

D(∗)0π0 comes from the decays B− → D(∗)0ρ− (see822

Sec. III C 3). Their contribution is modeled by a separate823

histogram-based PDF built from the high statistics exclu-824

sive signal MC simulation samples. The individual distri-825

butions of the two backgrounds B− → D0ρ− and B− →826

D∗0ρ− that pass the B0 → D(∗)0π0 selections, including827

the specific veto requirement as described in Sec. III C 3,828

cannot be distinguished. As a consequence, given the829

large uncertainty on their branching fractions, the over-830

all normalization of B− → D(∗)0ρ− PDF is left floating831

but the relative ratio N(B− → D∗0ρ−)/N(B− → D0ρ−)832

of the PDF normalization is fixed. The value of this ra-833

tio is extracted directly from the data by reconstructing834

exclusively each of the B− → D(∗)0ρ− modes rejected835

by the veto requirements. Those fully reconstructed B−-836

mesons differ from the B− → D(∗)0ρ−, that pass all the837

B0 → D(∗)0π0 selections, by the additional selected soft838

charged π originated from the ρ− meson. The relative839

correction on that ratio for events surviving the veto se-840

lection is then computed using the MC simulation for841

truly generated B− → D(∗)0ρ− decays. A systematic842

uncertainty on that assumption is assigned (see Sec. IV).843

In the cases of B0 → D(∗)0ω/η(→ π+π−π0) modes,844

additional contributions come from the B decay modes845

D(∗)nππ(0) , where n = 1, 2, or 3, and through inter-846

mediate resonances such as ω and ρ′−(→ ωπ−). These847

peaking backgrounds are modeled by a first-order poly-848

nomial PDF plus a Gaussian PDF determined from the849

generic BB MC simulation. The relative normalization850

of that Gaussian PDF component is left floating in the851
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FIG. 4. Fit of ∆E distributions in data for modes B0 → D∗0π0 (a), B0 → D∗0ω (b), B0 → D∗0η(γγ) (c), B0 → D∗0η(πππ0)
(d), and B0 → D∗0η′(ππη) (e), where the D∗0 mesons decay into the signal mode D0γ. The unfitted ∆E distribution of
B0 → D∗0(D0γ)η′(ρ0γ) candidates is also displayed (f). A detailed legend is provided in the caption of Fig. 2.

fit, since the B of the B decay modes D(∗)nππ(0) are not852

necessarily precisely known [25].853

4. Combinatorial background contribution854

The shape parameters of the combinatorial back-855

ground PDFs are obtained from ML fits to the generic856

BB and continuum MC, where all signal, cross feeds857

and above-discussed peaking BB background events have858

been removed. The combinatorial background from BB859

and qq are summed and modeled by a second-order poly-860

nomial PDF.861

5. Iterative fitting procedure862

We fit the ∆E distribution using the PDFs for the863

signal, for the cross feed, for the peaking background,864

and for the combinatorial background as detailed in the865

previous sections. The normalization for the signal, for866

the peaking BB backgrounds, and for the combinatorial867

background components are allowed to float in the fit.868

The mean of the signal PDF is left floating for the sum869

of D(∗)0 sub-decays. For each D0 sub-mode, the signal870

mean PDF is fixed to the value obtained from the fit to871

the sum of D0 sub-modes. Those free parameters are ex-872

tracted by maximizing the unbinned extended likelihood873

to the ∆E distribution defined in Eqs. 9 and 10. Other874

PDF parameters are fixed from fit results obtained with875

MC simulations, when studying separately each of the876

signal and background categories.877

In the global event yield extraction of all the various878

B0 → D(∗)0h0 color-suppressed signals studied in this pa-879

per, a given mode can be signal and cross feed to other880

modes at the same time. In order to use the B computed881

in this analysis, the yield extraction is performed through882

an iterative fit successively on D∗0h0 and D0h0. The883

normalization of cross-feed contribution from D(∗)0h0 is884

then fixed to the B measured in the previous fit iteration.885

For the cross-feed contributions, the PDG branching frac-886

tion [25] values are used as starting points. This iterative887

method converges quickly to a stable value of B’s, with888

variation less than 10% of statistical uncertainty, in less889

than 5 iterations.890

We check the absence of bias in our fit procedure by891

studying pseudo-experiments with a large number of dif-892

ferent samples for the various signals. The extraction893

procedure is applied to these samples where background894

events are generated and added from the fitted PDFs.895

The signal samples are assembled from non-overlapping896

samples corresponding to the exclusive high statistics MC897

signals, with yields corresponding to the MC-generated898

value of the branching fraction Bgen. No significant bi-899

ases are found.900



6. Data distributions and901

event yields from summed sub-decay modes902

The fitting procedure is applied to data at the very903

last stage of the blind analysis. Though the event yields904

and B measurements are performed separately for each905

of the 72 considered sub-decay modes, we illustrate here,906

in a compact manner, the magnitude of the signal and907

background component yields and of the statistical sig-908

nificances of the various channels B0 → D(∗)0h0. To do909

that, we sum together the D0 sub-modes. The fitted ∆E910

distributions, for the sum of D0 sub-modes, are given911

in Figs. 2, 3, and 4, for respectively the B0 → D0h0,912

D∗0(→ D0π0)h0, and D∗0(→ D0γ)h0 modes.913

The signal and background yields obtained from the914

fit to the summed sub-mode data for the B0 → D(∗)0h0
915

are presented in Table II, with the corresponding statisti-916

cal significance. The statistical significance is calculated917

in the signal region |∆E| < 2.5σ, from the cumulative918

Poisson probability p to have a background statistical919

fluctuation reaching the observed data yield:920

p =

+∞
∑

k=Ncand

e−ν

k!
νk, (11)

where Ncand is the total number of selected candidates921

in the signal region and ν the mean value of the total922

expected background, as extracted from the fit. This923

probability is then converted into a number of equivalent924

one-sided standard deviations:925

Nσ =
√
2 erfcInverse(p/2), (12)

