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-factory basicsB

3

•  production threshold from point-like colliding 
particles, :  
kinematics well constrained 

• Hermetic detector: full event reconstruction 
• Asymmetric collider  boost of centre-of-mass: 

measurement of decay time for time-dependent CPV, 
arising from interference between decays of mixed 
and unmixed neutral  mesons 

• Good vertexing performance ( m) 
• Good !avour tagging performance ( ) :  

see YSF talk by Petros Stavroulakis

B
e+e− → Υ(4S) → BB̄

⟹

B
σ = 15 μ

ϵ = 37 %

SuperKEKB collides  GeV-  on  GeV-  in 
a submillimeter region: smaller beamspot

7 e− 4 e+
Di!erence between 

expected and observed 
 energyB

Invariant  mass with 
energy replaced by 

beam energy

BExpected and observed 
 meson energy 

difference ( )
B

ΔE

Invariant  mass with 
energy replaced by  
beam energy ( )

B

Mbc
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• Flavor-changing neutral-current transitions are 
excluded in the SM at tree-level due to the GIM 
mechanism.


• Excellent place to search for New Physics that 
could interfere with radiative and electroweak 
penguin loops. 


• In addition to , , and , 
decays, we will report on the first Belle + Belle II 
search for :


•

b → sνν̄ b → dℓℓ b → (s, d)γ

B0 → γγ
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, d̄

γ‣ No direct interaction 
between the  and  quarks; 

‣ An effective FCNC is 
induced by a 1-loop or 
penguin diagram.
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b d• FCNC processes are suppressed in SM at tree level.  
BSM particles could enhance decay amplitude 
as “loop” allows heavy mass exchange.


• Enhancement due to new tree level interaction  
(eg. leptoquark), reduce GIM cancellation in  
loop corrections (eg. charged Higgs), etc.


• In EFT, radiative sensitive to ; where as  
 only occur in electroweak penguin


• Belle (II) ideally suited: low background, precisely  
known collision energy, full event reconstruction


• Today’s topics, all results are new from last FPCP:

• radiative: , , 

• electroweak: , 

𝒪7
𝒪9,10

B → K*γ B → ργ B0 → γγ
B+ → K+νν̄ b → dℓℓ

ℒEFT = ℒd<4 + ∑
i

1
Λd−4

Cd
i 𝒪(d)

i

2

Motivation
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Search for the decay B0 ! �� using combined data of Belle and Belle II2

(The Belle and Belle II Collaborations)3

We report the result of a search for the rare decay B0 ! �� using a combined dataset of 753⇥ 1064

BB̄ pairs collected by the Belle experiment and 387 ⇥ 106 BB̄ pairs collected by the Belle II ex-5

periment at the ⌥(4S) resonance produced in electron-positron collisions. A simultaneous fit to6

the Belle and Belle II data sets yields 11.0+6.5
�5.5 signal events. We determine the branching fraction7

B(B0 ! ��) = (3.7+2.2
�1.8(stat) ± 0.5(syst)) ⇥ 10�8 with a signal significance of 2.5� and set a 90%8

confidence level upper limit of B(B0 ! ��) < 6.4⇥ 10�8.9

In the standard model (SM), B0 ! �� proceeds10

through a flavor changing neutral current (FCNC) transi-11

tion involving electroweak loop diagrams. Indeed, there12

is no direct interaction between the b quark and the d13

quark, however, an e↵ective FCNC is induced by a one-14

loop or penguin diagram, where a quark emits and reab-15

sorbs a W� gauge boson, leading to a flavor change. The16

leading order processes are illustrated in Fig. 1.17

FIG. 1. Box (left) and penguin (right) diagrams contributing
to B̄0 ! �� at leading order in the SM. The symbol q repre-
sents a u, c or t quark.

