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We present measurements of Bþ → ρþγ and B0 → ρ0γ decays using a combined data sample of 772 ×
106 BB̄ pairs collected by the Belle experiment and 387 × 106 BB̄ pairs collected by the Belle II
experiment in eþe− collisions at the ϒð4SÞ resonance. After an optimized selection, a simultaneous fit to
the Belle and Belle II datasets yields 114� 12 Bþ → ρþγ and 99� 12 B0 → ρ0γ decays. The measured
branching fractions are ð13.1þ2.0þ1.3

−1.9−1.2 Þ × 10−7 and ð7.6� 1.3þ1.0
−0.8Þ × 10−7 for Bþ → ρþγ and B0 → ρ0γ

decays, respectively, where the first uncertainty is statistical and the second is systematic. We also
measure the isospin asymmetry AIðB → ργÞ ¼ ð10.9þ11.2þ7.8

−11.7−7.3 Þ% and the direct CP asymmetry

ACPðBþ → ρþγÞ ¼ ð−8.2� 15.2þ2.0
−1.3 Þ%.

DOI: 10.1103/PhysRevD.111.L071103

Introduction. Flavor-changing neutral-current (FCNC)
processes are sensitive probes of physics beyond the
standard model (SM) [1–6]. These decays are forbidden
at the tree level and must proceed via an internal loop (or
“penguin”) amplitude, making them particularly sensitive
to beyond-the-SM contributions. Among FCNC decays,
radiative decays such as B → K�γ and B → ργ are espe-
cially attractive, as these two-body decays with a high-
momentum photon are straightforward to reconstruct at an
eþe− experiment.
The B → ργ decay proceeds via a b → d loop amplitude

and has a measured branching fraction one order of
magnitude smaller than that for B → K�γ, which proceeds
via a b → s loop amplitude. This difference is attributed to
both loops being dominated by the heavy top quark; thus,
the b → s amplitude is proportional to the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element Vts, while
the b → d amplitude is proportional to the five-times-
smaller CKM element Vtd. Measuring these decays pro-
vides information about the magnitudes jVtsj and jVtdj. In
addition, beyond-the-SM contributions can contribute to
the decay amplitudes. Such contributions could be easier to
identify in B → ργ decays due to the smaller SM rate. The
decay B → ργ was first observed by the Belle
experiment [7] in 2006 and later confirmed by the
BABAR experiment [8]. Both experiments subsequently
made more precise measurements of the branching frac-
tions with larger datasets: 657 × 106 BB̄ pairs for Belle [9]
and 465 × 106 BB̄ pairs for BABAR [10].
In addition to the branching fraction, another observable

of interest is the CP asymmetry

ACPðB → ργÞ ¼ ΓðB̄ → ρ̄γÞ − ΓðB → ργÞ
ΓðB̄ → ρ̄γÞ þ ΓðB → ργÞ : ð1Þ

Within the context of QCD factorization, ACP is predicted
to be significant: about −12% [5]. Thus, measuring ACP
provides a test of factorization. Also, beyond-the-SM
amplitudes can shift the value of ACP, and measuring
ACP could indicate the presence of such contributions.
A third observable for B → ργ is the CP-averaged

isospin asymmetry hAIi ¼ ðAb
I þ Ab̄

I Þ=2, with

Ab
I ¼

c2ρΓðB̄0 → ρ0γÞ − ΓðB− → ρ−γÞ
c2ρΓðB̄0 → ρ0γÞ þ ΓðB− → ρ−γÞ ð2Þ

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

The factor cρ ¼
ffiffiffi
2

p
results from the quark content of the ρ0

meson (i.e., a Clebsch-Gordan coefficient). The asymmetry
hAIi is predicted to be close to that of B → K�γ and to equal
ð5.2� 2.8Þ%, where a large source of uncertainty is the
renormalization scale used to calculate Wilson coefficients
[11]. As for ACP, beyond-the-SM contributions can affect
hAIi [2–5]. Only the isospin asymmetry with CP-averaged
decay rates, AI, has been measured to date:

AI ¼
c2ρΓðB0

ð−Þ
→ ρ0γÞ − ΓðB� → ρ�γÞ

c2ρΓðB0
ð−Þ

→ ρ0γÞ þ ΓðB� → ρ�γÞ
; ð3Þ

where B0 and B̄0 are summed and Bþ and B− are summed
in both the numerator and the denominator. The observable
AI equals hAIi if the CP asymmetry is the same for Bþ →
ρþγ and B0 → ρ0γ decays. The current world average of
isospin asymmetry measurements, Aexp

