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We report the first evidence for isospin violation in B → K∗γ and the first measurement of
difference of CP asymmetries between B+

→ K∗+γ and B0
→ K∗0γ. This analysis is based on the

data sample containing 772× 106BB̄ pairs that was collected with the Belle detector at the KEKB
energy-asymmetric e+e− collider. We find evidence for the isospin violation with a significance of
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3.1σ, ∆0+ = (+6.2 ± 1.5(stat.) ± 0.6(syst.) ± 1.2(f+−/f00))%, where the third uncertainty is due
to the uncertainty on the fraction of B+B− to B0B̄0 production in Υ(4S) decays. The measured
value is consistent with predictions of the SM. The result for the difference of CP asymmetries is
∆ACP = (+2.4± 2.8(stat.)± 0.5(syst.))%, consistent with zero. The measured branching fractions
and CP asymmetries for charged and neutral B meson decays are the most precise to date. We also
calculate the ratio of branching fractions of B0

→ K∗0γ to B0
s → φγ.

PACS numbers: 13.25.Hw, 13.30.Ce, 13.40.Hq, 14.40.Nd

Radiative b → sγ decays proceed predominantly via
one-loop electromagnetic penguin diagrams. This pro-
cess is also possible via annihilation diagrams; however,
the amplitudes are highly suppressed by O(ΛQCD/mb)
and CKM matrix elements [1, 2] in the Standard
Model (SM) [3, 4]. Since new heavy particles could con-
tribute to the loops, the b → sγ process is a sensitive
probe for new physics (NP). Furthermore, new parti-
cles could mediate the annihilation diagrams or effective
four-fermion contact interactions with different magni-
tudes in charged and neutral B meson decays, so that
the penguin dominance in b → sγ might be violated.
The B → K∗γ decay [5] is experimentally the cleanest
exclusive decay mode among the B → Xsγ decays. The
branching fractions give weak constraints on NP since the
SM predictions suffer from large uncertainties in the form
factors, while the isospin (∆0+) and direct CP asym-
metries (ACP ) are theoretically clean observables due to
cancellation of these uncertainties [6]. The ∆0+, ACP ,
and difference and average of ACP between charged and
neutral B mesons (∆ACP and ĀCP ) are defined as

∆0+ =
Γ(B0 → K∗0γ)− Γ(B+ → K∗+γ)

Γ(B0 → K∗0γ) + Γ(B+ → K∗+γ)
, (1)

ACP =
Γ(B̄ → K̄∗γ)− Γ(B → K∗γ)

Γ(B̄ → K̄∗γ) + Γ(B → K∗γ)
, (2)

∆ACP = ACP (B
+ → K∗+γ)−ACP (B

0 → K∗0γ),(3)

ĀCP =
ACP (B

+ → K∗+γ) +ACP (B
0 → K∗0γ)

2
, (4)

Γ(B0 → K∗0γ)

Γ(B+ → K∗+γ)
=

τB+

τB0

f+−

f00

N(B0 → K∗0γ)

N(B+ → K∗+γ)
, (5)

where the Γ denotes the partial width, N is the number
of produced signal events, τB+/τB0 is the lifetime ratio
of B+ to B0 mesons, and f+− and f00 are the Υ(4S)
branching fractions to B+B− and B0B̄0 decays, respec-
tively. Predictions of the isospin asymmetry range from
2% to 8% with a typical uncertainty of 2% in the SM [6–
11], while a large deviation from the SM predictions is
possible due to NP [7, 9, 10]. ACP is predicted to be
small in the SM [6, 10, 12, 13]; hence, a measurement of
CP violation is a good probe for NP [14]. The isospin dif-
ference of direct CP violation is theoretically discussed
in the context of inclusive B → Xsγ process [15] but
heretofore not in the exclusive B → K∗γ channel; how-
ever, ∆ACP here will be useful to identify NP once ACP

is observed.

