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(The Belle II Collaboration)53

We present a measurement of the branching fraction and fraction of longitudinal polarization of
B0 → ρ+ρ− decays, which have two π0’s in the final state. We also measure time-dependent CP
violation parameters for decays into longitudinally polarized ρ+ρ− pairs. This analysis is based
on a data sample containing (387 ± 6) × 106 Υ(4S) mesons collected with the Belle II detector
at the SuperKEKB asymmetric-energy e+e− collider in 2019-2022. We obtain B(B0 → ρ+ρ−) =
(2.89+0.23

−0.22
+0.29
−0.27)×10−5, fL = 0.921+0.024

−0.025
+0.017
−0.015, S = −0.26± 0.19± 0.08, and C = −0.02±0.12+0.06

−0.05,
where the first uncertainties are statistical and the second are systematic. We use these results to
perform an isospin analysis to constrain the CKM angle φ2 and obtain two solutions; the result
consistent with other Standard Model constraints is φ2 = (92.6+4.5

−4.7)
◦.

I. INTRODUCTION54

Charge-parity (CP) violation in the Standard Model55

(SM) is described by a single irreducible complex phase in56

the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing57

matrix [1, 2]. Measurements of CP asymmetries, mix-58

ing frequencies, and branching fractions (B) of B hadron59

decays constrain the angles and sides of the CKM unitar-60

ity triangle (UT) [3, 4]. Although current measurements61

are consistent with the CKM picture of the SM, the pre-62

cision still allows for O(10)% non-SM contributions to63

the B0-B0 mixing amplitudes [5–10]. Hence, further im-64

provement of experimental and theoretical knowledge of65

the UT can help to identify or constrain non-SM physics.66

The angle φ2 [11], which is defined in terms of CKM67

matrix elements as arg(−VtdV
∗
tb/VudV

∗
ub), is the least68

known angle of the UT; the current world average is69

φ2 = (84.1+4.5
−3.8)

◦ [12]. We can determine the angle φ2 by70

measuring the time-dependent CP asymmetry between71

B0 and B0 decays proceeding via b → uud transitions.72

In e+e− collisions at the Υ(4S) resonance, a quantum-73

entangled B0B0 pair is produced via e+e− → Υ(4S) →74

B0B0. The probability to observe a B meson decaying75

into a CP eigenstate (BCP ) at proper time tCP while the76

other B meson (Btag) decays with flavor q (q = +1 for77

B0 and q = −1 for B0) at proper time ttag is given by78

P (∆t, q) =
e−|∆t|/τB0

4τB0

{
1 + q

[
S sin(∆md∆t)

−C cos(∆md∆t)
]}

, (1)

where ∆t ≡ tCP − ttag, τB0 is the lifetime of the B0
79

meson, and ∆md is the mass difference between the two80

B0 mass eigenstates [12][13]. Here, S and C [14] are81

mixing-induced and direct CP violation parameters [15],82

respectively.83

In B meson decays, the tree level b → uud process is84

the leading amplitude in B → ππ, B → ρπ, B → ρρ and85

B → a1π decays. This amplitude has a weak phase of86

φ2, including the phase from B0-B0 mixing. In addition,87

a b → d loop amplitude contributes to these decays at a88

sub-leading level. This additional amplitude has a differ-89

ent weak phase from the tree amplitude and thus shifts90

the value of S from sin (2φ2) to
√
1− C2 sin (2φ2 +∆φ2).91

To estimate the effect of the loop amplitude and the shift92

∆φ2, an isospin analysis using the branching fractions93

and direct CP asymmetries in those charmless decays is94

used [16]. Such an analysis shows that B0 → ρ+ρ− [17]95

has a small contribution from the loop amplitude [18–24]96

and gives a more stringent constraint on φ2 [25] than97

those resulting from B → ππ, B → ρπ, and B → a1π98

decays.99

Since B0 → ρ+ρ− is the decay of a pseudo-scalar to two100

vector mesons, there are three helicity states of the ρ me-101

son pair: longitudinal polarization (LP) and two trans-102

verse polarization (TP) states. The LP state is a pure103

CP-even eigenstate with helicity amplitude H0, while the104

TP states are mixtures of CP-even and CP-odd states105

with helicity amplitudes H+ and H−. The fraction of LP,106

defined as fL = |H0|2/(|H0|2 + |H+|2 + |H−|2), is mea-107

sured from the helicity angle distributions of ρ± mesons.108

The distribution is given by109

1

Γ

d2Γ

d cos θρ+d cos θρ−
= 9

4

[
1
4 (1− fL) sin

2 θρ+ sin2 θρ−

+ fL cos2 θρ+ cos2 θρ−

]
, (2)

where θρ± is the angle in the rest frame of the ρ± meson110

between the momentum of the π0 from the ρ± → π±π0
111

decay and the B flight direction [12].112

Previously, the Belle and BABAR experiments measured113

the branching fraction, fL, and CP violation parameters114

for B0 → ρ+ρ−. The results are summarized in Ta-115

ble I and confirm the dominance of LP. In this paper,116

we present a measurement of the branching fraction, the117

fraction of LP, and time-dependent CP asymmetries in118

B0 → ρ+ρ− using data from Belle II. The analysis is119

presented as follows. In Sec. II we describe the Belle II120

detector and data set used; in Sec. III we discuss event121

reconstruction and selection of signal candidates; in Sec-122

tions IV and V we describe the fitting procedure and123

present the fit results; in Sec. VI we discuss systematic124

uncertainties; in Sec. VII we perform an isospin analysis125

to determine the angle φ2; and in Sec. VIII we conclude.126

II. DATA SET AND BELLE II DETECTOR127

This measurement is based on (365.4 ± 1.7) fb−1 [26]128

of data containing (387 ± 6) × 106 Υ(4S) resonance de-129

cays [27]. An additional sample of 42.7 ± 0.2 fb−1 ac-130

cumulated at an energy 60 MeV below the Υ(4S) peak131
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Table I. Recent precise measurements and world averages of the branching fraction, fraction of longitudinal polarization, and
CP violation parameters for B → ρ+ρ− decays. Note that both the Belle and BABAR experiments assume equal production of
neutral and charged B meson pairs from Υ(4S) decay for their branching fraction measurements.

Exp. B [10−5] fL S C
Belle [19] 2.83± 0.15± 0.15 0.988± 0.012± 0.023 −0.13± 0.15± 0.05 0.00± 0.10± 0.06
BABAR [18] 2.55± 0.21+0.36

