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Coverage of this talk 2

-Radiative Penguin decays of b quark 
>> Reviews on recent works at Belle  

•Search for                and   

•Search for 

•Semi-Inclusive  

•Inclusive  

>>New result at Belle 
•Inclusive 

B0 →φγ

Bs
0 → γγ Bs

0 →φγ

B(b→ sγ )

ACP (b→ (s + d)γ )

b→ (s + d)γ

711 fb-1 for Y(4S) 

121 fb-1 for Y(5S) 

Integrated Luminosity at Belle 
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Introduction to           decay 3

Electroweak penguin FCNC processes

b→ sγ

highly suppressed in the tree level

H- in 2HDM Type-II or SUSY squarks 
can enter the loop → BF, ACP

Probe to New Physics

Inclusive spectrum described by mb and µπ
2

Significantly dependent on the parameters
Low cutoff necessary for a good prediction  

on the inclusive BF 

Eγ
cutoff = 1.6 GeV

Measured spectrum can be used to 
constrain HQE parameters Later in this talk!

Chapter 3 Systematic uncertainties
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Figure 3.1: BLNP theory samples. We use the HFAG averages and additionally mb ± 50 MeV and µ2
⇡ ±

100 MeV2.

Using these samples we determine the acceptance and selection e�ciencies. They accep-
tance e�ciency is defined as the ratio between the number of events that are reconstructed in a
particular bin to the number of events generated in the same bin i:

"i
acc =

Ni
rec

Ni
gen
. (3.1)

Similarly, the selection e�ciency is defined as the ratio of number of events that pass the full
selection in a particular bin, to the number of reconstructed events in the same bin j:

" j
e↵ =

N j
pass

N j
rec
. (3.2)

The acceptance e�ciency is measured in bins of True photon energy in the B-meson rest
frame. As one would expect, this is independent of MC sample used and independent of photon
energy, fig. 3.2. This is because the acceptance, as defined here, is related to the geometry of the
detector and to the particle reconstruction e�ciency. The acceptance is "acc = 0.7121± 0.0002.,
the uncertainty is statistical.
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B(B→ Xsγ )Eγ >1.6GeV
NNLO = (3.36 ± 0.23)×10−4

B(B→ Xsγ )Eγ >1.6GeV = (3.49 ± 0.19)×10−4
HFAG 2016 / PDG 2015 Average 

M (H − ) > 480 GeV at 95% CL

Current SM NNLO BF

BF used to constrain the new physics parameters

PRL 106, 141801 (2011)

 [PRL 114, 221801, 2015]

[arXiv:1412.7515]

Zero asymmetry predicted by SM for s+d 
(cancellation due to CKM unitarity)

ACP
HFAG = −0.008 ± 0.029

Introduction to           decayb→ sγ
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•continuum suppressed by 
 neural network trained  
 with topological variables

Signal extraction
• Branching fraction is extracted by 𝑀𝑏𝑐 fit in 19 𝑀𝑋𝑠 bins

– 𝑀𝑏𝑐 ≡ 𝐸beam
2 −  𝑝𝐵 2

– 0.6 < 𝑀𝑋𝑠 < 2.8 GeV/c2

4

Continuum
Peaking 𝐵  𝐵
Non-peaking 𝐵  𝐵
Signal
Cross feed

                    with semi-inclusive method 5

T.Saito, A.ishikawa, H.Yamamoto, et al. (Belle Collaboration), published in PRD 91, 052004 (2015)

B(B→ Xsγ )

B

Xs

𝜸

1 or 3 K/Ks 
(1 Ks at most)

up to 4 π/π0  
(2 π0 at most) at most 1 η

0.6 ≤ M (Xs ) ≤ 2.8GeV/c
2

In total 38 exclusive Xs states (70% of total BF) 

•Peaking D background  
 veto using invariant mass

Signal Extraction : Mbc Maximum Likelihood fit on 19 M(Xs) bins

http://link.aps.org/doi/10.1103/PhysRevD.91.052004
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>> Result

6

T.Saito, A.ishikawa, H.Yamamoto, et al. (Belle Collaboration), published in PRD 91, 052004 (2015)

2.2 GeV=c2 < MXs
< 2.8 GeV=c2. The binned approach

minimizes the sensitivity to modeling of the Xs mass
distribution. In Table VIII, the signal yields in each mass
bin are reported from the fit to data. Figures 2, 3 and 4 show
the Mbc distribution fits in each MXs

bin. The partial
branching fraction for each bin is defined as

Bi ¼ Ni=ðNBB × ϵiÞ; ð4Þ

where Ni and ϵi are the signal yield and the efficiency,
respectively, in bin i and NBB is the sum of number of B0

and B− events. The results are listed in Table VIII and
plotted in Fig. 5. Both statistical and systematic uncertain-
ties inMXs

above 2.2 GeV=c2 are large. We also report the
total branching fraction for MXs

< 2.8 GeV=c2,

BðB → XsγÞ ¼ ð3.51$ 0.17$ 0.33Þ × 10−4; ð5Þ

where the first uncertainty is statistical and the second is
systematic. This branching fraction is the sum of 19 bins,
with a 1.9 GeV lower threshold on the photon energy. The
total statistical uncertainty is based on the quadratic sum of
the statistical uncertainty in each Xs mass bin.

IX. CONCLUSION

We measure the branching fraction of B → Xsγ with the
sum-of-exclusives approach using the entire ϒð4SÞ data set
of the Belle experiment. The branching fraction in the
region MXs

< 2.8 GeV=c2 (corresponding to a minimum

photon energy of 1.9 GeV) is measured to be
BðB → XsγÞ ¼ ð3.51$ 0.17$ 0.33Þ × 10−4, where the
first uncertainty is statistical and the second is systematic.
This result is consistent with the measurement at BABAR
[19] and achieves the best precision of any sum-of-
exclusives approach. This measurement supersedes our
previous result [8].
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FIG. 5. Partial branching fraction as a function of MXs
. The

error bars correspond to the statistical (solid) and the quadratic
sum of the statistical and systematic (dashed).