The B → K∗γ decays were studied by CLEO [16],
Belle [17], Babar [18] and LHCb [19]. The current
world averages of the isospin and direct CP asymme-
tries are ∆0+ = (+5.2 ± 2.6)%, ACP (B

0 → K∗0γ) =
(−0.2± 1.5)%, ACP (B

+ → K∗+γ) = (+1.8± 2.9)% and
ACP (B → K∗γ) = (−0.3±1.7)% [20], respectively, which
are consistent with predictions in the SM and give strong
constraints on NP [10, 13, 21–23]. The world averages of
branching fractions are also consistent with predictions
within the SM [3, 6, 8, 10, 12, 24–26] and are used for
constraining NP [10, 13, 27].

In this Letter, we report the first evidence of isospin
violation in B → K∗γ. In addition, we present measure-
ments of the branching fractions, direct CP asymmetries
and their isospin difference and average. We use the full
Υ(4S) resonance data sample collected by the Belle de-
tector at the KEKB energy-asymmetric collider [28]; this
sample contains 772 × 106BB̄ pairs. The results super-
sede our previous measurements [17].

The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD),
a 50-layer central drift chamber (CDC), an array of aero-
gel threshold Cherenkov counters (ACC), a barrel-like ar-
rangement of time-of-flight scintillation counters (TOF),
and an electromagnetic calorimeter comprised of CsI(Tl)
crystals (ECL) located inside a super-conducting solenoid
coil that provides a 1.5 T magnetic field. An iron flux-
return located outside of the coil is instrumented to de-
tect K0

L mesons and to identify muons. The z axis is
aligned with the direction opposite the e+ beam. The
detector is described in detail elsewhere [29].

The selection is optimized with Monte Carlo (MC)
simulation samples. The MC events are generated with
EvtGen [30] and the detector simulation is done by
GEANT3 [31]. We reconstruct B0 → K∗0γ and B+ →
K∗+γ decays, where K∗ is formed from K+π−, K0

Sπ
0,

K+π0 or K0
Sπ

+ combinations [32].

Prompt photon candidates are selected from isolated
clusters in the ECL that are not associated with any
charged tracks reconstructed by the SVD and the CDC.
We require the ratio of the energy deposited in a 3 × 3
array of ECL crystals centered on the crystal having the
maximum energy to that in the enclosing 5 × 5 array
to be above 0.95. The photon energy in the center-of-
mass (CM) frame is required to be in the range of 1.8 GeV
< E∗

γ < 3.4 GeV. The polar angle of the photon candi-
date is required to be in the barrel region of the ECL
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(33◦ < θγ < 128◦) to take advantage of the better en-
ergy resolution in the barrel compared with the endcap
and to reduce continuum e+e− → qq̄ (q = u, d, s, c) back-
ground with initial state radiation. The dominant back-
grounds to the prompt photons are from asymmetric-
energy decays of high momentum π0 or η mesons, where
one photon is hard and the other is soft. These events
can be suppressed by using two probability density func-
tions (PDFs) for π0 and η constructed from the following
two variables: the invariant mass of the photon candi-
date and another photon in an event, and the energy of
this additional photon in laboratory frame. We require
that the π0 and η probabilities are less than 0.3. These
requirements retain about 92% of signal events while re-
moving about 61% of continuum background.
To reject misreconstructed tracks and beam back-

grounds, charged tracks except for the K0
S → π+π− de-

cay daughters are required to have a momentum in the
laboratory frame greater than 0.1 GeV/c. In addition,
we require that the impact parameter with respect to
the nominal interaction point (IP) be less than 0.5 cm
transverse to, and 5.0 cm along, the z axis. To identify
K+ and π+, a likelihood ratio is calculated from the spe-
cific ionization measurements in the CDC, time-of-flight
information from the TOF and the response of the ACC.
K0

S candidates are reconstructed from pairs of
oppositely-charged tracks, treated as pions, and identi-
fied by a multivariate analysis with a neural network [33]
based on two sets of input variables [34]. The first set
of variables, which separate K0

S candidates from combi-
natorial background, are: (1) the K0

S momentum in the
laboratory frame, (2) the distance along the z axis be-
tween the two track helices at their closest approach, (3)
the flight length in the x-y plane, (4) the angle between
the K0

S momentum and the vector joining the K0
S de-

cay vertex and the nominal IP, (5) the angle between
the π momentum and the laboratory-frame direction of
the K0