−0.39 0.992± 0.024+0.026
−0.013 −0.17± 0.20+0.05

−0.06 0.01± 0.15± 0.06

PDG [12] 2.77± 0.19 0.990+0.021
−0.019 −0.14± 0.13 0.00± 0.09

(off-resonance data), which is below the BB threshold,132

is used to study backgrounds. These data samples were133

taken with the Belle II detector [28] at the SuperKEKB134

asymmetric-energy e+e− collider [29] in 2019–2022.135

The Belle II detector [28] has a cylindrical ge-136

ometry and includes a two-layer silicon-pixel detec-137

tor (PXD) surrounded by a four-layer double-sided138

silicon-strip detector (SVD) [30] and a 56-layer cen-139

tral drift chamber (CDC). These detectors reconstruct140

tracks of charged particles. Only one sixth of the sec-141

ond layer of the PXD was installed for the data ana-142

lyzed here. The symmetry axis of these detectors, de-143

fined as the z axis, is almost coincident with the di-144

rection of the electron beam. Surrounding the CDC,145

which also provides dE/dx energy-loss measurements,146

is a time-of-propagation counter (TOP) [31] in the cen-147

tral region and an aerogel-based ring-imaging Cherenkov148

counter (ARICH) in the forward region. These detec-149

tors provide charged-particle identification. Surrounding150

the TOP and ARICH is an electromagnetic calorime-151

ter (ECL) based on CsI(Tl) crystals that primarily pro-152

vides energy and timing measurements for photons and153

electrons. Outside of the ECL is a superconducting154

solenoid magnet. The flux return of the magnet is instru-155

mented with resistive-plate chambers and plastic scintil-156

lator modules to detect muons, K0
L mesons, and neu-157

trons. The magnet provides a 1.5 T magnetic field that158

is oriented parallel to the z axis.159

We use Monte Carlo (MC) simulated events to op-160

timize selection criteria, calculate reconstruction effi-161

ciencies, and study sources of background. The BB162

samples are generated with EvtGen [32]. Continuum163

e+e− → qq (q = u, d, s, c) and e+e− → τ+τ− events164

are generated with KKMC [33]. The fragmentation of165

qq uses Pythia8 [34], and τ decays are simulated by166

Tauola [35]. Final state radiation is simulated by Pho-167

tos [36]. Geant4 [37] is used to simulate the detec-168

tor response to the passage of particles. Our simulation169

includes effects of beam-induced backgrounds [38, 39].170

Both the data and simulated events are reconstructed171

using the Belle II software framework basf2 [40, 41].172

III. RECONSTRUCTION AND EVENT173

SELECTION174

Hadronic BB events are selected online using a hard-175

ware trigger based on total energy and charged-particle176

multiplicity, with an efficiency close to 100%. We sub-177

sequently reconstruct the B0 → ρ+ρ− decay from ρ+ →178

π+π0 and π0 → γγ. To reject misreconstructed tracks179

and charged particles from beam-induced background, we180

require that tracks be within the polar-angle acceptance181

of the CDC (17◦ < θ < 150◦) and have a distance-of-182

closest-approach to the e+e− interaction point (IP) of183

less than 0.5 cm in the transverse direction and less than184

3.0 cm in the longitudinal(z) direction. We select π±
185

candidates using a charged particle identification (PID)186

ratio Lπ/(Lπ + LK), where Lπ(K) is the likelihood for a187

pion (kaon) hypothesis based mainly on information from188

the TOP and ARICH detectors, and, for low momentum189

tracks, the CDC. The pion-identification efficiency is 97%190

and the probability of a kaon being misidentified as a pion191

is 28%.192

Photons are identified as clusters of ECL crystals hav-193

ing energy deposition above a threshold and not matched194

to tracks. We require minimum energies of 60 MeV195

and 90 MeV in the ECL barrel and endcap regions, re-196

spectively, where the barrel corresponds to the range197

[32.2, 128.7]◦ in polar angle, and the forward and back-198

ward endcaps correspond to the ranges [12.4, 31.4]◦ and199

[130.7, 155.1]◦, respectively. These minimum energy re-200

quirements suppress combinatorial background from low-201

energy photons. A tighter energy requirement is applied202

to the endcap region due to the higher level of beam-203

induced backgrounds in this region. To further suppress204

backgrounds, we require that there be at least two ECL205

crystals in the ECL cluster, and that the cluster time be206

within 200 ns of the collision time.207

To distinguish photons from hadronic clusters or en-208

ergy deposits split off from hadronic clusters, we train a209

fast boosted decision-tree (FBDT) [42] with the polar and210

azimuthal angles, energy, transverse momentum, and ten211

variables related to the cluster shape and its uncertainty.212

The classifier output used to distinguish correctly recon-213

structed photons is shown in Fig. 1. We choose a loose214

threshold on the FBDT output of OP > 0.1, which re-215

moves 58% of mis-reconstructed photons while retaining216

98% of signal photons.217218

We reconstruct π0 candidates from pairs of photon can-219

didates with invariant mass in the range 120 MeV/c2 <220

mγγ < 150 MeV/c2. The average mass resolution is ap-221

proximately 6 MeV/c2. Additionally, π0 candidates must222

have momenta greater than 210 MeV/c. We also require223

that the difference between the polar angles of the photon224

momenta be less than 1.3 radians, and the difference be-225
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Fig. 1. Distribution of the FBDT classifier to distinguish
correctly reconstructed photons (blue solid histogram) from
hadronic clusters or splitoffs from charged-particle tracks (red
dotted histogram) in simulation. The black dotted line cor-
responds to the threshold.

tween the azimuthal angles be less than 2.5 radians. The226

π0 candidates satisfying these criteria are refit, subject to227

a π0 mass constraint; i.e., the daughter photon momenta228

are slightly adjusted such that the invariant mass Mγγ229

equals mπ0 .230

The selected π± and π0 candidates are combined to231

form ρ± meson candidates, and we require 0.6 GeV/c2 <232

mπ±π0 < 1.1 GeV/c2. A B0 candidate is reconstructed233

from pairs of ρ+ρ− candidates. We fit the B0 decay234

vertex with the TreeFit package [43], constraining the235

B0 to originate from the IP. The resulting momenta of236

the decay products adjusted by the fit are used for fur-237

ther analysis. To further identify B0 decays, we use two238

kinematic variables: the beam-energy-constrained mass239

Mbc ≡
√

E∗
beam

2/c4 − p∗B
2/c2, and the energy difference240

∆E ≡ E∗
B −E∗

beam, where E∗
beam is the beam energy and241

E∗
B (p∗B) is the energy (momentum) of the B meson, all242

evaluated in the center-of-mass (c.m.) frame. Candidate243

B mesons are required to satisfy Mbc > 5.275 GeV/c2244

and |∆E| < 0.15 GeV.245

We determine the decay vertex of Btag using the re-246

maining tracks in the rest of the event (ROE). The tracks247

are required to have at least one hit in each of the PXD,248

SVD, and CDC detectors and have momenta greater than249

50 MeV/c. Each track must originate from the IP and250

have impact parameters within 0.5 cm in the transverse251

direction and within 2.0 cm in the longitudinal direction.252

We determine an initial Btag decay vertex from a χ2 fit253

to all ROE tracks satisfying the above selection criteria;254

we then remove from the fit, one by one, tracks that con-255

tribute most to the χ2 until the reduced χ2 is less than256

four. This minimization reduces the impact of displaced257

vertices due to intermediate charm mesons. We calculate258

∆tl from the distance, ∆l, between the BCP vertex and259

the the Btag vertex along the Υ(4S) boost direction,260

∆tl =
∆l

cβγγB
, (3)

where βγ = 0.28 is the Lorentz boost of the Υ(4S) in261

the lab frame, and γB = 1.002 is the Lorentz boost of262

the B in the c.m. frame. The uncertainty on ∆tl, de-263

fined as σ∆t, is estimated event-by-event by the vertex264

fitter. We reject poorly reconstructed events by requir-265

ing |∆tl| < 15 ps and σ∆t < 2.00 ps. The quantity ∆tl266

can differ slightly from the ∆t of Eq. 2, with the differ-267

ence depending on the direction of the B0 in the c.m.268

frame. We correct for this small effect in the same man-269

ner as done in Ref. [44]. The flavor of Btag is identified270

by a flavor-tagging algorithm based on a graph neural271

network (GNN) that uses properties of charged particles272

in the ROE [45]. The GNN calculates the flavor q of Btag273

and a quality factor r. The latter ranges from zero for274

no discriminating power to one for unambiguous flavor275

assignment. We do not impose a selection requirement276

on r; rather, we divide the data into seven bins of r and277

use this binning in our subsequent fitting procedure. The278

bin boundaries are 0, 0.10, 0.25, 0.45, 0.60, 0.725, 0.875,279

and 1.280

After the above reconstruction, we apply a selection281

cos θρ± < 0.9 to suppress combinatorial backgrounds282

from low-momentum π0’s. The continuum background283

is suppressed using a TabNet classifier [46] that distin-284

guishes the difference in topology between continuum285

events, which tend to be jet-like, and BB events, which286

tend to be spherical. We use the following 21 variables287

calculated in the c.m. frame as input parameters to the288

TabNet classifier: the cosine of the angle between the289

thrust axis [47] of the daughter particles of the B can-290

didate and z-axis; the cosine of the angle between the291

thrust axes of the daughter particles of the B candidate292

and all other particles in the ROE; the cosine of the an-293

gle between the thrust axis of all particles in the event294

and the z-axis; the thrust value of the particles in the295

ROE; the cosine of the angle between the B momentum296

direction and the the z-axis; the cosine of the angle, in297

the B rest frame, between the ρ± direction and the boost298

direction of the B in the lab frame; and modified Fox-299

Wolfram moments [48, 49]. We train the classifier using300

a signal MC simulation sample with fL = 0.99 and a qq301

background MC sample. The TabNet classifier removes302

more than 99% of qq background while retaining 38% of303

signal according to the simulation.304

After the event selection and background suppression,305

14.6% events have multiple candidates with, an average306

multiplicity of 2.3. In events with multiple candidates,307

we select the candidate with the smallest sum of three308

reduced-χ2 values: two from the fits to photon pairs with309

their invariant mass constrained to the π0 mass [12], and310

one from the B-vertex fit. According to MC studies, the311

above criteria choose the correct signal decay in 45% of312

multiple-candidate events for LP decays, and in 58% of313

such events for TP decays. These rates are a notable314
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improvement over a random selection, for which the cor-315

responding fractions are 37% and 46%.316

The final selection criteria for photon energy, classi-317

fier output OP , angles between the momenta of the two318

photons, mγγ , π0 momentum, PID, output of the Tab-319

Net classifier, and Mbc are optimized simultaneously by320

differential evolution [50] to maximize a figure-of-merit321

(FoM) S/
√
S +B, where S and B are the expected322

B0 → ρ+ρ− signal and background yields, respectively,323

in a signal-enhanced region defined as −0.08 GeV <324

∆E < 0.04 GeV and 0.6 GeV/c2 < mπ±π0 < 0.9 GeV/c2.325

After the single candidate selection, the efficiencies326

for correctly reconstructed LP and TP signals calibrated327

with control samples as described in Section VI are 4.1%328

and 7.8%. These efficiencies include the branching frac-329

tion of π0 → γγ. Some signal candidates are incor-330

rectly reconstructed, e.g., they contain decay products331

of Btag. These are referred to as self-crossfeed (SCF)332

events. Their ∆t distributions depend on the number333

of correctly reconstructed charged pions. Thus, we di-334

vide SCF events into two categories. The first category335

(“SCFa”) consists of decays in which both charged pions336

are correctly reconstructed, while the second category337

(“SCFb”) consists of decays in which at least one of the338

charged pions is mis-reconstructed. For SCFa events, the339

∆tl distribution is unaffected, whereas for SCFb events,340

the ∆tl distribution is smeared.341

We check the consistency between data and simula-342

tion by reconstructing three control channels. The first343

is the decay chain B+ → D0ρ+, D0 → K−π+π0, and344

ρ+ → π+π0, which is used to check the ∆E, mπ±π0 , and345

cos θρ± distributions. The same event selections as those346

used for the signal are applied to the π±, π0, and ρ±347

candidates. The second control channel is B0 → D∗−π+,348

D∗− → D0π−, and D0 → K+π−, which is used to check349

the TabNet classifier output and ∆t distributions. The350

third control channel is B0 → ρ+ρ− candidates in the351

Mbc sideband 5.24 GeV/c2 < Mbc < 5.26 GeV/c2. This352

sample is used to check the background distributions.353

IV. FIT STRATEGY AND MODELING354

To measure B, fL, S, and C, we perform two unbinned355

maximum-likelihood fits. The first fit is an extended fit356

to the six observables ∆E, mπ±π0 , cos θρ± , and TC , and357

determines the parameters B and fL. The observable TC358

is a transformed output of the TabNet classifier that is359

distributed uniformly between zero and one for LP signal360

events. Continuum background events, in contrast, peak361

at zero in TC . The second fit is to the observables ∆t, q,362

and r, and determines S and C. For the latter fit, the363

signal probability is calculated event-by-event using the364

signal and background yields obtained from the first fit.365

The values for S and C are determined by an unbinned366

maximum likelihood fit to the ∆t distributions for q = +1367

and q = −1 events, in seven bins of r.368

The components used in the fits are LP and TP signals,369

their SCF contributions, continuum, combinatorial and370

“peaking” BB backgrounds, and e+e− → τ+τ− (τ+τ−)371

events. Here, peaking BB backgrounds refer to charmless372

B decays that peak in the ∆E or mπ±π0 distributions.373

Other BB backgrounds are categorized as combinatorial374

BB backgrounds.375

The likelihood for the signal-extraction fit is expressed376

as377

L =

∏
j e

−Nj

ntot!

