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D. Bodrov , A. Bolz , A. Bondar , A. Bozek , M. Bračko , P. Branchini , R. A. Briere , T. E. Browder ,8

A. Budano , S. Bussino , M. Campajola , L. Cao , G. Casarosa , C. Cecchi , J. Cerasoli , M.-C. Chang ,9

P. Chang , R. Cheaib , P. Cheema , B. G. Cheon , K. Chilikin , K. Chirapatpimol , H.-E. Cho , K. Cho ,10

S.-K. Choi , S. Choudhury , L. Corona , S. Das , F. Dattola , E. De La Cruz-Burelo , S. A. De La Motte ,11

G. De Nardo , M. De Nuccio , G. De Pietro , R. de Sangro , M. Destefanis , R. Dhamija , A. Di Canto ,12

F. Di Capua , J. Dingfelder , Z. Doležal , T. V. Dong , M. Dorigo , K. Dort , D. Dossett , S. Dreyer ,13

S. Dubey , G. Dujany , P. Ecker , M. Eliachevitch , D. Epifanov , P. Feichtinger , T. Ferber ,14

D. Ferlewicz , T. Fillinger , C. Finck , G. Finocchiaro , A. Fodor , F. Forti , A. Frey , B. G. Fulsom ,15

A. Gabrielli , E. Ganiev , M. Garcia-Hernandez , R. Garg , G. Gaudino , V. Gaur , A. Gaz , A. Gellrich ,16

G. Ghevondyan , D. Ghosh , H. Ghumaryan , G. Giakoustidis , R. Giordano , A. Giri , A. Glazov ,17

B. Gobbo , R. Godang , O. Gogota , P. Goldenzweig , W. Gradl , T. Grammatico , E. Graziani ,18
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We present measurements of B+ → ρ+γ and B0 → ρ0γ decays using a combined data sample
of 772 × 106 BB pairs collected by the Belle experiment and 387 × 106 BB pairs collected by the
Belle II experiment in e+e− collisions at the Υ(4S) resonance. After an optimized selection, a
simultaneous fit to the Belle and Belle II data sets yields 114±12 B+ → ρ+γ and 99±12 B0 → ρ0γ
decays. The measured branching fractions are (13.1+2.0+1.3

−1.9−1.2)× 10−7 and (7.6± 1.3+1.0
−0.8)× 10−7 for

B+ → ρ+γ and B0 → ρ0γ decays, respectively, where the first uncertainty is statistical and the
second is systematic. We also measure the isospin asymmetry AI(B → ργ) = (10.9+11.2+7.8

−11.7−7.3)% and

the direct CP asymmetry ACP (B
+ → ρ+γ) = (−8.2± 15.2+2.0

−1.3)%.

I. INTRODUCTION57

Flavor-changing neutral-current (FCNC) processes are58

sensitive probes of physics beyond the standard model59

(SM) [1–6]. These decays are forbidden at the tree60

level and must proceed via an internal loop (or “pen-61

guin”) amplitude, making them particularly sensitive to62

beyond-the-SM contributions. Among FCNC decays, ra-63

diative decays such as B → K∗γ and B → ργ are espe-64

cially attractive, as these two-body decays with a high-65

momentum photon are straightforward to reconstruct at66

an e+e− experiment.67

The B → ργ decay proceeds via a b → d loop ampli-68

tude and has a measured branching fraction one order69

of magnitude smaller than that for B → K∗γ, which70

proceeds via a b → s loop amplitude. This difference is71

attributed to both loops being dominated by the heavy72

top quark; thus, the b → s amplitude is proportional73

to the Cabibbo-Kobayashi-Maskawa (CKM) matrix el-74

ement Vts, while the b → d amplitude is proportional75

to the five-times-smaller CKM element Vtd. Measuring76

these decays provides information about the magnitudes77

|Vts| and |Vtd|. In addition, beyond-the-SM contributions78

can contribute to the decay amplitudes. Such contribu-79

tions could be easier to identify in B → ργ decays due80

to the smaller SM rate. The decay B → ργ was first ob-81

served by Belle experiment [7] in 2006 and later confirmed82

by BABAR experiment [8]. Both experiments subse-83

quently made more precise measurements of the branch-84

ing fractions with larger data sets: 657 × 106 BB pairs85

for Belle [9] and 465× 106 BB pairs for BABAR [10].86

In addition to the branching fraction, another observ-87

able of interest is the CP asymmetry88

ACP (B → ργ) =
Γ
(
B → ργ

)
− Γ (B → ργ)

Γ
(
B → ργ

)
+ Γ (B → ργ)

. (1)

Within the context of QCD factorization, ACP is pre-89

dicted to be significant: about -12% [5]. Thus, measuring90

ACP provides a test of factorization. Also, beyond-the-91

SM amplitudes can shift the value of ACP , and measuring92

ACP could indicate the presence of such contributions.93

A third observable for B → ργ is the CP -averaged94

isospin asymmetry ⟨AI⟩ =
(
Ab

I +Ab̄
I

)
/2, with95

Ab
I =

c2ρΓ
(
B0 → ρ0γ

)
− Γ (B− → ρ−γ)

c2ρΓ
(
B0 → ρ0γ

)
+ Γ (B− → ρ−γ)