The function erfcInverse is the inverse of the com-926

plementary error function of erf (see statistics section927

in [25]).928

The signal and background yields are computed from929

the fit parameters and integrated in a ∆E window of930

±2.5σ (where σ is the signal resolution).931

The majority of channels present a clear and signifi-932

cant signal. In particular, the modes D0η′(ππη(γγ)) and933

D0η′(ρ0γ) are observed for the first time.934

Before performing the final unblinded fits on data,935

among the various 72 initial possible decay channels, sev-936

eral sub-decay modes have been discarded. The decisions937

to remove those sub-modes has been taken according to938

analyses performed on MC simulation, as no significant939

signals are expected and confirmed in data (see for ex-940

ample Fig. 4 (bottom right)). The discussed channels941

are: B0 → D(∗)0η′ and D∗0(D0γ)η(πππ0), where D0 →942

K0
S
π+π−, D∗0(D0γ)η′(ππη), where D0 → K−π+π−π+,943

as well as the whole channel D∗0(D0γ)η′(ρ0γ). Those944

are sub-modes with poor signal efficiency, caused by large945

track multiplicity or modest D0 secondary B’s, such that946

the expected signal yields are very low. In addition, much947

larger background contributions are expected. We con-948

cluded that adding such channels in the global combina-949

tions would degrade the B measurements.950

IV. SYSTEMATIC UNCERTAINTIES ON951

BRANCHING FRACTIONS952

There are several possible sources of systematic uncer-953

tainties in this analysis, whose combinations are summa-954

rized in Table III.955

The categories “π0/γ detection” and “Tracking” ac-956

count respectively for the systematics on the reconstruc-957

tion of π0/γ and for charged particle tracks, and are taken958

as the uncertainty on the efficiency correction computed959

in the studies of τ decays from e+e− → τ+τ− events (see960

Sec. III C 5).961

Similarly, the systematic uncertainties on kaon iden-962

tification and on the reconstruction of K0
S
mesons are963

estimated from the uncertainties on MC efficiency cor-964

rections computed in the study of pure samples of kaons965

and K0
S
mesons compared to data (see Sec. III C 5).966

The uncertainty on the secondary B is a combination967

of the uncertainties on each B of the D(∗)0 and h0 sub-968

mode (including secondary decays into detected stable969

particles). Correlations between the different channels970

were accounted for [25].971

The uncertainty related to the number of BB pairs and972

the binomial uncertainty related to the limited available973

MC samples statistics when computing the efficiency of974

various selection criteria are also included.975

The systematics on the resonance mass selections are976

computed as the relative difference of signal yield when977

the values of the mass means and mass resolutions are978

taken from a fit to the data. The uncertainties for the qq979

rejection and the D(∗)0 selections are obtained from the980

study performed on the control sample B− → D(∗)0π−
981

and are estimated as the uncertainty on the efficiency982

correction ratio: Erel.(data)/Erel.(MC), including the cor-983

relations between the samples before and after selections984

(see Sec. III C 5). The uncertainties for the cuts on ρ0985

and D0ω helicities are obtained by varying the selection986

cut values by ±10% around the maximum of statistical987

significance. All uncertainties on resonances selections988

are combined in the category “Resonances selection”.989

The uncertainty quoted for “∆E Fit” gathers the un-990

certainties on the shapes of signal and background PDF,991

and on the cross-feed B. For the modes D(∗)0π0/η(γγ),992

with high momentum γ in the final state, the shape993

difference between data and MC simulation on en-994

ergy scale and resolution for neutrals is estimated from995

a study of the high statistics control sample B− →996

D0(K−π+)ρ−(π0π−), which yields the difference be-997

tween data and MC simulation: |∆Emean| ≃ 5.7 MeV,998

for the mean and |∆Eresolution| ≃ 3.3 MeV, for the resolu-999

tion. For those modes, the uncertainty on signal shape is1000

obtained by varying the signal PDF mean by ±5.7 MeV1001

and the width by ±3.3 MeV. For the other B0 signal1002

modes, each PDF parameter is varied within the ±1σ1003

MC simulation uncertainty , and the relative difference1004

on fitted event yield is taken as a systematic uncertainty.1005

The various parameters are varied one at a time. The rel-1006

ative differences while varying the ∆E PDF parameters1007



TABLE II. Number of signal events (NS), cross feed (Ncf), and combinatorial background (Ncombi) and B− → D(∗)0ρ− (NDρ)
computed from the ∆E fit to data, as well as the statistical significance in number of standard deviations (see text). The
quoted uncertainties are statistical only.

B0 → NS Ncombi Ncf NDρ Statistical
(decay channel) significance

D0π0 3429 ± 123 2625 ± 75 97 ± 3 700 ± 14 41
D0η(γγ) 1022 ± 55 532 ± 14 13 ± 1 - 36
D0η(πππ0) 411 ± 29 191 ± 6 2 ± 0 - 23
D0ω 1374 ± 120 886 ± 25 18 ± 2 - 38
D0η′(ππη(γγ)) 122 ± 13 41 ± 3 - - 14
D0η′(ρ0γ) 234 ± 40 1253 ± 17 1 ± 0 - 7.4
D∗0(D0π0)π0 883 ± 40 268 ± 21 39 ± 2 175 ± 5 34
D∗0(D0γ)π0 622 ± 47 469 ± 33 295 ± 23 602 ± 20 17
D∗0(D0π0)η(γγ) 338 ± 25 201 ± 9 17 ± 1 - 19
D∗0(D0γ)η(γγ) 187 ± 24 254 ± 12 85 ± 11 - 8.7
D∗0(D0π0)η(πππ0) 123 ± 15 90 ± 4 5 ± 1 - 11
D∗0(D0γ)η(πππ0) 88 ± 14 65 ± 4 16 ± 3 - 7.6
D∗0(D0π0)ω 806 ± 48 1365 ± 18 33 ± 2 - 20
D∗0(D0γ)ω 414 ± 44 1290 ± 19 132 ± 14 - 10
D∗0(D0π0)η′(ππη) 45 ± 8 18 ± 2 2 ± 0 - 8.5
D∗0(D0γ)η′(ππη) 12 ± 5 8 ± 1 5 ± 2 - 3.2
D∗0(D0π0)η′(ρ0γ) 115 ± 25 487 ± 11 3 ± 1 - 5.4

TABLE III. Combined contributions to the B(B0 → D(∗)0h0) relative systematic uncertainties (%).