T. SAITO et al. PHYSICAL REVIEW D 91, 052004 (2015)

052004-12

partial BF on M(Xs)

K*

B(B→ Xsγ ) = (3.51± 0.17stat ± 0.33syst )×10
−4

9.4. SYSTEMATIC UNCERTAINTIES 96

Table 9.10: Systematic uncertainties(%) in every MXs mass bin(Full data).

MXs bin BB Detector Background Mbc Hadronization Missing mode Total
(GeV/c2) counting response rejection PDF

0.6-0.7 1.37 2.68 3.38 0.00 - - 4.52
0.7-0.8 1.37 2.59 3.38 14.6 - - 15.3
0.8-0.9 1.37 2.57 3.38 0.68 - - 4.51
0.9-1.0 1.37 2.58 3.38 0.59 - - 4.51
1.0-1.1 1.37 2.57 3.38 3.10 - - 5.43
1.1-1.2 1.37 2.99 3.38 3.54 32.1 1.21 32.1
1.2-1.3 1.37 3.15 3.38 1.84 2.05 0.98 5.64
1.3-1.4 1.37 3.17 3.38 1.63 2.55 1.90 6.01
1.4-1.5 1.37 3.10 3.38 1.99 3.98 1.29 6.66
1.5-1.6 1.37 3.34 3.38 2.30 2.35 1.33 6.09
1.6-1.7 1.37 3.49 3.38 2.75 2.75 1.94 6.66
1.7-1.8 1.37 3.59 3.38 2.77 3.41 0.97 6.82
1.8-1.9 1.37 3.69 3.38 2.76 3.60 2.06 7.19
1.9-2.0 1.37 3.74 3.38 5.85 3.66 1.58 8.80
2.0-2.1 1.37 3.78 3.38 5.67 17.8 2.17 19.5
2.1-2.2 1.37 3.78 3.38 4.42 21.9 1.91 23.1
2.2-2.4 1.37 3.77 3.38 10.3 25.5 1.57 28.0
2.4-2.6 1.37 3.79 3.38 24.6 29.6 1.00 38.9
2.6-2.8 1.37 3.82 3.38 110 29.4 2.04 114

Table 9.11: Systematic uncertainty(%) (Full data)
Source Systematic uncertainty (%)

BB counting 1.37
Detector response 2.98

Background rejection 3.38
Mbc PDF 5.06

Hadronization model 6.66
Missing mode 1.59

Total 9.3

•The largest systematic uncertainty is associated 
Hadronization Model (~7%)

• The most precise measurement ever 
implemented with this method

B(B→ Xsγ )                    with semi-inclusive method

http://link.aps.org/doi/10.1103/PhysRevD.91.052004
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25/05/15 Luis Pesántez — FPCP 2015 12

Inclusive method: reconstruction
● Inclusive analysis:

– High energy photon  

– High momentum lepton

● Continuum suppression and flavor 
tagging (for ACP)

● Veto  light meson decays

● Statistics are limiting factor (continuum data 
subtraction)

● Does not distinguish b→sg  from b→dg
● Large background: need for MVAs

B

B

7

L. Pesantez, P. Urquijo, J. Dingfelder, et al. (Belle Collaboration), published in PRL 114, 151601 (2015)

Full-inclusive Method with lepton tagging

B

𝜰(4S)

Xs+d

𝜸

Btag

ℓ

X’

High momentum lepton :

Inclusive measurement with high energy photons

ACP measurement

Large contribution from π0 and η  

→calibrated using control sample 

Large background suppressed by Multivariate analysis 

Statistical limit from continuum subtraction

                  with inclusive methodB→ X(s+d )γ

Continuum suppression  
B mesons flavor tagged

http://link.aps.org/doi/10.1103/PhysRevLett.114.151601
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Inclusive method: ACP(B→Xs+dg)
● Number of events tagged by a positive or 

negative lepton:

● Correct for various effects:

– Wrong tag factor w 14%: ≈ oscillation, sec-

ondaries, fakes

– Detector asymmetry Adet (0.0±0.3)%≈ : tag 

and probe, mapping of the whole detector, 
use

– Background asymmetry (0.0±0.7)%≈ : in data 

Eg<1.7 GeV

● Independent of choice of E*g threshold.

Belle:Phys.Rev.Lett.114,151601 (2015)

BABAR:Phys.Rev.D.86,112008 (2012)

Belle

Inclusive                           with lepton tagging
8

L. Pesantez, P. Urquijo, J. Dingfelder, et al. (Belle Collaboration), published in PRL 114, 151601 (2015)

ACP (B→ X(s+d )γ )

ACP
meas = N(ℓ+ )− N(ℓ− )

N(ℓ+ )+ N(ℓ− )
Corrected ACP

ACP
true = 1

1− 2ω
(ACP

meas − Abkg − Adet )

Wrong tag factor ω : ~14% Oscillation, secondary, fakes 

Detector induced Adet : ~(0.0±0.3)% from 
Bkg Asymmetry Abkg : ~(0.0±0.7)% in E𝜸 < 1.7 GeV 

B→ XJ /ψ (ℓ+ℓ− )

ACP (Xs+dγ ) = (2.2 ± 3.9stat ± 0.9syst )%

>> Result

The most precise measurement 
Eγ

* > 2.1 GeV

bkg-subtracted result 
After bkg subtraction

http://link.aps.org/doi/10.1103/PhysRevLett.114.151601
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Summary of Full-inclusive                          9ACP (B→ X(s+d )γ )

2.2±3.9±0.9
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>> HQE parameters measurement

HQE parameters fitted to minimize 𝛘2 between 
the folded theoretical spectrum to the data 
spectrum.