ntot∏
i=1

∑
j

NjPj(∆E, mπ+π0 , mπ−π0 , cos θρ+ , cos θρ− , TC),

(4)

where Nj is the yield for component j, ntot is the total378

number of events, and Pj is the probability density func-379

tion (PDF) for component j. The number of SCF events380

is proportional to the signal yield with a proportionality381

factor k. The values for the B and fL parameters are382

calculated from the LP and TP signal yields (NLP(TP)
sig ),383

using384

B =
(NLP

sig /εLP +NTP
sig /εTP)

2NΥ(4S)f00
, (5)

fL =
NLP

sig /εLP

NLP
sig /εLP +NTP

sig /εTP
, (6)

where εi are the signal efficiencies, and NΥ(4S) is the num-385

ber of Υ(4S) events produced. The factor f00 is the frac-386

tion of B0B0 events in Υ(4S) decays. The value of f00 is387

taken from the Heavy Flavor Averaging Group (HFLAV)388

and equals 0.4861+0.0074
−0.0080 [51].389

The likelihood for the time-dependent CP-asymmetry390

fit is391

L(∆t, σ∆t, q, r) =

ntot∏
i=1

[∑
j

fjPj(∆t, σ∆t, q, r)
]
, (7)

where Pj(∆t) is the PDF for component j, and fj is the392

event-by-event component fraction calculated using the393

result of the signal-extraction fit. The fractions fj are394

given by395

fj =
NjPj(∆E,mπ+π0 ,mπ−π0 , cos θρ+ , cos θρ−)Pj(r)∑
k NkPk(∆E,mπ+π0 ,mπ−π0 , cos θρ+ , cos θρ−)Pk(r)

,

(8)
where Nj is the number of events for the component j,396

Pj(∆E,mπ+π0 ,mπ−π0 , cos θ+ρ , cos θ
−
ρ ) is the same PDF397

as in the signal-extraction fit, and we also include Pj(r),398

which is the PDF for r as a histogram with seven r bins.399

The PDFs for r are extracted from simulated samples.400

The variable σ∆t is utilized as a conditional variable in401

the resolution function of the ∆t PDF. The various PDFs402

used in the fits are described below and summarized in403

Table II.404
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A. Signal-Extraction Fit405

1. Correctly reconstructed Signal406

The ∆E distribution is described by two bifurcated407

Gaussian functions with a common mean. The ρ± line-408

shape is modeled by a relativistic Breit-Wigner (BW)409

function given by410

A(m) =
pπ

m2 −m2
0 + im0Γ(m)

F (pρ)

F (p′ρ)

F (pπ)

F (p′π)
, (9)

Γ(m) =

(
pπ
p′π

)3 (m0

m

)
Γ0

[
F (pπ)

F (p′π)

]2
, (10)

where m0 and Γ0 are the peak position and width, re-411

spectively, of the ρ± meson. The variable pP is the mo-412

mentum of the P particle in the rest frame of its parent413

particle, and p′ is the momentum when the mass mπ+π0414

equals mρ. The term F (p) is the Blatt-Weisskopf form415

factor F (p) = 1/
√
1 + (Rp)2, as described in Ref. [52].416

Here, R is the meson radius parameter, which is set to417

3 GeV−1 [32]. The PDF for the fit is obtained by |A(m)|2.418

The parameters m0 and Γ0 are estimated by MC. They419

have different values from the PDG values [12] to account420

for the effects of detector resolution.421

The TC distribution is parametrized by a linear func-422

tion whose parameters are determined from the B0 →423

D∗−π+ sample. The cos θρ± distribution is modeled us-424

ing a one-dimensional histogram template that depends425

on ∆E, to account for a correlation between cos θρ±426

and ∆E. These templates are determined from MC-427

simulated samples. The ∆E and mπ±π0 peak posi-428

tions and widths are calibrated using the B+ → D0(→429

K−π+π0)ρ+ control sample, as these decays, like signal430

decays, have two π0’s in the final state. Since B+ →431

D0ρ+ decays are longitudinally polarized, as B0 → ρ+ρ−432

decays essentially are, their cos θρ± distribution is used to433

validate the cos θρ± distribution of signal decays (i.e., the434

B+ → D0ρ+ distributions are compared between data435

and MC simulation to check for good agreement). The436

signal yield is floated in the fit.437

2. Signal Self-crossfeed438

For self-cross-feed signal, the ∆E distributions are de-439

scribed by a bifurcated Gaussian function. The lineshape440

of mπ±π0 is described by the sum of a linear function and441

a relativistic BW function. The TC distribution is mod-442

eled by a linear function. A two-dimensional histogram443

template is used for cos θρ+ and cos θρ− , as these two444

observables are correlated. The same calibration factors445

as those used for correctly reconstructed signal are ap-446

plied. The ratios of the SCF yields to the signal yields447

are fixed to the MC values: kLPSCFa
= 0.19, kLPSCFb

= 0.16448

and kTP
SCF = 0.08. The parameters for SCF modeling are449

determined from MC-simulated samples.450

3. Continuum451

For continuum events, the ∆E distribution is described452

by a quadratic function. Since continuum events also453

include ρ resonances, the mπ±π0 distributions are mod-454

eled by a sum of a relativistic BW function and a linear455

function. As there are correlations in the ∆E-TC and456

mπ±π0 -cos θρ± distributions, one-dimensional histogram457

templates depending on ∆E are adopted for modeling458

the TC distribution, and the mπ±π0 -cos θρ± distributions459

are modeled in a similar way. These parameters are de-460

termined from the MC simulation samples. The same461

calibration parameters as those for signals are used for462

the mπ±π0 peak position and width. The continuum yield463

is free to vary.464

A mis-modeling of the cos θρ± distribution for qq MC465

samples is found in the Mbc sideband data. To improve466

the PDF modeling, we correct the π± momentum dis-467

tribution in the lab frame for the qq MC samples using468

sideband data, assuming that the BB background has469

the same distributions as the simulated sample. The cor-470

rection factor for the qq distribution is consistent with471

what is obtained from studying off-resonance. The cor-472

rected cos θρ± PDF is validated using sideband data and473

found to be consistent.474

4. Combinatorial BB backgrounds475

The ∆E and mπ±π0 distributions are both described476

by quadratic functions. The ∆E-TC and mπ±π0 -cos θρ±477

distributions are modeled in the same way as continuum478

background. These parameters are obtained from MC479

simulated samples except for the ∆E shape. The ∆E480

shape parameters and the yield for combinatorial BB481

background are floated in the fit.482

5. Peaking BB backgrounds483

The decay of B mesons to all-pion final states or to484

final states with pions and a kaon could peak in the fit485

observables. The peaking backgrounds are modeled indi-486

vidually, as summarized in Table II. The branching frac-487

tions used are measured values when possible and are488

listed in Table III.489

Most peaking backgrounds that are not yet measured490

are added together and treated as “rare peaking” back-491

grounds. Exceptions to this are modes with the same492

final state as B0 → ρ+ρ−, modes that are expected to493

have large branching fractions, and modes whose branch-494

ing fractions can be estimated from similar modes, as495

described below. The modeling of these peaking back-496

grounds is summarized in Table II. The yield of the rare497

peaking background is floated in the signal extraction fit,498

while the relative contribution of an individual mode is499

fixed based on MC simulation.500
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The yields for the peaking backgrounds that have the501

same final state as B0 → ρ+ρ−, such as the decay chain502

B0 → ρ±π∓π0, ρ± → π±π0, B0 → π+π−π0π0 and B0 →503

a01π
0, a01 → π+π−π0, are floated in the signal-extraction504

fit. The effect of interference is not considered in the505

nominal fit but is included as a systematic uncertainty.506

The B0 → π+π−π0 decay contributes with the addition507

of a π from Btag, and the PDFs are different from those508

of the combinatorial BB background and the signal. The509

yield of this component is floated in the fit.510

The yields for B+ → a01ρ
+ decays are fixed and also511

summarized in Table III. The branching fraction of this512

decay is unmeasured, so we assume it to be 2.5 times the513

measured branching fraction of B± → a01π
± and assign a514

100% uncertainty. For B0 → a±1 ρ
∓, since the 90% C.L.515

upper limit on the branching fraction is 6.1 × 10−5, we516

take this branching fraction to be (3 ± 3) × 10−5. The517

yields for B → a1ρ decays are fixed and also summarized518

in Table III. For the modes peaking in ∆E or mπ±π0 ,519

these PDFs are calibrated as described in Section IV A 1.520

6. τ+τ− background521

The τ+τ− background is suppressed by the selec-522

tion with the TabNet classifier. The remaining events523

arise mostly from combinations of three decays: τ− →524

π−π+π−π0ντ , τ− → π−π0ντ , and τ− → π−π0π0ντ ,525

which account for more than 90% of the τ+τ− back-526

ground. The ∆E distribution for τ+τ− background is527

modeled by a quadratic function, and mπ±π0 is modeled528

by the sum of a relativistic BW function and a linear529

function. The TC distribution is modeled by an expo-530

nential function. The cos θρ± distributions are described531

by one-dimensional histogram templates. These param-532

eters are obtained from the MC simulation samples. In533

the fit, the yield is fixed to the expectation from MC534

simulation, 40.2 events.535

B. Time-dependent CP-asymmetry fit536

1. Correctly reconstructed Signal537

Similar PDFs are used for the LP and TP signal events.538

Since the TP signal decay includes contributions from539

both CP-even and CP-odd states, our baseline fit as-540

sumes that CP-violating effects cancel out in the TP541

components; thus, in the PDF function for ∆t, both S542

and C are set to zero. Possible nonzero values for the543

TP component are considered when evaluating system-544

atic uncertainties.545

The PDF for the ∆t distribution of LP B0 → ρ+ρ−546

decays is547

P(∆t, t̄, q) =
1

4τB0

exp

(
−2t̄

τB0

){
1− q∆wr+

qatagε,r (1− 2wr)