Sources ∆B/B(%) for the B0 decay
D0π0 D0η(γγ) D0η(πππ0) D0ω D0η′(ππη) D0η′(ρ0γ) D∗0π0 D∗0η D∗0ω D∗0η′

π0/γ detection 3.5 3.5 3.6 3.6 3.7 2.3 6.2 5.5 5.7 5.8
Tracking 0.9 0.9 1.6 1.7 1.6 1.6 0.9 1.1 1.6 1.6
Kaon ID 1.0 1.1 1.1 1.1 1.2 1.1 1.1 1.1 1.1 1.2
K0

S reconstruction 0.7 0.7 0.6 0.8 0.6 0.6 0.4 0.3 0.5 -
Secondary B 1.6 1.6 2.0 1.8 2.3 2.4 5.1 5.7 5.5 5.1

BB counting 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
MC statistics 0.1 0.2 0.3 0.2 0.4 0.4 0.2 0.2 0.3 0.3
Resonances selection 0.3 0.4 0.2 1.0 0.3 1.0 0.2 0.1 0.1 1.2
∆E fit 2.1 2.2 1.3 2.1 1.1 2.1 1.0 0.6 1.4 0.5
Continuum qq̄ rejection 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

D(∗)0ρ− background 1.8 - - - - - 5.6 - - -
D∗0ω polarization - - - - - - - - 1.4 -

Total 5.1 4.9 4.9 5.3 5.1 4.7 9.6 8.2 8.5 8.2

are then summed up in quadrature. This sum is taken1008

as a systematic uncertainty on ∆E.1009

The uncertainty on the continuum background shape is1010

estimated from the difference of the PDF fitted on generic1011

MC simulation with that of the PDF fitted in the mES1012

sideband 5.24 < mES < 5.26 GeV/c2 in data. When1013

a Gaussian is added to the combinatorial background1014

shape, to model additional peaking BB background con-1015

tributions (see Sec. IIID 3), the related uncertainty is1016

computed by varying its means and resolution by ±1σ.1017

We account for possible differences in the PDF shape1018

of the B− → D(∗)0ρ− background that is modeled by a1019

non-parametric PDF. As above it is obtained by shifting1020

and smearing the PDF mean and resolution by±5.7 MeV1021

and ±3.3 MeV respectively. The non-parametric PDF is1022

therefore convoluted with a Gaussian with the previously1023

defined mean and width values. The quadratic sum of1024

the various changes on the signal event yield is taken as1025

a systematic uncertainty.1026

The relative ratio of the B− → D∗0ρ− and B− →1027

D0ρ− backgrounds for the studies of the modes B0 →1028

D(∗)0π0 has been fixed to the data for rejected B− events1029

with the veto described in Sec. III C 3. The effect of such1030

a veto on that ratio is then computed from MC simula-1031

tion. We assign as a conservative systematic uncertainty1032

half of the difference between the nominal result and1033



TABLE IV. Branching fractions of channels B0 → D(∗)0h0 measured in the different secondary decay modes. The first
uncertainty is statistical and the second is systematic. The cells with “-” correspond to channels that have been discarded after
the analysis on simulation, and confirmed with data, as no significant signal is expected or seen for them.

B(B0 →) (×10−4) D0 → Kπ D0 → K3π D0 → Kππ0 D0 → K0
Sπ

+π−

D0π0 2.49 ± 0.13 ± 0.16 2.69 ± 0.15 ± 0.17 2.97 ± 0.15 ± 0.25 2.90 ± 0.28 ± 0.23
D0η(γγ) 2.46 ± 0.18 ± 0.14 2.56 ± 0.19 ± 0.16 2.37 ± 0.20 ± 0.20 2.62 ± 0.37 ± 0.21
D0η(πππ0) 2.59 ± 0.27 ± 0.12 2.65 ± 0.30 ± 0.14 2.48 ± 0.29 ± 0.20 2.28 ± 0.54 ± 0.18
D0ω 2.59 ± 0.18 ± 0.20 2.34 ± 0.19 ± 0.15 2.42 ± 0.20 ± 0.21 3.17 ± 0.39 ± 0.24
D0η′(ππη(γγ)) 1.40 ± 0.25 ± 0.07 1.37 ± 0.26 ± 0.08 1.34 ± 0.27 ± 0.11 1.30 ± 0.50 ± 0.12
D0η′(ρ0γ) 1.58 ± 0.42 ± 0.09 1.79 ± 0.57 ± 0.10 1.91 ± 0.54 ± 0.15 1.55 ± 0.89 ± 0.16
D∗0(D0π0)π0 2.95 ± 0.25 ± 0.30 2.95 ± 0.29 ± 0.33 3.52 ± 0.29 ± 0.43 2.32 ± 0.56 ± 0.24
D∗0(D0γ)π0 3.49 ± 0.40 ± 0.83 2.25 ± 0.50 ± 0.63 3.02 ± 0.50 ± 0.90 3.53 ± 1.14 ± 0.99
D∗0(D0π0)η(γγ) 2.52 ± 0.32 ± 0.26 2.57 ± 0.33 ± 0.29 2.41 ± 0.32 ± 0.32 4.09 ± 0.74 ± 0.49
D∗0(D0γ)η(γγ) 2.62 ± 0.45 ± 0.33 2.81 ± 0.49 ± 0.35 2.87 ± 0.55 ± 0.39 2.75 ± 0.78 ± 0.36
D∗0(D0π0)η(πππ0) 2.27 ± 0.50 ± 0.20 2.60 ± 0.55 ± 0.24 1.93 ± 0.46 ± 0.22 1.21 ± 0.87 ± 0.13
D∗0(D0γ)η(πππ0) 2.93 ± 0.71 ± 0.32 2.55 ± 0.80 ± 0.29 1.94 ± 0.81 ± 0.24 -
D∗0(D0π0)ω 5.07 ± 0.45 ± 0.47 4.00 ± 0.49 ± 0.36 4.38 ± 0.51 ± 0.51 5.02 ± 0.98 ± 0.53
D∗0(D0γ)ω 3.66 ± 0.64 ± 0.41 4.46 ± 0.80 ± 0.56 4.59 ± 0.87 ± 0.57 4.28 ± 1.71 ± 0.57
D∗0(D0π0)η′(ππη(γγ)) 1.09 ± 0.38 ± 0.09 1.67 ± 0.44 ± 0.15 1.34 ± 0.49 ± 0.15 -
D∗0(D0γ)η′(ππη(γγ)) 0.75 ± 0.49 ± 0.24 - 1.19 ± 0.69 ± 0.39 -
D∗0(D0π0)η′(ρ0γ) 2.10 ± 0.82 ± 0.23 1.21 ± 0.90 ± 0.14 1.45 ± 0.95 ± 0.18 -
D∗0(D0γ)η′(ρ0γ) - - - -

