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I. Haide , S. Halder , Y. Han , T. Hara , C. Harris , K. Hayasaka ,32

H. Hayashii , S. Hazra , C. Hearty , M. T. Hedges , A. Heidelbach ,33

I. Heredia de la Cruz , M. Hernández Villanueva , T. Higuchi , M. Hoek ,34

https://orcid.org/0000-0003-2287-0173
https://orcid.org/0000-0002-0909-7537
https://orcid.org/0000-0003-3976-7498
https://orcid.org/0000-0002-1907-5964
https://orcid.org/0000-0002-4425-2096
https://orcid.org/0000-0002-3883-6693
https://orcid.org/0000-0003-1513-0409
https://orcid.org/0000-0003-0471-197X
https://orcid.org/0000-0002-1586-5790
https://orcid.org/0000-0003-2435-501X
https://orcid.org/0000-0002-6347-7055
https://orcid.org/0000-0002-8588-5308
https://orcid.org/0000-0001-9980-0953
https://orcid.org/0000-0003-3466-9290
https://orcid.org/0000-0003-0419-6912
https://orcid.org/0000-0003-1393-8631
https://orcid.org/0009-0008-7806-4422
https://orcid.org/0000-0002-3744-5332
https://orcid.org/0000-0001-7378-4852
https://orcid.org/0000-0001-8852-2409
https://orcid.org/0000-0003-1992-0336
https://orcid.org/0000-0002-2095-603X
https://orcid.org/0009-0002-7835-0855
https://orcid.org/0000-0001-5585-0991
https://orcid.org/0000-0003-1360-3292
https://orcid.org/0000-0001-9438-089X
https://orcid.org/0000-0003-0562-4616
https://orcid.org/0000-0002-5082-5487
https://orcid.org/0000-0002-5440-2668
https://orcid.org/0000-0001-8153-2719
https://orcid.org/0000-0001-9971-1176
https://orcid.org/0000-0001-5038-360X
https://orcid.org/0000-0002-3792-2450
https://orcid.org/0000-0003-1776-0439
https://orcid.org/0000-0001-7742-2998
https://orcid.org/0000-0001-8857-8621
https://orcid.org/0000-0001-6254-3594
https://orcid.org/0000-0002-1524-6236
https://orcid.org/0009-0003-0192-9073
https://orcid.org/0000-0003-1449-6986
https://orcid.org/0000-0002-7543-3471
https://orcid.org/0000-0001-5735-8386
https://orcid.org/0000-0001-5279-4787
https://orcid.org/0000-0002-4033-9223
https://orcid.org/0000-0002-5089-5338
https://orcid.org/0000-0003-2990-1913
https://orcid.org/0000-0001-6030-3087
https://orcid.org/0000-0002-5915-1319
https://orcid.org/0000-0002-2495-0524
https://orcid.org/0000-0002-2270-9673
https://orcid.org/0000-0001-5229-1039
https://orcid.org/0000-0001-7357-9007
https://orcid.org/0000-0002-0856-1131
https://orcid.org/0000-0002-3829-9592
https://orcid.org/0000-0002-3109-2046
https://orcid.org/0000-0003-2518-7134
https://orcid.org/0000-0001-8332-5668
https://orcid.org/0000-0003-4137-938X
https://orcid.org/0000-0002-2192-8233
https://orcid.org/0000-0001-9777-881X
https://orcid.org/0000-0002-8650-6058
https://orcid.org/0000-0003-4064-388X
https://orcid.org/0000-0001-5729-8926
https://orcid.org/0000-0001-8472-5727
https://orcid.org/0000-0003-1589-9955
https://orcid.org/0000-0002-8803-4429
https://orcid.org/0000-0001-7620-2053
https://orcid.org/0000-0003-2099-7760
https://orcid.org/0000-0002-7008-3759
https://orcid.org/0000-0003-1705-7399
https://orcid.org/0000-0002-1673-5664
https://orcid.org/0000-0003-2747-8277
https://orcid.org/0000-0001-9841-0216
https://orcid.org/0000-0002-1492-914X
https://orcid.org/0000-0002-2577-9909
https://orcid.org/0000-0002-2398-3754
https://orcid.org/0000-0003-3316-8574
https://orcid.org/0000-0002-7469-6974
https://orcid.org/0000-0003-3905-6805
https://orcid.org/0000-0002-6509-7793
https://orcid.org/0000-0002-2047-9675
https://orcid.org/0000-0001-8442-107X
https://orcid.org/0000-0002-3808-5455
https://orcid.org/0000-0003-1997-6751
https://orcid.org/0000-0003-2997-3829
https://orcid.org/0000-0001-7052-3163
https://orcid.org/0000-0003-1233-3876
https://orcid.org/0000-0001-9076-5936
https://orcid.org/0000-0001-5767-2121
https://orcid.org/0000-0002-5662-3675
https://orcid.org/0000-0001-6831-3159
https://orcid.org/0000-0003-3043-1939
https://orcid.org/0000-0002-0681-6946
https://orcid.org/0000-0003-0849-8774
https://orcid.org/0000-0002-5670-5582
https://orcid.org/0000-0002-1345-0970
https://orcid.org/0009-0006-6056-546X
https://orcid.org/0000-0002-1345-8163
https://orcid.org/0000-0002-6817-6868
https://orcid.org/0000-0003-2033-537X
https://orcid.org/0000-0003-3966-7497
https://orcid.org/0000-0002-6849-0427
https://orcid.org/0000-0001-9795-7412
https://orcid.org/0000-0002-5068-5453
https://orcid.org/0000-0002-3936-2151
https://orcid.org/0000-0002-2821-759X
https://orcid.org/0000-0001-6535-7965
https://orcid.org/0000-0001-7470-3874
https://orcid.org/0000-0002-5862-9739
https://orcid.org/0000-0001-7695-0537
https://orcid.org/0000-0001-8346-8597
https://orcid.org/0000-0003-2393-3367
https://orcid.org/0000-0002-7406-4707
https://orcid.org/0000-0001-5983-1552
https://orcid.org/0000-0002-8880-6134
https://orcid.org/0000-0001-6754-3315
https://orcid.org/0000-0003-0974-6231
https://orcid.org/0000-0003-0096-3555
https://orcid.org/0000-0002-3458-9824
https://orcid.org/0000-0001-6775-8893
https://orcid.org/0000-0001-5982-1784
https://orcid.org/0000-0002-5496-7247
https://orcid.org/0000-0002-8895-0128
https://orcid.org/0000-0001-5603-4750
https://orcid.org/0000-0002-8553-7338
https://orcid.org/0000-0002-3147-4562
https://orcid.org/0000-0002-8317-0579
https://orcid.org/0000-0003-4108-7256
https://orcid.org/0000-0001-8785-847X
https://orcid.org/0000-0002-9974-8320
https://orcid.org/0000-0001-8602-5652
https://orcid.org/0000-0001-6964-8399
https://orcid.org/0000-0002-5691-1044
https://orcid.org/0000-0002-1470-6536
https://orcid.org/0000-0002-5541-2278
https://orcid.org/0000-0002-5858-3187
https://orcid.org/0000-0003-0962-6344
https://orcid.org/0000-0002-6280-494X
https://orcid.org/0000-0001-6775-5932
https://orcid.org/0000-0002-4321-0417
https://orcid.org/0000-0003-0448-4244
https://orcid.org/0000-0002-6347-433X
https://orcid.org/0000-0002-5138-5903
https://orcid.org/0000-0001-6954-9593
https://orcid.org/0000-0001-6568-0252
https://orcid.org/0000-0001-6504-1872
https://orcid.org/0000-0002-6663-5469
https://orcid.org/0000-0002-8133-6467
https://orcid.org/0000-0002-6322-5587
https://orcid.org/0000-0002-7761-3505
https://orcid.org/0000-0002-1893-8764