I ðργÞ ¼ ð30þ16
−13Þ%

[12], is about two standard deviations above the SM
expectation.
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Here we report measurements of B → ργ decays per-
formed using both Belle and Belle II datasets. The
signal decay modes are Bþ → ρþð→π0πþÞγ and B0 →
ρ0ð→πþπ−Þγ [13]. We use the full Belle dataset corre-
sponding to 711 fb−1 recorded at the ϒð4SÞ resonance
energy (on-resonance) and containing ð772� 11Þ ×
106 BB̄ pairs. In addition, we use a 362 fb−1 Belle II
dataset collected from 2019–2022 containing ð387� 6Þ ×
106 BB̄ pairs. We use off-resonance datasets collected at an
energy 60 MeV below the ϒð4SÞ resonance to study
continuum background processes eþe− → qq̄, where
q ¼ u, d, s, c. The off-resonance data samples correspond
to 89.5 fb−1 and 42.3 fb−1 for Belle and Belle II,
respectively.
This paper is organized as follows. Section II introduces

the Belle and Belle II detectors followed by a description of
the data and simulated samples. The event selection and
reconstruction of the decays are described in Sec. III. The
methods to suppress background are presented in Sec. IV.
Section V explains the fitting procedure to extract signal
yields. The systematic uncertainties are discussed in
Sec. VI. The results are presented in Sec. VII.

Detectors and datasets. The Belle detector [14,15] was a
large-solid-angle spectrometer that operated at the
KEKB asymmetric-energy eþe− (3.5 GeV on 8.0 GeV)
collider [16,17] from 1999 to 2010. The detector consisted
of a silicon vertex detector and a central drift chamber
(CDC) for reconstructing trajectories of charged particles
(tracks), an array of aerogel Cherenkov counters (ACC) and
time-of-flight scintillation counters (TOF) for identifying
charged particles, and an electromagnetic CsI(Tl) crystal
calorimeter (ECL) for identifying photons and electrons.
These detectors were surrounded by a superconducting
solenoid coil providing a magnetic field of 1.5 T. An iron
flux return yoke located outside the coil was instrumented
with resistive-plate chambers to detect K0

L mesons and
identify muons.
The Belle II detector [18] is an upgrade of the Belle

detector and operates at the SuperKEKB eþe− collider. The
energies of the electron and positron beams are 7.0 GeVand
4.0 GeV, respectively. The vertex detector consists of pixel
sensors and double-sided silicon strips. The Belle II CDC is
surrounded by two types of Cherenkov light detector
systems used for particle identification: a time-of-propa-
gation detector (TOP) for the barrel region (32.2° to
128.7°), and an aerogel ring-imaging Cherenkov detector
(ARICH) for the forward endcap region (12.4° to 31.4°).
The Belle ECL is re-used in Belle II along with the solenoid
and the iron flux return yoke. For both Belle and Belle II,
the z axis is defined as the central axis of the solenoid, with
the positive direction being very close to the direction of the
electron beam.
Monte Carlo simulated samples are used to optimize

selection criteria, study sources of backgrounds, calculate

reconstruction efficiencies, and determine probability den-
sity functions (PDFs) used for fitting the data. We use
EVTGEN [19] to generate eþe− → BB̄ pairs. In addition, we
use PYTHIA8.2 [20] for the Belle II sample. We simulate
continuum background events using PYTHIA6.4 [21] for the
analysis of Belle data, and KKMC [22] for hard scattering
followed by PYTHIA8.2 [20] for hadronization in Belle II.
We simulate the effects of final state radiation using
PHOTOS [23] for both Belle and Belle II. The detector
response is based on GEANT3 [24] and GEANT4 [25] for
Belle and Belle II data, respectively. We use simulated
samples of 2 × 106 signal events and more than 1 ab−1 of
background events for our studies. The data and simulation
are processed using the Belle II analysis software
framework [26–28].