S in the K0
S rest frame, (6) the distance of clos-

est approach in the x-y plane between the nominal IP
and the pion helices, and (7) the pion hit information in
the SVD and CDC. The second set of variables, which
identify Λ → pπ− background, are: (1) particle iden-
tification information, momentum and polar angles of
the two daughter tracks, and (2) invariant mass with the
proton- and pion-mass hypotheses. In addition, the K0

S

candidate is required to have an invariant mass Mππ,
calculated with the pion-mass hypothesis, that satisfies
|Mππ −mK0

S

| < 10 MeV/c2, where mK0
S

is the nominal

K0
S mass; this requirement corresponds to a ±3σ interval

in mass resolution.
We reconstruct π0 candidates from two photons each

with energy greater than 50 MeV. We require the in-
variant mass to be within ±10 MeV/c2 of the nominal
π0 mass, corresponding to about 2σ in resolution. To re-
duce the large combinatorial background, we require that
the π0 momentum in the CM frame, calculated with a π0

mass-constraint fit, be greater than 0.5 GeV/c and the
cosine of the angle between two photons be greater than
0.5.

K∗ candidates are selected with a loose invariant mass
selection of MKπ < 2.0 GeV/c2.
B meson candidates are reconstructed by combin-

ing a K∗ candidate and a photon candidate. To
identify the B mesons, we introduce two kinematic
variables: the beam-energy constrained mass, Mbc ≡
√

(E∗

beam/c
2)2 − (p∗B/c)

2, and the energy difference,
∆E ≡ E∗

B−E∗

beam, where E
∗

beam is the beam energy, and
E∗

B and p∗B are the energy and momentum, respectively,
of the B meson candidate in the CM frame. The energy
difference is required to be −0.2 GeV < ∆E < 0.1 GeV;
the Mbc distributions are used to extract the signal yield.

The dominant background from continuum events is
suppressed using a multivariate analysis with a neural
network [33]. The neural network uses the following in-
put variables calculated in the CM frame: (1) the cosine
of the angle between the B meson candidate momentum
and the z axis, (2) the likelihood ratio of modified Fox-
Wolfram moments [35, 36], (3) the angle between the
thrust axes of the daughter particles of the B candidate
and all other particles in the rest of the event (ROE), (4)
the sphericity and aplanarity [37] of particles in the ROE,
(5) the angle between the first sphericity axes of B candi-
date and particles in the ROE, (6) the absolute value of
the cosine of the angle between the first sphericity axes of
the particles in the ROE and the z axis, and (7) the fla-
vor quality parameter of the accompanying B meson that
ranges from zero for no flavor information to unity for un-
ambiguous flavor assignment [38]. The output variable,
ONB, is required to maximize the significance, defined as
NS/

√
NS +NB, where NS and NB are the expected sig-

nal and background yields for four decay modes in the sig-
nal region of 5.27 GeV/c2 < Mbc < 5.29 GeV/c2, based
on MC studies. The criterion ONB > 0.13 suppresses
about 89% of continuum events while keeping about 83%
of signal events for the weighted average of the four de-
cay modes. The average number of B candidates in an
event with at least one candidate is 1.16; we select a sin-
gle candidate amoung multiple in an event randomly in
order not to bias Mbc and other variables. Then, we re-
quire the invariant mass of the Kπ system to be within
75 MeV/c2 of the nominal K∗ mass. The events with
invariant mass less than 2.0 GeV/c2 are used to check
the contamination from B → Xsγ events that include a
higher kaonic resonance decaying toKπ. The reconstruc-
tion efficiencies determined with MC and calibrated by
the difference between data and MC with control samples
are summarized in Table I.