The charge-conjugation and parity-averaged branching18

fraction for the decay B0 ! �� is predicted in the SM19

to be (1.4+1.4
�0.8)⇥10�8 [2], including next-to-leading loga-20

rithmic and next-to-leading power corrections. The long-21

distance penguin contribution is expected to be negligi-22

ble. However, it can noticeably impact the CP-violating23

observables [3]. The branching fraction (B) is highly24

suppressed in comparison to the Bs ! �� decay, with25

a Cabbibo-Kobayashi-Maskawa factor of approximately26

|Vtd|2/|Vts|2 ⇠ 0.04. The decay B0 ! �� is sensitive to27

the physics beyond the SM since contributions of non-SM28

particles in the loop could modify the branching fraction29

[5, 6]. A measurement of B0 ! �� o↵ers a compelling30

opportunity to test theories beyond the SM [4–6].31

The most stringent upper limit (UL) on the branching32

fraction at 90% confidence level (CL) is B(B0 ! ��) <33

3.2 ⇥ 10–7, set by the BABAR experiment [7] using a34

dataset recorded at the ⌥(4S) resonance with an inte-35

grated luminosity of 426 fb–1. The Belle experiment ob-36

tained the upper limit of B(B0 ! ��) < 6.2 ⇥ 10�7 at37

90% CL with an integrated luminosity of 104 fb�1 [8].38

Here, we report a search for the decay B0 ! �� us-39

ing a combined dataset from the Belle and Belle II ex-40

periments collected at the ⌥(4S) resonance energy. For41

Belle, we use the dataset corresponding to 694 fb–1 con-42

taining (753 ± 10) ⇥ 106 BB̄ pairs, while for Belle II we43

use 362 fb–1 of data collected between 2019 and 2022,44

corresponding to (387± 6)⇥ 106 BB̄ pairs. The number45

of BB events is slightly smaller than that of the entire46

Belle dataset (772 ± 11) ⇥ 106, as we only use the data47

containing calorimeter timing information. The analysis48

does not distinguish between B0 and B̄0, and through-49

out this article, charge conjugation is implied for all re-50

actions.51

The Belle detector is a large solid-angle magnetic spec-52

trometer located at the interaction point of the KEKB53

[9] asymmetric energy e+e� collider. The detector con-54

sists of a silicon vertex detector, a 50-layer central drift55

chamber, an array of aerogel threshold Cherenkov coun-56

ters, a barrel-like arrangement of time-of-flight scintilla-57

tion counters, and an electromagnetic calorimeter (ECL)58

comprised of CsI(Tl) crystals located inside a super-59

conducting solenoid coil that provides a 1.5 T magnetic60

field. An iron flux-return located outside the coil is in-61

strumented to detect K0
L mesons and to identify muons.62

A detailed description of the detector can be found in63

Ref. [10].64

The Belle II experiment is located at the Su-65

perKEKB [11] e+e� collider. The Belle II detector [12]66

is an upgraded version of the Belle detector. It includes67

the vertex detector consisting of pixel sensors and double-68

sided silicon strip detectors, and 56-layer central drift69

chamber. The central drift chamber is surrounded by two70

types of Cherenkov light detector systems: an azimuthal71

array of time-of-propagation detectors for the barrel re-72

gion and an aerogel ring-imaging Cherenkov detector for73

the forward endcap region. The Belle ECL is reused in74

Belle II along with the solenoid and the iron flux return75

yoke. Outside of the ECL is a superconducting solenoid76

magnet. Its flux return is instrumented with resistive-77

plate chambers and plastic scintillator modules to detect78

muons, K0
L mesons, and neutrons.79

The z axis of the laboratory frame is defined as the80

solenoid axis, where the positive direction is approxi-81

mately that of the electron beam. This convention ap-82

Introduction

2

• Flavor-changing neutral-current transitions are 
excluded in the SM at tree-level due to the GIM 
mechanism.


• Excellent place to search for New Physics that 
could interfere with radiative and electroweak 
penguin loops. 


• In addition to , , and , 
decays, we will report on the first Belle + Belle II 
search for :


•

b → sνν̄ b → dℓℓ b → (s, d)γ

B0 → γγ

b s

⌫

⌫

u u

u, c, t

W+
Z0

b s

⌫

⌫

u u

u, c, t

W+
Z0

ℓ−

d̄

γ,
ℓ+

BELLE

b s

⌫

⌫

u u

u, c, t

W+
Z0

, d̄

γ‣ No direct interaction 
between the  and  quarks; 

‣ An effective FCNC is 
induced by a 1-loop or 
penguin diagram.