Event selection. The triggers of Belle and Belle II use either
the number of tracks, or ECL energy depositions (clusters),
or the total energy of all clusters. The trigger efficiency for
signal events is almost 100%.
In the offline analysis, most of the selection criteria used

for Belle and Belle II are similar; however, certain criteria
are adjusted to account for the improved performance of the
upgraded detector. A high energy primary photon (γprim)
candidate is reconstructed from an ECL cluster not asso-
ciated with any track. Only ECL clusters that have a polar
angle θ in the barrel region are considered. The energy of
the primary photon candidate in the eþe− center-of-mass
(c.m.) frame, denoted E�

γ , is required to be in the range
(1.8,2.8) GeV. All quantities with asterisks are calculated in
the eþe− c.m. frame. For Belle, we require E9=E25 > 0.95
to select a cluster shape consistent with an electromagnetic
shower, where E9=E25 is defined as the ratio of energy
deposits within a 3 × 3 array of CsI(Tl) crystals and within
a 5 × 5 array, both centered on the crystal with the highest
energy. For Belle II, we require E9=E21 > 0.95, where E21

is defined similarly to E25 but with energy deposits at the
four corners of the 5 × 5 array removed. We also define for
Belle II a cluster second moment S≡ ΣiwiEir2i =ΣiwiEi,
where Ei is the energy deposited in the ith crystal, and ri is
the distance in the plane perpendicular to the shower axis
from the center of the cluster to the center of the ith
crystal [29]. The energies are weighted by factors wi
ranging from 0.0–1.0 that account for a crystal energy
being shared among overlapping clusters. The sum is taken
over all crystals in a cluster. To reject clusters resulting from
hadron showers, we require that there be at least eight
crystals in a cluster. To better identify the primary photon
cluster, we require S < 1.5 cm2.
Track candidates are required to satisfy dr < 0.5 cm and

jdzj < 2 cm,wheredr anddz are transverse and longitudinal
impact parameters, respectively, with respect to the eþe−
interaction point. We select πþ candidates from tracks by
requiringRπ=K ¼ Lπ=ðLπ þ LKÞ > 0.6, where LπðKÞ is the
likelihood for a pion (kaon) hypothesis. These likelihoods are
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based on information from the CDC, ACC, and TOF
detectors in Belle, and from the CDC, TOP, and ARICH
detectors in Belle II.
Neutral π0 mesons are reconstructed via π0 → γγ decays.

In Belle data, π0 mesons are reconstructed using two
photons, each with energy greater than 50 MeV. We
require the invariant mass of the two photons to satisfy
119 MeV=c2 < MðγγÞ < 151 MeV=c2. In Belle II data, the
energy thresholds of the daughter photons depend on the
region in theECL.For the barrel region, thedaughter photons
are required to have energies greater than 30 MeV, while for
the forward and backward end cap regions we use thresholds
of 80 MeV and 60 MeV, respectively. In addition, the
daughter photons must satisfy the condition Σwi > 1.5.
The invariant mass of the two photons in Belle II is required
to be in the range 120 MeV=c2 < MðγγÞ < 145 MeV=c2.
We reconstruct ρ0 → πþπ− and ρþ → πþπ0 candidates

by requiring that the invariant mass of the pion pair be in
the range ½0.64; 0.90� GeV=c2 for Belle data, and the range
½0.65; 0.90� GeV=c2 for Belle II data. The slight difference
in the lower edge of these ranges is due to a slight shift in
the Mðπþπ0Þ spectrum for Belle II. A B candidate is
subsequently reconstructed by combining a ρ candidate
with a γprim candidate.
To remove low multiplicity and qq̄ events, we require that

there be at least two tracks in the event and that the ratio of the
second to zeroth Fox-Wolframmoments [30] be less than 0.7.
Tofit for thesignalyield,wedefine twoobservables: thebeam-
energy-constrainedmassMbc≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE�

beam=c
2Þ2−jp�B=cj2

p
, and

the energy difference ΔE≡ E�
B − E�

beam, where Ebeam is the
beam energy and EB and pB are the reconstructed energy
and momentum, respectively, of the signal B candidate. For
the B0 → ρ0γ mode, we improve the resolution in Mbc by
substituting, for the magnitude of the photon momentum,
the difference between the beam energy and the energy of
the ρ0 candidate: p⃗�B0 → p⃗�

ρ0
þ ðp⃗�γ=jp⃗�γ jÞðE�

beam − E�
ρ0
Þ=c,

where E�
ρ0

and p⃗�
ρ0

are the energy and momentum, respec-

tively, of the ρ0 candidate, and p⃗�γ is the momentum of the
γprim candidate. According to MC simulation, this modi-
fication reduces the width of the Mbc distribution by 18%.
We retain signal candidates that satisfyMbc > 5.2 GeV=c2

and jΔEj < 0.3 GeV. In addition, we define a variable
MðKπÞ, which is the invariant mass of the ρ candidate
calculated assuming that one of the charged pions is a kaon.
For ρ0 → πþπ− candidates, the substitution of the kaon
mass for the pion mass is applied to the pion with the
lower value of Rπ=K . This allows us to distinguish
B → ργ from B → K�γ, which peaks in the K�ð892Þ0
mass region. We retain events in the wide range
MðKπÞ∈ ð0.80; 1.50Þ GeV=c2 and use MðKπÞ in the
signal extraction procedure to better discriminate B →
K�γ decays from the signal. To reduce combinatorial
background arising from other BB̄ events, the B meson

candidate must also satisfy j cos θhj < 0.8, where θh is the
angle in the B rest frame between the momentum of γprim
and the negative of the boost direction of the laboratory
frame. For correctly reconstructed signal decays, the
j cos θhj distribution is uniform, while for combinatorial
background, the distribution tends to peak at j cos θhj ≈ 1.
After applying the selection criteria listed above, 12.3%
(3.0%) of events have multiple Bþ → ρþγ (B0 → ρ0γ)
candidates. For such multiple candidate events, the average
multiplicity is 2.3 for both Bþ and B0 decays. To minimize
potential bias, we select one candidate randomly.
To assess the quality of the simulation, we compare

its predictions with data using two control samples,
B → D̄πþ and B → K�γ decays. These control sample
studies are described in the following sections. We
reconstruct both D̄0 → Kþπ− and D− → Kþπ−π−
decays, requiring that the invariant masses be in the
ranges 1.85 GeV=c2 < MðKþπ−Þ < 1.88 GeV=c2 and
1.86 GeV=c2 < MðKþπ−π−Þ < 1.88 GeV=c2. The K�

mesons are reconstructed via K�þ → Kþπ0 and K�0 →
Kþπ− decays, where the charged kaon is required to have
RK=π > 0.6 and the π0 and π− must satisfy the same criteria
as applied to signal B → ρ0γ decays. The invariant mass of
the Kπ meson pair must satisfy 0.817 GeV=c2 <
MðKþπ−ð0ÞÞ < 0.967 GeV=c2.

Background suppression. After applying the above selec-
tion criteria, the main remaining source of background is
qq̄ events, where the candidate γprim results from an
asymmetric π0 → γγ or η → γγ decay. In this case, one
of the photons has much higher energy than the other. To
reduce this background, we use two boosted decision trees:
a dedicated π0ðηÞ veto and one for qq̄ suppression.

π0ðηÞ veto: For the π0 and η veto, we pair γprim with other
photons in the event to reconstruct π0 → γγ and η → γγ
decays. If such a candidate is identified, the γprim candidate
is removed. The energy of the photon with which γprim is
paired (γsoft) must exceed a polar-angle-dependent thresh-
old. For Belle II data, we require that the sum of crystal
weights wi for the γsoft cluster be at least two, and that this
cluster be reconstructed in time with the event trigger. The
probability of a correctly reconstructed π0ðηÞ is calculated
using a boosted decision tree (BDTv) trained using simu-
lated events. The BDTv uses up to eight input variables:
(1) the invariant mass of the two photons MðγprimγsoftÞ;
(2) the γsoft energy; (3) the γsoft polar angle; (4) Σwi for the
γsoft cluster; (5) the γsoft E9=E25ð21Þ; (6) the cosine of the
angle in the π0ðηÞ rest frame between the momentum of
γprim and the negative of the boost direction of the
laboratory frame; (7) the distance between the ECL cluster
of γsoft and the nearest track extrapolated to the ECL; and
(8) the output of a multivariate classifier based on Zernike
moments of the γsoft shower [31]. These moments are
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defined in the plane perpendicular to the shower direction.
Requirements (7) and (8) are not applied to Belle data,
while for Belle II data, variables (4), (5), and (8) are used
only for the η veto.
The BDTv value is calculated for all γsoft candidates.