+ [q(1− 2wr) + atagε,r (1− q∆wr)]

[S sin(∆md∆t)− C cos(∆md∆t)]
}
,

(11)

where t̄ is the average of the Bsig and Btag decay times,548

wr is the wrong flavor-tag probability for bin r, ∆wr is549

the difference in wrong tag probabilities between B0
tag550

and B0
tag for bin r, and atagε,r is the asymmetry in B0 and551

B0 flavor-tagging efficiencies for bin r [45]. We integrate552

out the t̄ dependence, which is related to the angular553

distribution of Bsig in the Υ(4S) rest frame [44].554

The vertex resolution broadens the ∆t distribution rel-555

ative to the true distribution. To account for this broad-556

ening, we use the same resolution function as in Ref. [44]557

except for the ftail modeling. The ftail model is replaced558

with the sum of a constant and a bifurcated Gaussian559

having σ∆t as a parameter. The resolution function pa-560

rameters are calibrated by fitting a B0 → D∗−π+ con-561

trol sample with flavor tagging parameters fixed to values562

from Ref. [45].563

2. Signal Self-crossfeed564

The correct CP violation parameters can be extracted565

from LP SCFa events, as the B decay position (deter-566

mined from the trajectories of the two charged pions) is567

correctly reconstructed. Thus, the ∆t PDF for correctly568

reconstructed signal is used for the LP SCFa events with569

shared CP violation parameters. In contrast, the ∆t dis-570

tribution for the LP SCFb events is biased due to the571

contamination of charged tracks from Btag. The ∆t PDF572

is modeled using the PDF for correctly reconstructed LP573

signal with an effective lifetime determined from MC-574

simulated samples.575

For the TP SCF events, SCFa and SCFb are modeled576

with the same ∆t PDF. This PDF is the same as that577

used for the correctly reconstructed TP signal but with578

an effective lifetime determined from simulation.579

3. Continuum580

The ∆t PDF for continuum background is modeled by581

the sum of two Gaussian functions with mean parameters582

set to zero. The standard deviations and relative frac-583

tions of the Gaussians are determined from off-resonance584

data.585
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Table II. Summary of fit models for each event type. BG: bifurcated-Gaussian, DBG: sum of two bifurcated-Gaussians sharing
a common mean, DG: sum of two Gaussians sharing a common mean, BW: Breit-Wigner distribution, Pi: i th order polynomial
function, and exp: an exponential function. The notation |X indicates that the correlation with X is considered. The superscript
CP indicates the inclusion of a CP asymmetry term, and the subscript τB0 or τeff denote the B0 lifetime or an effective lifetime
determined from MC simulation. The factor R represents a resolution function. The yields for the processes in the upper half
of the Table are floated while the yields for processes in the lower half are fixed.

Process ∆E mπ±π0 TC cos θρ± ∆t

LP signal DBG BW P1 Template|∆E expCP
τ
B0

⊗R
LP SCFa BG BW + P1 P1 Template|cos θ

ρ±
expCP

τ
B0

⊗R
LP SCFb BG BW + P1 P1 Template|cos θ

ρ±
expCP

τeff
⊗R

TP signal DBG BW P1 Template|∆E expτ
B0

⊗R
TP SCF BG BW + P1 P1 Template|cos θ

ρ±
expτeff

⊗R
qq P2 BW + P1 Template|∆E Template|m

π±π0 DG
BB P2 P2 Template|∆E Template|m

π±π0 expτeff
⊗R

B0 → ρ±π∓π0 DBG Template|m
π±π0 Template|∆E Template|cos θ

ρ±
expτeff

⊗R
B0 → π+π−π0π0 DBG P1 Template|∆E Template|∆E expτeff

⊗R
B0 → a0

1π
0 DBG Template|m

π±π0 Template|∆E Template|cos θ
ρ±

expτeff
⊗R

B0 → π+π−π0 P2 BW + P1 Template|∆E Template expτeff
⊗R

rare peaking backgrounds DBG BW + P1 P1 Template|cos θ
ρ±

expτeff
⊗R

τ+τ− P2 BW + P1 exp + P1 Template DG
B0 → ρ±π∓ P2 BW + P1 P1 Template|m

π±π0 expτeff
⊗R

B0 → a±
1 π

∓ DBG Template|m
π±π0 P1 Template expτeff

⊗R
B0 → a±

1 ρ
∓ exp + P1 BW + P1 Template|∆E Template expτeff

⊗R
B0 → K∗+ρ− DBG Template|m

π±π0 P1 Template expτeff
⊗R

B0 → K∗
0 (1430)

+ρ− P2 Template|m
π±π0 P1 Template expτeff

⊗R
B+ → ρ+π0 P2 Template|m

π±π0 P1 Template|m
π±π0 expτeff

⊗R
B+ → ρ+ρ0 DBG BW + P1 P1 Template|m

π±π0 expτeff
⊗R

B+ → a0
1π

+ DBG BW + P1 P1 Template|m
π±π0 expτeff

⊗R
B+ → a+

1 π
0 DBG BW + P1 P1 Template expτeff

⊗R
B+ → a0

1ρ
+ exp + P1 BW + P1 Template|∆E Template expτeff

⊗R
B+ → K+π−π+ P2 BW + P1 P1 Template expτeff

⊗R
B+ → K∗

0 (1430)
+π0 BG P1 P1 Template|m

π±π0 expτeff
⊗R

4. Combinatrial BB backgrounds586

The ∆t PDF for combinatorial BB backgrounds is587

modeled by an exponential function with an effective life-588

time convolved with the resolution function. The effec-589

tive lifetime is determined to be 1.39± 0.02 ps from the590

simulation. The effective lifetime for the combinatorial591

BB backgrounds is determined from the sideband data,592

which is consistent with the MC result.593

5. Peaking BB backgrounds594

The ∆t PDFs for each peaking background and rare595

peaking background are modeled with the same func-596

tional form as the combinatorial BB backgrounds but597

with a mode-specific effective lifetime as determined from598

MC-simulated samples. The CP violation parameters are599

fixed to world average values if measurements are avail-600

able; or fixed to zero otherwise. The CP violation pa-601

rameters used for the fit are summarized in Table IV.602

603604

6. τ+τ− background605

The ∆t PDF is modeled by a sum of two Gaussian606

functions. The means, standard deviations, and relative607

fractions are fixed to values from MC simulation.608

7. Validation of ∆t PDF609

To validate the ∆t resolution function, we use a B0 →610

D∗−π+ control sample to fit for parameters τB0 and611

∆md. We set S = 0, C = −1, and q = qtag · qsig,612

where qtag and qsig represent the flavors of the tag-side613

and signal side. The results are τB0 = 1.523 ± 0.033 ps614

and ∆md = 0.507 ± 0.017 ps−1, where the uncertain-615

ties are statistical. We further check the ∆t resolution616
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Table III. Peaking backgrounds from B0 and B+ decays,
their branching fractions, and the number of events expected
in 365.4 fb−1 of data. We use PDG values [12] for modes that
have been measured. For modes that are unmeasured, we as-
sign a 100% uncertainty to the estimated branching fractions.

Decay mode B [10−6] Nbg

B0 → ρ±π∓ 23.0± 2.3 5.0
B0 → a±

1 π
∓ 26± 5 8.1

B0 → a±
1 ρ

∓ 30± 30 8.7
B0 → K∗+ρ− 10.3± 2.6 9.9
B0 → K∗

0 (1430)
+ρ− 28± 12 10.2

B+ → ρ+π0 10.9± 1.4 39.0
B+ → ρ+ρ0 24.0± 1.9 21.1
B+ → a0

1π
+ 20± 6 5.5

B+ → a+
1 π

0 26± 7 16.5
B+ → a0

1ρ
+ 50± 50 18.2

B+ → K+π−π+ 51± 29 1.2
B+ → K∗

0 (1430)
+π0 11.9+2.0

−2.3 4.3

Table IV. CP violation parameters of the peaking back-
grounds used for the fit. Here, ACP is the direct CP violation
parameter for flavor specific modes. We use PDG values for
the measured modes [12] while we assign ±50% uncertainties
for the decays that are not measured yet.
Decay mode S C ACP