>> Bkg-corrected spectrum

HQE parameters from 10

BELLE-CONF-1606 [arXiv:1608.02344]

B→ X(s+d )γ with lepton  
           tagging

NEW Result!

simulations to include the Doppler smearing211

and calorimeter in the theoretical spectrum.212

After this we include the selection e�ciency213

e↵ects and the theoretical spectrum can be214

compared to the measured one. We per-215

form a chi-square fit in which mb and µ2

⇡ are216

free parameters and use the full experimen-217

tal covariance matrix of the background sub-218

tracted spectrum. The fit is performed in the219

photon energy region 1.8  E*

�  2.8GeV,220

and we find mb =4.626± 0.028GeV and µ2

⇡221

=0.301± 0.063GeV2 with a correlation of222

⇢ = �0.701.223
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FIG. 1. Background subtracted B̄ ! Xs+d�

photon energy spectrum. The internal (red) er-

ror bars represent statistical uncertainties, the

outer (black) error bars represent total uncer-

tainties. The histogram is the shape-function

scheme spectrum with the best fit values for mb

and µ2

⇡.224

225

We also report the inclusive B̄ ! Xs+d�

branching fraction for a given energy thresh-

old as given in eq. (3).

BE��E
s+d� =

1

"
rec

· ↵E��E

2NBB "
e↵

NE� � E. (3)

Here NE��E is the integral of the spectrum226

for a given threshold, "
e↵

the selection e�-227

ciency, NBB the total number or BB̄ pairs228

and "
rec

the probability that a signal photon229

is reconstructed in the calorimeter. The fac-230

tor ↵E��E transforms the measurement at a231

given threshold energy from the CM frame232

to the B meson rest frame. Both the selec-233

tion e�ciency and ↵E��E are model depen-234

dent: we calculate them using the Kagan-235

Neubert, kinetic and shape-function models236

that best fit our spectrum and take the av-237

erage among them for the central value. We238

assign as model uncertainty the largest devi-239

ation between the average and the 1� error at240

the best fit values. The average selection e�-241

ciency is "
e↵

= 2.45% at the 1.8GeV thresh-242

old, the probability "
rec

takes a value of 0.712.243

To obtain the B̄ ! Xs� branching fraction244

we divide the B̄ ! Xs+d� result by a factor245

of 1+|Vtd/Vts|2, and assume that the inclusive246

shape is identical.247

The results for the inclusive B̄ ! Xs+d�248

and B̄ ! Xs� branching fractions for en-249

ergy thresholds between 1.7 to 2.0 GeV are250

summarized in table I and the correspond-251

ing correlations in table II. The largest sys-252

tematic uncertainty arises from the correc-253

tions and uncertainties associated with the254

5

MC Bkg yields corrected with sideband events 
and control samples (π0,η, mis-identified hadrons) 

Belle preliminary

Model-averaged selection efficiency ~2.5%

+ DATA
/ best HQE fit(SF)

The largest systematic uncertainty is 
from bkg subtraction

Theoretical spectrum folded :  
(in BLNP-SF scheme [PRD 72, 073006 (2005)])

ECAL resolution
Doppler smearing (B-frame to CM-frame)

25/05/15 Luis Pesántez — FPCP 2015 14

Inclusive method: ACP(B→Xs+dg)
● Number of events tagged by a positive or 

negative lepton:

● Correct for various effects:

– Wrong tag factor w 14%: ≈ oscillation, sec-

ondaries, fakes

– Detector asymmetry Adet (0.0±0.3)%≈ : tag 

and probe, mapping of the whole detector, 
use

– Background asymmetry (0.0±0.7)%≈ : in data 

Eg<1.7 GeV

● Independent of choice of E*g threshold.

Belle:Phys.Rev.Lett.114,151601 (2015)

BABAR:Phys.Rev.D.86,112008 (2012)

Belle

Bkg 
Not corrected

Corrected spectrum

 PRL 114, 151601 (2015)

http://link.aps.org/doi/10.1103/PhysRevLett.114.151601
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HQE parameters from 11B→ X(s+d )γ with lepton  
           tagging

NEW Result!

Threshold Mean (GeV) Variance⇥102 (GeV2)

1.8 2.320± 0.034± 0.110± 0.003 4.258± 1.118± 3.612± 0.108

1.9 2.338± 0.022± 0.046± 0.003 3.563± 0.530± 1.156± 0.065

2.0 2.360± 0.015± 0.021± 0.003 2.869± 0.290± 0.379± 0.047

TABLE IV. Mean and variance of the B̄ ! Xs+d� spectrum in the CM frame. The uncertainties

are statistical, systematic and from model dependence.
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>> Moments of the spectrum
Belle preliminary 

mb (SF) = 4.626 ± 0.028 GeV/c2

µπ
2 (SF) = 0.301± 0.063 GeV2

(ρ = −0.701)Belle preliminary 

>> HQE parameters fit result

→Good precisions achieved!

mb (SF) = 4.569 ± 0.023± 0.018GeV/c
2

µπ
2 (SF) = 0.145 ± 0.089−0.040

+0.020  GeV2

(ρ = −0.311)

HFAG 2014

For example,  
these values may be used to obtain |Vub| in BLNP-SF scheme lowering 
it by ~6%(3%) for endpoint analysis with Elepton>2.0(1.0) GeV, 
compared to the HFAG2014 value : |Vub |BLNP−SF

HFAG = (4.45 ± 0.15−0.21
+0.20 )×10−3

PRD 72, 073006  (2005)

BELLE-CONF-1606 [arXiv:1608.02344]
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Inclusive                        with lepton tagging
12

B(B→ X(s+d )γ )