Among all γprimγsoft pairs, the one with the highest BDTv

value is selected. The background in which the γprim
originates from π0ðηÞ → γγ decays tends to peak at one.
Selection criteria on the BDTv output are optimized to
maximize the signal significance, ns=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ns þ nb

p
, where

nsðbÞ is the number of simulated signal (background) events
after the BDTv selection in a signal-enriched region defined
as Mbc > 5.27 GeV=c2, −0.20 GeV < ΔE < 0.10 GeV,
and MðKπÞ > 0.92 GeV=c2. The optimized selection for
BDTv rejects about 75% (82%) of qq̄ background for Belle
(Belle II) data, while retaining about 83% (89%) of signal
decays.
The signal efficiency is calibrated using a B → D̄πþ

control sample. The πþ momentum is scaled by a factor
1.087 to match the momentum of γprim, and the mass
MðπγsoftÞ is used in place of MðγprimγsoftÞ. Figure 1 shows
the BDTv distributions for data and MC-simulated events
for the control sample. There is good agreement between
the data and MC distributions for Belle data, but small
differences are observed for Belle II data. Due to isolation

criteria applied to the γprim candidate, the distribution of
MðπγsoftÞ differs from that of MðγprimγsoftÞ; to correct for
this, the B → D̄πþ events are weighted such that these
distributions match. After this weighting, the BDTv dis-
tributions show improved agreement with MC-simulated
B → ργ events. The small difference in signal efficiency
before and after this weighting is taken as a systematic
uncertainty.

qq̄ suppression: To reduce the remaining contamination
from continuum background, we introduce another boosted
decision tree classifier (BDTqq̄) that relies on differences in
event shapes between BB̄ and continuum qq̄ events. The
variables used in BDTqq̄ are as follows: the cosine of the
angle between the thrust axis of the signal B candidate and
the thrust axis of the rest of the event cos θTBTO

[32];
modified Fox-Wolfram moments [30,33]; the outputs of the
B flavor-tagging algorithms of Belle [34] and Belle II [35];
the difference between the z coordinates of the signal and
the companion B decay vertices (Δz); the distance-of-
closest-approach between the signal πþ track and the
companion B decay vertex; the sphericity of non-signal
particles in the event [36]; and the cosine of the polar angle
of the signal B. The cos θTBTO

variable is the most
discriminating. The flavor-tagging algorithms output two
quantities: the flavor tag q (¼�1), and a quality factor r that
ranges from zero for no flavor discrimination to one for
unambiguous flavor assignment. The BDTqq̄ training uses
simulated B → ργ and continuum events. The training is
performed separately for Bþ → ρþγ and B0 → ρ0γ decays,
and for Belle and Belle II data. The requirements on the
BDTqq̄ output are chosen to maximize the signal signifi-
cance, separately for three ranges of the flavor-tagging
quality r: (0,0.4), (0.4,0.825), and (0.825,1). All require-
ments are greater than 0.95. The signal efficiency is
estimated from simulation and corrected for possible
differences between data and simulation using the ratio
of efficiencies between data and simulation for the B →
K�γ control samples. These correction factors range from
0.96 to 1.10. The signal efficiencies in Belle data for the
BDTqq̄ requirement are 30% and 40% for Bþ and B0

decays, respectively. For Belle II data, the corresponding
efficiencies are 45% and 52%. The higher signal efficien-
cies for Belle II are mainly due to improved resolution on
Δz and the distance-of-closest-approach between the π�
track and the companion B decay vertex. This improved
resolution results from the additional pixel layers of the
Belle II vertex detector.

Signal extraction. To measure the B → ργ branching
fractions and asymmetries AI and ACP, we perform an
extended unbinned maximum likelihood fit to the observ-
ables Mbc, ΔE, and MðKπÞ. We simultaneously fit six
independent datasets: Bþ, B−, and ðB0 þ B̄0Þ candidates

FIG. 1. Distributions of BDTv for data (red circles) and
simulation (stacked histogram) for Belle (top) and Belle II
(bottom).
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combined, for Belle and Belle II data. In the fit, we model
four components: signal, B → K�γ, BB̄ background, and
qq̄ background. The probability density functions (PDFs)
used for these components are as follows.
For MC-simulated signal decays, Mbc, ΔE, and MðKπÞ

are found to be essentially uncorrelated, and the PDF is
taken to be the product of separate functions for each. We
model both the Mbc and ΔE distributions with Crystal Ball
functions [37], and the MðKπÞ distribution with a
Novosibirsk function [38] convolved with a Gaussian.
For B → K�γ background, Mbc, ΔE, and MðKπÞ are
correlated, and we use a three-dimensional histogram
PDF. For BB̄ background, we again use the product of
three one-dimensional functions: the sum of a Crystal Ball
function and ARGUS function [39] forMbc, an exponential
function for ΔE, and a histogram PDF for MðKπÞ. Finally,
for qq̄ background, we use the product of an ARGUS
function for Mbc, a quadratic Chebychev polynomial for
ΔE, and a Novosibirsk function convolved with a Gaussian
for MðKπÞ.
The shape parameters of the ΔE distribution for qq̄