the result from the MC simulation assuming the PDG1034

branching ratios of B− → D(∗)0ρ− [25]).1035

to the result obtained when computing the expected1036

signal yield in the case where the above relative PDF1037

normalization ratio of the B− → D(∗)0ρ− backgrounds1038

is fully computed from the MC simulation (i.e. when1039

assuming the PDG branching fractions [25]).1040

The acceptance of B0 → D∗0ω is estimated from the1041

sum of purely longitudinally (fL = 0) and transversally1042

(fL = 1) polarized MC simulation signals, weighted by1043

our measurement of fL (see Sec. VI). The systematic1044

uncertainty in the fraction of D∗0ω longitudinal polar-1045

ization is then estimated by varying fL by ±1σ in the1046

estimation of the signal acceptance. This contribution1047

is small and slightly more than 1%, while it would be1048

estimated to be about 10.5% if the fraction fL was un-1049

known. This is one of the motivations for measuring the1050

polarization of the channel B0 → D∗0ω (see Sec. VI).1051

The most significant sources of systematic uncertain-1052

ties come from the π0/γ reconstruction, from the ∆E1053

fits, and from the uncertainties on the known world av-1054

erage branching fractions of the secondary channels. In1055

the case of the modes B0 → D(∗)0π0, the contributions1056

from B− → D(∗)0ρ− backgrounds are also not negligible.1057

V. RESULTS FOR THE B MEASUREMENTS1058

The B measured in the different secondary decay chan-1059

nels reconstructed in this analysis are given in Table IV1060

(for missing entries in the Table; see the discussion on1061

discarded sub-modes in Sec. IIID 6).1062

These B are combined using the so-called Best Linear1063

Unbiased Estimate (BLUE) technique [34], that accounts1064

for the correlation between the various modes. In the1065

BLUE method the average value is a linear combination1066

of the individual measurements:1067

B =
∑

i

(αi × Bi), (13)

where each coefficient αi is a constant weight, not nec-1068

essarily positive, for a given measurement Bi. The con-1069

dition
∑

i αi = 1 ensures that the method is unbiased.1070

The set of coefficients α = (α1, α2, ...) (a vector with t1071

elements) is calculated so that the variance of B is mini-1072

mal1073

α =
E−1U

UTE−1U
, (14)

where U is a t-component vector with elements all equal1074

to 1: U = (1, 1, ...), UT its transpose, and E is the (t× t)1075

error matrix. The variance of B is then given by:1076

σ2 = αTEα. (15)

The error matrix E is evaluated for each source of sys-1077

tematics. Its matrix elements are, for two modes i and1078

j:1079

Eij = ρijσiσj , (16)

where σi and σj are the uncertainties from the corre-1080

sponding systematics for the modes i and j, and ρij is1081

their correlation coefficient. We distinguish several types1082

of systematics according to their correlations between the1083

modes:1084



TABLE V. Branching fractions of channels B0 → D(∗)0h0,
where the B measured in each D0 modes are combined. For
the modes with h0 = η, η′, we give the combination (comb.)

of the B computed with each sub-modes of η(′). The first un-
certainty is statistical and the second is systematics. The
quality of the combination is given through the value of
χ2/ndof , with the corresponding probability (p-value) given
in parenthesis in percents.

B0 mode B(×10−4) χ2/ndof
(p-value %)

D0π0 2.69 ± 0.09 ± 0.13 2.81/3 (42.2)

D0η(γγ) 2.50 ± 0.11 ± 0.12 0.45/3 (93.0)
D0η(πππ0) 2.56 ± 0.16 ± 0.13 0.39/3 (94.2)
D0η (comb.) 2.53 ± 0.09 ± 0.11 0.95/7 (99.6)

D0ω 2.57 ± 0.11 ± 0.14 3.19/3 (36.3)

D0η′(ππη(γγ)) 1.37 ± 0.14 ± 0.07 0.05/3 (99.7)
D0η′(ρ0γ) 1.73 ± 0.28 ± 0.08 0.27/3 (96.6)
D0η′ (comb.) 1.48 ± 0.13 ± 0.07 1.55/7 (98.1)

D∗0π0 3.05 ± 0.14 ± 0.28 4.73/7 (69.3)

D∗0η(γγ) 2.77 ± 0.16 ± 0.25 4.20/7 (75.6)
D∗0η(πππ0) 2.40 ± 0.25 ± 0.21 3.81/6 (70.2)
D∗0η (comb.) 2.69 ± 0.14 ± 0.23 10.48/14 (72.6)

D∗0ω 4.55 ± 0.24 ± 0.39 4.05/7 (77.4)

D∗0η′(ππη(γγ)) 1.37 ± 0.23 ± 0.13 2.30/4 (68.1)
D∗0(D0π0)η′(ρ0γ) 1.81 ± 0.42 ± 0.16 0.68/2 (71.2)
D∗0η′ (comb.) 1.48 ± 0.22 ± 0.13 3.78/7 (80.5)