(2)

and Ab̄
I defined similarly but with CP -conjugate modes.96

The factor cρ =
√
2 results from the quark content of the97

ρ0 meson (i.e., a Clebsch-Gordan coefficient). The asym-98

metry
〈
ASM

I

〉
is predicted to be close to that of B → K∗γ99

and to equal (5.2 ± 2.8)%, where a large source of un-100

certainty is the renormalization scale used to calculate101

Wilson coefficients [11]. As for ACP , beyond-the-SM102

contributions can affect ⟨AI⟩ [2–5]. Only the isospin103

asymmetry with CP-averaged decay rates, AI, has been104

measured to date:105

AI =
c2ρΓ(

(—)

B0 → ρ0γ)− Γ(B± → ρ±γ)

c2ρΓ(
(—)

B0 → ρ0γ) + Γ(B± → ρ±γ)

, (3)

where B0 and B0 are summed and B+ and B− are106

summed in both the numerator and the denominator.107

The observable AI equals ⟨AI⟩ if the CP asymmetry is108

the same for B+ → ρ+γ and B0 → ρ0γ decays. The cur-109

rent world average of isospin asymmetry measurements,110

Aexp
I (ργ) = (30+16

−13)% [12], is about two standard devia-111

tions above the SM expectation.112

Here we report measurements of B → ργ decays per-113

formed using both Belle and Belle II data sets. The sig-114

nal decay modes are B+ → ρ+
(
→ π0π+

)
γ and B0 →115

ρ0 (→ π+π−) γ [13]. We use the full Belle data set cor-116

responding to 711 fb−1 taken at the Υ(4S) resonance117

energy (on-resonance) and containing (772 ± 11) × 106118

BB pairs. In addition, we use a 362 fb−1 Belle II data119

set collected from 2019–2022 containing (387 ± 6) × 106120

BB pairs. We use off-resonance data sets collected at121

an energy 60 MeV below the Υ(4S) resonance, to study122

continuum background processes e+e− → qq, where123

q = u, d, s, c. The off-resonance data samples correspond124

to 89.5 fb−1 and 42.3 fb−1 for Belle and Belle II, respec-125

tively.126

This paper is organized as follows. Section II intro-127

duces the Belle and Belle II detectors followed by the de-128

scription of the data and simulated samples. The event129
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selection and reconstruction of the decays are described130