Signal efficiency obtained in average of 3 signal models

Detector resolution effect unfolded by SVD method

subtraction of the BB̄ background which is255

5.2% at the 1.8GeV threshold. Additional256

uncertainties arise from the continuum back-257

ground subtraction, 1.3%, the number of BB̄258

pairs, 1.4%, and the BDT selection, 1.7%.259260

In order to measure the partial branch-261

ing fractions and spectral moments, we must262

correct the spectrum according to the se-263

lection e�ciency on each E*

� bin and revert264

the resolution and migration e↵ects caused265

by the finite energy resolution of the ECL266

and correct for the reconstruction probabil-267

ity "
rec

. The bin-by-bin selection e�ciency268

is summarized in fig. 2. The unfolding pro-269

cedure is based on the Singular Value De-270

composition algorithm [15]. Our covariance271

matrix has a very peculiar structure: large272

correlations and systematic uncertainties are273

present at low photon energy. This causes274

the default algorithm [15] to systematically275

underestimate the uncertainties after unfold-276

ing and regularization. The problem was277

found to be caused by the rescaling of equa-278

tions performed in the algorithm [16], we re-279

move it by skipping the step of equation 34280

of [15, section 5]. The uncertainty from the281

unfolding procedure is determined by using282

an ensemble of spectra from the three avail-283

able models, it is much smaller than sta-284

tistical uncertainties and uncertainties from285

BB̄ background suppression, ranging from286

3.5% for the 1.8  E�  1.9GeV bin, to287

⇠ 0.1% above 2.2GeV. We only report un-288

folded spectra in the CM frame, as unfolding289

to the B rest frame introduces high model290

dependence.291
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FIG. 2. Selection e�ciency determined from the

average among three models for the B̄ ! Xs�

spectrum (see text). The uncertainty is deter-

mined by the largest deviation between the av-

erage and the 1� errors at the best fit values for

the three models.292

293

We also finally report the first and sec-294

ond spectral moments, which correspond to295

the average energy of the spectrum and the296

variance and contain information about the297

HQE parameter. They are obtained for dif-298

ferent energy thresholds. The partial branch-299

ing fractions are summarized in table III and300

the spectral moments in table IV.301302

Using our ensemble of theoretical descrip-303

tions of the spectrum, we determine an304

extrapolation factor to translate the mea-305

sured branching fraction from the 1.8GeV306

6

averaged 
signal eff.

Threshold E*𝜸>1.8 GeV chosen for the best result

Interpolation factors obtained using all three models

B(B→ Xsγ )Eγ >1.6GeV = (3.12 ± 0.10stat ± 0.19syst ± 0.08model )×10
−4

b → d𝜸 is subtracted using |Vtd/Vts|2~4%
Belle preliminary Results

NEW Result!

Threshold Selection e↵. (%) Conversion factor Bs+d� Bs�

1.7GeV 2.392± 0.070 1.0135± 0.0024 3.21± 0.11± 0.25± 0.10 3.07± 0.11± 0.24± 0.09

1.8GeV 2.442± 0.059 1.0216± 0.0031 3.16± 0.10± 0.19± 0.08 3.02± 0.10± 0.18± 0.08

1.9GeV 2.508± 0.055 1.0334± 0.0039 3.08± 0.09± 0.15± 0.07 2.95± 0.09± 0.14± 0.07

2.0GeV 2.595± 0.045 1.0526± 0.0046 2.92± 0.08± 0.12± 0.05 2.79± 0.08± 0.11± 0.05
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B(B→ X(s+d )γ )

1.5 2 2.5 3 3.5 4 4.5 5

Extrapolated 
to E𝜸>1.6 GeV

B(B→ Xsγ )Eγ >1.6  GeV  (10−4 )

CLEO 2001 9.1fb-1  
Full-inc.

E𝜸>2.0 GeV

Babar 2012 429fb-1  
Semi-inc.

MXs<2.8 GeV
Babar 2012 347fb-1  

Full-inc.
E𝜸>1.8 GeV

Babar 2008 347fb-1  
Full-inc. had. tag.

E𝜸>1.9 GeV

Belle 2009 605fb-1  
Full-inc.

E𝜸>1.7 GeV

Belle 2016 711fb-1  
Full-inc.

E𝜸>1.8 GeV

Belle 2016 711fb-1  
Semi-inc.

MXs<2.8 GeV

PDG2015/HFAG 2016 
WA

E𝜸>1.6 GeV

HFAG2014 WA
E𝜸>1.6 GeV

NNLO 3.36±0.23

Inside error bars for stat. uncertainties
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(0.340± 0.016) nb [18], while the fraction of B(∗)
s B̄(∗)

s in

bb̄ events is fs = (17.2±3.0)% [18]. The B(∗)
s B̄(∗)

s pairs in-
clude B∗

s B̄
∗

s , B
∗

s B̄s and BsB̄s with measured percentages
fB

∗

s
B̄

∗

s
= (87.0±1.7)% and fB

∗

s
B̄s

= (7.3±1.4)% [18]. The
B∗0

s mesons decay to ground-state B0
s mesons through

the emission of a photon. Charge conjugate modes are
implied throughout this paper.

Signal Monte Carlo (MC) events for the decays,
B0

s → γγ and B0
s → φγ are generated using Evt-

Gen [19]; the response of the detector is simulated us-
ing GEANT3 [20], with beam-related backgrounds from
data added to the simulated samples. Charged tracks are
required to originate from the interaction point (IP) by
satisfying the criteria dr < 0.5 cm and |dz | < 3 cm, where
|dz | and dr are the distances of closest approach to the
IP along the z axis (collinear with the positron beam)
and in the transverse r-φ plane, respectively. Kaons are
identified with an efficiency of about 85% by requiring
LK/(LK + Lπ) > 0.6, where LK and Lπ are the likeli-
hoods of the track being due to a kaon and pion, respec-
tively, obtained using information from ACC, CDC and
TOF. Tracks failing this requirement are assumed to be
pions. To be reconstructed as a φmeson candidate, a pair
of oppositely charged kaons must have an invariant mass
within ±12 MeV/c2 (± 2.5 σ) of the nominal φ mass.
Similarly, the K∗0 candidates in the B0 → K∗(892)0γ
control sample are reconstructed with oppositely charged
kaon and pion candidates by requiring |MKπ −mK∗0 | <
75 MeV/c2, whereMKπ and mK∗0 are the invariant mass
of the kaon-pion pair and the nominal K∗0 mass, respec-
tively. Photons are reconstructed by identifying energy
deposits in the ECL not matched to any charged track
and are required to have a minimum energy of 100 MeV.
To reject merged π0 mesons and other neutral hadrons,
the ratio of the energy deposited by a photon candidate
in the (3 × 3) and (5 × 5) ECL crystal array centered
on the crystal with the highest energy deposition is re-
quired to exceed 0.95. In the Bs → γγ analysis, to reduce
the effect of beam-related backgrounds, we use photons
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γ