b d

3

Radiative penguin  decaysB
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Figure 2. �E (left) and Mbc (right) distributions of charged B ! K⇤� channels with the fit
results superimposed. The black dots with error bars are the data, the blue curves show the total
fit, the dashed red curves are the signal component, the dotted green curves are the continuum,
and the shaded magenta curves are the BB background component.
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Figure 2. �E (left) and Mbc (right) distributions of charged B ! K⇤� channels with the fit
results superimposed. The black dots with error bars are the data, the blue curves show the total
fit, the dashed red curves are the signal component, the dotted green curves are the continuum,
and the shaded magenta curves are the BB background component.
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Figure 2. �E (left) and Mbc (right) distributions of charged B ! K⇤� channels with the fit
results superimposed. The black dots with error bars are the data, the blue curves show the total
fit, the dashed red curves are the signal component, the dotted green curves are the continuum,
and the shaded magenta curves are the BB background component.
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Figure 2. �E (left) and Mbc (right) distributions of charged B ! K⇤� channels with the fit
results superimposed. The black dots with error bars are the data, the blue curves show the total
fit, the dashed red curves are the signal component, the dotted green curves are the continuum,
and the shaded magenta curves are the BB background component.

– 10 –

 [GeV]ΔE  [GeV ]Mbc /c2

B+ → K*+[K0
Sπ+]γ

B− → K*+[K0
Sπ−]γ

• Large form factor uncertainties in : 
more reliably predicted CP ( ) and 
isospin ( ) asymmetries


• Isospin violation evidence ( ) 
in Belle [PRL.119.191802]


• Suppress large  from  background 
and fit to  and 

ℬSM
ACP

Δ0+

3.1σ

π0(η) qq̄
Mbc ΔE

4

Measurement of B → K*γ Belle II (362 fb )−1

ACP =
Γ(B̄ → K̄*γ) − Γ(B → K*γ)
Γ(B̄ → K̄*γ) + Γ(B → K*γ)

Δ0+ =
Γ(B0 → K*0γ) − Γ(B+ → K*+γ)
Γ(B0 → K*0γ) + Γ(B+ → K*+γ)







ACP(B0 → K*0γ) = (−3.2 ± 2.4 ± 0.4) %
ACP(B+ → K*+γ) = (−1.0 ± 3.0 ± 0.6) %

Δ0+ = (5.1 ± 2.0 ± 1.5) %

Consistent with WA and SM

30% less precise than world’s best 

with half statistics  

https://arxiv.org/abs/1707.00394
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  Analysis strategy B → ργ
•Challenge due to large backgrounds from continuum:  

•Driven by , where one  has 
asymmetrically large energy. 


•Train 2 MVA classifiers to veto  and to further 
reduce continuum.


π0(η) → γγ γ

π0/η

•Large background from  decays (  
mis-identified):

•For the  with the larger kaon 
identification is redefined as a .

• Include  as a fitting variable, along with  and 

, to extract the signal. 

B → K*γ K → π

ρ0 → π+π−, π
K

MKπ ΔE
Mbc

Ø MKp is defined as p+p-(0) mass by assuming one of p+ is kaon

Ø Useful to separate rg from K*g, more powerful than Mpp as a 
fitting variable

S. Watanuki (physics meeting)

8

2023/8/22
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πKM

0
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γ0ρ
γ*0K

For !" → $%$&,
p with larger kaon ID
is redefined as K

Mkpi of '" → !"(

ρ0γ
K*0γ

MKπ

Belle simulation

Improved performance at Belle II 
with TOP and ARICH detectorsKEY-PERFORMANCES AT BELLE II

2024.02.21 - G. DE MARINO - LLWI’24 5

NEW

Belle II TDR, arXiv: 1011.0352

 ε ∼ "# %
π →μ ∼ % %

& '( μ '(
 ε ∼ )* %

π →& ∼ # . + %

 ε ∼ "# %
π →, ∼ * %

μID>0.9

eID>0.9

- '(

High photon e!iciency  

Belle-like resolution on  mass

ε > "# % (. > / . 0 1&2/c)
π#

γ, e, π0

Hadron ID

Muon ID

Good kaon identification in full 
momentum range

Good lepton ID performance

3→4νν̄

3→5γ

3→5ℓ+ℓ−

3→5ℓ+ℓ−

γ, π7

kaonID>0.5

High Kaon 
identification 
efficiency 
and low 

 fake 
rate in full 
momentum 
range

π → K

Area normalized 

A
rb

itr
ar

y 
un

it
5

Measurement of B → ργ Belle + Belle II  
(711 + 362 fb )−1

AI =
2Γ(B0 → ρ0γ) − Γ(B± → ρ±γ)
2Γ(B0 → ρ0γ) + Γ(B± → ρ±γ)

( − )

( − )

• CKM suppressed than : 