background are floated in the fit, while all other PDF shape
parameters are fixed to values obtained from MC simu-
lation. To account for possible differences between data and
simulation, the Mbc and ΔE distributions for signal decays
are corrected according to small differences observed
between data and simulation for the B → K�γ control
samples. Similarly, the parameters for the Mbc and
MðKπÞ distributions of qq̄ background are corrected
according to small differences observed between data
and simulation in the sideband region BDTqq̄ ∈ ½0.6; 0.9�.
In addition to these fixed shapes, we also fix the yields of
the B → K�γ and BB̄ backgrounds to expectations based on
MC simulation.
With the above PDFs, we perform two fits. We first fit

directly for parameters D, AI, and ACP, defined as

D ¼ c2ρ
τB�

τB0

BðB0
ð−Þ

→ ρ0γÞ þ BðB� → ρ�γÞ; ð4Þ

AI ¼
c2ρ

τB�
τB0

BðB0
ð−Þ

→ ρ0γÞ − BðB� → ρ�γÞ
D

; ð5Þ

and

ACP ¼ NB− − NBþ

NB− þ NBþ
; ð6Þ

where τB�=τB0 ¼ 1.076� 0.004 [12] is the ratio of B� to
B0 lifetimes.
The relationship between the number of signal events (Ni)

and the branching fractions in Eq. (5) and (6) is given by

BðB�ð0Þ → ρ�ð0ÞγÞ ¼ NB−ðB̄0Þ þ NBþðB0Þ
2NBB̄fþ−ð00Þϵ�ð0Þ : ð7Þ

Here, NBB̄ is the number of BB̄ pairs and equals ð771.6�
10.6Þ × 106 for Belle and ð378.5� 5.8Þ × 106 for Belle II;
fþ−=f00 ¼ 1.065� 0.052 [40,41] is the production ratio of
BþB− to B0B̄0 pairs at an eþe− center-of-mass energy
corresponding to the ϒð4SÞ resonance; and ϵ� and ϵ0 are
reconstruction efficiencies for B� → ρ�γ and B0 → ρ0γ,
respectively. The efficiencies of Bþ → ρþγ and B− → ρ−γ
decays are consistent with each other and taken to be
identical. The signal efficiencies ϵ� and ϵ0 for the Belle
(Belle II) sample are 5.5% and 10.3% (11.0% and 14.9%),
respectively. The higher efficiency for Belle II is due mainly
to the improved performance of the BDTv and BDTqq̄

algorithms.After this first fit, we performa second fit directly
for BðBþ → ρþγÞ and BðB− → ρ−γÞ to obtain their uncer-
tainties (rather than unfolding them from the first fit results,
accounting for correlations). The distributions of Mbc, ΔE,
andMðKπÞ are shown in Figs. 2–4 along with projections of
the fit result.
Using Eqs. (4)–(7), we extract the signal yields; these are

listed in Table I along with the corresponding
reconstruction efficiencies and the fitted yields of qq̄
background. The overall signal yields in the full fitted
region are 114� 12 B� → ρ�γ decays and 99� 12 B0 →
ρ0γ decays. As a cross-check, we fit for the branching
fractions using only Belle data; our results are in agreement
with the previous Belle measurement [9].

Systematic uncertainties. The various sources of systematic
uncertainty are listed in Table II and estimated as follows.
The systematic uncertainty arising from particle

reconstruction consists of several parts. The uncertainty
related to photon detection is measured in Belle using
eþe− → eþe−γ (radiative Bhabha) events and in Belle II
using eþe− → μþμ−γ events; the resulting uncertainties are
2% and 1%, respectively. The uncertainty due to πþ
identification is measured in Belle (0.7%) and Belle II
(0.3%) using a sample of D�þ → D0ð→K−πþÞπþ decays.
The uncertainty due to track reconstruction is evaluated in
Belle (0.3%) using D�þ → D0ð→KSπ

