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The radiative B meson decays B → Xs γ, and Xd γ provide good probes to new physics as new
unknown particles can enter in the loop and change the branching fractions and the associated CP
asymmetries. We present the analyses of radiative B decays for branching fractions and the direct
CP asymmetries. In particular, we report the inclusive CP asymmetry of the b → sγ/dγ decays,
recently obtained with the semi-inclusive and the lepton tagging method by the Belle collaboration. HQE parameters in shape-function scheme is obtained using the measured spectrum as well.
We also present the results of the exclusive B(B0 → φ γ), B(B0s → φ γ), and B(B0s → γγ).
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1. Introduction

ACP (b → sγ) =

Γ(b → sγ) − Γ(b̄ → s̄γ)
Γ(b → sγ) + Γ(b̄ → s̄γ)

The current PDG value for the CP asymmetry of inclusive b → sγ decays is ACP (b → sγ)PDG =
0.015 ± 0.020.

2. Data Analysis
2.1 Experimental facility and the data set
We use data collected with the Belle detector[7] at the KEKB e+ e− collider[8]. Integrated
luminocities of the data amount 711 fb−1 , and 121 fb−1 collected at ϒ(4S) and ϒ(5S) resonances,
respectively. The selection criteria is optimized and the B̄ → Xs γ signal efficiency is determined
using a Monte Carlo (MC) simulation based on EvtGen[9] and GEANT3[10] to get the interaction
kinematics and detector response simulated, respectively.
The inclusive spectrums of the B̄ → Xs γ signal events for EγB and M(Xs ) are shaped with three
models in the market; the Kagan-Neubert (KN) model[11], kinetic scheme[12], and the shapefunction (SF)[13] scheme. All these models take two Heavy Quark Expansion (HQE) parameters,
mb and µπ2 as their shape parameters.
1
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The quark-level b → sγ devays have been studied since the discovery of B → K ∗ γ [1]. In the
standard model (SM), such decays occur mainly through flavor-changing neutral current (FCNC)
process which is depicted in the Fig. 1. The virtual W in the diagram may be replaced by a non-SM
charged particle from new physics, e.g. charged higgs in supersymmetry (SUSY) models, which
can affect the relevant branching fractions in comparison to those obtained from SM. Within the
SM, these decays may appear via tree-level processes such as b → uūsγ but its contributions is
limited to less than 0.4% [2].
In the SM, the branching fraction of b → sγ has been
γ
calculated to Next-to-Next-to-Leading-Order (NNLO) correction [4]. The most recent branching fraction obtained
s
from NNLO is, for the signal photon energy, EγB , threshold,
t
b
EγB > 1.6 GeV, B(B̄ → Xs γ)NNLO = (3.36 ± 0.23) × 10−4
where the error is theoretical. The average of the experiW−
mentally measured values of the branching fraction B(B̄ →
Xs γ)exp = (3.49 ± 0.19) × 10−4 [5, 6], where the error is
Figure 1: FCNC process of b → sγ
combined for statistical, systematic, and shape-function
decay
systematics, with the same EγB > 1.6 GeV threshold, show
approximately 1σ deviation from this calculation. This consistency has provided severe constraints on new physics beyond the SM.
In addition to the branching fraction, the direct CP asymmetry of b → sγ decays can provide
independent tests on new physics models and can be used to put constraints on models such as
SUSY. The CP asymmetry is defined as follows :
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2.2 Semi-inclusive Method
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With the semi-inclusive method, we reconstruct a signal B candidate by combining a high
energy photon and a Xs which is reconstructed via one of the 38 Xs final states. The Xs final states
employed in this study cover about 70% of the full-inclusive branching fraction of B̄ → Xs γ. The
photon candidate is required to have an energy in the center-of-mass (CM) frame between 1.8 and
3.4 GeV. Photon backgrounds arise from π 0 and η decays are rejected based on the invariant mass
of two-photon system where the photon candidate is paired with another photon detected. The Xs
reconstruction is also optimized by requiring the quality of charged tracks such as K + and π + and
that of reconstructed neutral particles such as π 0 , η, and Ks0 .
The yield of signal events are
p extracted from the maximum likelihood fitting on the beamenergy-constrained mass, Mbc = (Ebeam /c2 )2 − | p~B /c|2 , where Ebeam is the beam energy and p~B
is a energy-momentum 4-vector obtained from the B candidate. In Mbc distribution, events with a
well-reconstructed B candidate yield a peaking shape around the mass of B meson. The fitting procedure is implemented for 19 M(Xs ) bins spanning 0.6 < M(Xs ) < 2.8 GeV. The continuum events
are efficiently suppressed by a neural network (NN) trained with topological variables. And based
on the NN score, we select the best B candidate among the candidates reconstructed concurrently
for a given event. D meson veto is also applied since D meson decays, especially B → D(∗) ρ + is
found peaking in Mbc distribution.
Systematic uncertainties arise from the missing modes (1.59%), NBB̄ (1.37%), the detector
response (2.98%), selection criterial (3.38%), Mbc PDF modeling (5.06%), and the hadronization
model (6.66%). The hadronization model uncertainty is associated with the fragmentation parameters of the EvtGen which decide the hadron fragmentation in the
MC sample.
T. SAITO et al.
PHYSICAL REVIEW D 91, 052004 (2015)
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shaped with the Kagan-Neubert model. The figure 3 shows the partial branching fraction results
for the M(Xs ) range of interest. We report the total branching fraction for M(Xs ) < 2.8 GeV/c2 ,
B(B̄ → Xs γ) = (3.51 ± 0.17 ± 0.33) × 10−4 where the first uncertainty is statistical and the second
is systematic. The EγB threshold for this result is EγB > 1.9 GeV[14].
2.3 Full-inclusive with Lepton Tagging Method