• full correlation, |ρij | ∼ 1: neutrals (but uncertain-1085

ties for π0 and single γ are independent), PID,1086

tracking, number of BB, B(D∗0), D∗0ω polariza-1087

tion in that mode,1088

• medium correlation: B(D0), B(h0), whose correla-1089

tions are taken from the PDG [25] and range from1090

2% to 100%,D(∗)0ρ− background inB0 → D(∗)0π0,1091

• negligible correlation, |ρij | ∼ 0: statistical uncer-1092

tainties, PDF systematics, selection on intermedi-1093

ate resonances, MC statistics.1094

The total error matrix E is then the sum of the error1095

matrix for each source of uncertainty. The systematic1096

(statistical) uncertainty on the combined value of B is1097

computed by using Eq. (15) where the error matrix in-1098

cludes only the systematic (statistical) uncertainties.1099

The combined branching fractions in data are given in1100

Table V with the χ2 of the combinantion, the number1101

of degrees of freedom of the combination (ndof), and1102

the corresponding probability (p-value). The individual1103

branching fractions together with the combined value are1104

displayed in Figs. 5 and 6 and they are compared to the1105

previous measurements by CLEO [8], BABAR [10, 14], and1106

Belle [11, 12].1107

The results of this blind analysis, based on a data1108

sample of 454×106 BB pairs, are fully compatible with1109

our previous measurements [10, 14], and also with those1110

of CLEO [8]. They are compatible with the measure-1111

ments by Belle [11, 12] for most of the modes, except for1112

B0 → D(∗)0η, D∗0ω, and D∗0π0, where our results are1113

larger.1114

As a cross check we also perform the B measurements1115

with a sub-data set of only 88×106 BB pairs that we1116

previously studied [10]. We found fully compatible B1117

values with both statistical and systematic uncertain-1118

ties lowered by significant amounts. In addition to a1119

5.1 times larger data set, with respect to 2004, we bene-1120

fit from improved procedures to reconstruct and analyze1121

the data collected by the BABAR detector . This updated1122

analysis incorporates new decay modes, higher signal ef-1123

ficiency, better background rejection and treatment. It1124

employs better fitting techniques and uses more sophisti-1125

cated methods to combine the results obtained with the1126

various sub-decay modes. We use additional control data1127

samples and measure directly in the data the relative ra-1128

tio of the B− → D(∗)0ρ− backgrounds.1129

These measurements are the most precise determina-1130

tions of the B(B0 → D(∗)0h0) from a single experiment.1131

They represent significant improvements with respect to1132

the accuracy of the existing PDG averages [25].1133

VI. POLARIZATION OF B0 → D∗0ω1134

The polarization of the vector-vector (V V ) decay1135

B0 → D∗0ω has never been measured. Until now, it was1136

admitted to be similar to that of the decay B− → D∗0ρ−,1137

based on Heavy Quark Effective Theory (HQET) and fac-1138

torization arguments [35]. The angular distributions for1139

the decay B0 → D∗0ω is described by three helicity am-1140

plitudes: the longitudinal H0 amplitude and the trans-1141

verse H+ and H− amplitudes. In the factorization de-1142

scription of B → V V decays, the longitudinal amplitude1143

H0 is expected to be dominant, leading to the fraction of1144

longitudinal polarization, defined as:1145

fL ≡ ΓL

Γ
=

|H0|2
|H0|2 + |H+|2 + |H−|2

, (17)

and predicted to be close to one [3, 36–38].1146

Significant transverse polarizations were measured in1147

B → φK∗ (see review in [25]) and investigated as possible1148

signs of new physics [39], but could also be the result of1149

non-factorizable QCD effects [40]. Similar effects were1150

studied in the context of SCET [21], and are expected1151

to arise in the B0 → D∗0ω decay, in particular through1152

enhanced electromagnetic penguin decays [41], leading to1153

significative deviation of fL from one. It has also been1154
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FIG. 5. B(B0 → D0h0) (×10−4) for the individual reconstructed D0 and h0 channels (blue points) together with the BLUE
combination (vertical yellow bands and the red points). The previous experimental results from BABAR [10, 14], Belle [11, 12],
and CLEO [8] are also shown (black points). The uncertainty horizontal bars represent the statistical contribution alone and
the quadratic sum of the statistical and systematic contributions. The width of the vertical yellow band corresponds to ±1σ
of the combined measurement, where the statistical and systematic uncertainties are summed in quadrature.
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FIG. 6. B(B0 → D∗0h0) (×10−4) for the individual reconstructed D0, D∗0, and h0 channels together with the BLUE com-
bination (vertical yellow bands and the red points). The blue squares (triangles) are for measurements with the sub-decay
D∗0 → D0π0 (D0γ). The previous experimental results from BABAR [10, 14], Belle [11, 12], and CLEO [8] are also shown (black
points). The uncertainty horizontal bars represent the statistical contribution alone and the quadratic sum of the statistical
and systematic contributions. The width of the vertical yellow band corresponds to ±1σ of the combined measurement, where
the statistical and systematic uncertainties are summed in quadrature.



argued in SCET studies that non-trivial long distance1155

contributions to the B0 → D∗0ω amplitude may allow1156

a significant amount of transverse polarization of similar1157

size to the longitudinal polarization, leading to a value1158

fL ∼ 0.5.1159

Apart from the motivation of these phenomenological1160

questions, the uncertainty on the angular polarization1161

of B0 → D∗0ω (fL ∼ 0.5 − 1) affects the kinematic1162

acceptance of this channel and therefore would be the1163

dominant contribution to the systematic effects for its B1164

measurement. Hence we measure the fraction of longi-1165

tudinal polarization for this decay mode. The analysis1166

is performed with B0 → D∗0ω candidates selected with1167

the same requirements as for the B analysis described1168

in the previous sections. We consider the sub-decays1169

D∗0 → D0π0 and D0 → K−π+, K−π+π0, K−π+π−π+,1170

and K0
S
π+π−.1171

A. Description of the method1172

The differential decay rate of B0 → D∗0ω for the sub-1173

decay D∗0 → D0π0 is [42]1174

d3Γ
d cos(θD∗ )d cos(θω)dχ ∝ 4|H0|2 cos2(θD∗) cos2(θω)+

[

|H+|2 + |H−|2 + 2(Re(H+H
∗
−) cos(χ)− Im(H+H

∗
−) sin(2χ))

]

sin2(θD∗) sin2(θω)+
(Re(H+H

∗
0 +H−H

∗
0 ) cos(χ)− Im(H+H

∗
0 −H−H

∗
0 ) sin(χ)) sin(2θD∗) sin(2θω),

(18)

where θD∗ (θω) is the helicity angle of the D∗ (ω) meson1175

(see Sec. III C 3 for definitions; for simpler notation we1176

have replaced here θN by θω). The angle χ, called the az-1177

imuthal angle, is the angle between the D∗0 and ω decay1178

planes in the B0 frame. Since the acceptance is nearly1179

independent of χ, one can integrate over χ to obtain a1180

simplified expression:1181

d3Γ
d cos(θD∗ )d cos(θω) ∝ 4|H0|2 cos2(θD∗) cos2(θω)+

(|H+|2 + |H−|2) sin2(θD∗) sin2(θω).
(19)