in section III. The methods to suppress background are131

presented in section IV. Section V explains the fitting132

procedure to extract signal yields. The systematic un-133

certainties are discussed in section VI. The results are134

presented in section VII.135

II. DETECTORS AND DATA SETS136

The Belle detector [14, 15] was a large-solid-angle spec-137

trometer that operated at the KEKB asymmetric-energy138

e+e− (3.5 GeV on 8.0 GeV) collider [16, 17] from 1999139

to 2010. The detector consisted of a silicon vertex detec-140

tor and a central drift chamber (CDC) for reconstruct-141

ing trajectories of charged particles (tracks), an array142

of aerogel Cherenkov counters (ACC) and time-of-flight143

scintillation counters (TOF) for identifying charged par-144

ticles, and an electromagnetic CsI(Tl) crystal calorimeter145

(ECL) for identifying photons and electrons. These de-146

tectors were surrounded by a superconducting solenoid147

coil providing a magnetic field of 1.5 T. An iron flux re-148

turn yoke located outside the coil was instrumented with149

resistive-plate chambers to detect K0
L mesons and iden-150

tify muons.151

The Belle II detector [18] is an upgrade of the Belle152

detector and operates at the SuperKEKB e+e− collider.153

The energies of electron and positron beams are 7.0 GeV154

and 4.0 GeV, respectively. The vertex detector consists of155

pixel sensors and double-sided silicon strips. The Belle II156

CDC is surrounded by two types of Cherenkov light de-157

tector systems used for particle identification: a time-of-158

propagation detector (TOP) for the barrel region (32.2◦159

to 128.7◦), and an aerogel ring-imaging Cherenkov de-160

tector (ARICH) for the forward endcap region (12.4◦ to161

31.4◦). The Belle ECL is re-used in Belle II along with162

the solenoid and the iron flux return yoke. For both Belle163

and Belle II, the z axis is defined as the central axis of164

the solenoid, with the positive direction being very close165

to the direction of the electron beam.166

Monte Carlo simulated samples are used to optimize167

selection criteria, study sources of backgrounds, calcu-168

late reconstruction efficiencies, and determine probabil-169

ity density functions (PDFs) used for fitting the data.170

We use EvtGen [19] to generate e+e− → BB pairs. In171

addition, we use Pythia 8.2 [27] for the Belle II sample.172

We simulate continuum background events using Pythia173

6.4 [25] for the analysis of Belle data, and KKMC [26]174

for hard scattering followed by Pythia 8.2 [27] for175

hadronization in Belle II. We simulate the effects of fi-176

nal state radiation by Photos [28] for both Belle and177

Belle II. The detector response is based on geant3 [20]178

and geant4 [21] for Belle and Belle II data, respectively.179

We use simulated samples of 2× 106 signal events and180

more than 1 ab−1 of background events for our studies.181

The data and simulation are processed using the Belle II182

analysis software framework [22–24].183

III. EVENT SELECTION184

The triggers of Belle and Belle II use either the num-185

ber of tracks, or ECL energy depositions (clusters), or186

the total energy of all clusters. The trigger efficiency for187

signal events is almost 100%.188

In the offline analysis, most of the selection criteria189

used for Belle and Belle II are similar; however, certain190

criteria are adjusted to account for the improved perfor-191

mance of the upgraded detector. A high energy primary192

photon (γprim) candidate is reconstructed from an ECL193

cluster not associated with any track. Only ECL clusters194

whose polar angle θ is in the barrel region are considered.195

The energy of the primary photon candidate in the e+e−196

center-of-mass (c.m.) frame, denoted E∗
γ , is required to197

be in the range (1.8, 2.8) GeV. All quantities with aster-198

isks are calculated in the e+e− c.m. frame. For Belle,199

we require E9/E25 > 0.95 to select a cluster shape con-200

sistent with an electromagnetic shower, where E9/E25 is201

defined as the ratio of energy deposits within a 3×3 array202

of CsI(Tl) crystals and within a 5×5 array, both centered203

on the crystal with the highest energy. For Belle II, we204

require E9/E21 > 0.95, where E21 is defined similarly to205

E25 but with energy deposits at the four corners of the206

5× 5 array removed. We also define for Belle II a cluster207

second moment S ≡ ΣiwiEir
2
i /ΣiwiEi, where Ei is the208

energy deposited in the ith crystal, and ri is the distance209

in the plane perpendicular to the shower axis from the210

center of the cluster to the center of the ith crystal [31].211

The energies are weighted by factors wi ranging from 0.0–212

1.0 that account for a crystal energy being shared among213

overlapping clusters. The sum is taken over all crystals in214

a cluster. To reject clusters resulting from hadron show-215

ers, we require that there be at least eight crystals in a216

cluster. To better identify the primary photon cluster,217

we require S < 1.5 cm2.218

Track candidates are required to satisfy dr < 0.5 cm219

and |dz| < 2 cm, where dr and dz are transverse and220

longitudinal impact parameters, respectively. We se-221

lect π+ candidates from tracks by requiring Rπ/K =222

Lπ/(Lπ +LK) > 0.6, where Lπ(K) is the likelihood for a223

pion (kaon) hypothesis. These likelihoods are based on224

information from the CDC, ACC, and TOF detectors in225

Belle, and from the CDC, TOP, and ARICH detectors in226

Belle II.227

Neutral π0 mesons are reconstructed via π0 → γγ de-228

cays. In Belle data, π0 mesons are reconstructed using229

two photons, each with energy greater than 50 MeV. We230

require the invariant mass of the two photons to sat-231

isfy 119 MeV/c2 < M(γγ) < 151 MeV/c2. In Belle II232

data, the energy thresholds of the daughter photons de-233

pend on the region in the ECL. For the barrel region, the234

daughter photons are required to have energies greater235

than 30 MeV, while for the forward and backward end-236

cap regions we use thresholds of 80 MeV and 60 MeV,237

respectively. In addition, the daughter photons must sat-238

isfy the condition Σwi > 1.5. The invariant mass of the239
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two photons in Belle II is required to be in the range240