γ

W
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FIG. 1: Leading-order Feynman diagrams for the decays (a)
B0

s → φγ and (b) B0
s → γγ.

only from the barrel region (33◦ < θ < 128◦, θ being the
lab-frame polar angle). Daughter photons from π0 and
η decays contribute to backgrounds for both B0

s → φγ
and B0

s → γγ. These are suppressed by applying a likeli-
hood requirement based on the energies and polar angles
of the photons and the diphoton invariant mass, calcu-
lated by combining the candidate photon with each other
photon in the event. In addition, the timing character-
istics of the energy clusters used for photon reconstruc-
tion are required to be consistent with the beam collision
time that is determined at the trigger level for the can-
didate event. To be considered as a B0

s → γγ (B0
s → φγ)

candidate, a pair of photons (a φ meson and a photon)
needs to satisfy the requirements on the beam-energy
constrained mass Mbc and energy difference ∆E. These

are defined as Mbc =
√

(ECM
beam)

2 − (pCM
Bs

)2 and ∆E =

ECM
Bs

−ECM
beam, where E

CM
beam is the beam energy, and pCM

B0
s

and ECM
B0

s

are the momentum and energy, respectively, of

the B0
s meson candidate, with all variables evaluated at

the CM frame. Signal candidates are required to satisfy
Mbc > 5.3 GeV/c2 for each mode, −0.4 GeV < ∆E < 0.1
GeV for the B0

s → φγ mode and −0.7 GeV < ∆E < 0.2
GeV for the B0

s → γγ mode. No events with multiple B0
s

candidates are found in the signal MC sample, while the
rate of multiple B0

s candidates in data is far below 1%
for each analysis. Multiple candidates are removed by
selecting the one with the more energetic photons.
The dominant source of background for both decay

modes is the production of light quark-antiquark pairs
(q = u, d, s, c) in the e+e− annihilation, identified here-
inafter as continuum. Since the quarks carry signifi-
cant momenta, continuum events are jet-like and are

therefore topologically different from isotropic B(∗)
s B̄(∗)

s

events, where Bs mesons carry much smaller momenta.
To suppress this background, event shape variables such
as the modified Fox-Wolfram moments [21] and the ab-
solute value of the cosine of the angle between the thrust
axis of the decay products of the Bs candidate and the
rest of the event are used as inputs to a Neural Network
(NN) [22]. The NN output (CNB) is designed to peak
at 1 for signal-like events and at −1 for background-like
events. The NN output is also included in the unbinned
maximum likelihood fit to extract the B0

s → φγ signal
yield. As CNB peaks sharply at 1 and −1, it is very diffi-
cult to model it with a simple analytic function. There-
fore, to improve the modeling, after rejecting the events
with CNB < CNBmin

, a modified NN output is calculated
as

C′

NB = log

(

CNB − CNBmin

CNBmax
− CNB

)

, (1)

where CNBmin
=−0.6 and CNBmax

∼ 1 are the lower and
upper limits of CNB for the events used in the fit. For
B0

s → γγ, an optimized criterion of CNB > 0.77 is applied
and this variable is excluded from the fit since consider-
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s → γγ.

only from the barrel region (33◦ < θ < 128◦, θ being the
lab-frame polar angle). Daughter photons from π0 and
η decays contribute to backgrounds for both B0

s → φγ
and B0

s → γγ. These are suppressed by applying a likeli-
hood requirement based on the energies and polar angles
of the photons and the diphoton invariant mass, calcu-
lated by combining the candidate photon with each other
photon in the event. In addition, the timing character-
istics of the energy clusters used for photon reconstruc-
tion are required to be consistent with the beam collision
time that is determined at the trigger level for the can-
didate event. To be considered as a B0
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candidate, a pair of photons (a φ meson and a photon)
needs to satisfy the requirements on the beam-energy
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Mbc > 5.3 GeV/c2 for each mode, −0.4 GeV < ∆E < 0.1
GeV for the B0

s → φγ mode and −0.7 GeV < ∆E < 0.2
GeV for the B0

s → γγ mode. No events with multiple B0
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candidates are found in the signal MC sample, while the
rate of multiple B0
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for each analysis. Multiple candidates are removed by
selecting the one with the more energetic photons.
The dominant source of background for both decay

modes is the production of light quark-antiquark pairs
(q = u, d, s, c) in the e+e− annihilation, identified here-
inafter as continuum. Since the quarks carry signifi-
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events, where Bs mesons carry much smaller momenta.
To suppress this background, event shape variables such
as the modified Fox-Wolfram moments [21] and the ab-
solute value of the cosine of the angle between the thrust
axis of the decay products of the Bs candidate and the
rest of the event are used as inputs to a Neural Network
(NN) [22]. The NN output (CNB) is designed to peak
at 1 for signal-like events and at −1 for background-like
events. The NN output is also included in the unbinned
maximum likelihood fit to extract the B0

s → φγ signal
yield. As CNB peaks sharply at 1 and −1, it is very diffi-
cult to model it with a simple analytic function. There-
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FIG. 1: Electroweak penguin (top) and gluonic penguin (bottom) contributions to B0!��.

Candidate � mesons are reconstructed via � ! K+K� decays. Charged tracks are re-

quired to have a distance-of-closest-approach with respect to the interaction point of less

than 3.0 cm along the z axis (anti-parallel to the e+ beam), and of less than 0.3 cm in the

transverse plane. Kaons are identified using information from the CDC, TOF, and ACC

detectors. This information is used to calculate relative likelihoods for hadron identification.