This differential decay width is proportional to1182

4fL cos2(θD∗) cos2(θω)+(1−fL) sin
2(θD∗) sin2(θω), (20)

which is the weighted sum of purely longitudinal (fL = 1)1183

and purely transverse (fL = 0) contributions.1184

We employ high statistics MC simulations of exclusive1185

signal samples of B0 → D∗0ω decays with the two ex-1186

treme configurations fL = 0 and 1 to estimate the ratio1187

of signal acceptance, ε0/ε1, of fL = 0 events to fL = 11188

events. The longitudinal fraction fL , can be expressed1189

in terms of the fraction of background events, γ, and the1190

fraction of fL = 1 events in the observed data sample, α:1191

fL =
α

α+ (1− α− γ) · ε0
ε1

. (21)

The fraction γ is taken from the fit of ∆E for a sig-1192

nal region |∆E| < 2.5σ∆E and mES > 5.27 GeV/c2,1193

where σ∆E is the fitted ∆E width of the signal distri-1194

bution, ranging from 20.8 to 23.3MeV depending on the1195

mode. The fraction α is determined from a simultane-1196

ous 2-dimensional fit to the distributions of the helicity1197

angles cos(θω) and cos(θD∗), for B0 → D∗0ω candidates1198

selected in the same signal region. The correlation be-1199

tween cos(θω) and cos(θD∗) is found to be negligible.1200

The signal shapes are described with parabolas (see1201

Eq. 20), except for the cos(θω) distribution of fL = 0 sig-1202

nal events, which is described by an MC simulation-based1203

non-parametric PDF. It is for the following reason: the1204

signal distribution of cos(θω) is distorted around zero be-1205

cause of the selection cut on pion momentum and on the1206

ω boost (see Sec. III B 3). The signal PDF parameters are1207

fixed to those fitted on the D∗0ω simulations. The shape1208

of the cos(θω) and cos(θD∗) background distributions is1209

taken from the data sideband −280 < ∆E < 280 MeV1210

and 5.235 < mES < 5.27 GeV/c2. The consistency of the1211

background shape was checked and validated for various1212

regions of the sidebands in data and generic MC simula-1213

tions. Possible biases on fL from the fit are investigated1214

with pseudo-experiment studies for various values of fL.1215

No significant biases are observed. An additional study1216

is performed with embedded signal MC simulation, i.e.1217

with signal events modeled from various different fully1218

simulated signal samples. A small bias accounting for1219

the description of the signal shape is observed and is cor-1220

rected later on.1221

B. Statistical and systematic uncertainties1222

The statistical uncertainty on fL is estimated with a1223

conservative approach by varying independently the two1224

fitted parameters α and γ by varying their values by ±1σ1225

in Eq. (21). An extended study based on MC pseudo-1226

experiments accounting correlations between α and γ1227

gave slightly smaller uncertainty.1228

The uncertainty on the signal shape in the simulta-1229

neous 2-dimensional fit to cos(θω) and cos(θD∗) is mea-1230

sured using the control sample B+ → D∗0π+, with1231

D∗0 → D0π0 and D0 → K−π+. This mode was cho-1232

sen for its high purity and for its longitudinal fraction1233
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FIG. 7. Fitted distributions of the helicity cos(θD∗) (a) and cos(θω) (b) in the channel B0 → D∗0ω for the D0 decay modes
K−π+ (Fig. 1), K−π+π−π+ (Fig. 2), K−π+π0 (Fig. 3) and K0

Sπ
+π− (Fig. 4). The dots with error bars are data, the solid

blue curve is the fitted total PDF, the dash-dot grey curve is the background contribution, the blue curve with long dash is
the signal part with fL = 1 and signal with fL = 0 is the red curve with dots.

fL = 1, which enables us to directly compare its shape1234

to our signal fL = 1. The distribution of the helicity an-1235

gle of the D∗0 is found to be wider in the data than in the1236

MC, this difference being parameterized by a parabola.1237

The uncertainty on the signal shape is then measured by1238

refitting α, with the signal PDF being multiplied by the1239

correction parabola. The relative difference is then taken1240

as the uncertainty.1241

The uncertainty on the background shape is mea-1242

sured by refitting α with the background shape fitted1243

in a lower data sideband −280 < ∆E < 280 MeV and1244

5.20 < mES < 5.235 GeV/c2. The relative difference is1245

then taken as the uncertainty.1246

An uncertainty is assigned to the assumption of the1247

acceptance being independent of χ. The acceptance of1248

the MC signal is measured in bins of χ and fitted with a1249

Fourier series to account for any deviation from flatness.1250

The fitted function is then used as a parametrization of1251

the acceptance dependency to χ in a study with pseudo-1252

MC experiments and multiplied to the decay rate (see1253

Eq. 18). Events are generated from this new decay rate1254

and their cos(θω)× cos(θD∗) distributions are fitted with1255

the procedure described above. The small bias observed1256

is assigned as a systematic uncertainty.1257

The uncertainty on the efficiency ratio ε0/ε1, from the1258

limited amount of MC statistics available, is calculated1259

assuming ε0 and ε1 to be uncorrelated, while the uncer-1260

tainties on ε0/ε1 are calculated from the binomial distri-1261

bution.1262

The various relative uncertainties are displayed in Ta-1263

ble VI for the data and are found to be compatible with1264

the ones calculated in MC simulations. The dominant1265

uncertainty is statistical. Among the various systematics1266

sources, the largest contribution comes from the signal1267

parametrization.1268

As a check, the fL measurement is applied in data1269

first on the high purity and high statistics control sample1270

B− → D∗0π−, with D∗0 → D0π0 and D0 → K−π+.1271

This channel is longitudinally polarized, i.e. fL = 1. The1272

fit of cos(θD∗) in data yields a value of fL compatible with1273

one, reinforcing the validity of the analysis procedure.1274



TABLE VI. Total relative uncertainties computed in data on
the measurement of fL in the channel B0 → D∗0ω, with
D∗0 → D0π0 and D0 → K−π+, K−π+π0, K−π+π−π+, and
K0

Sπ
+π−.