þπ−Þπþ decays, and
in Belle II (0.3%) using eþe− → τþτ− events. The uncer-
tainty due to π0 reconstruction is estimated by comparing
the ratio of efficiencies for two decay channels with
different numbers of π0 ’s, for both data and simulation.
For Belle, the ratio is the efficiency for η → π0π0π0 to that
for η → πþπ−π0 or η → γγ; the resulting uncertainty is 3%.
For Belle II the ratio is the efficiency for D0 → K−πþπ0 to
that for D0 → K−πþ, and the resulting uncertainty is 5%.
Systematic uncertainties due to selection criteria are

evaluated as follows. The uncertainty due to differences
between data and simulation for the BDT requirements is
evaluated by varying the calibration factors obtained from
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the B → D̄π and B → K�γ control samples by one standard
deviation. The resulting uncertainties arising from the π0

veto are 0.8% (0.7%) for the Bþ → ρþγ (B0 → ρ0γ)
branching fraction, and 0.7% for the isospin asymmetry.
The uncertainties arising from qq̄ suppression along with
the η veto are 6.8% (4.2%) for the Bþ (B0) branching
fraction, and 3.9% for AI. The uncertainty due to possible
mis-modeling of the B → D̄πþ control sample in Belle (see
Sec. IVA) is 0.9% (1.5%) for the Bþ (B0) branching

fraction, and 0.3% for AI. The uncertainties on ACP
are Oð0.1%Þ.
The uncertainty related to each fixed parameter in the fit is

estimated by varying each parameter by its uncertainty and
repeating the fit. The difference between the fit result and our
nominal result is taken as the systematic uncertainty.
The uncertainty arising from the shape of the signal PDF

is evaluated by varying the calibration factors obtained
from the fit to the B → K�γ control sample by their

FIG. 2. Distributions of Mbc, ΔE and MðKπÞ for Bþ → ρþγ candidates reconstructed in the signal-enriched region of the other two
variables. The signal-enriched region is defined asMbc > 5.27 GeV=c2, jΔEj < 0.1 GeV andMðKπÞ > 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 BB̄ background
other than K�γ. The discrete nature of the solid red curves, which represent the signalþ background fit, is due to the use of histogram
PDFs for some of the backgrounds, as described in the text.
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uncertainties and repeating the fit. The difference between
the result and our nominal result is taken as the systematic
uncertainty.
To assess the systematic uncertainty due to data-MC

differences for B → K�γ decays, we use the following
procedure. We compare the means and widths of the Mbc,
ΔE, andMðKþπ−ð0ÞÞ distributions between data andMC for
the B → K�γ control sample. The shifts in means observed
are negligible, but the widths have small differences. While
the ratio of data-to-MCwidths are almost all consistent with
unity, the uncertainties on these ratios allow for differences.
To estimate the effect such differenceswould have,we smear

the simulated B → K�γ events such that theirMbc, ΔE, and
MðKπÞ distributions are broadened by the amount of the
uncertainty on the data-MC ratios. We then recalculate the
three-dimensional histogram PDF using these broadened
distributions and refit the data for B → ργ. The resulting
shifts in the fit results from the nominal values are assigned
as systematic uncertainties.
For the Belle II B0 → K�0γ control sample, the

MðKþπ−Þ distribution is narrower for data than for MC,
and the difference is statistically significant. Thus, for
Belle II data we correct the MC B0 → K�0γ events such that
theirMðKπÞ distribution is narrowed to match the data, and

FIG. 3. Distributions of Mbc, ΔE and MðKπÞ for B− → ρ−γ candidates reconstructed in the signal-enriched region of the other two
variables. The signal-enriched region is defined asMbc > 5.27 GeV=c2, jΔEj < 0.1 GeV andMðKπÞ > 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 BB̄ background
other than K�γ. The discrete nature of the solid red curves, which represent the signalþ background fit, is due to the use of histogram
PDFs for some of the backgrounds, as described in the text.
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then re-calculate the three-dimensional histogram PDF.
This PDF is used to refit the B0 → ρ0γ sample, and the
shift in the fit results is assigned as a systematic uncertainty.
The systematic uncertainties due to BB̄ background that

peaks in the signal-enriched region (“peaking back-
ground”) are estimated by varying this background as
follows. The K�γ background yield is estimated as
NK�γ ¼ 2 · NBB̄ · BðB → K�γÞ · FK=π · ϵK�γ, where FK=π

is the probability for a charged kaon to be misidentified
as a pion, and ϵK�γ is the efficiency to select K�γ back-
ground. The misidentification probability FK=π is obtained
from a study of D�þ → D0ð→K−πþÞπþ decays; the

FIG. 4. Distributions of Mbc, ΔE and MðKπÞ for B0 → ρ0γ candidates reconstructed in the signal-enriched region of the other two
variables. The signal-enriched region is defined asMbc > 5.27 GeV=c2, jΔEj < 0.1 GeV andMðKπÞ > 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 BB̄ background
other than K�γ. The discrete nature of the solid red curves, which represent the signalþ background fit, is due to the use of histogram
PDFs for some of the backgrounds, as described in the text.