M. Hohmann , R. Hoppe , P. Horak , C.-L. Hsu , T. Humair , T. Iijima ,35

K. Inami , N. Ipsita , A. Ishikawa , R. Itoh , M. Iwasaki , P. Jackson ,36

W. W. Jacobs , E.-J. Jang , S. Jia , Y. Jin , A. Johnson , K. K. Joo ,37

H. Junkerkalefeld , M. Kaleta , D. Kalita , A. B. Kaliyar , J. Kandra ,38

K. H. Kang , S. Kang , G. Karyan , T. Kawasaki , F. Keil , C. Ketter ,39

C. Kiesling , C.-H. Kim , D. Y. Kim , J.-Y. Kim , K.-H. Kim , Y.-K. Kim ,40

Y. J. Kim , H. Kindo , K. Kinoshita , P. Kodyš , T. Koga , S. Kohani ,41
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Abstract: We present measurements of B → K∗(892)γ decays using 365 fb−1 of data89

collected from 2019 to 2022 by the Belle II experiment at the SuperKEKB asymmetric-90

energy e+e− collider. The data sample contains (387 ± 6) × 106 BB events. We measure91

branching fractions (B) and CP asymmetries (ACP ) for both B
0 → K∗0γ and B+ → K∗+γ92

decays. The difference in CP asymmetries (∆ACP ) and the isospin asymmetry (∆0+)93

between these neutral and charged channels are also measured. We obtain the following94

branching fractions and CP asymmetries: B(B0 → K∗0γ) = (4.14 ± 0.10 ± 0.11) × 10−5,95

B(B+ → K∗+γ) = (4.02 ± 0.13 ± 0.13) × 10−5, ACP (B
0 → K∗0γ) = (−3.3 ± 2.3 ± 0.4)%,96

and ACP (B
+ → K∗+γ) = (−0.7±2.9±0.6)%. The measured difference in CP asymmetries97

is ∆ACP = (+2.6 ± 3.8 ± 0.7)%, and the measured isospin asymmetry is ∆0+ = (+5.0 ±98

2.0 ± 1.5)%. The first uncertainties listed are statistical and the second are systematic.99

These results are consistent with world-average values and theory predictions.100
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1 Introduction111

The radiative decays B → K∗(892)γ are suppressed in the Standard Model (SM), where112

the dominant contribution comes from a one-loop b → sγ diagram [1, 2]. Extensions to113

the SM predict new particles that can contribute to the internal loop, potentially altering114

the branching fractions (B) as well as other observables from their SM expectations. Thus,115

these radiative decays are a promising probe for physics beyond the SM (BSM) [3, 4].116

Observables for B → K∗(892)γ include the CP -violating asymmetry117

ACP ≡ Γ(B → K∗γ)− Γ(B → K∗γ)

Γ(B → K∗γ) + Γ(B → K∗γ)
(1.1)

and the isospin asymmetry118

∆0+ ≡ Γ(B0 → K∗0γ)− Γ(B+ → K∗+γ)

Γ(B0 → K∗0γ) + Γ(B+ → K∗+γ)
, (1.2)

where Γ denotes the partial width and K∗ denotes the K∗(892) meson. In Eq. 1.2 and119

throughout this paper, charge-conjugate modes are implicitly included unless noted other-120

wise.121

The SM prediction for B(B → K∗γ) has large uncertainties related to form factors [5,122