• Sensitive to flavor dependent new physics


•  tension in isospin asymmetry ( ) 
: ; : 


• Suppress  from  background


• large  background: mis-identified  
signal extraction fit to , , and 

b → sγ |Vtd |2 / |Vts |2 ≈ 0.04

2σ AI
AWA

I (30+16
−13) % ASM

I (5.2 ± 2.8) %

π0(η) → γγ qq̄

B → K*γ K → π
MKπ Mbc ΔE
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FIG. 2: Distributions of Mbc, �E and MK⇡ for B+ ! ⇢+� candidates reconstructed in the signal-enriched region of the other
two variables defined by Mbc > 5.27 GeV /c2, |�E| < 0.1 GeV and MK⇡ > 0.92 GeV /c2 in Belle and Belle II data. The
points with error bars are data, the solid red curves are the sum of signal and background PDFs, the dashed dark red curves
are signal, the dotted-dashed blue curves are continuum background, the dashed orange curves are K⇤� background, and the
dotted green curves are BB background other than K⇤�.
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FIG. 2: Distributions of Mbc, �E and MK⇡ for B+ ! ⇢+� candidates reconstructed in the signal-enriched region of the other
two variables defined by Mbc > 5.27 GeV /c2, |�E| < 0.1 GeV and MK⇡ > 0.92 GeV /c2 in Belle and Belle II data. The
points with error bars are data, the solid red curves are the sum of signal and background PDFs, the dashed dark red curves
are signal, the dotted-dashed blue curves are continuum background, the dashed orange curves are K⇤� background, and the
dotted green curves are BB background other than K⇤�.
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FIG. 2: Distributions of Mbc, �E and MK⇡ for B+ ! ⇢+� candidates reconstructed in the signal-enriched region of the other
two variables defined by Mbc > 5.27 GeV /c2, |�E| < 0.1 GeV and MK⇡ > 0.92 GeV /c2 in Belle and Belle II data. The
points with error bars are data, the solid red curves are the sum of signal and background PDFs, the dashed dark red curves
are signal, the dotted-dashed blue curves are continuum background, the dashed orange curves are K⇤� background, and the
dotted green curves are BB background other than K⇤�.
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FIG. 2: Distributions of Mbc, �E and MK⇡ for B+ ! ⇢+� candidates reconstructed in the signal-enriched region of the other
two variables defined by Mbc > 5.27 GeV /c2, |�E| < 0.1 GeV and MK⇡ > 0.92 GeV /c2 in Belle and Belle II data. The
points with error bars are data, the solid red curves are the sum of signal and background PDFs, the dashed dark red curves
are signal, the dotted-dashed blue curves are continuum background, the dashed orange curves are K⇤� background, and the
dotted green curves are BB background other than K⇤�.
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FIG. 2: Distributions of Mbc, �E and MK⇡ for B+ ! ⇢+� candidates reconstructed in the signal-enriched region of the other
two variables defined by Mbc > 5.27 GeV /c2, |�E| < 0.1 GeV and MK⇡ > 0.92 GeV /c2 in Belle and Belle II data. The
points with error bars are data, the solid red curves are the sum of signal and background PDFs, the dashed dark red curves
are signal, the dotted-dashed blue curves are continuum background, the dashed orange curves are K⇤� background, and the
dotted green curves are BB background other than K⇤�.

10

5.2 5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29 5.3

)2 (GeV/cbcM

0

5

10

15

20

25

)
2

E
ve

n
ts

/(
3
.3

 M
e
V

/c γ+ρ→+Belle B

-1
Ldt=711 fb∫

5.2 5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29 5.3

)2 (GeV/cbcM

0

5

10

15

20

25

)
2

E
ve

n
ts

/(
3
.3

 M
e
V

/c γ+ρ→+Belle II B

-1
Ldt=362 fb∫

0.3− 0.2− 0.1− 0 0.1 0.2 0.3

E (GeV)∆

0

2

4

6

8

10

12

14

16

18

E
ve

n
ts

/(
2
0
.0

 M
e
V

)

γ+ρ→+Belle B

-1
Ldt=711 fb∫

0.3− 0.2− 0.1− 0 0.1 0.2 0.3

E (GeV)∆

0

2

4

6

8

10

12

14

16

18

E
ve

n
ts

/(
2
0
.0

 M
e
V

)