120 MeV/c2 < M(γγ) < 145 MeV/c2.241

We reconstruct ρ0 → π+π− and ρ+ → π+π0 candi-242

dates by requiring that the invariant mass of the pion243

pair be in the range [0.64, 0.90] GeV/c2 for Belle data,244

and the range [0.65, 0.90] GeV/c2 for Belle II data. The245

slight difference in the lower edge of these ranges is due246

to a slight shift in the M(π+π0) spectrum for Belle II. A247

B candidate is subsequently reconstructed by combining248

a ρ candidate with a γprim candidate.249

To remove low multiplicity and qq events, we re-250

quire at least two tracks in the event and that the ra-251

tio of the second to zeroth Fox-Wolfram moments [30]252

be less than 0.7. To fit for the signal yield, we de-253

fine two observables: the beam-energy-constrained mass254

Mbc ≡
√

(E∗
beam/c

2)
2 − |p∗

B/c|2, and the energy dif-255

ference ∆E ≡ E∗
B − E∗

beam, where Ebeam is the beam256

energy and EB and pB are the reconstructed energy257

and momentum, respectively, of the signal B candi-258

date. For the B0 → ρ0γ mode, we improve the res-259

olution in Mbc by substituting, for the magnitude of260

the photon momentum, the difference between the beam261

energy and the energy of the ρ0 candidate: p⃗∗
B0 →262

p⃗∗
ρ0 +

(
p⃗∗
γ/|p⃗

∗
γ |
) (

E∗
beam − E∗

ρ0

)
/c, where E∗

ρ0 and p⃗∗
ρ0263

are the energy and momentum, respectively, of the ρ0264

candidate, and p⃗∗
γ is the momentum of the γprim can-265

didate. According to MC simulation, this modification266

reduces the width of the Mbc distribution by 18%. We267

retain signal candidates that satisfy Mbc > 5.2 GeV/c2268

and |∆E| < 0.3 GeV. In addition, we define a vari-269

able M(Kπ), which is the invariant mass of the ρ candi-270

date calculated assuming that one of the charged pions271

is a kaon. For ρ0 → π+π− decays, the substitution of272

the kaon mass for the pion mass is applied to the pion273

with the lower value of Rπ/K . This allows us to dis-274

tinguish B → ργ from B → K∗γ, which peaks in the275

K∗ (892)
0
mass region. We retain events in the wide276

range M(Kπ) ∈ (0.80, 1.50) GeV/c2 and use M(Kπ)277

in the signal extraction procedure to better discriminate278

B → K∗γ decays from the signal. To reduce combina-279

torial background arising from other BB events, the B280

meson candidate must also satisfy | cos θh| < 0.8, where281

θh is the angle in the B rest frame between the momen-282

tum of γprim and the negative of the boost direction of283

the laboratory frame. For correctly reconstructed sig-284

nal decays, the | cos θh| distribution is uniform, while for285

combinatorial background, the distribution tends to peak286

at | cos θh| ≈ 1. After applying the selection criteria listed287

above, 12.3% (3.0%) of events have multiple B+ → ρ+γ288

(B0 → ρ0γ) candidates. For such multiple candidate289

events, the average multiplicity is 2.3 for both B+ and290

B0 decays. To minimize potential bias, we select one291

candidate randomly.292

To assess the quality of the simulation, we compare293

its predictions with data using two control samples,294

B → Dπ+ and B → K∗γ decays. These control sam-295

ple studies are described in the following sections. We296

reconstruct both D0 → K+π− and D− → K+π−π−
297

decays, requiring that the invariant masses be in the298

ranges 1.85 GeV/c2 < M(K+π−) < 1.88 GeV/c2 and299

1.86 GeV/c2 < M(K+π−π−) < 1.88 GeV/c2. The300

K∗ mesons are reconstructed via K∗+ → K+π0 and301

K∗0 → K+π− decays, where the charged kaon is re-302

quired to have RK/π > 0.6 and the π0 and π− must303

satisfy the same criteria as applied to signal B → ρ0γ304

decays. The invariant mass of the Kπ meson pair must305

satisfy 0.817 GeV/c2 < M(K+π−(0)) < 0.967 GeV/c2.306

IV. BACKGROUND SUPPRESSION307

After applying the above selection criteria, the main308

remaining source of background is qq events, where the309

candidate γprim results from an asymmetric π0 → γγ or310

η → γγ decay. In this case, one of the photons has much311

higher energy than the other. To reduce this background,312

we use two boosted decision trees: a dedicated π0(η) veto313

and one for qq suppression.314

A. π0(η) veto315

For the π0 and η veto, we pair γprim with other photons316

in the event to reconstruct π0 → γγ and η → γγ decays.317

If such a candidate is identified, the γprim candidate is318

removed. The energy of the photon with which γprim319

is paired (γsoft) must exceed a polar-angle-dependent320

threshold. For Belle II data, we require that the sum321

of crystal weights wi for the γsoft cluster be at least322

two, and that this cluster be reconstructed in time with323

the event trigger. The probability of a correctly recon-324

structed π0(η) is calculated using a boosted decision tree325

(BDTv) trained using simulated events. The BDTv uses326

up to eight input variables: (1) the invariant mass of the327

two photons M(γprimγsoft); (2) the γsoft energy; (3) the328

γsoft polar angle; (4) Σwi for the γsoft cluster; (5) the γsoft329

E9/E25(21); (6) the cosine of the angle in the π0(η) rest330

frame between the momentum of γprim and the negative331

of the boost direction of the laboratory frame; (7) the332

distance between the ECL cluster of γsoft and the near-333

est track extrapolated to the ECL; and (8) the output of334

a multivariate classifier based on Zernike moments of the335

γsoft shower [32]. These moments are defined in the plane336

perpendicular to the shower direction. Requirements (7)337

and (8) are not applied to Belle data, while for Belle II338

data, variables (4), (5), and (8) are used only for the η339

veto.340

The BDTv value is calculated for all γsoft candidates.341

Among all γprimγsoft pairs, the one with the highest342

BDTv value is selected. The background in which the343

γprim originates from π0(η) → γγ decays tends to peak at344

one. Selection criteria on the BDTv output are optimized345

to maximize the signal significance, ns/
√
ns + nb, where346

ns(b) is the number of simulated signal (background)347
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events after the BDTv selection in a signal-enriched re-348

gion defined asMbc > 5.27 GeV/c2, −0.20 GeV < ∆E <349

0.10 GeV, and M(Kπ) > 0.92 GeV/c2. The optimized350

selection for BDTv rejects about 75% (82%) of qq back-351

ground for Belle (Belle II) data, while retaining about352

83% (89%) of signal decays.353

The signal efficiency is calibrated using a B → Dπ+
354

control sample. Figure 1 shows the BDTv distributions355

for data and MC-simulated events for the control sam-356

ple. There is good agreement between the data and MC357

distributions for Belle data, but small differences are ob-358

served for Belle II data. The π+ momentum is scaled by359

a factor 1.087 to match the momentum of γprim, and the360

mass M(πγsoft) is used in place of M(γprimγsoft). Due to361

isolation criteria applied to the γprim candidate, the dis-362

tribution of M(πγsoft) differs from that of M(γprimγsoft);363

to correct for this, the B → Dπ+ events are weighted364

such that these distributions match. After this weight-365

ing, the BDTv distributions show improved agreement366

with MC-simulated B → ργ events. The small difference367

in signal efficiency before and after this weighting is also368

taken as a systematic uncertainty.
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FIG. 1: Distributions of BDTv for data (red plot) and simu-
lation (stack histogram) for Belle (top) and Belle II (bottom).