6]. In contrast, observables such as ACP and ∆0+ have reduced theoretical uncertainties123

due to the cancellation of form factor contributions and some experimental systematics in124

the ratios of Eqs. 1.1 and 1.2 [7, 8]. In the SM, ∆0+ is estimated to have a small positive125

value ranging from around 3% [8] to 8% [9]; BSM physics can shift this to a negative126
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value [10]. The SM prediction for ACP is also a few percent [10, 11], while BSM physics127

can enhance it. A recent measurement by the Belle experiment [12] using 772 × 106 BB128

events reported ∆0+ = (6.2 ± 2.0)% with a significance of 3.1 standard deviations. The129

BABAR [13] experiment also measured a positive ∆0+ value and set a 90% confidence130

interval of 1.7% < ∆0+ < 11.6%. For ACP , Belle, BABAR, and LHCb [14] have measured131

values consistent with zero. We report herein results for B, ACP , and ∆0+ using data from132

e+e− collisions recorded by the Belle II experiment.133

Subsequent sections of this paper are arranged as follows: Section 2 provides a brief134

introduction to the Belle II experiment and the dataset. Section 3 describes the selection135

of final-state particles and B-meson reconstruction. Section 4 summarises the background136

suppression strategy. Section 5 describes the fit model and the procedure to calculate vari-137

ous observables. Section 6 presents the results of the measurements and the fit projections.138

Section 7 describes the evaluation of systematic uncertainties. Finally, Section 8 provides139

a summary of the results.140

2 The Belle II Detector and Dataset141

The Belle II detector [15] operates at the SuperKEKB accelerator [16], which collides142

4GeV positrons with 7GeV electrons at center-of-mass (c.m.) energies at or near the143

Υ(4S) resonance. The Belle II detector is arranged in a cylindrical geometry and features144

a two-layer silicon-pixel detector [17] surrounded by a four-layer double-sided silicon-strip145

detector (SVD) [18] and a 56-layer central drift chamber (CDC), all used to reconstruct146

trajectories of charged particles (“tracks”). For the data analysed here, only one sixth of147

the second pixel layer was installed. The symmetry axis of these subdetectors, defined as148

the z axis, is oriented close to the electron beam direction. The x axis is horizontal, with149

the positive direction pointing outward from the centre of the SuperKEKB storage ring,150

and the y axis is vertical, with the positive direction upward. The polar and azimuthal151

angles are defined with respect to the positive z and x axes, respectively. Surrounding152

the CDC, which also provides specific ionization measurements, are a time-of-propagation153

counter (TOP) [19] in the barrel region and an aerogel-based ring-imaging Cherenkov154

counter (ARICH) in the forward region. These subdetectors are used for charged-particle155

identification (PID). Surrounding the TOP and ARICH is an electromagnetic calorimeter156

(ECL) composed of CsI(Tl) crystals that provides energy and timing measurements for157

electrons and photons. Outside of the ECL, a superconducting solenoid generates a 1.5T158

magnetic field oriented parallel to the z axis. The flux return of the solenoid is instrumented159

with resistive-plate chambers and plastic scintillators to detect muons and K0
L mesons.160

The data used in this analysis were collected by Belle II from 2019 to 2022 at a c.m.161

energy corresponding to the Υ(4S) resonance and 60MeV below the resonance. The in-162

tegrated luminosities for these on- and off-resonance datasets are (365.3 ± 1.7) fb−1 and163

(42.7 ± 0.2) fb−1, respectively [20]. The off-resonance dataset is used to study continuum164

background, i.e., e+e− → qq (q = u, d, s, c) events. The analysis is performed in a “blind”165

manner, in which all selection criteria and the fitting procedure are finalized before examin-166

ing candidates in the signal region. We use Monte Carlo (MC) simulated events to optimize167
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selection criteria, calculate reconstruction efficiencies, and study backgrounds. Simulated168

samples of Υ(4S) → BB events in which one of the B mesons decays to the K∗γ final state169

are used to study properties of the signal. Similarly, simulated Υ(4S) → BB events in170

which both B mesons decay in an inclusive manner are used to study backgrounds from B171

decays. All Υ(4S) → BB decays are generated with EvtGen [21]. Continuum events are172

generated with KKMC [22] interfaced to Pythia [23]. The Belle II detector response is173

simulated with Geant4 [24]. Both simulated and real data samples are processed within174

the Belle II software framework [25, 26].175

3 Event Selection and Reconstruction176

We reconstruct B → K∗γ decays proceeding via K∗0 → K+π−, K∗0 → K0
Sπ

0, K∗+ →177

K+π0, andK∗+ → K0
Sπ

+. The dominant background arises from continuum events. There178

is also a small contribution from misreconstructed B decays. In most cases, a photon from179

the decay of a high-momentum π0 or η is misidentified as the primary photon from the signal180

B decay. In addition, B decays to higher kaonic resonances like K1(1270) and K∗
2(1430)181

with similar final-state topologies as the signal also contribute to the background.182

The track reconstruction follows the algorithm described in Ref. [27]. To ensure a183

reliable momentum measurement, we require at least 20 track hits in the CDC. Tracks184

originating from near the e+e− interaction point (IP) are required to satisfy dr < 0.5 cm185

and |dz| < 2.0 cm, where dr (dz) is the transverse (longitudinal) impact parameter of the186

track with respect to the IP. To identify pion and kaon candidates, a PID likelihood is187

calculated based upon Cherenkov light measurements in the TOP and ARICH, and specific188

ionization measurements in the CDC and SVD. A track is identified as a pion if the ratio189