B0 → ρ±π∓π0 0.0 ± 0.5 0.0 ± 0.5 —
B0 → π+π−π0π0 0.0 ± 0.5 0.0 ± 0.5 —
B0 → a0

1π
0 0.0 ± 0.5 0.0 ± 0.5 —

B0 → π+π−π0 0.0 ± 0.5 0.0 ± 0.5 —
B0 → K0

Sπ
0π0 0.89 ± 0.30 −0.21 ± 0.20 —

B0 → ρ±π∓ 0.05 ± 0.07 −0.03 ± 0.07 —
B0 → a±

1 π
∓ −0.2 ± 0.4 −0.05 ± 0.11 —

B0 → a±
1 ρ

∓ 0.0 ± 0.5 0.0 ± 0.5 —
B0 → K∗+ρ− — — 0.21 ± 0.15
B0 → K∗

0 (1430)
+ρ− — — 0.0 ± 0.5

B+ → ρ+π0 — — 0.03 ± 0.10
B+ → ρ+ρ0 — — −0.05 ± 0.05
B+ → a0

1π
+ — — 0.0 ± 0.5

B+ → a+
1 π

0 — — 0.0 ± 0.5
B+ → a0

1ρ
+ — — 0.0 ± 0.5

function using flavor-untagged B0 → ρ+ρ− candidates617

and obtain τB0 = 1.41± 0.13 ps, which is also consistent618

with the world average value. These results are in excel-619

lent agreement with the world average values of τB0 =620

1.517 ± 0.004 ps and ∆md = 0.5069 ± 0.0019 ps−1 [12].621

We also perform a time-dependent CP-asymmetry fit to622

B0 → ρ+ρ− candidates, randomly assigning flavor ±1 to623

q. We obtain S = −0.070±0.186 and C = −0.079±0.121,624

which are consistent with zero as expected.625

V. FIT RESULTS626

We first measure the branching fraction and frac-627

tion of longitudinal polarization. For this fit, we628

float B and fL as well as the yields of combinatorial629

BB, qq, B0 → ρ±π∓π0, B0 → π+π−π0π0, B0 → a01π
0,630

B0 → π+π−π0, rare peaking backgrounds, and the ∆E631

shape for combinatorial BB backgrounds. Figure 2632

shows projections of the fit result overlaid on the ∆E,633

mπ±π0 , TC , and cos θρ± distributions. The fit result and634

the data are in good agreement. We obtain635

B(B0 → ρ+ρ−) =
(
2.89+0.23

−0.22

)
× 10−5, (12)

fL = 0.921+0.024
−0.025, (13)

where the uncertainties are statistical only. The statis-636

tical correlation is −0.11. The signal and background637

yields determined by the fit are summarized in Table V.638

Table V. Fit results for signal and background yields. The
uncertainties are statistical.

N

LP signal 436.3+34.2
−33.5

TP signal 65.4+24.3
−22.6

LP signal (SCF) 151.0+11.9
−11.6

TP signal (SCF) 5.6+ 1.9
− 1.8

qq 1410.2+76.5
−75.7

Combinatorial BB 849.2+73.3
−72.3

B0 → ρ+π−π0 44.9+93.3
−91.9

B0 → π+π−π0π0 −98.0+62.2
−60.2

B0 → π+π−π0 −1.2+18.8
−15.9

B0 → a0
1π

0 32.0+28.6
−26.5

Rare peaking backgrounds −31.9+45.3
−42.9

We subsequently perform a second fit to extract the639

CP violation parameters. Figure 3 shows the ∆t distri-640

butions with the fit result superimposed. The results are641642

S = −0.26± 0.19 (14)
C = −0.02± 0.12, (15)

where the uncertainties are statistical only and include643

uncertainties due to statistical uncertainties in B and fL.644

These are obtained by varying B and fL by their uncer-645

tainties, accounting for their correlation. The statistical646

correlation is −0.06.647

VI. SYSTEMATIC UNCERTAINTIES648

We consider systematic uncertainties in B, fL, S, and649

C, which are listed in Tables VI and Table VII. The major650

sources of systematic uncertainties are the π0 efficiency651

for B, fit bias and data-MC mis-modeling for fL, possi-652

ble CP asymmetries in backgrounds, and the resolution653

function for S and C.654
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Fig. 2. Distributions for ∆E (top left), mπ±π0 (top center, top right), TC (bottom left), and cos θρ± (bottom center, bottom
right). The points with error bars represent the data, the solid red curves show the sum of all contributions, the long-dashed
blue curves show the LP signal, the short-dashed red curves show the TP signal, the short-dashed blue curves show the sum
of LP and TP SCF, the dotted purple curves represent peaking backgrounds. The hatched red histograms show the BB
background, the shaded (orange) histograms show the continuum events, and the cross-hatched (black) histograms represent
the τ+τ− background.
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A. Signal-Extraction Fit655

Table VI summarizes the statistical and systematic un-656

certainties of the signal-extraction fit. The signal effi-657

ciency is determined based on the MC-simulated sam-658

ples, corrected using the data-MC ratio of the tracking,659

π0, PID, and TabNet classifier efficiencies. These ratios660

are evaluated using control samples.661

The uncertainty of charged track finding is evaluated662

using e+e− → τ+τ− data, in which one τ decays as663

τ+ → `+ν`ντ and the other decays as τ+ → π−π+π−ντ .664

The data-MC ratios of the tracking efficiency are 0.9999±665

0.0029 for the LP signal and 0.9999 ± 0.0027 for the666

TP signal. The neutral-pion efficiency is studied using667

D0 → K−π+π0, D0 → K−π+, and B− → D∗0π− fol-668

lowed by D∗0 → D0π0 and D0 → K−π+. The data-MC669

ratios of the efficiency are 1.011 ± 0.039 for the LP sig-670

nal and 1.040 ± 0.038 for the TP signal. We obtain a671

systematic uncertainty associated with the charged-pion672

identification efficiency using pions from the decay chain673

D∗+ → D0π+ followed by D0 → K−π+. The data-674

MC ratios of the charged-pion identification efficiency are675

0.9946± 0.0004 for the LP signal and 0.9934± 0.0004 for676

the TP signal. The efficiency of the TabNet classifier677

and the shape of TC are evaluated using a B0 → D∗−π+
678

control sample. The data-MC ratio of the efficiency is679

1.082 ± 0.031. The systematic uncertainties associated680

with the efficiency in B and fL are estimated by varying681

the efficiency by ±1σ. The statistical uncertainty of the682

efficiency due to the MC sample size is included in the683

systematic uncertainty.684

The uncertainty due to the single candidate selection is685

estimated by comparing the results with a random candi-686

date selection and with the nominal one. The fractions of687

SCF events are fixed to the MC expectation and we treat688

the deviation from the nominal value as the uncertainty,689

with the mean of B and fL obtained from MC ensemble690

tests varying SCF fraction to the signal by ± 20%. The691

uncertainties due to peaking backgrounds are evaluated692

by changing their yields by the fractional uncertainties693

in their branching fractions, as listed in Table III. The694

uncertainties due to the yields of τ+τ− backgrounds are695

evaluated by varying these yields by ±100% from their696

nominal values (obtained from MC simulation), as the697

phase-space distribution of many of these modes is un-698

known (e.g., the dominant mode τ− → π−π+π−π0ντ ).699

The uncertainties due to the signal, qq, BB, τ+τ−, and700

peaking background modeling are estimated by chang-701

ing the PDF shape parameters by their uncertainties.702

The peak positions and widths for ∆E and mπ±π0 are703

calibrated using a B+ → D̄0ρ+ sample. The shifts704

in peak positions and the data-simulation ratios of the705

width are −7.6 ± 0.46 MeV, 1.141 ± 0.015 for the ∆E706

distribution, and −9.82 ± 0.67 MeV/c2, 1.025 ± 0.014707

for the mπ±π0 distribution. We also include the un-708

certainty in the PDF shapes due to the limited MC709

sample size. The uncertainties due to interference with710

B0 → π+π−π0π0, B0 → ρ±π∓π0 , B0 → a01π
0, and711

B0 → a±1 π
∓ decays, which have the same final-state712

particles as B0 → ρ+ρ−, is evaluated using simulated713

datasets, changing the strong phases relative to the sig-714

nal from zero to 2π radians assuming the branching frac-715

tions of the background modes to be 10−5. We repeat716

the fits with different interference samples and take the717

standard deviation of the results as the uncertainty.718

The systematic uncertainty due to the mis-modeling of719

MC samples is estimated by changing the cos θρ± PDF for720

the combinatorial BB and qq backgrounds by the differ-721

ences observed between MC and data events in the Mbc722

sideband. We estimate the effect of mis-modeling in the723

cos θρ± PDF for signal and peaking backgrounds by vary-724

ing the PDFs by their MC-data differences as measured725

for the B± → D0ρ± control sample.726

To check for a possible fit bias, we perform an ensemble727

test using the MC-simulated samples. The observed bias728

is included as a systematic uncertainty. The uncertainty729

due to NΥ(4S) is included, as well as the uncertainty in730

f00 obtained in Ref.[51].731

Table VI. Systematic uncertainties for B and fL. Relative
uncertainties are shown for B.
Source B [%] fL[10

−2]

Tracking ±0.54 —
π0 efficiency ±7.67 —
PID ±0.08 —
TC ±2.87 —
MC sample size ±0.24 ±0.2

Single candidate selection ±0.55 ±0.3

SCF ratio +2.97
−2.45

+0.2
−0.3

B’s of peaking backgrounds +0.94
−0.98 ±0.1

τ+τ− background yield +0.65
−0.69 ±0.0

Signal model +1.14
−2.02 ±0.2

qq̄ model +0.49
−0.51

+0.1
−0.2

BB̄ model +1.00
−0.40

+0.3
−0.1

τ+τ− model +0.17
−0.26

+0.0
−0.1

Peaking model +1.37
−1.01

+0.3
−0.5

Interference ±1.20 ±0.5

Data-MC mis-modeling +3.51
−1.70

+0.8
−0.3

Fit bias ±1.03 ±1.2

f00
+1.67
−1.50 —

NΥ(4S) ±1.45 —

Total systematic uncertainty +10.10
−9.51

+1.7
−1.5

Statistical uncertainty +7.95
−7.61

+2.4
−2.5

B. Time-Dependent CP-asymmetry fit732

Table VII summarizes the statistical and systematic733

uncertainties of the time-dependent CP-asymmetry fit.734

The systematic uncertainties due to sources that con-735

tribute to both the signal extraction and CP asymme-736

try fits are obtained by repeating the signal extraction737
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fit as described in Section VI A, and then repeating the738