369

B. qq suppression370

To reduce the remaining contamination from contin-371

uum background, we introduce another boosted decision372

tree classifier (BDTqq) that relies on differences in event373

shapes between BB and continuum qq events. The vari-374

ables used inBDTqq are as follows: the cosine of the angle375

between the thrust axis of the signal B candidate and the376

thrust axis of the rest of the event cos θTBTO
[33]; modi-377

fied Fox-Wolfram moments [30, 34]; the outputs of the B378

flavor-tagging algorithms of Belle [35] and Belle II [36];379

the difference between the z coordinates of the signal380

and the companion B decay vertices (∆z); the distance-381

of-closest-approach between the signal π+ track and the382

companion B decay vertex; the sphericity of non-signal383

particles in the event [37]; and the cosine of the po-384

lar angle of the signal B. The cos θTBTO
variable is385

the most discriminating. The flavor-tagging algorithm386

outputs two quantities: the flavor tag q (= ±1), and a387

quality factor r that ranges from zero for no flavor dis-388

crimination to one for unambiguous flavor assignment.389

The BDTqq training uses simulated B → ργ and con-390

tinuum events. The training is performed separately for391

B+ → ρ+γ and B0 → ρ0γ decays, and for Belle and392

Belle II data. The requirements on the BDTqq output393

are chosen to maximize the signal significance, separately394

for three ranges of the flavor-tagging quality r: (0, 0.4),395

(0.4, 0.825), and (0.825, 1). All requirements are greater396

than 0.95. The signal efficiency is estimated from simu-397

lation and corrected for possible differences between data398

and simulation using the ratio of efficiencies between data399

and simulation for the B → K∗γ control samples. These400

correction factors range from 0.96 to 1.10. The signal effi-401

ciencies in Belle data for the BDTqq requirement are 30%402

and 40% for B+ and B0 decays, respectively. For Belle II403

data, the corresponding efficiencies are 45% and 52%.404

The higher signal efficiencies for Belle II are mainly due405

to improved resolution on ∆z and the distance-of-closest-406

approach between the π± track and the companion B407

decay vertex. This improved resolution results from the408

additional pixel layers of the Belle II vertex detector.409

V. SIGNAL EXTRACTION410

To measure the B → ργ branching fractions and asym-411

metries AI and ACP , we perform an extended unbinned412

maximum likelihood fit to the observables Mbc, ∆E, and413

M(Kπ). We simultaneously fit six independent data sets:414

B+, B−, and (B0 + B
0
) candidates combined, for Belle415

and Belle II data. In the fit, we model four components:416

signal, B → K∗γ, BB background, and qq background.417

The probability density functions (PDFs) used for these418

components are as follows.419

For MC-simulated signal decays, Mbc, ∆E, and420

M(Kπ) are found to be essentially uncorrelated, and the421

PDF is taken to be the product of separate functions422
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for each. We model both the Mbc and ∆E distributions423

with Crystal Ball functions [38], and the M(Kπ) distri-424

bution with a Novosibirsk function [40] convolved with425

a Gaussian. For B → K∗γ background, Mbc, ∆E, and426

M(Kπ) are correlated, and we use a three-dimensional427

histogram PDF. For BB background, we again use the428

product of three one-dimensional functions: the sum of a429

Crystal Ball function and ARGUS function [39] for Mbc,430

an exponential function for ∆E, and a histogram PDF for431

M(Kπ). Finally, for qq background, we use the product432

of an ARGUS function for Mbc, a quadratic Chebychev433

polynomial for ∆E, and a Novosibirsk function convolved434

with a Gaussian for M(Kπ).435

The shape parameters of the ∆E distribution for qq436

background are floated in the fit, while all other PDF437

shape parameters are fixed to values obtained from MC438

simulation. To account for possible differences between439

data and simulation, the Mbc and ∆E distributions for440

signal decays are corrected according to small differences441

observed between data and simulation for the B → K∗γ442

control samples. Similarly, the parameters for the Mbc443

and M(Kπ) distributions of qq background are corrected444

according to small differences observed between data and445

simulation in the sideband region BDTqq ∈ [0.6, 0.9]. In446

addition to these fixed shapes, we also fix the yields of447

B → K∗γ and BB backgrounds to expectations based448

on MC simulation.449

With the above PDFs, we perform two fits. We first450

fit directly for parameters D, AI, and ACP , defined as451

D = c2ρ
τB±

τB0

B(
(—)

B0 → ρ0γ) + B
(
B± → ρ±γ

)
, (4)

AI =
c2ρ

τB±
τB0

B(
(—)