L(π)/[L(K) + L(π)] > 0.6, where L(K) and L(π) are the likelihoods that a track is a190

kaon or pion, respectively. A track is identified as a kaon if L(K)/[L(K) + L(π)] > 0.6.191

These criteria yield a K+ (π+) identification efficiency of approximately 79% (77%), with192

a probability of misidentifying a π+ (K+) as a K+ (π+) of around 10%.193

Candidates for high-energy photons coming directly from theB decay are reconstructed194

from energy deposits (“clusters”) in the barrel and forward regions of the ECL, with ener-195

gies satisfying 1.4GeV < E∗
γ < 3.4GeV. The asterisk (∗) denotes quantities calculated in196

the e+e− c.m. frame. To select a cluster shape consistent with an electromagnetic shower,197

we require that the ratio E9/E21 exceed 0.9, where E9 and E21 are the energies deposited198

in a 3 × 3 array of crystals and a 5 × 5 array excluding the corners, respectively, centred199

on the crystal with the highest energy. The difference between the ECL cluster time and200

the event time must be less than 200 ns in order to suppress out-of-time photons arising201

from beam backgrounds. To distinguish high-energy photon candidates from K0
L clusters,202

we use a stochastic gradient-boosted decision tree (BDT) [28]. The BDT is trained with203

11 Zernike moments [29] derived from the ECL shower shape. These criteria result in a204

photon selection efficiency of 88%.205

We reconstruct K0
S candidates from pairs of oppositely charged tracks assumed to be206

pions. We do not apply dr, dz, or PID selection criteria to these tracks, but we fit them to207

a common vertex and require that the goodness-of-fit be satisfactory. The invariant mass208
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of the K0
S candidate must be within 10MeV/c2 of the known K0

S mass [30]. Additional209

selections are applied to these candidates, including momentum-dependent requirements210

on the K0
S flight distance in the transverse plane, the angle between the K0

S momentum211

and the vector pointing from the IP to the K0
S vertex, and the distance along the z axis212

from the IP to the K0
S vertex. The K0

S selection efficiency is approximately 94%.213

We reconstruct π0 candidates from pairs of photons. Each photon is required to have214

an energy greater than 80, 30, or 60 MeV, depending on whether the photon is detected in215

the forward, barrel, or backward region, respectively, of the ECL. We require π0 candidates216

to have a diphoton invariant mass (mγγ) in the range 120MeV/c2 < mγγ < 145MeV/c2.217

Further requirements are imposed on variables related to the photon candidates, i.e., ECL218

shower shape, polar and azimuthal angles, and the opening angle between the photons.219

A mass-constrained fit is performed for the π0 candidates to improve their momentum220

resolution. The overall π0 selection efficiency is approximately 75%.221

A K∗ candidate is formed from a K+π−, K0
Sπ

0, K+π0, or K0
Sπ

+ combination. We222

retain K∗ candidates having an invariant mass within 75MeV/c2 of the known K∗0 or K∗+
223

mass [30]. This range corresponds to approximately 1.5 times the K∗ decay width.224

We combine a K∗ candidate with a high-energy photon candidate to form a B can-225

didate. A vertex fit [31] is applied to the entire B decay chain, with the B produc-226

tion vertex constrained to the IP. The χ2 probability of this vertex fit is required to be227

greater than 0.1%. To better identify signal decays, we define two variables: Mbc ≡228 √
(E∗

beam)
2/c4 − (p⃗ ∗

B)
2/c2 and ∆E ≡ E∗

B −E∗
beam, where E

∗
beam and E∗

B are the beam and229

B energies, respectively, and p⃗ ∗
B is the B momentum, all calculated in the c.m. frame.230

To improve the Mbc resolution and reduce the correlation between Mbc and ∆E, the B231

momentum used here is232

p⃗ ∗
B = p⃗ ∗

Kπ +
p⃗ ∗
γ

|p⃗ ∗
γ |

× (E∗
beam − E∗

Kπ), (3.1)

i.e., the magnitude of the photon momentum in Mbc is taken to be the difference (E∗
beam−233

E∗
Kπ). The improvement in the Mbc resolution is around 16% (6%) for channels without234

(with) a π0 in the final state. We retain events satisfying 5.23GeV/c2 < Mbc < 5.29GeV/c2235

and |∆E| < 0.30GeV. To calculate signal yields, we define a narrower signal region236

Mbc > 5.27GeV/c2 and −0.15GeV < ∆E < 0.07GeV; these ranges correspond to ±3σ237

in resolution. The asymmetric region for ∆E accounts for energy leakage from the ECL238

crystals. All selection criteria are optimized with a figure-of-merit (FOM) calculated as239

NS/
√
NS +NB, where NS and NB are the number of simulated signal and background240

events within the signal region.241

4 Background Suppression242

Large backgrounds arise from photons produced in decays of π0 and η mesons. To reduce243

these backgrounds, we implement π0 and η vetoes as follows. We pair the high-energy244

photon candidate from the signal B decay with other photons in the event and reject245

the signal candidate if the photon pair is consistent with arising from a π0 or η decay as246
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determined by a BDT classifier. Separate classifiers are used for π0 and η mesons. The247

photon with which the signal photon is paired must have a minimum energy: for a π0248

(η) candidate, the energy must be greater than 20 MeV (30 MeV). In the forward region249

where beam backgrounds are higher, the energy must be greater than 25 MeV (35 MeV).250