A charged track with a likelihood ratio of LK/(L⇡ + LK) > 0.6 is regarded as a kaon, where

LK(L⇡) is the relative likelihood of the track being a kaon (pion). The kaon identification

e�ciency is 85% and the probability for a pion to be misidentified as a kaon is 7%. Charged

tracks that are consistent with the muon hypothesis based on information from the CDC

and KLM are rejected, as are tracks consistent with the electron hypothesis based on infor-

mation from the CDC and ECL. Oppositely charged kaon candidates are fit to a common

vertex and required to have a vertex �2 less than 50. The K+K� invariant mass is required

to be in the range [1.000, 1.039] GeV/c2, which corresponds to 4.5� in resolution around the

� mass [9].

Candidate B mesons are identified using a modified beam-energy-constrained mass M
bc

=
p

E2

beam

� |~pBc|2/c2, and the energy di↵erence �E = EB �E
beam

, where E
beam

is the beam

energy and ~pB and EB are the momentum and energy, respectively, of the B0 candidate. All

quantities are evaluated in the CM frame. To improve the M
bc

resolution, the momentum

~pB is calculated as ~p� + (~p�/|p�|)
p

(E
beam

� E�)2/c, where ~p� is the photon momentum and

~p� and E� are the momentum and energy, respectively, of the � candidate. We require that

events satisfy M
bc

2 [5.25, 5.29] GeV/c2 and �E 2 [�0.30, 0.15] GeV. The signal yield is
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No evidence for               decay, 
setting its upper limit for BF :

B0 →φγ

B(B0 →φγ ) <1.0 ×10−7 at 90% C.L.

SM Prediction : O(10-11 ~ -12)

the most stringent limit on BF

B(Bs
0 →φγ ) = (3.6 ± 0.5stat ± 0.3syst ± 0.6( fs ))×10

−5

B(Bs
0 → γγ ) < 3.1×10−6 at 90% C.L. the most stringent limit on BF

SM prediction:
B(Bs

0 →φγ ) ≈ 4 ×10−5

B(Bs
0 → γγ ) ≈ (0.5 −1.0 ×10−6 )

In R-parity violating (RPV), 
BF of b → s𝜸𝜸 can be enhanced significantly

B(B0 →φγ ) B(Bs
0 →φγ ) B(Bs

0 → γγ )/ &

http://link.aps.org/doi/10.1103/PhysRevD.91.011101
http://link.aps.org/doi/10.1103/PhysRevD.93.111101
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• Exclusive b → d, b → s𝜸, b → s𝜸𝜸 

B(Bs
0 →φγ ) = (3.6 ± 0.4)×10−5

B(Bs
0 → γγ ) < 8.7 ×10−6

B(B0 →φγ ) <1.0 ×10−7

• Semi-inclusive b → s𝜸 
B(B→ Xsγ ) = (3.51± 0.17stat ± 0.33syst )×10

−4

• Inclusive b → s𝜸 with lepton tagging 

N
EW

 R
es

ul
t!

B(B→ Xsγ )Eγ >1.6GeV = (3.12 ± 0.10stat ± 0.19syst ± 0.08model )×10
−4

mb (SF) = 4.626 ± 0.028 GeV/c2

µπ
2 (SF) = 0.301± 0.063 GeV2 (ρ = −0.701)

ACP (Xs+dγ ) = (2.2 ± 3.9stat ± 0.9syst )% Eγ
* > 2.1 GeV The most precise measurement!

The most precise
measurements!
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Mbc > 5.3 GeV/c2 for each mode, −0.4 GeV < ∆E < 0.1
GeV for the B0

s → φγ mode and −0.7 GeV < ∆E < 0.2
GeV for the B0

s → γγ mode. No events with multiple B0
s

candidates are found in the signal MC sample, while the
rate of multiple B0

s candidates in data is far below 1%
for each analysis. Multiple candidates are removed by
selecting the one with the more energetic photons.
The dominant source of background for both decay

modes is the production of light quark-antiquark pairs
(q = u, d, s, c) in the e+e− annihilation, identified here-
inafter as continuum. Since the quarks carry signifi-
cant momenta, continuum events are jet-like and are

therefore topologically different from isotropic B(∗)
s B̄(∗)

s

events, where Bs mesons carry much smaller momenta.
To suppress this background, event shape variables such
as the modified Fox-Wolfram moments [21] and the ab-
solute value of the cosine of the angle between the thrust
axis of the decay products of the Bs candidate and the
rest of the event are used as inputs to a Neural Network
(NN) [22]. The NN output (CNB) is designed to peak
at 1 for signal-like events and at −1 for background-like
events. The NN output is also included in the unbinned
maximum likelihood fit to extract the B0

s → φγ signal
yield. As CNB peaks sharply at 1 and −1, it is very diffi-
cult to model it with a simple analytic function. There-
fore, to improve the modeling, after rejecting the events
with CNB < CNBmin

, a modified NN output is calculated
as

C′

NB = log

(

CNB − CNBmin

CNBmax
− CNB

)

, (1)

where CNBmin
=−0.6 and CNBmax

∼ 1 are the lower and
upper limits of CNB for the events used in the fit. For
B0

s → γγ, an optimized criterion of CNB > 0.77 is applied
and this variable is excluded from the fit since consider-
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, where E
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is the beam
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quantities are evaluated in the CM frame. To improve the M
bc

resolution, the momentum

~pB is calculated as ~p� + (~p�/|p�|)
p

(E
beam

� E�)2/c, where ~p� is the photon momentum and

~p� and E� are the momentum and energy, respectively, of the � candidate. We require that

events satisfy M
bc

2 [5.25, 5.29] GeV/c2 and �E 2 [�0.30, 0.15] GeV. The signal yield is

6

3

(0.340± 0.016) nb [18], while the fraction of B(∗)
s B̄(∗)

s in

bb̄ events is fs = (17.2±3.0)% [18]. The B(∗)
s B̄(∗)

s pairs in-
clude B∗

s B̄
∗

s , B
∗

s B̄s and BsB̄s with measured percentages
fB

∗

s
B̄

∗

s
= (87.0±1.7)% and fB

∗

s
B̄s

= (7.3±1.4)% [18]. The
B∗0

s mesons decay to ground-state B0
s mesons through

the emission of a photon. Charge conjugate modes are
implied throughout this paper.