B0 → ρ0γ)− B (B± → ρ±γ)

D
, (5)

and

ACP =
NB− −NB+

NB− +NB+

, (6)

where τB±/τB0 = 1.076± 0.004 [12] is the ratio of B±
452

to B0 lifetimes.453

The relationship between the number of signal events454

(Ni) and the branching fractions in Eq. 5 and 6 is given455

by456

B(B±(0) → ρ±(0)γ) =
NB−(B0) +NB+(B0)

2NBBf+−(00)ϵ±(0)
. (7)

Here, NBB is the number of BB pairs and equals (771.6±457

10.6)× 106 for Belle and (378.5± 5.8)× 106 for Belle II;458

f+−/f00 = 1.065 ± 0.052 [42, 43] is the production ra-459

tio of B+B− to B0B0 pairs at an e+e− center-of-mass460

energy corresponding to the Υ(4S) resonance; and ϵ±461

and ϵ0 are reconstruction efficiencies for B± → ρ±γ and462

B0 → ρ0γ, respectively. The efficiencies of B+ → ρ+γ463

and B− → ρ−γ decays are consistent with each other464

and taken to be identical. The signal efficiencies ϵ± and465

ϵ0 for the Belle (Belle II) sample are 5.5% and 10.3%466

(11.0% and 14.9%), respectively. The higher efficiency467

for Belle II is due mainly to the improved performance468

of the BDTv and BDTqq algorithms. After this first fit,469

we perform a second fit directly for B (B+ → ρ+γ) and470

B (B− → ρ−γ) to obtain their uncertainties (rather than471

unfolding them from the first fit results, accounting for472

correlations). The distributions ofMbc, ∆E, andM(Kπ)473

are shown in Figs. 2–4 along with projections of the fit474

result.475

Using Eqs. 4-7, we extract the signal yields; these476

are listed in Table I along with the corresponding re-477

construction efficiencies and the fitted yields of qq back-478

ground. The overall signal yields in the full fitted region

TABLE I: Efficiency (ϵ), signal yield (Nργ) and continuum
background yield (Nqq) from Belle (711 fb−1) and Belle II
(362 fb−1) data. The uncertainties for Nργ(qq) are statistical
only.

Mode ϵ [%] Nργ Nqq

Belle B+ → ρ+γ 5.5± 0.5 31± 6 400± 21
Belle B− → ρ−γ 5.5± 0.5 26± 6 369± 21
Belle B0 → ρ0γ 10.3± 0.4 58± 10 1307± 38
Belle II B+ → ρ+γ 11.0± 1.1 30± 6 552± 25
Belle II B− → ρ−γ 11.0± 1.1 26± 6 549± 25
Belle II B0 → ρ0γ 14.9± 0.5 41± 7 1114± 35

479

are 114 ± 12 B± → ρ±γ decays and 99 ± 12 B0 → ρ0γ480

decays. As a cross-check, we fit for the branching frac-481

tions using only Belle data; our results are in agreement482

with the previous Belle measurement [9].483

VI. SYSTEMATIC UNCERTAINTIES484

The various sources of systematic uncertainty are listed485

in Table II and estimated as follows.486

The systematic uncertainty arising from particle re-487

construction consists of several parts. The uncertainty488

related to photon detection is measured in Belle using489

e+e− → e+e−γ (radiative Bhabha) events and in Belle II490

using e+e− → µ+µ−γ events; the resulting uncertainties491

are 2% and 1%, respectively. The uncertainty due to π+
492

identification is measured in Belle (0.7%) and Belle II493

(0.3%) using a sample of D∗+ → D0(→ K−π+)π+ de-494

cays. The uncertainty due to track reconstruction is eval-495

uated in Belle (0.3%) using D∗+ → D0(→ KS π+π−)π+
496

decays, and in Belle II (0.3%) using e+e− → τ+τ−497

events. The uncertainty due to π0 reconstruction is esti-498

mated by comparing the ratio of efficiencies for two decay499

channels with different numbers of π0’s, for both data500

and simulation. For Belle, the ratio is the efficiency for501

η → π0π0π0 to that for η → π+π−π0 or η → γγ; the502

resulting uncertainty is 3%. For Belle II the ratio is the503

efficiency for D0 → K−π+π0 to that for D0 → K−π+,504

and the resulting uncertainty is 5%.505

Systematic uncertainties due to selection criteria are506

evaluated as follows. The uncertainty due to differences507
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TABLE II: Systematic uncertainties for the B+ → ρ+γ and
B0 → ρ0γ branching fractions, isospin asymmetry, and CP
asymmetry. The uncertainties on the branchng fractions are
fractional, whereas the uncertainties on the asymmetries are
absolute.