The classifiers use as inputs the diphoton invariant mass and various quantities for the251

low-energy photon: its energy, polar angle, ECL shower shape, distance between the ECL252

cluster and tracks extrapolated from the CDC, the ratio E9/E21, and the Zernike-based253

BDT output. The π0-veto BDT also uses the cosine of the angle in the putative π0 rest254

frame between the signal photon and the boost direction of the lab frame. We require that255

the BDT outputs exceed certain thresholds, which are determined by maximizing an FOM.256

These requirements reject approximately 64% of background photons while preserving 89%257

of signal decays.258

The remaining background is dominated by e+e− → qq continuum events, which are259

characterized by a back-to-back jet topology. In contrast, because BB events are produced260

almost at rest in the e+e− c.m. frame, they have a nearly isotropic distribution of final state261

particles. To suppress continuum background, we employ another BDT classifier referred to262

as “CSBDT.” This classifier uses the following inputs: modified Fox–Wolfram moments [32],263

variables characterizing the momentum flow about the signal candidate’s thrust axis, the264

χ2 of the fit for the B decay vertex, the distance along the z axis between the B signal265

vertex and the tag-side B vertex, and the output of the B flavour tagger [33]. More details266

on these variables are given in Refs. [34, 35]. A selection is applied to the CSBDT output267

that maximizes an FOM, separately for each K∗ decay channel. This selection rejects 70–268

80% of continuum background while preserving 84–95% of signal decays, depending on the269

K∗ channel.270

After applying all selection criteria, 0.4–5.6% of events have multiple signal candidates,271

depending on the K∗ decay channel. For such events, we retain the candidate with the272

highest CSBDT output value. According to MC simulation, this choice selects the correctly273

reconstructed signal decay in events with multiple candidates 62–75% of the time.274

Decays of B mesons into multibody final states accompanied by a high-energy photon275

are a potential background. These decays typically exhibit a distinctive peaking structure in276

Mbc due to their originating from a B decay. However, they tend to have a ∆E distribution277

shifted towards a negative value, away from the expected signal peak. Simulation studies278

show that these backgrounds arise from a number of sources, e.g., B → K∗π0 and B → K∗η279

decays in which a photon from the subsequent π0 or η decay evades the veto; and decays to280

higher kaonic resonances, such as B → K1(1270)γ, B → K1(1400)γ, and B → K∗
2 (1430)γ.281

We combine contributions from all non-signal B decays, including multibody final states282

with high-energy photons, into a single BB background component.283

5 Fit strategy284

We determine the signal yield from a two-dimensional extended maximum-likelihood fit285

to the unbinned Mbc and ∆E distributions. The fit incorporates three components: sig-286

nal, continuum, and BB background. The probability density function (PDF) for each287
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component is determined by fitting simulated events. The likelihood function is written as288

L(α⃗) = e−
∑

j nj

N !

N∏
i=1

∑
j

nj × Pj(M
i
bc,∆E

i; α⃗), (5.1)

where nj and Pj are the number of events and PDF for component j, and N is the total289

number of events. The argument M i
bc (∆E

i) denotes the Mbc (∆E) value for candidate i,290

and α⃗ are the shape parameters for the PDF. The likelihood function is maximized with291

respect to nj and several PDF shape parameters, as described below.292

Given the low correlation between Mbc and ∆E (less than 5%), we use the product of293

their one-dimensional PDFs in the fit. For signal events, the Mbc distribution is described294

by a Crystal Ball (CB) function [36]. The CB mean and width parameters are floated in295

the fit, while parameters describing the power-law tail are fixed to values obtained from296

simulation. The ∆E distribution is modelled with a double-sided CB function. The mean297

parameter of this function is also floated in the fit. We modify the two width parameters298

using a common multiplicative factor, i.e., σL → f∆E × σL and σR → f∆E × σR, where299

σL and σR are fixed to values obtained from simulation. The f∆E parameter is floated300

in the fit. All other shape parameters are fixed to values obtained from simulation. By301

floating the mean and introducing a common multiplicative factor for the width, we account302

for potential data–simulation differences in the ∆E distribution of signal events. The303

signal component includes an additional contribution from misreconstructed B → K∗γ304

decays, referred to as “self-crossfeed.” The self-crossfeed component is modelled with a305

two-dimensional nonparametric PDF [37]. The total signal PDF is the sum of the PDFs306

for correctly reconstructed B → K∗γ decays and self-crossfeed events, with the fraction of307

self-crossfeed events fixed to the value from simulation.308

For continuum background, the Mbc and ∆E distributions are modelled with an AR-309

GUS function [38] and a first-order polynomial, respectively. We use the product of these310

one-dimensional PDFs in the fit. The BB background is modelled with a two-dimensional311

nonparametric PDF [37]. Except for the B0 → K∗0[K0
Sπ

0]γ channel, the flavour of the B312

meson is identified based on the charge of the hadrons from the K∗ decays. For example, a313

K+ indicates a B0 → K∗0[K+π−]γ decay. For these decay modes, separate data samples314

are prepared for B and B candidates. The branching fraction and ACP for these decays315

are calculated from the result of a simultaneous fit to the B and B samples as316

B =
NS/ϵS +NS/ϵS

2×NBB × f+−(f00)
, (5.2)

317

ACP =
NS/ϵS −NS/ϵS
NS/ϵS +NS/ϵS

, (5.3)

where NS (NS) is the fitted signal yield for a given B → K∗γ (B → K∗γ) decay channel, ϵS318

(ϵS) is the corresponding selection efficiency, NBB is the number of BB events, and f+− =319