γ+ρ→+Belle II B

-1
Ldt=362 fb∫

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

)2 (GeV/cπKM

0

2

4

6

8

10

12

14

16

18

)
2

E
ve

n
ts

/(
2
3
.3

 M
e
V

/c γ+ρ→+Belle B

-1
Ldt=711 fb∫

Signal + background

Signal

γK*→B

BB

qq

Data

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

)2 (GeV/cπKM

0

2

4

6

8

10

12

14

)
2

E
ve

n
ts

/(
2
3
.3

 M
e
V

/c γ+ρ→+Belle II B

-1
Ldt=362 fb∫

FIG. 2: Distributions of Mbc, �E and MK⇡ for B+ ! ⇢+� candidates reconstructed in the signal-enriched region of the other
two variables defined by Mbc > 5.27 GeV /c2, |�E| < 0.1 GeV and MK⇡ > 0.92 GeV /c2 in Belle and Belle II data. The
points with error bars are data, the solid red curves are the sum of signal and background PDFs, the dashed dark red curves
are signal, the dotted-dashed blue curves are continuum background, the dashed orange curves are K⇤� background, and the
dotted green curves are BB background other than K⇤�.
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FIG. 2: Distributions of Mbc, �E and MK⇡ for B+ ! ⇢+� candidates reconstructed in the signal-enriched region of the other
two variables defined by Mbc > 5.27 GeV /c2, |�E| < 0.1 GeV and MK⇡ > 0.92 GeV /c2 in Belle and Belle II data. The
points with error bars are data, the solid red curves are the sum of signal and background PDFs, the dashed dark red curves
are signal, the dotted-dashed blue curves are continuum background, the dashed orange curves are K⇤� background, and the
dotted green curves are BB background other than K⇤�.
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FIG. 2: Distributions of Mbc, �E and MK⇡ for B+ ! ⇢+� candidates reconstructed in the signal-enriched region of the other
two variables defined by Mbc > 5.27 GeV /c2, |�E| < 0.1 GeV and MK⇡ > 0.92 GeV /c2 in Belle and Belle II data. The
points with error bars are data, the solid red curves are the sum of signal and background PDFs, the dashed dark red curves
are signal, the dotted-dashed blue curves are continuum background, the dashed orange curves are K⇤� background, and the
dotted green curves are BB background other than K⇤�.
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FIG. 2: Distributions of Mbc, �E and MK⇡ for B+ ! ⇢+� candidates reconstructed in the signal-enriched region of the other
two variables defined by Mbc > 5.27 GeV /c2, |�E| < 0.1 GeV and MK⇡ > 0.92 GeV /c2 in Belle and Belle II data. The
points with error bars are data, the solid red curves are the sum of signal and background PDFs, the dashed dark red curves
are signal, the dotted-dashed blue curves are continuum background, the dashed orange curves are K⇤� background, and the
dotted green curves are BB background other than K⇤�.
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ℬ(B+ → ρ+γ) = (12.87+2.02+1.00
−1.92−1.17) × 10−7

ℬ(B0 → ρ0γ) = (7.45+1.33+1.00
−1.27−0.80) × 10−7

ACP(B+ → ρ+γ) = (−8.415.2+1.3
−15.3−1.4) %

AI = (14.2+11.0+8.9
−11.7−9.1) %

Most precise measurement

 consistent with SM at AI 0.6σ

Belle II 
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FIG. 2. Signal enhanced projections of Mbc (left), �E (middle), and C0
BDT (right) for the B0 ! �� analysis using Belle (top)

and Belle II (bottom) dataset. Each plot is generated by applying the signal region selection criteria on the variables other
than the plotted variable. The signal regions for the two variables are as follows, 5.27 GeV/c2 < Mbc < 5.29 GeV/c2 and –0.19
GeV < �E < 0.14 GeV for Belle and 5.27 GeV/c2 < Mbc < 5.29 GeV/c2 and –0.19 GeV < �E < 0.15 GeV for Belle II.
The cyan(dashed), red(dashed), and blue(solid) color distributions represent the signal, continuum background, and total fit
function, respectively. Points with error bars represent data.