Source Bρ+γ (%) Bρ0γ (%) AI (%) ACP (%)

Particle detection ±3.1 +1.6
−1.7 ±1.4 +0.6

−0.4

Selection criteria +7.0
−6.7

+4.6
−4.2 ±4.0 +0.6

−0.5

Fixed fit parameters +0.9
−0.8

+3.0
−4.0

+1.5
−2.1

+0.3
−0.1

Signal shape +5.0
−2.2

+7.2
−0.7

+3.7
−2.5

+0.7
−0.3

Histogram PDFs +0.0
−2.4

+0.9
−0.3

+1.3
−0.1

+1.2
−0.6

Peaking K∗γ bkg ±2.6 +7.3
−6.9

+3.2
−3.1

+0.2
−0.1

Other peaking BB bkgs +1.6
−1.7

+1.0
−1.1 ±0.9 +0.3

−0.1

Peaking BB ACP
+0.0
−0.2

+0.0
−0.1

+0.1
−0.0

+1.0
−0.9

Number of BB’s +1.3
−1.4 ±1.9 ±0.3 +0.2

−0.1

τB±/τB0
+0.0
−0.1

+0.0
−0.1 ±0.2 < 0.1

f+−/f00
+3.1
−3.0 ±4.7 +3.8

−3.9
+0.1
−0.0

Total +10.2
−9.3

+12.9
−10.6

+7.8
−7.4

+2.0
−1.3

between data and simulation for the BDT requirements508

is evaluated by varying the calibration factors obtained509

from the B → Dπ and B → K∗γ control samples by one510

standard deviation. The resulting uncertainties arising511

from the π0 veto are 0.8% (0.7%) for the B+ → ρ+γ512

(B0 → ρ0γ) branching fraction, and 0.7% for the isospin513

asymmetry. The uncertainties arising from qq suppres-514

sion along with the η veto are 6.8% (4.2%) for the B+
515

(B0) branching fraction, and 3.9% for AI . The uncer-516

tainty due to possible mis-modeling of the B → Dπ+
517

control sample in Belle (see section IVA) is 0.9% (1.5%)518

for the B+ (B0) branching fraction and 0.3% for AI . The519

uncertainties on ACP are O(0.1%).520

The uncertainty related to each fixed parameter in the521

fit is estimated by varying each parameter by its uncer-522

tainty and repeating the fit. The difference between the523

fit result and our nominal result is taken as the system-524

atic uncertainty.525

The uncertainty arising from the shape of the signal526

PDF is evaluated by varying the calibration factors ob-527

tained from the fit to the B → K∗γ control sample by528

their uncertainties and repeating the fit. The difference529

between the result and our nominal result is taken as the530

systematic uncertainty.531

To assess the systematic uncertainty due to data-MC532

differences for B → K∗γ decays, we use the following533

procedure. We compare the means and widths of the534

Mbc, ∆E, and M(K+π−(0)) distributions between data535

and MC for the B → K∗γ control sample. The shifts536

in means observed are negligible, but the widths have537

small differences. While the ratio of data-to-MC widths538

are almost all consistent with unity, the uncertainties on539

these ratios allow for differences. To estimate the ef-540

fect such differences would have, we smear the simulated541

B → K∗γ events such that their Mbc, ∆E, and M(Kπ)542

distributions are broadened by the amount of the uncer-543

tainty on the data-MC ratios. We then recalculate the544

three-dimensional histogram PDF using these broadened545

distributions and refit the data for B → ργ. The result-546

ing shifts in the fit results from the nominal values are547

assigned as systematic uncertainties.548

For the Belle II B0 → K∗0γ control sample, the549

M(K+π−) distribution is narrower for data than for MC,550

and the difference is statistically significant. Thus, for551

Belle II data we correct the MC B0 → K∗0γ events such552

that their M(Kπ) distribution is narrowed to match the553

data, and then re-calculate the three-dimensional his-554

togram PDF. This PDF is used to refit the B0 → ρ0γ555

sample, and the shift in the fit results is assigned as a556

systematic uncertainty.557

The systematic uncertainties due to BB background558

that peaks in the signal-enriched region (“peaking back-559

ground”) are estimated by varying this background as560

follows. The K∗γ background yield is estimated as561

NK∗γ = 2 · NBB · B(B → K∗γ) · FK/π · ϵK∗γ , where562

FK/π is the probability for a charged kaon to be misiden-563

tified as a pion, and ϵK∗γ is the efficiency to select K∗γ564

background. The misidentification probability FK/π is565

obtained from a study of D∗+ → D0(→ K−π+)π+ de-566

cays; the fractional uncertainty is 6.1% for Belle and567

9.7% for Belle II. To estimate the systematic uncer-568

tainty arising from B → K∗γ background, we vary both569

B(B → K∗γ) [12] and FK/π by their uncertainties. Other570

peaking background sources are B → Xs(d)γ decays,571

where Xs(d) is any final state of s(d) quark hadronization572

with strangeness equal to one (zero) except forK∗ (892) γ573

(ργ), and hadronic B decays with π0(η) → γγ in the final574

states. The former is varied according to its experimen-575

tal uncertainty [12]. For the latter, we take the fractional576

uncertainty on the number of peaking background events577

to be the weighted sum of the fractional uncertainties on578

the branching fractions for the main decay modes that579

contribute. For the B+ → ρ+γ mode, the contamina-580

tion from B+ → ρ+π0(η) decays is dominant at 24%581

(16%), according to the simulation. For the B0 → ρ0γ582

mode, the main contamination comes from B0 → ρ0η583

(9%), B+ → a+1 π
0 (8%), and B+ → ρ+ρ0 (8%). For584

modes that have not been measured, a 50% uncertainty585

is assumed for the branching fractions.586

For the ACP measurement, we calculate the effect of587

a possible CP asymmetry of BB peaking background.588

The ACP values for B → K∗γ and B → Xsγ are var-589

ied by their measured uncertainties [12], while ACP for590

B → Xdγ is varied by ±60%. The latter corresponds591

to a conservative uncertainty on the SM prediction [41].592

The ACP values for other modes such as B → ρπ0 are593

varied by ±10%. The uncertainties on the number of BB594

pairs, the ratio τB+/τB0 , and the ratio f+−/f00 [42] are595

all taken into account.596
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VII. RESULTS597