Sources ∆fL/fL (%)
Kπ K3π Kππ0 K0

Sππ

Signal PDFs 2.5 2.9 2.4 2.3
Bias 1.0 1.3 2.0 2.3
Background PDF 0.3 4.2 3.6 4.0
Limited MC statistics 0.1 0.2 0.3 0.3
Flat acceptance vs. χ 1.5 1.8 0.5 6.9

Total syst. 3.1 5.6 4.8 8.6

Statistical uncert. 9.6 16.3 16.3 25.6

Total uncert. 10.0 17.2 17.0 27.0

C. Results for the fraction of longitudinal1275

polarization fL1276

The fitted data distributions of the cosine of the helic-1277

ity angles are given in Fig. 7. The measurements for each1278

D0 channel are then combined with the BLUE statistical1279

method [34] (see Sec. V) with χ2/ndof = 1.01/3 (i.e.: a1280

probability of 79.9%), where ndof is number of degrees1281

of freedom. The measured values of fL, α, γ and ε00/ε111282

are given with the details of the combination in Table VII1283

and in Fig. 8. The final result is fL = (66.5±4.7±1.5)%,1284

where the first uncertainty is statistical and the second1285

systematics. This is the first measurement of the longi-1286

tudinal fraction of B0 → D∗0ω, with a relative precision1287

of 7.4%.1288

TABLE VII. Values of α fitted in data, of the background
fraction γ and of the acceptance ratio ε0/ε1, with the corre-
sponding values of the longitudinal fraction fL after the bias
correction. The first quoted uncertainty is statistical and the
second systematic.

D0 mode α (%) γ (%) ε0/ε1 fL (%)

Kπ 33.4±2.7 52.0±1.9 1.093±0.012 64.8±6.5±2.1
K3π 18.8±2.3 71.2±2.5 1.068±0.017 60.8±10.3±3.6
Kππ0 19.6±2.1 76.0±2.3 1.109±0.021 76.9±13.0±3.8
K0

Sππ 24.9±4.2 66.0±4.9 1.092±0.016 66.7±18.3±6.2

Combi. fL = (66.5± 4.7± 1.5)%

This value differs significantly from the HQET pre-1289

diction fL = (89.5 ± 1.9)% [35, 43]. This significant1290

transverse amplitude in the B0 → D∗0ω channel may1291
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FIG. 8. Measurements of fL with the four D0 modes in data.
The yellow band represents the BLUE combination.

arise from the same mechanism as the one responsible1292

for the transverse polarization observed in B → φK∗. It1293

however supports the existence of effects from non triv-1294

ial long distance contributions to the decay amplitude of1295

B0 → D∗0ω as predicted by SCET studies [21].1296

VII. DISCUSSION1297

A. Isospin analysis1298

The isospin symmetry relates the amplitudes of the de-1299

cays B− → D(∗)0π−, B0 → D(∗)+π− and B0 → D(∗)0π0,1300

which can be written as linear combinations of the isospin1301

eigenstates AI,D(∗) , I = 1/2, 3/2 [5, 44]:1302

A(D(∗)0π−) =
√
3A3/2,D(∗) , (22)

A(D(∗)+π−) = 1/
√
3A3/2,D(∗) +

√

2/3A1/2,D(∗) ,

A(D(∗)0π0) =
√

2/3A3/2,D(∗) −
√

1/3A1/2,D(∗) ,

leading to:1303

A(D(∗)0π−) = A(D(∗)+π−) +
√
2A(D(∗)0π0). (23)

The relative strong phase between the eigenstates1304

A1/2,D(∗) and A3/2,D(∗) is denoted as δ for the Dπ system1305

and δ∗ for D∗π system. Final state interactions between1306

the states D(∗)0π0 and D(∗)+π− may lead to a value of1307

δ(∗) different from zero and, through constructive inter-1308

ference, to a larger value of B for D(∗)0π0 than prediction1309

obtained within the factorization approximation. One1310

can also define the amplitude ratio R(∗):1311



R(∗) =
|A1/2,D(∗) |√
2|A3/2,D(∗) |

. (24)

In the heavy-quark limit, the factorization model pre-1312

dicts [45, 46] δ(∗) = O(ΛQCD/mb) and R(∗) = 1 +1313

O(ΛQCD/mb), where mb represents the b quark mass and1314

where the correction to “1” is also suppressed by a power1315

of 1/Nc, with Nc the number of colors. While SCET [19–1316

21] predicts that the strong phases δ(∗) (R(∗)) have the1317

same value in the Dπ and D∗π systems and significantly1318

differ from 0 (1).1319

The strong phase δ(∗) can be computed with an isospin1320

analysis of the D(∗)π system. We use the world average1321

values provided by the PDG [25] for B(B− → D(∗)0π−),1322

B(B0 → D(∗)+π−) values and for the B lifetime ratio1323

τ(B+)/τ(B0). The values of B(B0 → D(∗)0π0) are taken1324

from this analysis. We calculate the values of δ(∗) and1325

R(∗) using a frequentist approach [47]:1326

δ = (29.0+2.1
−2.6)

◦, R =
(

69.2+3.8
−3.9

)

%, (25)

for Dπ final states, and1327

δ∗ = (29.5+3.5
−4.5)

◦, R∗ =
(

67.0+4.8
−4.7

)

%, (26)