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

Mode ϵ (%) Nργ Nqq̄

Belle Bþ → ρþγ 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 Bþ → ρþγ 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
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fractional uncertainty is 6.1% forBelle and 9.7% forBelle II.
To estimate the systematic uncertainty arising from B →
K�γ background, we vary both BðB → K�γÞ [12] and FK=π

by their uncertainties. Other peaking background sources
are B → XsðdÞγ decays, where XsðdÞ is any final state of sðdÞ
quark hadronization with strangeness equal to one (zero)
except for K�ð892Þγ (ργ), and hadronic B decays with
π0ðηÞ → γγ in the final states. The former is varied according
to its experimental uncertainty [12]. For the latter, we take
the fractional uncertainty on the number of peaking back-
ground events to be the weighted sum of the fractional
uncertainties on the branching fractions for the main decay
modes that contribute. For the Bþ → ρþγ mode, the con-
tamination from Bþ → ρþπ0ðηÞ decays is dominant at 24%
(16%), according to the simulation. For theB0 → ρ0γmode,
the main contamination comes from B0 → ρ0η (9%), Bþ →
aþ1 π

0 (8%), and Bþ → ρþρ0 (8%). For modes that have not
been measured, a 50% uncertainty is assumed for the
branching fractions.
For the ACP measurement, we calculate the effect of a

possible CP asymmetry in BB̄ peaking background. The
ACP values for B → K�γ and B → Xsγ are varied by their
measured uncertainties [12], while ACP for B → Xdγ is
varied by �60%. The latter corresponds to a conservative
uncertainty on the SM prediction [42]. The ACP values for
other modes such as B → ρπ0 are varied by �10%. The
uncertainties on the number of BB̄ pairs, the ratio τBþ=τB0 ,
and the ratio fþ−=f00 [40] are all taken into account.

Results. We determine the branching fractions, CP asym-
metry, and isospin asymmetry directly from the fits. The
results are

BðBþ → ρþγÞ ¼ ð13.1þ2.0þ1.3
−1.9−1.2 Þ × 10−7 ð8Þ

BðB0 → ρ0γÞ ¼ ð7.6� 1.3þ1.0
−0.8Þ × 10−7 ð9Þ

ACPðBþ → ρþγÞ ¼ ð−8.2� 15.2þ2.0
−1.3Þ% ð10Þ

AIðB → ργÞ ¼ ð10.9þ11.2þ6.8þ3.8
−11.7−6.2−3.9 Þ%; ð11Þ

where the first uncertainty is statistical, the second is
systematic, and the third for AI is the uncertainty from
fþ−=f00 [40] combined with the uncertainty from the ratio
of Bþ to B0 lifetimes [43].
In summary, we have measured the branching fractions,

direct CP asymmetry, and isospin asymmetry of B → ργ
decays using a total of 1073 fb−1 of Belle and Belle II data.
These results are the most precise to date and supersede the
previous Belle measurements [7]. The results for ACP and
AI are consistent with SM expectations.
Another parameter, as suggested in [11], is the difference

from unity of the scaled ratio of isospin asymmetries

δAI
≡ 1 −

hAIiðργÞ
hAIiðK�γÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Γ̄ðB → ργÞ
Γ̄ðB → K�γÞ

s ���� Vts

Vtd

����; ð12Þ

where Γ̄ is the CP-averaged partial width. This parameter
strongly depends on cosϕ2, where ϕ2 (also known as α) is
the phase Arg½V�

tbVtd=ð−V�
ubVudÞ� of the CKM unitarity

triangle. In the SM, δAI
is predicted with a relatively small

uncertainty: 0.10� 0.11 [11]. The current experimental
value, δexpAI

¼ −4.0� 3.5, is consistent with the predicted
value, albeit with a large uncertainty. Inserting our mea-
sured values for AIðργÞ and BðB → ργÞ ¼ ΓðB → ργÞ · τB,
along with PDG values for AIðB → K�γÞ, BðB → K�γÞ,
jVts=Vtdj, and lifetimes τB0 and τBþ [12], we obtain

δAI
¼ −1.1� 2.0: ð13Þ

This value is more precise than the previous experimental
value and also consistent with the theoretical prediction.
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