CP asymmetry fit with the modified signal fraction. The739

following uncertainties are included: branching fractions740

for peaking backgrounds, τ+τ− yields, mis-modeling of741

MC samples, single candidate selection, the SCF ratio,742

signal and background modeling, fit bias, and interfer-743

ence.744

We estimate the systematic uncertainty due to the res-745

olution function by changing the resolution function pa-746

rameters one by one by the uncertainties resulting from747

the B0 → D∗−π+ calibration procedure. For parameters748

that are not calibrated, we allow them to float in the fit749

and take the resulting shifts in S and C as the systematic750

uncertainties.751

We validate the ∆t PDF shapes for BB and qq back-752

grounds by performing a fit to events in the Mbc-sideband753

region. The systematic uncertainty associated with these754

∆t PDF shapes is estimated by varying the shape pa-755

rameters in the ∆t PDF for BB and qq backgrounds and756

repeating the fit.757

The interference between CKM-favored and CKM-758

suppressed tag-side decays affects the values of S and C759

measured on the signal side [54]. We generate simulated760

datasets both with and without interference effects and761

take the shifts in the values of S and C as the systematic762

uncertainties.763

The wrong-tag fractions are calibrated as described764

in Ref. [45]. We estimate the uncertainty due to these765

wrong-tag fractions by varying the fractions by their un-766

certainties and repeating the fits. The resulting changes767

in the fit results from the nominal values are taken as the768

systematic uncertainties.769

The values listed in Table IV allow for possible CP770

violation in the peaking backgrounds. We generate sim-771

ulated datasets varying the CP violating parameters for772

the backgrounds one at a time. The systematic uncer-773

tainty is estimated by taking the quadratic sum of the774

observed shifts. We estimate the uncertainty due to pos-775

sible CP violation in the TP signal in the same way, con-776

sidering 50% CP violation in TP signal events and taking777

fL = 0.92.778

We estimate the uncertainty due to possible misalign-779

ment of the tracking detector [55]. We reconstruct a780

simulated sample for B0 → ρ+ρ− assuming four detec-781

tor misalignment scenarios and extract S and C. The782

systematic uncertainty is taken to be the maximum de-783

viation from the nominal values. We estimate the sys-784

tematic uncertainty due to fixed physics parameters τB0785

and ∆md by varying them by their uncertainties [12].786

C. Correlation787

Table VIII summarizes the correlations among the four788

results for the statistical and systematic uncertainties.789

We first estimate the correlations for each uncertainty790

individually. For example, we vary the PDF shape pa-791

rameters by their uncertainties and record the changes792

Table VII. Systematic uncertainties for S and C.

Source S[10−2] C[10−2]

B’s of peaking backgrounds +0.6
−0.5 ±0.1

ττ background yield ±0.9 +0.0
−0.1

Data-MC mis-modeling +0.6
−1.1

+1.5
−0.6

Single candidate selection ±1.3 ±1.9

SCF ratio +0.5
−0.4

+0.7
−0.0

Signal model +1.1
−1.4

+0.3
−0.4

qq̄ model +2.2
−1.0 ±0.2

BB̄ model ±0.9 +0.7
−0.5

τ+τ− model ±0.1 ±0.0

Peaking model +0.8
−0.4

+0.2
−0.4

Fit bias ±2.0 ±0.6

Interference ±2.8 ±1.7

Resolution +3.4
−4.4

+1.9
−1.4

∆t PDF for qq̄ and BB̄ +3.8
−1.8

+0.7
−0.1

Tag side interference ±0.5 ±2.1

Wrong tag fraction +0.2
−0.3 ±0.5

Background CP violation +3.8
−3.6

+4.2
−3.7

CP violation in TP signal +0.8
−0.2

+0.2
−0.4

Tracking detector misalignment ±1.4 ±0.5

τB0 and ∆md
+1.4
−1.6 ±0.3

Total systematic uncertainty +8.2
−7.8

+6.1
−5.3

Statistical uncertainty ±18.8 ±12.1

for each pair of measurements to estimate the correla-793

tion of the modeling. This procedure is applied to all794

sources of systematics. The fitter gives the correlation of795

the statistical uncertainty between B and fL, as well as796

between S and C. The statistical correlation between B797

or fL and S or C is estimated by varying B or fL by 1σ798

and then repeating the CP fit.799

Table VIII. The correlations among the measurements for
the statistical and systematic uncertainties.

Stat. fL S C
B −0.11 0.04 0.01
fL 0.03 0.05
S −0.06

Syst. fL S C
B −0.12 0.06 0.01
fL −0.03 0.00
S 0.02

VII. CONSTRAINTS ON THE CKM ANGLE φ2800

We extract φ2 by performing an isospin analysis using801

the method in Ref. [19] based on the Gronau-London802
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isospin relations [16]803

1√
2
A+− +A00 = A+0, (16)

1√
2
Ā+− + Ā00 = Ā−0, (17)

where Aij is the amplitude of longitudinally polarized804

B → ρiρj . We use results from the Belle, BABAR, and805

LHCb experiments for B, fL, and CP violation param-806

eters for B0 → ρ+ρ−, B0 → ρ0ρ0, and B+ → ρ+ρ0807

decays, and the ratio of B+ and B0 lifetimes as listed808

in the PDG [12]. Since Belle and BABAR assumed equal809

production of B+B− and B0B0 pairs, we correct their810

B values to account for the latest HFLAV value of f+−811

and f00 [51]. The inclusion of this effect slightly increases812

the branching fractions for the B0 mode and slightly de-813

creases that for the B+ mode. The result of the isospin814

analysis is φ2 = (91.5+4.8
−5.2)

◦ and ∆φ2 = (2.4+4.2
−3.8)

◦. The815

updated values of f+− and f00 shift φ2 by −0.4◦.816

0 20 40 60 80 100 120 140 160

φ2[°]

0.0

0.2

0.4

0.6

0.8

1.0

1-
C

L

CL=0.683

CL=0.954

Belle II B→ρρ ( WA + Belle II (2024))
φ2 = [92.6+4.5

−4.7]°

Fig. 4. Probability (1−Confidence-Level) for the CKM angle
φ2 based on combined inputs from the world averages [12]
and our results of B → ρρ decays. The black dotted lines
correspond to the 0.683 and 0.954 confidence levels.

We subsequently combine our B0 → ρ+ρ− results817

with other results and extract φ2. The results are φ2 =818

(92.6+4.5
−4.7)

◦ and ∆φ2 = (2.4+3.8
−3.7)

◦. The likelihood curve is819

shown in Figure 4. Our isospin analysis yields a second820

solution of φ2 = (177.4+4.7
−4.5)

◦ and ∆φ2 = (−2.4+3.7
−3.8)

◦;821

however, this value for φ2 is excluded by measurements822

of the UT angles φ1 and φ3 [12] and unitarity. The dom-823

inant uncertainties on φ2 are due to the S parameters for824

B0 → ρ+ρ− and B0 → ρ0ρ0.825

VIII. CONCLUSIONS826

We have measured the branching fraction and longitu-827

dinal polarization fraction for B0 → ρ+ρ− decays as well828

as CP violation parameters for the longitudinal polar-829

ized decay using a data sample of (387± 6)× 106 Υ(4S)830

decays. We obtain831

B(B0 → ρ+ρ−) =
(
2.89+0.23

−0.22
+0.29
−0.27

)
× 10−5, (18)

fL = 0.921+0.024
−0.025

+0.017
−0.015, (19)

S = −0.26± 0.19± 0.08, (20)
C = −0.02± 0.12+0.06

−0.05, (21)

where the first uncertainties are statistical and the sec-832

ond are systematic. The value for fL is somewhat lower833

than the world average but consistent with it within 2σ.834

These results are in good agreement with previous mea-835

surements [18, 19]. We constrain φ2 using our results as836

well as B → ρρ results from other experiments, adjust-837

ing the latter to account for the most recent values of838

f+− and f00 [51]. We obtain φ2 = (92.6+4.5
−4.7)