0.514 ± 0.008 (f00 = 0.486 ± 0.008) is the branching fraction for Υ(4S) → B+B−(B0B0).320

The f+− and f00 values are calculated by combining results from Refs. [39, 40]. The shape321

parameters for signal are common for the B and B samples, whereas the shape parameters322
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for continuum and BB backgrounds are floated separately for the two samples. The ACP323

calculated from Eq. 5.3 includes a small contribution due to interactions of charged hadrons324

with detector material. This instrumental asymmetry, discussed in Section 7, is subtracted325

from the obtained ACP value.326

For the B0 → K∗0[K0
Sπ

0]γ channel, the branching fraction is calculated as:327

B =
NB0→K∗0[K0

Sπ
0]γ/ϵ

2×NBB × f00
, (5.4)

where ϵ is the selection efficiency for B0 → K∗0[K0
Sπ

0]γ. We combine the branching328

fractions and CP asymmetries for all charged and all neutral channels by calculating their329

weighted average, taking into account correlations among the systematic uncertainties [41].330

The isospin asymmetry ∆0+, and the difference in CP asymmetries ∆ACP between331

the neutral and charged B → K∗γ channels, are calculated from the relations332

∆0+ =
(τ+/τ0)× B(B0 → K∗0γ)− B(B+ → K∗+γ)

(τ+/τ0)× B(B0 → K∗0γ) + B(B+ → K∗+γ)
, (5.5)

333

∆ACP = ACP (B
+ → K∗+γ)−ACP (B

0 → K∗0γ), (5.6)

where τ+ and τ0 are the known lifetimes [30] of B+ and B0, respectively.334

6 Results335

The selection efficiencies and the yield of B → K∗γ signal, continuum (Nqq) and BB336

backgrounds (Nbb) obtained from the fits are listed in Table 1. The results for B, ACP , ∆0+,337

and ∆ACP calculated using Eqs. 5.2–5.6 are listed in Table 2. The systematic uncertainties338

quoted are discussed in the next section. The Mbc and ∆E distributions for the final event339

samples are shown in Figs. 1–2, along with projections of the fit result. All results for340

ACP and ∆ACP are consistent with zero, while the isospin asymmetry ∆0+ differs from341

zero by 2.0 standard deviations. As a check, we use the sPlot method [42] to obtain the342

background-subtracted helicity distribution of the Kπ system in the data, and we find it343

to be consistent with the distribution obtained from simulated B → K∗γ decays.344

Table 1. Selection efficiencies and fitted yields of signal, qq, and BB background events for each

decay channel. Except for B0 → K∗0[K0
Sπ

0]γ channel, the efficiencies listed for other channels are

the average selection efficiencies ((ϵS + ϵS)/2). The uncertainties listed for selection efficiencies are

systematic, and for fitted yields are statistical, respectively. The former are discussed in Section 7.

Channel ϵ (%) NS NS Nqq Nbb

B0 → K∗0[K+π−]γ 14.26± 0.21 1068± 36 1153± 38 3818± 118 188± 76

B0 → K∗0[K0
Sπ

0]γ 1.66± 0.09 254± 20 548± 46 86± 40

B+ → K∗+[K+π0]γ 5.62± 0.26 453± 27 435± 26 1991± 107 221± 92

B+ → K∗+[K0
Sπ

+]γ 4.22± 0.10 332± 21 349± 21 1348± 75 105± 53
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Table 2. Measured branching fractions, ACP , ∆0+, and ∆ACP for B → K∗γ. The first uncertain-

ties listed are statistical and the second are systematic. The latter are discussed in Section 7.

Channel B (10−5) ACP (%)

B0 → K∗0[K+π−]γ 4.14± 0.10± 0.11 −3.3± 2.3± 0.4

B0 → K∗0[K0
Sπ

0]γ 4.07± 0.33± 0.23 −
B0 → K∗0γ 4.14± 0.10± 0.10 −3.3± 2.3± 0.4

B+ → K∗+[K+π0]γ 3.97± 0.17± 0.20 +1.7± 4.0± 0.9

B+ → K∗+[K0
Sπ

+]γ 4.06± 0.18± 0.13 −3.5± 4.3± 0.7

B+ → K∗+γ 4.02± 0.13± 0.13 −0.7± 2.9± 0.6

∆0+ (%) ∆ACP (%)

B → K∗γ +5.0± 2.0± 1.0± 1.1 +2.6± 3.8± 0.7
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Figure 1. The ∆E (left) and Mbc (right) distributions for B0 → K∗0γ channels with fit results

superimposed. The top two rows correspond to the K±π∓γ final state, while the bottom row

corresponds to the K0
Sπ

0γ final state. The black dots with error bars show the data, the blue curves

show the total fit, the filled red curves show the signal component, the dashed green curves show

the continuum component, and the dotted magenta curves show the BB background component.
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Figure 2. The ∆E (left) and Mbc (right) distributions of charged B → K∗γ channels with the fit

results superimposed. The top two rows correspond to the K±π0γ final state, while the bottom

two rows correspond to the K0
Sπ

±γ final state. The black dots with error bars show the data, the

blue curves show the total fit, the filled red curves show the signal component, the dashed green

curves show the continuum component, and the dotted magenta curves show the BB background

component.
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7 Systematic Uncertainties345

The various sources of systematic uncertainty are listed in Tables 3 and 4 and discussed346

below. The uncertainties that are identical for B and B decays, such as the number of BB347

events, photon selection, or π0/η veto, do not contribute to the ACP measurement.348