To determine the signal yields, branching fractions,
and direct CP asymmetries in each of the four final
states, we perform extended unbinned maximum like-
lihood fits to the Mbc distributions within the range
5.20 GeV/c2 < Mbc < 5.29 GeV/c2. The PDF for the
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signal is modeled by a Gaussian for modes without a π0

and a Crystal Ball (CB) function [39] for modes with
a π0. The means of the Gaussian and CB functions are
calibrated by B → Dπ− events in data while the normal-
izations and widths are floated. The tail parameters of
the CB function are determined from signal MC samples.
From MC studies, it is expected that signal cross-feeds
are 0.5% of the signal yield. We model this cross-feed dis-
tribution with a Gaussian and an ARGUS function [40].
The cross-feed shape and amount of cross-feed relative
to correctly-reconstructed signal is fixed to that of the
signal MC, such that the cross-feed normalization scales
with the signal yield found in data. The continuum back-
ground is described with an ARGUS function. The end-
point of the ARGUS function is calibrated using combi-
natorial background in B → Dπ reconstruction in data
with the ONB < 0.13 selection to enhance the background
statistics; the normalization and the shape parameter are
floated. The width of the signal and the shape of the AR-
GUS functions are constrained to be equal between CP -
conjugate modes but are determined separately across
the four subdecay modes.
Backgrounds from BB̄ events are small compared with

continuum background. However, there are peaking
backgrounds mainly from B → Kππγ, B → K∗η and
B+ → K∗+π0 events. The BB̄ backgrounds are mod-
eled with a bifurcated Gaussian for the peaking com-
ponent and an ARGUS function for the combinatorial
component. The shape and normalization are fixed with
large-statistics background MC samples. We take into
account the measured CP and isospin violations in the
BB̄ background [20] to fix the normalizations for B+,
B−, B0 and B̄0 mesons.
The likelihood for simultaneous fit over all modes to

extract the charged and neutral branching fractions and
direct CP asymmetries is defined as

L(Mbc|BN ,BC , AN
CP , A

C
CP )

= ΠLK0
S
π0

(Mbc|BN)

× ΠLK−π+

(Mbc|BN , AN
CP )×ΠLK+π−

(Mbc|BN , AN
CP )

× ΠLK−π0

(Mbc|BC , AC
CP )×ΠLK+π0

(Mbc|BC, AC
CP )

× ΠLK0
S
π−

(Mbc|BC , AC
CP )×ΠLK0

S
π+

(Mbc|BC , AC
CP ), (6)

where LKπ is the likelihood for each final state, and
Bi and Ai

CP are the branching fraction and direct CP
asymmetry, respectively, in each of the neutral (N) and
charged (C) B mesons. Input parameters are the effi-
ciencies for B+, B−, B0 and B̄0 decays, the number of
BB̄ pairs, τB+/τB0 = 1.076± 0.004, f+− = 0.514± 0.006
and f00 = 0.486± 0.006 [20]. Here, we assume the uncer-
tainties in f+− and f00 are perfectly anti-correlated. In
the likelihood fit, we can also determine ∆ACP , ĀCP and
∆0+. The combined ACP (B → K∗γ) is then obtained
by repeating the fit with the constraint AN

CP = AC
CP .

The main sources of the systematic uncertainty for the
branching fraction measurements are the photon detec-

tion efficiency (2.0%), the number of BB̄ pairs (1.4%),
the π0 detection efficiency (1.3%), f+−/f00 (1.2%), and
the peaking background yield (1.1% to 1.6%). For the
modes with a π0 in the final state, fitter bias (1.3% to
2.4%) and fixed parameters in the fit (1.5% to 3.9%) are
also significant sources of uncertainty. The contamina-
tion from B → Xsγ events that include a higher-mass
kaonic resonance decaying to Kπ is checked by looking
at B → Kπγ events with MKπ less than 2.0 GeV/c2.
The MKπ distribution is fit with a P-wave relativis-
tic Breit-Wigner for K∗(892) and a D-wave relativistic
Breit-Wigner function forK∗

2 (1430) and the resulting un-
certainty is 0.31%. We also check the helicity distribution
of the Kπ system for K∗γ candidates and find that the
distribution is consistent with a P-wave. For the ∆0+

measurement, the dominant systematic uncertainty is
that due to f+−/f00 (1.16%); the second largest is related
to particle identification (0.38%). The largest system-
atic uncertainty for the ACP and ∆ACP measurements
is from the charge asymmetries in charged hadron de-
tection. The charged-pion detection asymmetry is mea-
sured using reconstructed B → K∗±γ,K∗± → K0