◦, which is839

consistent with other UT observables. The uncertainty840

is dominated by the precision of the S parameters for841

B0 → ρ+ρ− and B0 → ρ0ρ0, which can be improved by842

future measurements. This result can be used to con-843

strain non-SM physics.844

ACKNOWLEDGEMENTS845

This work, based on data collected using the Belle846

II detector, which was built and commissioned prior to847

March 2019, was supported by Higher Education and848

Science Committee of the Republic of Armenia Grant849

No. 23LCG-1C011; Australian Research Council and850

Research Grants No. DP200101792, No. DP210101900,851

No. DP210102831, No. DE220100462, No. LE210100098,852

and No. LE230100085; Austrian Federal Ministry of853

Education, Science and Research, Austrian Science Fund854

No. P 34529, No. J 4731, No. J 4625, and No. M 3153,855

and Horizon 2020 ERC Starting Grant No. 947006 “In-856

terLeptons”; Natural Sciences and Engineering Research857

Council of Canada, Compute Canada and CANARIE;858

National Key R&D Program of China under Contract859

No. 2022YFA1601903, National Natural Science Founda-860

tion of China and Research Grants No. 11575017,861

No. 11761141009, No. 11705209, No. 11975076,862

No. 12135005, No. 12150004, No. 12161141008,863

No. 12475093, and No. 12175041, and Shandong Provin-864

cial Natural Science Foundation Project ZR2022JQ02;865

the Czech Science Foundation Grant No. 22-18469S and866

Charles University Grant Agency project No. 246122;867

European Research Council, Seventh Framework868

PIEF-GA-2013-622527, Horizon 2020 ERC-Advanced869

Grants No. 267104 and No. 884719, Horizon 2020870

ERC-Consolidator Grant No. 819127, Horizon 2020871

Marie Sklodowska-Curie Grant Agreement No. 700525872

“NIOBE” and No. 101026516, and Horizon 2020 Marie873

Sklodowska-Curie RISE project JENNIFER2 Grant874

Agreement No. 822070 (European grants); L’Institut875

National de Physique Nucléaire et de Physique des876

Particules (IN2P3) du CNRS and L’Agence Nationale877

de la Recherche (ANR) under grant ANR-21-CE31-878

0009 (France); BMBF, DFG, HGF, MPG, and AvH879



14

Foundation (Germany); Department of Atomic Energy880

under Project Identification No. RTI 4002, Department881

of Science and Technology, and UPES SEED funding882

programs No. UPES/R&D-SEED-INFRA/17052023/01883

and No. UPES/R&D-SOE/20062022/06 (India); Israel884

Science Foundation Grant No. 2476/17, U.S.-Israel885

Binational Science Foundation Grant No. 2016113,886

and Israel Ministry of Science Grant No. 3-16543;887

Istituto Nazionale di Fisica Nucleare and the Re-888

search Grants BELLE2; Japan Society for the889

Promotion of Science, Grant-in-Aid for Scientific890

Research Grants No. 16H03968, No. 16H03993,891

No. 16H06492, No. 16K05323, No. 17H01133,892

No. 17H05405, No. 18K03621, No. 18H03710,893

No. 18H05226, No. 19H00682, No. 20H05850,894

No. 20H05858, No. 22H00144, No. 22K14056,895

No. 22K21347, No. 23H05433, No. 26220706, and896

No. 26400255, and the Ministry of Education, Cul-897

ture, Sports, Science, and Technology (MEXT) of898

Japan; National Research Foundation (NRF) of Korea899

Grants No. 2016R1-D1A1B-02012900, No. 2018R1-900

A6A1A-06024970, No. 2021R1-A6A1A-03043957,901

No. 2021R1-F1A-1060423, No. 2021R1-F1A-1064008,902

No. 2022R1-A2C-1003993, No. 2022R1-A2C-1092335,903

No. RS-2023-00208693, No. RS-2024-00354342 and904

No. RS-2022-00197659, Radiation Science Research905

Institute, Foreign Large-Size Research Facility Ap-906

plication Supporting project, the Global Science907

Experimental Data Hub Center, the Korea Institute908

of Science and Technology Information (K24L2M1C4)909

and KREONET/GLORIAD; Universiti Malaya RU910

grant, Akademi Sains Malaysia, and Ministry of911

Education Malaysia; Frontiers of Science Program912

Contracts No. FOINS-296, No. CB-221329, No. CB-913

236394, No. CB-254409, and No. CB-180023, and914

SEP-CINVESTAV Research Grant No. 237 (Mexico);915

the Polish Ministry of Science and Higher Education916

and the National Science Center; the Ministry of Science917

and Higher Education of the Russian Federation and918

the HSE University Basic Research Program, Moscow;919

University of Tabuk Research Grants No. S-0256-1438920

and No. S-0280-1439 (Saudi Arabia), and King Saud921

University,Riyadh, Researchers Supporting Project922

number (RSPD2024R873) (Saudi Arabia); Slovenian923

Research Agency and Research Grants No. J1-9124924

and No. P1-0135; Agencia Estatal de Investigacion,925

Spain Grant No. RYC2020-029875-I and Generalitat926

Valenciana, Spain Grant No. CIDEGENT/2018/020;927

The Knut and Alice Wallenberg Foundation (Sweden),928

Contracts No. 2021.0174 and No. 2021.0299; National929

Science and Technology Council, and Ministry of Educa-930

tion (Taiwan); Thailand Center of Excellence in Physics;931

TUBITAK ULAKBIM (Turkey); National Research932

Foundation of Ukraine, Project No. 2020.02/0257,933

and Ministry of Education and Science of Ukraine;934

the U.S. National Science Foundation and Research935

Grants No. PHY-1913789 and No. PHY-2111604, and936

the U.S. Department of Energy and Research Awards937

No. DE-AC06-76RLO1830, No. DE-SC0007983, No. DE-938

SC0009824, No. DE-SC0009973, No. DE-SC0010007,939

No. DE-SC0010073, No. DE-SC0010118, No. DE-940

SC0010504, No. DE-SC0011784, No. DE-SC0012704,941

No. DE-SC0019230, No. DE-SC0021274, No. DE-942

SC0021616, No. DE-SC0022350, No. DE-SC0023470;943

and the Vietnam Academy of Science and Technology944

(VAST) under Grants No. NVCC.05.12/22-23 and945

No. DL0000.02/24-25.946

These acknowledgements are not to be interpreted as947

an endorsement of any statement made by any of our948

institutes, funding agencies, governments, or their repre-949

sentatives.950

We thank the SuperKEKB team for delivering high-951

luminosity collisions; the KEK cryogenics group for the952

efficient operation of the detector solenoid magnet and953

IBBelle on site; the KEK Computer Research Center954

for on-site computing support; the NII for SINET6 net-955

work support; and the raw-data centers hosted by BNL,956

DESY, GridKa, IN2P3, INFN, and the University of Vic-957

toria.958

[1] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963).959

[2] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49,960

652 (1973).961

[3] http://www.utfit.org/UTfit/WebHome.962

[4] J. Charles, A. Höcker, H. Lacker, S. Laplace, F. R.963

Le Diberder, J. Malclés, J. Ocariz, M. Pivk, and L. Roos,964

The European Physical Journal C 41, 1–131 (2005), up-965

dated results and plots available at: http://ckmfitter.966

in2p3.fr.967

[5] M. Bona et al. (UTfit Collaboration), JHEP 03, 049968

(2008).969

[6] W. Altmannshofer, R. Harnik, and J. Zupan, JHEP 11,970

202 (2013).971

[7] A. J. Buras and J. Girrbach, Rept. Prog. Phys. 77,972

086201 (2014).973

[8] M. Tanimoto and K. Yamamoto, Phys. Lett. B 735, 426974

(2014).975

[9] J. Charles et al., Phys. Rev. D 91, 073007 (2015).976

[10] J. Charles, S. Descotes-Genon, Z. Ligeti, S. Monteil,977

M. Papucci, K. Trabelsi, and L. Vale Silva, Phys. Rev.978

D 102, 056023 (2020).979

[11] The angle φ2 is also known as α.980

[12] S. Navas et al. (Particle Data Group), Phys. Rev. D110,981

030001 (2024).982

[13] We use a system of units in which c = ~ = 1.983

[14] The CP violation parameter C is also defined as A = −C.984

[15] We assume no CP violation in B0-B0 mixing, which is985

an excellent approximation.986

[16] M. Gronau and D. London, Phys. Rev. Lett. 65, 3381987

(1990).988

[17] Throughout this paper, the inclusion of the charge con-989

jugate decay mode is implied unless otherwise specified.990

https://doi.org/10.1103/PhysRevLett.10.531
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.49.652
http://www.utfit.org/UTfit/WebHome
https://doi.org/10.1140/epjc/s2005-02169-1
http://ckmfitter.in2p3.fr
http://ckmfitter.in2p3.fr
http://ckmfitter.in2p3.fr
https://doi.org/10.1088/1126-6708/2008/03/049
https://doi.org/10.1088/1126-6708/2008/03/049
https://doi.org/10.1088/1126-6708/2008/03/049
https://doi.org/10.1007/JHEP11(2013)202
https://doi.org/10.1007/JHEP11(2013)202
https://doi.org/10.1007/JHEP11(2013)202
https://doi.org/10.1088/0034-4885/77/8/086201
https://doi.org/10.1088/0034-4885/77/8/086201
https://doi.org/10.1088/0034-4885/77/8/086201
https://doi.org/10.1016/j.physletb.2014.06.067
https://doi.org/10.1016/j.physletb.2014.06.067
https://doi.org/10.1016/j.physletb.2014.06.067
https://doi.org/10.1103/PhysRevD.91.073007
https://doi.org/10.1103/PhysRevD.102.056023
https://doi.org/10.1103/PhysRevD.102.056023
https://doi.org/10.1103/PhysRevD.102.056023
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevLett.65.3381
https://doi.org/10.1103/PhysRevLett.65.3381
https://doi.org/10.1103/PhysRevLett.65.3381