Signal Monte Carlo (MC) events for the decays,
B0

s → γγ and B0
s → φγ are generated using Evt-

Gen [19]; the response of the detector is simulated us-
ing GEANT3 [20], with beam-related backgrounds from
data added to the simulated samples. Charged tracks are
required to originate from the interaction point (IP) by
satisfying the criteria dr < 0.5 cm and |dz | < 3 cm, where
|dz | and dr are the distances of closest approach to the
IP along the z axis (collinear with the positron beam)
and in the transverse r-φ plane, respectively. Kaons are
identified with an efficiency of about 85% by requiring
LK/(LK + Lπ) > 0.6, where LK and Lπ are the likeli-
hoods of the track being due to a kaon and pion, respec-
tively, obtained using information from ACC, CDC and
TOF. Tracks failing this requirement are assumed to be
pions. To be reconstructed as a φmeson candidate, a pair
of oppositely charged kaons must have an invariant mass
within ±12 MeV/c2 (± 2.5 σ) of the nominal φ mass.
Similarly, the K∗0 candidates in the B0 → K∗(892)0γ
control sample are reconstructed with oppositely charged
kaon and pion candidates by requiring |MKπ −mK∗0 | <
75 MeV/c2, whereMKπ and mK∗0 are the invariant mass
of the kaon-pion pair and the nominal K∗0 mass, respec-
tively. Photons are reconstructed by identifying energy
deposits in the ECL not matched to any charged track
and are required to have a minimum energy of 100 MeV.
To reject merged π0 mesons and other neutral hadrons,
the ratio of the energy deposited by a photon candidate
in the (3 × 3) and (5 × 5) ECL crystal array centered
on the crystal with the highest energy deposition is re-
quired to exceed 0.95. In the Bs → γγ analysis, to reduce
the effect of beam-related backgrounds, we use photons

s s

γ

W

t

b s

b

s

γ

γ

W

(a) (b)
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s → γγ.
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Event Reconstruction
•     reconstructed via 

• Candidate photon lying in [2.0,2.8] GeV

φ φ→ K +K −

B0

K+

K-
𝜸

φ

Background suppression

continuum suppression

andπ 0 → γγ η→ γγ >> 50% of them suppressed with likelihoods based 
on invariant mass
>> Neural Network trained with event topology variables 
suppressing 89% of qq while retaining 85% of signal

Background composition
•continuum events 
•rare charmless b-decays 
•a negligible contribution from b→c process

http://link.aps.org/doi/10.1103/PhysRevD.93.111101
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Search for              19B0 →φγ
Z.King, B.Pal, A.J.Schwartz, et al. (Belle Collaboration), published in PRD93, 111101 (2016 June 20) TABLE I: Systematic uncertainties on B(B0 ! ��) in units of number of events. We convert

fractional errors to number of events for easy comparison. Uncertainties listed in the lower section

are external to our analysis.

Source Uncertainty (events)

PDF parameterization +1.21
�1.14

Fit bias +0.00
�0.08

C
NN

selection e�ciency 0.03

C
NN

background sample 0.02

Tracking e�ciency 0.02

PID e�ciency 0.05

Photon reconstruction 0.08

MC statistics 0.01

B(�!K+K�) 0.03

Number of BB events 0.05

Total +1.22
�1.15

of partially reconstructed D⇤+!D0(!K0

S⇡+⇡�)⇡+ decays and found to be 0.35% per track.

An uncertainty due to particle identification of 0.8% per kaon is obtained from a study of

D⇤+ ! D0(! K�⇡+)⇡+ decays. The uncertainty on " due to MC statistics is 0.2%, and

the uncertainty on the number of BB pairs is 1.4%. The total systematic uncertainty is

obtained by summing all individual contributions in quadrature; the result corresponds to

±1.2 events.

In summary, we have searched for the decay B0 ! �� using the full Belle data set.

We find no evidence for this decay and set an upper limit on the branching fraction of

B(B0!��) < 1.0⇥10�7 at 90% C.L. This limit is almost an order of magnitude lower than

the previous most stringent result [5].

We thank the KEKB group for the excellent operation of the accelerator; the KEK cryo-

genics group for the e�cient operation of the solenoid; and the KEK computer group, the

National Institute of Informatics, and the PNNL/EMSL computing group for valuable com-

puting and SINET4 network support. We acknowledge support from the Ministry of Educa-

tion, Culture, Sports, Science, and Technology (MEXT) of Japan, the Japan Society for the

11

Largest uncertainty from fixed PDF 
parameters

Systematic uncertainty

Fitting bias estimated from MC ensembles

Result
No evidence for               decay, 
setting its upper limit for BF :

B0 →φγ

B(B0 →φγ ) <1.0 ×10−7

at 90% C.L.

(*) B. Aubert et al. (BaBar Collaboration), Phys. Rev. D 72, 091103 (2005) 

previous upper limit(*) : B(B0 →φγ ) < 8.5 ×10−7

http://link.aps.org/doi/10.1103/PhysRevD.93.111101
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Threshold Selection e↵. (%) Conversion factor Bs+d� Bs�

1.7GeV 2.392± 0.070 1.0135± 0.0024 3.21± 0.11± 0.25± 0.10 3.07± 0.11± 0.24± 0.09

1.8GeV 2.442± 0.059 1.0216± 0.0031 3.16± 0.10± 0.19± 0.08 3.02± 0.10± 0.18± 0.08

1.9GeV 2.508± 0.055 1.0334± 0.0039 3.08± 0.09± 0.15± 0.07 2.95± 0.09± 0.14± 0.07

2.0GeV 2.595± 0.045 1.0526± 0.0046 2.92± 0.08± 0.12± 0.05 2.79± 0.08± 0.11± 0.05

TABLE I. Inclusive B̄ ! Xs+d� and B̄ ! Xs� branching fractions for di↵erent energy thresholds

up to 2.8GeV, in units of 10�4. The uncertainties are statistical, systematic and from the modeling.