A systematic uncertainty of 1.6% is assigned due to the number of BB events, and an349

additional systematic contribution of 1.6% is assigned due to f00 and f+−. The systematic350

uncertainty due to track reconstruction is obtained from studies of e+e− → τ+τ− events.351

We assign a systematic uncertainty of 0.2% per track, which results in an uncertainty of352

0.5% for the K∗0[K+π−] and K∗0[K0
Sπ

0] channels, 0.2% for K∗+[K+π0], and 0.7% for353

K∗+[K0
Sπ

+]. The difference in efficiency between data and simulation due to PID selection354

criteria is studied with D∗+ → D0[K−π+]π+ decays. These corrections are calculated in355

bins of momentum and cosine of the polar angle of the track. We assign a systematic356

uncertainty of 0.2% (0.4%) for pion (kaon) selection. The uncertainty in the selection for357

the high-energy photon is 0.9%, calculated from a control sample of e+e− → µ+µ−γ events.358

The systematic uncertainty of K0
S reconstruction is estimated with a D+ → K0

Sπ
+

359

control sample. The K0
S and charged pion are reconstructed with identical selection criteria360

as the signal channel. To reconstruct D+ candidates, K0
S and π+ candidates are combined361

and required to have an invariant mass satisfying |MK0
Sπ

+ − mD+ | < 20MeV/c2, where362

mD+ is the known D+ mass [30]. The momentum of the K0
S candidate is restricted to the363

range 0.5GeV/c < p < 3.0GeV/c, to match the signal channel. By comparing the yields of364

K0
S as a function of the flight distance in data and simulation, we estimate the systematic365

uncertainty due to the K0
S selection to be 1.4%.366

The systematic uncertainty for π0 selection is obtained from studies of D0 → K−π+π0367

and D0 → K−π+ decays. A systematic uncertainty of 3.9% is assigned for the π0 selection.368

The dominant contributions are uncertainties in the branching fractions of D0 control369

modes.370

The difference in efficiency between data and simulation for vertex-quality selection cri-371

teria is studied with B0 → D+[→ K0
Sπ

+]π− and B− → D0[→ K−π+]π− control samples.372

These b→ c channels have relatively large branching fractions and low background contami-373

nation. The results from B0 → D+[K0
Sπ

+]π− and B− → D0[K−π+]π− are used for decays374

with and without, respectively, a K0
S in the final state. The selection criteria for these375

B → Dπ decays mirror those for the signal B → K∗γ channels. We select D+ and D0 can-376

didates within an invariant-mass window |MKπ−mD| < 10MeV/c2, wheremD is the known377

D mass [30]. The D meson is then paired with a prompt pion to form a B candidate. As378

for the signal channel, the range of Mbc is restricted to 5.23GeV/c2 < Mbc < 5.29GeV/c2.379

However, since there is no photon in the final state, ∆E is restricted to a narrower range380

−0.10GeV < ∆E < 0.20GeV; this suppresses partially reconstructed B → D∗π decays381

that appear at lower ∆E values. The high-momentum charged pion coming directly from382

the B meson is treated as a high-energy photon, akin to the signal mode, and is excluded383

from the vertex fit. We assess the systematic uncertainty due to vertex selection criteria384

by comparing their efficiencies for data with those for simulated events. The corresponding385

systematics are 1.0% for channels containing a K0
S and 0.2% for non-K0

S channels.386

– 10 –



We apply a similar method to evaluate the systematic uncertainties due to the π0/η387

veto and the CSBDT selection. For these studies, we use the high-statistics B− →388

D0[K−π+]π− control sample. The high-momentum charged pion coming directly from389

the B− is treated as a high-energy photon, akin to the signal mode, and is paired with390

a low-energy photon from the same event to create a π0(η). We apply the trained π0/η391

veto to this sample and calculate the efficiency; the difference between the efficiency for392

data and that for simulated events is taken as the systematic uncertainty due to the veto.393

This value is 0.7% for the π0 veto and 0.2% for the η veto. The systematic uncertainty394

for each of the four CSBDTs trained on different K∗γ channels is determined by applying395

the CSBDT to the B− → D0[K−π+]π− control sample and evaluating the difference be-396

tween data and simulation for the CSBDT efficiency. We assign a systematic uncertainty397

of 0.3–0.4% for the application of CSBDT, depending on the channel.398

The systematic uncertainties due to possible fit bias are studied with an ensemble of399

datasets bootstrapped from simulated events. The systematic uncertainty is taken as the400

difference between the input and mean fitted values. These differences depend on the decay401

mode and range from 0.1% to 0.3%. The uncertainty due to the size of simulated samples is402

0.2–0.8%, depending on the channel. To calculate the uncertainty due to PDF modelling,403

the PDF shape parameters that are fixed in the fit are varied by their uncertainties. As their404

correlation is below 5%, these parameters are varied independently. We refit the data many405

times, where for each fit the fixed parameters are sampled from Gaussian distributions and406

the fit result recorded. The width of the distribution of fit results is taken as the systematic407

uncertainty due to PDF shapes. This value is 0.1–0.4%. The uncertainty due to modelling408

of the BB component is estimated by generating new PDFs using datasets bootstrapped409

from simulated events. This method introduces Poisson fluctuations on the PDF shape.410

The data are refitted with these new BB PDFs. The width of the distribution of fit results411

is taken as the systematic uncertainty due to BB PDF modelling. The systematics due to412

the self-crossfeed fraction is assigned by varying it by ±50% and refitting the data. The413

systematics for the best candidate selection procedure is evaluated by refitting the data414

many times, where for each fit a signal candidate is selected randomly. The width of the415

distribution of fit results is taken as the systematic uncertainty. This value is 0.1–1.0%.416