for D∗π final states.1328

In both Dπ and D∗π cases, the amplitude ratio is1329

significantly different from the factorization prediction1330

R(∗) = 1. The strong phases are also significantly dif-1331

ferent from zero and are equal in the two systems Dπ1332

and D∗π (0◦ is respectively excluded at 99.998% and1333

99.750% of confidence level), which points out that non-1334

factorizable FSI are indeed not negligible. Those results1335

confirm the SCET predictions.1336

B. Comparison to theoretical predictions on1337

B(B0 → D(∗)0h0)1338

Table VIII compares the B(B0 → D(∗)0h0) mea-1339

sured with this analysis to the predictions by factoriza-1340

tion [3, 15, 48, 49] and pQCD [17, 18]. We confirm the1341

conclusion by the previous BABAR analysis [10]: the val-1342

ues measured are higher by a factor of about three to five1343

than the values predicted by factorization. The pQCD1344

predictions are closer to experimental values but globally1345

higher, except for the D(∗)0π0 modes.1346

The ratios of the B are given in Table IX. It should be1347

noted that the values of those ratios are not computed1348

directly from those quoted in Table V, as we take advan-1349

tage of the fact that common systematic uncertainties1350

cancel between D0h0 and D∗0h0 modes. Therefore the1351

ratios of the B are first calculated for each sub-decays1352

of D0 and h0, and then after combined with the BLUE1353

method. The ratios B(B0 → D∗0h0)/B(B0 → D0h0) for1354

h0 = π0, η, and η′ are compatible with 1. Both are dis-1355

played in Fig. 9 together with the theoretical predictions.1356
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FIG. 9. Combined ratios B(B0 → D∗0h0)/B(B0 → D0h0)
measured in this paper compared to theoretical prediction by
SCET [21] (vertical solid line). The vertical band represent
the estimated theoretical uncertainty from SCET.
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FIG. 10. Combined ratios B(B0 → D∗0η′)/B(B0 → D∗0η)
and B(B0 → D0η′)/B(B0 → D0η) measured in this paper
compared to theoretical prediction by SCET [21] (vertical
line) and from factorization [48] (vertical bands).

Factorization predicts the ratio B(B0 →1357

D(∗)0η′)/B(B0 → D(∗)0η) to have a value between1358

0.64 and 0.68 [48], related to the η − η′ mixing. Those1359

ratios are also given in Table IX and Fig. 10 compares1360

the theoretical predictions with our experimental mea-1361

surements. The measured ratios are smaller than the1362

predictions and are compatible at the level of less than1363



TABLE VIII. Comparison of the measured branching fraction B, with the predictions by factorization [3, 15, 48, 49] and
pQCD [17, 18]. The first quoted uncertainty is statistical and the second is systematic.

B(B0 →) (×10−4) This measurement Factorization pQCD

D0π0 2.69 ± 0.09 ± 0.13 0.58 [15]; 0.70 [3] 2.3-2.6
D∗0π0 3.05 ± 0.14 ± 0.28 0.65 [15]; 1.00 [3] 2.7-2.9
D0η 2.53 ± 0.09 ± 0.11 0.34 [15]; 0.50 [3] 2.4-3.2
D∗0η 2.69 ± 0.14 ± 0.23 0.60 [3] 2.8-3.8
D0ω 2.57 ± 0.11 ± 0.14 0.66 [15]; 0.70 [3] 5.0-5.6
D∗0ω 4.55 ± 0.24 ± 0.39 1.70 [3] 4.9-5.8
D0η′ 1.48 ± 0.13 ± 0.07 0.30-0.32 [49]; 1.70-3.30 [48] 1.7-2.6
D∗0η′ 1.48 ± 0.22 ± 0.13 0.41-0.47 [48] 2.0-3.2

two σ.1364

The SCET [19–21] does not predict the absolute1365

value of the B but it predicts that the ratios B(B0 →1366

D∗0h0)/B(B0 → D0h0) are about equal to one for1367

h0 = π0, η and η′. For h0 = ω that prediction holds1368

only for the longitudinal component of B0 → D∗0ω, as1369

non trivial long-distance QCD interactions may increase1370

the transverse amplitude. We measure the fraction of1371

longitudinal polarization to be fL = (66.5± 4.7(stat.)±1372

1.5(syst.))% in the decay mode B0 → D∗0ω, and find1373

that the ratio B(B0 → D∗0ω)/B(B0 → D0ω) is signifi-1374

cantly higher than one, as expected by SCET [21]. The1375

SCET gives also a prediction about the ratio B(B0 →1376

D(∗)0η′)/B(B0 → D(∗)0η) ≃ 0.67, which is similar to the1377

prediction by factorization.1378

TABLE IX. Ratios of branching fractions B(B0 → D∗0h0)/

B(B0 → D0h0) and B(B0 → D(∗)0η′)/B(B0 → D(∗)0η). The
first uncertainty is statistical, the second is systematic.

B ratio This measurement

D∗0π0/D0π0 1.14 ± 0.07 ± 0.08

D∗0η(γγ)/D0η(γγ) 1.09 ± 0.09 ± 0.08

D∗0η(πππ0)/D0η(πππ0) 0.87 ± 0.12 ± 0.05

D∗0η/D0η (Combined) 1.03 ± 0.07 ± 0.07

D∗0ω/D0ω 1.80 ± 0.13 ± 0.13

D∗0η′(ππη)/D0η′(ππη) 1.03 ± 0.22 ± 0.07

D∗0η′(ρ0γ)/D0η′(ρ0γ) 1.06 ± 0.38 ± 0.09

D∗0η′/D0η′ (Combined) 1.04 ± 0.19 ± 0.07

D0η′/D0η 0.54 ± 0.07 ± 0.01

D∗0η′/D∗0η 0.61 ± 0.14 ± 0.02

VIII. CONCLUSIONS1379

We measure the branching fractions of the color-1380

suppressed decays B0 → D(∗)0h0, where h0 = π0, η,1381

ω, and η′ with 454×106BB pairs. All the measurements1382

are mostly in agreement with the previous results [8, 10–1383

12, 14] and are the most precise determinations of the1384

B(B0 → D(∗)0h0) from a single experiment. They repre-1385

sent significant improvements with respect to the accu-1386

racy of the existing PDG averages [25].1387

For the first time we also measure the fraction of1388

longitudinal polarization fL in the decay mode B0 →1389

D∗0ω to be significantly smaller than 1, and equal to1390

(66.5± 4.7(stat.)± 1.5(syst.))%. This reinforces the con-1391

clusion drawn from the B measurements on the validity1392

of factorisation in color-suppressed decays and supports1393

expectations from SCET.1394

We confirm the significant differences from theoreti-1395

cal predictions by factorization and provide strong con-1396

straints on the models of color-suppressed decays. In1397

particular our results support most of the predictions of1398

SCET on B0 → D(∗)0h0 [19–21].1399
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(Canada), the Commissariat à l’Energie Atomique and1411

Institut National de Physique Nucléaire et de Physique1412
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in the low tail region x < x1, as1492
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and in the high tail region x > x2, as1493
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The parameters are:1494

• Ap is the value at the maximum of the function,1495

• xp is the peak position,1496

• σp is the width of the peak defined as the width at1497

half-height divided by 2
√
2 ln 2 ≃ 2.35,1498

• ξ is an asymmetry parameter.1499

The positions x1,2 are xp + σp

√
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ξ√
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)
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