3
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For a full-inclusive study, we employ the lepton tagging method. The lepton tagging method
requires a high energy lepton emerging from leptonic decays of a recoil B meson. The requirement
on a high energy lepton effectively reduces the qq̄ background. And with the charge of the lepton
given, we are able to obtain the direct CP asymmetry. On the signal B meson’s side, we require a
high energy (signal) photon leaving the final state of Xs+d unknown to access the full decay width
through the CM energy of the signal photon spectrum, Eγ∗ .
As requirements are mostly related to the high energy photon, lots of backgrounds arise in the
signal Eγ∗ region. Especially there are significant contributions from π 0 and η decays. We manage
to suppress a large part of background events using a Boosted Decision Tree (BDT), but the background events still remain dominant especially in a low signal Eγ∗ region. The continuum events
remaining are subtracted by using a scaled off-resonance sample, which may limit the statistical
precision of measurements.
For a measurement of the branching fraction, it is essential to estimate the background yields
as precisely as possible. To achieve MC/DATA agreement for the background events, we calibrate
the MC events. The background events from π 0 and η decays with large control samples, and the
other backgrounds such as bremsstrahlung, mis-identified hadrons, etc. are separately calibrated
and/or assigned with a conservative systematic uncertainties on their yields.
meas = [(N + − N − )/(N + + N − )],
The raw CP asymmetry of B̄ → Xs+d γ is measured with ACP
where N +(−) is the total number of positively (negatively) lepton-tagged events remaining after subtracting all the background events for a given photon energy threshold. We correct the raw asymmetry due to possible asymmetries in the BB̄ background subtracted, Abkg ≈ (0.0 ± 0.7)%, possible
asymmetries in the detection of leptons, Adet ≈ (0.0 ± 0.3)%, and probability of a wrong chargemeas −
flavor correlation, ω ≈ 14%. The corrected CP asymmetry is defined as ACP = (1 − 2ω)−1 (ACP
Abkg − Adet ).
Since the systematic uncertainties correlated between B and anti-B are canceled out by definimeas . The dominant systematic uncertainty arises from correcting the raw asymmetry. We
tion of ACP
present ACP (B̄ → Xs+d γ) = (2.2 ± 3.9stat ± 0.9syst )% for the threshold Eγ∗ > 2.1 GeV[15].
The branching fraction of the B̄ → Xs+d γ is obtained using the Eγ∗ spectrum obtained after subtracting the calibrated background spectrum (figure 4). We unfold the spectrum using the Singular
Value Composition (SVD) method to remove the resolution effect of the detector. And the signal
efficiencies are estimated by averaging values from three signal models; the KN model, kinetic
scheme, and the SF scheme. The Eγ∗ threshold is fixed at 1.8 GeV so that we can obtain the best
result considering the extrapolation. Finally the B(B → Xd γ) is excluded from B(B → Xs+d γ)
using |Vtd /Vts |2 ≈ 4%.
The systematic uncertainty arises from the background yields (5.2%), the number of BB̄ pairs
(1.4%), the continuum background subtraction (1.3%), and the possible BDT mis-modeling in the
BB̄ MC (1.4%). We report the inclusive branching fraction, B(B̄ → Xs γ) = (3.01 ± 0.10stat ±
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ble to isolate a pure sam- are free parameters and use the full experiestimate this component mental covariance matrix of the backgroundn ⇤ ! p ⇡ + decays. We subtracted spectrum. The fit
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Eγ∗spectrum.
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red spectrum, we deterWe also report the inclusive B̄ ! Xs+d
2
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1
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E
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3

3. Exclusive modes

We also measure the branching fraction of the exclusive decay modes. For the B0 → φ γ decay,
we report a limit for the branching fraction, B(B0 → φ γ) < 1.0 × 10−7 at 90% C.L where the SM
prediction corresponds to O(10−11∼−12 )[17]. For the exclusive b → sγ and b → sγγ decays, we
report B(B0s → φ γ) = (3.6 ± 0.5stat ± 0.3syst ± 0.6( fs )) × 10−5 and B(B0s → γγ) < (3.1) × 10−6 at
(∗) (∗)
90% C.L, respectively where fs is the fraction of Bs B̄s in bb̄ events[18].

4. Conclusion
As of Nov. 2016, the Belle collaboration present the most precise measurements for the
branching fraction and the direct CP asymmetry of B̄ → Xs γ decay. We also determine the HQE parameters in SF scheme with fitting the B̄ → Xs γ spectrum directly. And this kind of approch for the
4
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extraction of HQE parameter may be competitive to the traditional method using the B → Xu l + νl
decay. The most stringent limits are also determined for B0 → φ γ and B0s → γγ by the Belle collaboration.
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