Sπ
±

candidates in ONB sideband. The charged kaon detec-
tion asymmetry is measured using a clean large kaon
sample from D0 → K+π− decay, where the pion de-
tection asymmetry in the decay is subtracted with pi-
ons from D+

s → φπ+ decays [41]. The raw asymmetries
in B → K∗γ are corrected with the measured charged
kaon and pion detection asymmetries; −0.36 ± 0.40%,
−0.01 ± 0.04% and +0.34 ± 0.41% for K+π−, K+π0

and K0
Sπ

+ modes, respectively. The second largest is
from fitter bias (0.07% to 0.16%) and the third largest
is that due to the direct CP asymmetry in rare B me-
son decays, dominated by B → Xsγ, B → K∗η and
B+ → K∗+π0 (0.05% to 0.13%) [42].
First, we extract the branching fraction and direct CP

asymmetry in each of the four final states by fitting the
Mbc distributions separated for B̄ and B mesons except
for the K0

Sπ
0 final state. The results are summarized in

Table I. Then, we perform simultaneous fit to seven Mbc

distributions (Fig. 1) with the likelihood described above
to extract the combined branching fractions and direct
CP asymmetries as well as ∆0+, ∆ACP and ĀCP . The
results are

B(B0 → K∗0γ) = (3.96± 0.07± 0.14)× 10−5,

B(B+ → K∗+γ) = (3.76± 0.10± 0.12)× 10−5,

ACP (B
0 → K∗0γ) = (−1.3± 1.7± 0.4)%,

ACP (B
+ → K∗+γ) = (+1.1± 2.3± 0.3)%,

ACP (B → K∗γ) = (−0.4± 1.4± 0.3)%,

∆0+ = (+6.2± 1.5± 0.6± 1.2)%,

∆ACP = (+2.4± 2.8± 0.5)%,

ĀCP = (−0.1± 1.4± 0.3)%,

where the first uncertainty is statistical, the second is sys-
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FIG. 1. Mbc distributions for (a) K0
Sπ

0, (b) K−π+,
(c) K+π−, (d) K−π0 (e) K+π0, (f) K0

Sπ
− and (g) K0

Sπ
+.

The points with error bars show the data, the dashed (red)
curves represent signal, the dotted-dashed (green) curves are
BB̄ background, the dotted (magenta) curves show total
background, and solid (blue) curves are the total.

tematic, and the third for ∆0+ is due to the uncertainty in
f+−/f00 [42]. The χ2 and number of degrees of freedom
in the simultaneous fit calculated from data points and
fit curves in Fig. 1 are 256 and 296, respectively. We find
evidence for isospin violation in B → K∗γ decays with
a significance of 3.1σ, and this result is consistent with
the predictions in the SM [6–12]. The ACP and ∆ACP

values are consistent with zero. All the measurements
are the most precise to date.
We also calculate the ratio of branching fractions of

B0 → K∗0γ to B0
s → φγ, which is sensitive to anni-

hilation diagrams [7], based on the branching fraction
measurement reported here and the Belle result for the
B(B0

s → φγ) [43]. To cancel some systematic uncertain-
ties, we take only the K+π− mode for the branching
fractions for B0 → K∗0γ. The result is

B(B0 → K∗0γ)

B(B0
s → φγ)

= 1.10± 0.16± 0.09± 0.18,

where the first uncertainty is statistical, the second is sys-

tematic, and the third is due to the fraction of B
(∗)0
s B̄

(∗)0
s

production in Υ(5S) decays. This result is consistent
with predictions in the SM [7, 25] and with LHCb [19].