1.7 1.8 1.9 2.0

1.7 1.00 0.92 0.83 0.72

1.8 1.00 0.91 0.81

1.9 1.00 0.90

2.0 1.00

TABLE II. Correlation between B̄ ! Xs�

branching fraction measured for di↵erent thresh-

olds.

threshold to 1.6GeV. We find a factor307

1.0369±0.0139 and extract BE�>1.6
s� = (3.12±308

0.10 (stat) ± 0.19 (syst) ± 0.08 (model) ±309

0.04 (extrap)) ⇥ 10�4, which is in agreement310

with the SM prediction, as well as previous311

experimental measurements. HFAG utilizes312

extrapolation factors determined through fits313

to B̄ ! Xs� and B ! Xc`⌫ moments [17].314

They are obtained averaging factors for the315

three theoretical models we also use, the316

factor for the 1.8GeV threshold is per-317

fectly compatible to our determination. We318

use this result to find a lower bound on319

E*

� bin PBF Stat Syst Model

1.6-1.8 12.3 735.4 243.0 693.9 18.5

1.8-1.9 11.6 441.2 135.0 419.9 10.9

1.9-2.0 16.7 166.7 64.5 153.6 6.1

2.0-2.1 24.2 57.2 39.5 41.1 4.5

2.1-2.2 34.7 31.1 23.4 20.0 4.7

2.2-2.3 47.6 18.6 14.8 10.6 3.9

2.3-2.4 61.1 12.3 10.5 5.6 3.0

2.4-2.5 63.1 10.8 8.8 5.0 3.7

2.5-2.6 43.7 12.4 10.9 5.4 2.6

2.6-2.7 20.1 22.3 20.2 9.3 2.6

TABLE III. Partial branching fractions of the

B̄ ! Xs+d� spectrum and uncertainties, in units

of 10�6.

the mass of a charged Higgs boson in the320

framework of the type-II Two-Higgs-Double-321

Model (2HDM-II). Using the procedure de-322

scribed in [18], we exclude MH± smaller than323

580GeV with a 95% confidence level.324
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Model (2HDM-II). Using the procedure de-322

scribed in [18], we exclude MH± smaller than323

580GeV with a 95% confidence level.324
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Threshold Selection e↵. (%) Conversion factor Bs+d� Bs�

1.7GeV 2.392± 0.070 1.0135± 0.0024 3.21± 0.11± 0.25± 0.10 3.07± 0.11± 0.24± 0.09

1.8GeV 2.442± 0.059 1.0216± 0.0031 3.16± 0.10± 0.19± 0.08 3.02± 0.10± 0.18± 0.08

1.9GeV 2.508± 0.055 1.0334± 0.0039 3.08± 0.09± 0.15± 0.07 2.95± 0.09± 0.14± 0.07

2.0GeV 2.595± 0.045 1.0526± 0.0046 2.92± 0.08± 0.12± 0.05 2.79± 0.08± 0.11± 0.05

TABLE I. Inclusive B̄ ! Xs+d� and B̄ ! Xs� branching fractions for di↵erent energy thresholds

up to 2.8GeV, in units of 10�4. The uncertainties are statistical, systematic and from the modeling.

1.7 1.8 1.9 2.0

1.7 1.00 0.92 0.83 0.72

1.8 1.00 0.91 0.81

1.9 1.00 0.90

2.0 1.00

TABLE II. Correlation between B̄ ! Xs�

branching fraction measured for di↵erent thresh-

olds.

threshold to 1.6GeV. We find a factor307
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s� = (3.12±308
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2.1-2.2 34.7 31.1 23.4 20.0 4.7

2.2-2.3 47.6 18.6 14.8 10.6 3.9

2.3-2.4 61.1 12.3 10.5 5.6 3.0

2.4-2.5 63.1 10.8 8.8 5.0 3.7

2.5-2.6 43.7 12.4 10.9 5.4 2.6

2.6-2.7 20.1 22.3 20.2 9.3 2.6

TABLE III. Partial branching fractions of the

B̄ ! Xs+d� spectrum and uncertainties, in units

of 10�6.

the mass of a charged Higgs boson in the320

framework of the type-II Two-Higgs-Double-321

Model (2HDM-II). Using the procedure de-322

scribed in [18], we exclude MH± smaller than323

580GeV with a 95% confidence level.324
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B(B→ X(s+d )γ )

1.5 2 2.5 3 3.5 4 4.5 5 1.5 2 2.5 3 3.5 4 4.5 5

With thresholds With Extrapolation

B(B→ Xsγ ) (10−4 ) B(B→ Xsγ )Eγ >1.6  GeV  (10−4 )

CLEO 2001 9.1fb-1  
Full-inc.

E𝜸>2.0 GeV

Babar 2012 429fb-1  
Semi-inc.

MXs<2.8 GeV

Babar 2012 347fb-1  
Full-inc.

E𝜸>1.8 GeV
Babar 2008 347fb-1  
Full-inc. had. tag.

E𝜸>1.9 GeV

Belle 2009 605fb-1  
Full-inc.

E𝜸>1.7 GeV

Belle 2016 711fb-1  
Full-inc.

E𝜸>1.7 GeV

Belle 2016 711fb-1  
Semi-inc.

MXs<2.8 GeV

PDG2015 WA
E𝜸>1.6 GeV

HFAG2014 WA
E𝜸>1.6 GeV

NNLO 3.36±0.23
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