We determine the branching fractions, CP asymmetry,598

and isospin asymmetry directly from the fit. The results599

are600

B
(
B+ → ρ+γ

)
=

(
13.1+2.0+1.3

−1.9−1.2

)
× 10−7 (8)

B
(
B0 → ρ0γ

)
=

(
7.6± 1.3+1.0

−0.8

)
× 10−7 (9)

ACP

(
B+ → ρ+γ

)
=

(
−8.2± 15.2+2.0

−1.3

)
% (10)

AI (B → ργ) =
(
10.9+11.2+6.8+3.8

−11.7−6.2−3.9

)
%, (11)

where the first uncertainty is statistical, the second is601

systematic, and the third for AI is the uncertainty from602

f+−/f00 [42] combined with the uncertainty from the ra-603

tio of B+ to B0 lifetimes.604

In summary, we have measured the branching frac-605

tions, direct CP asymmetry, and isospin asymmetry of606

B → ργ decays using a total of 1073 fb−1 of Belle and607

Belle II data. These results are the most precise to date608

and supersede the previous Belle results [7]. The results609

for ACP and AI are consistent with SM expectations.610

Another parameter, as suggested in [11], is the differ-611

ence from unity of the scaled ratio of isospin asymmetries:612

δAI
≡ 1− ⟨AI⟩(ργ)

⟨AI⟩(K∗γ)

√
Γ̄(B → ργ)

Γ̄(B → K∗γ)

∣∣∣∣Vts

Vtd

∣∣∣∣ , (12)

where Γ̄ is the CP-averaged partial width. This param-613

eter strongly depends on cosϕ2, where ϕ2 (also known614

as α) is the phase Arg [V ∗
tbVtd/ (−V ∗

ubVud)] of the CKM615

unitarity triangle. In the SM, δAI is predicted with616

a relatively small uncertainty: 0.10 ± 0.11. The cur-617

rent measured value, δexpAI
= −4.0 ± 3.5, is consistent618

with the predicted value, albeit with a large uncer-619

tainty. Inserting our measured values for AI (ργ) and620

B (B → ργ) = Γ (B → ργ) · τB , along with PDG values621

for AI (B → K∗γ), B (B → K∗γ), |Vts/Vtd|, and lifetimes622

τB0 and τB+ [12], we obtain623

δAI
= −1.1± 2.0. (13)

This value is more precise than the previous experi-624

mental value and also consistent with the theoretical625

prediction.626
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FIG. 2: Distributions of Mbc, ∆E and M(Kπ) for B+ → ρ+γ candidates reconstructed in the signal-enriched region of the
other two variables. The signal-enriched region is defined as Mbc > 5.27 GeV/c2, |∆E| < 0.1 GeV and M(Kπ) > 0.92 GeV/c2.
The points with error bars are data, the solid red curves are the sum of signal and background PDFs, the dashed red curves
are signal, the dotted-dashed blue curves are continuum background, the dashed magenta curves are K∗γ background, and
the dotted green curves are BB background other than K∗γ. The discrete nature of the solid red curves, which represent the
signal + background fit, is due to the use of histogram PDFs for some of the backgrounds, as described in the text.
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FIG. 3: Distributions of Mbc, ∆E and M(Kπ) for B− → ρ−γ candidates reconstructed in the signal-enriched region of the
other two variables. The signal-enriched region is defined as Mbc > 5.27 GeV/c2, |∆E| < 0.1 GeV and M(Kπ) > 0.92 GeV/c2.
The points with error bars are data, the solid red curves are the sum of signal and background PDFs, the dashed red curves
are signal, the dotted-dashed blue curves are continuum background, the dashed magenta curves are K∗γ background, and
the dotted green curves are BB background other than K∗γ. The discrete nature of the solid red curves, which represent the
signal + background fit, is due to the use of histogram PDFs for some of the backgrounds, as described in the text.
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FIG. 4: Distributions of Mbc, ∆E and M(Kπ) for B0 → ρ0γ candidates reconstructed in the signal-enriched region of the
other two variables. The signal-enriched region is defined as Mbc > 5.27 GeV/c2, |∆E| < 0.1 GeV and M(Kπ) > 0.92 GeV/c2.
The points with error bars are data, the solid red curves are the sum of signal and background PDFs, the dashed red curves
are signal, the dotted-dashed blue curves are continuum background, the dashed magenta curves are K∗γ background, and
the dotted green curves are BB background other than K∗γ. The discrete nature of the solid red curves, which represent the
signal + background fit, is due to the use of histogram PDFs for some of the backgrounds, as described in the text.
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