15

[18] B. Aubert et al. (BaBar Collaboration), Phys. Rev. D991

76, 052007 (2007).992

[19] P. Vanhoefer et al. (Belle Collaboration), Phys. Rev. D993

93, 032010 (2016), [Addendum: Phys.Rev.D 94, 099903994

(2016)].995

[20] J. Zhang et al. (Belle Collaboration), Phys. Rev. Lett.996

91, 221801 (2003).997

[21] B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett.998

97, 261801 (2006).999

[22] B. Aubert et al. (BaBar Collaboration), Phys. Rev. D1000

78, 071104 (2008).1001

[23] I. Adachi et al. (Belle Collaboration), Phys. Rev. D1002

89, 072008 (2014), [Addendum: Phys.Rev.D 89, 1199031003

(2014)].1004

[24] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 747,1005

468 (2015).1006

[25] J. Charles, O. Deschamps, S. Descotes-Genon, and1007

V. Niess, Eur. Phys. J. C 77, 574 (2017).1008

[26] I. Adachi et al. (Belle II Collaboration), (2024),1009

arXiv:2407.00965 [hep-ex].1010

[27] A small number of non-resonant e+e− → BB̄ events are1011

also included in the number of Y (4S) decays; these events1012

are indistinguishable from e+e− → Υ(4S) → BB̄.1013

[28] T. Abe (Belle II Collaboration), (2010), arXiv:1011.03521014

[physics.ins-det].1015

[29] K. Akai, K. Furukawa, and H. Koiso, Nucl. Instrum.1016

Meth. A907, 188 (2018).1017

[30] K. Adamczyk et al. (Belle II SVD Group), JINST 17,1018

P11042 (2022).1019

[31] D. Kotchetkov et al., Nucl. Instrum. Meth. A 941, 1623421020

(2019).1021

[32] D. J. Lange, Proceedings, 7th International Conference1022

on B physics at hadron machines (BEAUTY 2000):1023

Maagan, Israel, September 13-18, 2000, Nucl. Instrum.1024

Meth. A462, 152 (2001).1025

[33] S. Jadach, B. F. L. Ward, and Z. Wa�s, Comput. Phys.1026

Commun. 130, 260 (2000).1027

[34] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. De-1028

sai, P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and1029

P. Z. Skands, Comput. Phys. Commun. 191, 159 (2015).1030

[35] T. Skwarnicki, A study of the radiative CASCADE transi-1031

tions between the Upsilon-Prime and Upsilon resonances,1032

Ph.D. thesis, Cracow, INP (1986).1033

[36] E. Barberio and Z. Wa�s, Comput. Phys. Commun. 79,1034

291 (1994).1035

[37] S. Agostinelli et al. (GEANT4 Collaboration), Nucl.In-1036

strum.Meth. A506, 250 (2003).1037

[38] P. M. Lewis et al., Nucl. Instrum. Meth. A 914, 69 (2019).1038

[39] Z. J. Liptak et al., Nucl. Instrum. Meth. A 1040, 1671681039

(2022).1040

[40] T. Kuhr, C. Pulvermacher, M. Ritter, T. Hauth, and1041

N. Braun (Belle II Framework Software Group), Comput.1042

Softw. Big Sci. 3, 1 (2019).1043

[41] Belle II Collaboration, “Belle II Analysis Soft-1044

ware Framework (basf2),” https://doi.org/10.5281/1045

zenodo.5574115.1046

[42] T. Keck, Computing and Software for Big Science 1, 21047

(2017).1048

[43] J.-F. Krohn et al. (Belle II Analysis Software Group),1049

Nucl. Instrum. Meth. A976, 164269 (2020).1050

[44] F. Abudinén et al. (Belle II Collaboration), Phys. Rev.1051

D 107, L091102 (2023).1052

[45] I. Adachi et al. (Belle II Collaboration), Phys. Rev. D1053

110, 012001 (2024).1054

[46] S. O. Arik and T. Pfister, “Tabnet: Attentive inter-1055

pretable tabular learning,” (2020), arXiv:1908.074421056

[cs.LG].1057

[47] S. Brandt, C. Peyrou, R. Sosnowski, and A. Wroblewski,1058

Phys. Lett. 12, 57 (1964).1059

[48] G. C. Fox and S. Wolfram, Phys. Rev. Lett. 41, 15811060

(1978).1061

[49] S. H. Lee et al. (Belle Collaboration), Phys. Rev. Lett.1062

91, 261801 (2003).1063

[50] R. Storn and K. Price, Journal of Global Optimization1064

11, 341 (1997).1065

[51] S. Banerjee et al., “Averages of b-hadron, c-hadron, and1066

τ -lepton properties as of 2023,” (2024), arXiv:2411.186391067

[hep-ex].1068

[52] J. M. Blatt and V. F. Weisskopf, Theoretical nuclear1069

physics (Springer, New York, 1952).1070

[53] M. Pivk and F. R. Le Diberder, Nucl. Instrum. Meth.1071

A555, 356 (2005).1072

[54] O. Long, M. Baak, R. N. Cahn, and D. Kirkby, Physical1073

Review D 68 (2003), 10.1103/physrevd.68.034010.1074

[55] T. Bilka et al., EPJ Web Conf. 245, 02023 (2020).1075

https://doi.org/10.1103/PhysRevD.76.052007
https://doi.org/10.1103/PhysRevD.76.052007
https://doi.org/10.1103/PhysRevD.76.052007
https://doi.org/10.1103/PhysRevD.93.032010
https://doi.org/10.1103/PhysRevD.93.032010
https://doi.org/10.1103/PhysRevD.93.032010
https://doi.org/10.1103/PhysRevLett.91.221801
https://doi.org/10.1103/PhysRevLett.91.221801
https://doi.org/10.1103/PhysRevLett.91.221801
https://doi.org/10.1103/PhysRevLett.97.261801
https://doi.org/10.1103/PhysRevLett.97.261801
https://doi.org/10.1103/PhysRevLett.97.261801
https://doi.org/10.1103/PhysRevD.78.071104
https://doi.org/10.1103/PhysRevD.78.071104
https://doi.org/10.1103/PhysRevD.78.071104
https://doi.org/10.1103/PhysRevD.89.072008
https://doi.org/10.1103/PhysRevD.89.072008
https://doi.org/10.1103/PhysRevD.89.072008
https://doi.org/10.1016/j.physletb.2015.06.027
https://doi.org/10.1016/j.physletb.2015.06.027
https://doi.org/10.1016/j.physletb.2015.06.027
https://doi.org/10.1140/epjc/s10052-017-5126-9
https://arxiv.org/abs/2407.00965
http://arxiv.org/abs/2407.00965
http://arxiv.org/abs/1011.0352
http://arxiv.org/abs/1011.0352
http://arxiv.org/abs/1011.0352
https://doi.org/10.1016/j.nima.2018.08.017
https://doi.org/10.1016/j.nima.2018.08.017
https://doi.org/10.1016/j.nima.2018.08.017
https://doi.org/10.1088/1748-0221/17/11/P11042
https://doi.org/10.1088/1748-0221/17/11/P11042
https://doi.org/10.1088/1748-0221/17/11/P11042
https://doi.org/10.1016/j.nima.2019.162342
https://doi.org/10.1016/j.nima.2019.162342
https://doi.org/10.1016/j.nima.2019.162342
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0010-4655(00)00048-5
https://doi.org/10.1016/S0010-4655(00)00048-5
https://doi.org/10.1016/S0010-4655(00)00048-5
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/0010-4655(94)90074-4
https://doi.org/10.1016/0010-4655(94)90074-4
https://doi.org/10.1016/0010-4655(94)90074-4
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/j.nima.2018.05.071
https://doi.org/10.1016/j.nima.2022.167168
https://doi.org/10.1016/j.nima.2022.167168
https://doi.org/10.1016/j.nima.2022.167168
https://doi.org/10.1007/s41781-018-0017-9
https://doi.org/10.1007/s41781-018-0017-9
https://doi.org/10.1007/s41781-018-0017-9
https://doi.org/10.5281/zenodo.5574115
https://doi.org/10.5281/zenodo.5574115
https://doi.org/10.5281/zenodo.5574115
https://doi.org/10.1007/s41781-017-0002-8
https://doi.org/10.1007/s41781-017-0002-8
https://doi.org/10.1007/s41781-017-0002-8
https://doi.org/10.1016/j.nima.2020.164269
https://doi.org/10.1103/PhysRevD.107.L091102
https://doi.org/10.1103/PhysRevD.107.L091102
https://doi.org/10.1103/PhysRevD.107.L091102
https://doi.org/10.1103/PhysRevD.110.012001
https://doi.org/10.1103/PhysRevD.110.012001
https://doi.org/10.1103/PhysRevD.110.012001
http://arxiv.org/abs/1908.07442
http://arxiv.org/abs/1908.07442
http://arxiv.org/abs/1908.07442
https://doi.org/10.1016/0031-9163(64)91176-X
https://doi.org/10.1103/PhysRevLett.41.1581
https://doi.org/10.1103/PhysRevLett.41.1581
https://doi.org/10.1103/PhysRevLett.41.1581
https://doi.org/10.1103/PhysRevLett.91.261801
https://doi.org/10.1103/PhysRevLett.91.261801
https://doi.org/10.1103/PhysRevLett.91.261801
https://doi.org/10.1023/A:1008202821328
https://doi.org/10.1023/A:1008202821328
https://doi.org/10.1023/A:1008202821328
https://arxiv.org/abs/2411.18639
https://arxiv.org/abs/2411.18639
https://arxiv.org/abs/2411.18639
http://arxiv.org/abs/2411.18639
http://arxiv.org/abs/2411.18639
http://arxiv.org/abs/2411.18639
https://doi.org/10.1007/978-1-4612-9959-2
https://doi.org/10.1007/978-1-4612-9959-2
https://doi.org/10.1007/978-1-4612-9959-2
https://doi.org/10.1016/j.nima.2005.08.106
https://doi.org/10.1016/j.nima.2005.08.106
https://doi.org/10.1016/j.nima.2005.08.106
https://doi.org/10.1103/physrevd.68.034010
https://doi.org/10.1103/physrevd.68.034010
https://doi.org/10.1103/physrevd.68.034010
https://doi.org/10.1051/epjconf/202024502023

	Measurement of the branching fraction, polarization, and time-dependent  CP  asymmetry in B0  +- decays and constraint on the CKM angle 2
	Abstract
	Introduction
	Data set and Belle II detector
	Reconstruction and Event selection
	Fit Strategy and Modeling
	Signal-Extraction Fit
	Correctly reconstructed Signal
	Signal Self-crossfeed
	Continuum
	Combinatorial B B backgrounds
	Peaking B B backgrounds
	+- background

	Time-dependent CP-asymmetry fit
	Correctly reconstructed Signal
	Signal Self-crossfeed
	Continuum
	Combinatrial B B backgrounds
	Peaking B B backgrounds
	+- background
	Validation of t PDF


	Fit results
	Systematic uncertainties
	Signal-Extraction Fit
	Time-Dependent CP-asymmetry fit
	Correlation

	Constraints on the CKM angle 2
	Conclusions
	Acknowledgements
	References