The interaction of charged hadrons with detector material can lead to asymmetries417

in the track reconstruction efficiency. The uncertainty due to a possible asymmetry in418

the reconstruction of K+ and π+ tracks due to mismodelling of interactions in the MC419

simulation are obtained from studies of D0 → K−π+ and D+ → K0
Sπ

+ control samples.420

We measure the yields of these decays for a charge-specific final state (N) and its CP421

conjugate (N) to calculate the asymmetry A = (N −N)/(N +N). The asymmetry A can422

have three contributions: the ACP of the control channel, a forward-backward asymmetry423

in the production of D and D mesons due to γ∗–Z0 interference in e+e− → cc processes424

and higher-order QED effects [43–45], and the instrumental asymmetry. The forward-425

backward asymmetry is an antisymmetric function of the cosine of the D meson polar angle426

in the c.m. frame (cos θ∗D). We remove this effect by averaging A in opposite-sign bins of427

cos θ∗D. To obtain the instrumental asymmetry, we take the ACP for the Cabibbo-favoured428

D0 → K−π+ mode to be zero, and we subtract the world-average ACP of the D+ → K0
Sπ

+
429
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mode [30] from the measured asymmetry A. The resulting values are consistent with the430

MC predictions within statistical uncertainties. The difference between the measured and431

MC-predicted instrumental asymmetries is combined in quadrature with the statistical432

uncertainties on these asymmetries to obtain the systematic uncertainty.433

The systematic uncertainty for the isospin asymmetry also includes a contribution from434

uncertainties in the B lifetimes, which is around 0.2% [30]. The total systematic uncer-435

tainty is obtained by summing the individual uncertainties in quadrature. The correlation436

between systematic uncertainties for different branching fractions are listed in Table 5; the437

corresponding correlations for ACP are negligible.438

Table 3. Systematic uncertainties (%) for the branching fractions.

Source K∗0[K+π−]γ K∗0[K0
Sπ

0]γ K∗+[K+π0]γ K∗+[K0
Sπ

+]γ

Number of BB events 1.6 1.6 1.6 1.6

f+−/f00 1.6 1.6 1.6 1.6

Tracking efficiency 0.5 0.5 0.2 0.7

π+ selection 0.2 − − 0.2

K+ selection 0.4 − 0.4 −
γ selection 0.9 0.9 0.9 0.9

K0
S reconstruction − 1.4 − 1.4

π0 reconstruction − 3.9 3.9 −
χ2 requirement 0.2 1.0 0.2 1.0

π0 veto 0.7 0.7 0.7 0.7

η veto 0.2 0.2 0.2 0.2

CSBDT requirement 0.3 0.4 0.4 0.3

Best candidate selection 0.1 1.0 0.5 0.2

Fit bias 0.1 0.3 0.2 0.2

Signal PDF model 0.2 0.4 0.3 0.2

BB PDF model 0.2 0.4 0.4 0.3

Simulation sample size 0.2 0.8 0.4 0.5

Self-crossfeed fraction 0.2 2.2 1.8 0.5

Total 2.7 5.7 5.1 3.3

8 Summary439

We report measurements of the branching fractions and CP asymmetries for B → K∗γ

decays. The results are

B(B0 → K∗0γ) = (4.14± 0.10± 0.11)× 10−5,

B(B+ → K∗+γ) = (4.02± 0.13± 0.13)× 10−5,

B(B → K∗γ) = (4.10± 0.08± 0.10)× 10−5,

ACP (B
0 → K∗0γ) = (−3.3± 2.3± 0.4)%,
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Table 4. Systematic uncertainties (%) for ACP .

Source K∗0[K+π−]γ K∗+[K+π0]γ K∗+[K0
Sπ

+]γ

Fit bias 0.1 0.1 0.1

Signal PDF model 0.1 0.1 0.1

BB PDF model 0.1 0.4 0.2

Best candidate selection 0.1 0.5 0.2

K+ asymmetry − 0.6 −
π+ asymmetry − − 0.6

K+π− asymmetry 0.3 − −
Total 0.4 0.9 0.7

Table 5. Correlations between systematic uncertainties for different branching fractions.

B0 → K+π−γ B0 → K0
Sπ

0γ B+ → K+π0γ B+ → K0
Sπ

+γ

B0 → K+π−γ 1.0000 0.4374 0.2992 0.4778

B0 → K0
Sπ

0γ 1.0000 0.6648 0.3844

B+ → K+π0γ 1.0000 0.3893

B+ → K0
Sπ

+γ 1.0000

ACP (B
+ → K∗+γ) = (−0.7± 2.9± 0.6)%,

ACP (B → K∗γ) = (−2.4± 1.9± 0.3)%.

In all cases, the first uncertainties are statistical and the second are systematic. The

combined results for B(B → K∗γ) and ACP (B → K∗γ) assume isospin symmetry and

are obtained by taking the weighted average of the B0 and B+ results, accounting for

correlations as appropriate. We also measure the difference in CP asymmetries between

B0 and B+ and the isospin asymmetry to be

∆ACP = (+2.6± 3.8± 0.7)%,

∆0+ = (+5.0± 2.0± 1.0± 1.2)%.

The last uncertainty listed for the isospin asymmetry is due to the ratio f+−/f00. These440

results have comparable precision as previous measurements [12–14] and are consistent with441

SM expectations [4]. Our result for ∆0+ confirms the positive value previously reported442

by Belle and BABAR.443
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