In summary, we have measured branching fractions,
direct CP asymmetries, the isospin asymmetry, and the
difference and average of direct CP asymmetries between
charged and neutral B mesons in B → K∗γ decays using
772×106 BB̄ pairs. We find the first evidence for isospin
violation in B → K∗γ with a significance of 3.1σ. We
have made the first measurement of ∆ACP and ĀCP in
B → K∗γ and the result is consistent with zero. The
measured branching fractions, direct CP , and isospin
asymmetries are the most precise to date, and are consis-
tent with SM predictions [3, 6–10, 13] and also previous
measurements [16–19]. These results will be useful for
constraining the parameter space in NP models. We also
calculate the ratio of B0 → K∗0γ to B0

s → φγ branching
fractions. Current ACP measurements are dominated by
the statistical uncertainty; thus, the upcoming Belle II
experiment will further reduce the uncertainty. To ob-
serve the isospin violation with 5σ significance at Belle II,
reduction of the dominant uncertainty due to f+−/f00
is essential, and can be performed at both Belle and
Belle II.
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S. Jäger, J. Martin Camalich, X. L. Ren and R. X. Shi,
arXiv:1704.05446 [hep-ph]; M. Ciuchini, A. M. Coutinho,
M. Fedele, E. Franco, A. Paul, L. Silvestrini and M. Valli,
arXiv:1704.05447 [hep-ph].

[28] S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods
Phys. Res., Sect. A 499, 1 (2003), and other papers in-
cluded in this Volume; T. Abe et al., Prog. Theor. Exp.
Phys. 2013, 03A001 (2013) and references therein.

[29] A. Abashian et al. (Belle Collaboration), Nucl. Instrum.



8

Methods Phys. Res., Sect. A 479, 117 (2002); also see
detector section in J. Brodzicka et al., Prog. Theor. Exp.
Phys. 2012, 04D001 (2012).

[30] D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).

[31] R. Brun et al., GEANT, CERN Report No. DD/EE/84-1
(1984).

[32] Throughout this paper, the inclusion of the charge con-
jugate mode decay is implied unless otherwise stated.

[33] NeuroBayes software package based on Bayesian statis-
tics, in M. Feindt and U. Kerzel, Nucl. Instrum. Methods
Phys. Res., Sect. A 559, 190 (2006).

[34] H. Nakano, Ph.D Thesis, Tohoku University (2014)
Chapter 4, unpublished, https://tohoku.repo.

nii.ac.jp/?action=pages_view_main&active_

action=repository_view_main_item_detail&item_

id=70563&item_no=1&page_id=33&block_id=38.
[35] The Fox-Wolfram moments were introduced in G. C. Fox

and S. Wolfram, Phys. Rev. Lett. 41, 1581 (1978).

[36] S. H. Lee et al. (Belle Collaboration), Phys. Rev. Lett.
91, 261801 (2003).

[37] J. D. Bjorken and S. J. Brodsky, Phys. Rev. D 1 1416
(1970).

[38] H. Kakuno et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 533 516 (2004).

[39] T. Skwarnicki, Ph.D. Thesis, Institute for Nuclear
Physics, Krakow 1986; DESY Internal Report, DESY
F31-86-02 (1986).

[40] H. Albrecht et al. (ARGUS Collaboration), Phys. Lett.
B 241, 278 (1990).

[41] B. R. Ko et al. (Belle Collaboration), J. High Energy
Phys. 02 (2013) 098.

[42] See EPAPS Document No. E-PRLTAO-xxx-xxxxxxx for
the summary of the systematic uncertainties and the cor-
relation matrix. For more information on EPAPS, see
http://www.aip.org/pubservs/epaps.html.

[43] D. Dutta et al. (Belle Collaboration), Phys. Rev. D 91,
011101 (2015).

https://tohoku.repo.nii.ac.jp/?action=pages_view_main&active_action=repository_view_main_item_detail&item_id=70563&item_no=1&page_id=33&block_id=38
https://tohoku.repo.nii.ac.jp/?action=pages_view_main&active_action=repository_view_main_item_detail&item_id=70563&item_no=1&page_id=33&block_id=38
https://tohoku.repo.nii.ac.jp/?action=pages_view_main&active_action=repository_view_main_item_detail&item_id=70563&item_no=1&page_id=33&block_id=38
https://tohoku.repo.nii.ac.jp/?action=pages_view_main&active_action=repository_view_main_item_detail&item_id=70563&item_no=1&page_id=33&block_id=38
http://www.aip.org/pubservs/epaps.html