uncertainties in the photon detection e�ciency, the sig-299

nal reconstruction e�ciency, the number of produced BB̄300

pairs, and the branching fraction of ⌥(4S) to neutral BB̄301

pairs, f00 [33]. These uncertainties are multiplicative sys-302

tematic uncertainties, which are proportional to the sig-303

nal yield with fixed ratios. The systematic uncertainty304

in photon detection e�ciency is determined to be 4.0%305

for Belle using the recoil technique in radiative Bhabha306

events e+e– ! e+e–�, while Belle II measures it to be307

2.7% utilizing a e+e– ! µ+µ�� data sample, which ac-308

counts for initial-state radiation. The uncertainty in sig-309

nal reconstruction e�ciency is due to the limited signal310

MC statistics, determined to be 0.4% (0.3%) for Belle311

(Belle II). The uncertainties on the number of BB̄ pairs312

recorded in Belle and Belle II are also considered. A313

systematic uncertainty from the e�ciency of the require-314

ment on CBDT and the ⇡0/⌘ veto is estimated using the315

B0 ! K⇤(890)0� control sample. The e�ciency ratio316

between the data and MC of those requirements is taken317

as a correction, and its uncertainty as the associated sys-318

tematic error. Since there are two photons in the signal319

decay final state and only one in the control mode final320

state, the correction and systematic uncertainty are con-321

sidered twice. An uncertainty of 2.8% is assigned due322

to the timing criteria for Belle, while for Belle II, the323

uncertainty is incorporated into the photon detection ef-324

ficiency.325

We obtain 9.1+5.6
�4.4 (1.9+4.2

�2.8) signal events and 615±25326

TABLE I. Summary of additive systematic uncertainties.

Source Belle
(events)

Belle II
(events)

Fit bias +0.14 +0.10
PDF parameterization +0.56

�0.48
+0.28
�0.32

Shape modeling +0.06 +0.04

Total (sum in quadrature) +0.58
�0.48

+0.30
�0.32

(317±18) background events for Belle (Belle II) from the327

fits to the two independent datasets. The branching frac-328

tion is calculated using the equation:329

B(B0 ! ��) =
Nfit

sig

2⇥NBB̄ ⇥ ✏rec ⇥ f00
, (4)

where Nfit
sig represents the signal yield obtained from the330

fit, NBB̄ = (753 ± 10) ⇥ 106 and (387 ± 6) ⇥ 106 is the331

number of BB̄ pairs at the ⌥(4S) resonance for Belle332

and Belle II, ✏rec = 23.3% and 30.8% represents the signal333

reconstruction e�ciency for Belle and Belle II, and f00 =334

(48.4±1.2)%. Accordinly, the branching fraction for Belle335

and Belle II datasets is calculated to be (5.4+3.3
�2.6± 0.5)⇥336

10�8 and (1.7+3.7
�2.4 ± 0.3)⇥ 10�8, respectively.337

We perform a simultaneous unbinned maximum like-338

lihood fit to the Belle and Belle II datasets using Mbc,339

�E, and C 0
BDT distributions, which is shown in Figure340

2. Since the branching fraction must be the same ir-341
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FIG. 2. Signal enhanced projections of Mbc (left), �E (middle), and C0
BDT (right) for the B0 ! �� analysis using Belle (top)

and Belle II (bottom) dataset. Each plot is generated by applying the signal region selection criteria on the variables other
than the plotted variable. The signal regions for the two variables are as follows, 5.27 GeV/c2 < Mbc < 5.29 GeV/c2 and –0.19
GeV < �E < 0.14 GeV for Belle and 5.27 GeV/c2 < Mbc < 5.29 GeV/c2 and –0.19 GeV < �E < 0.15 GeV for Belle II.
The cyan(dashed), red(dashed), and blue(solid) color distributions represent the signal, continuum background, and total fit
function, respectively. Points with error bars represent data.

uncertainties in the photon detection e�ciency, the sig-299

nal reconstruction e�ciency, the number of produced BB̄300

pairs, and the branching fraction of ⌥(4S) to neutral BB̄301

pairs, f00 [33]. These uncertainties are multiplicative sys-302

tematic uncertainties, which are proportional to the sig-303

nal yield with fixed ratios. The systematic uncertainty304

in photon detection e�ciency is determined to be 4.0%305

for Belle using the recoil technique in radiative Bhabha306

events e+e– ! e+e–�, while Belle II measures it to be307

2.7% utilizing a e+e– ! µ+µ�� data sample, which ac-308

counts for initial-state radiation. The uncertainty in sig-309

nal reconstruction e�ciency is due to the limited signal310

MC statistics, determined to be 0.4% (0.3%) for Belle311

(Belle II). The uncertainties on the number of BB̄ pairs312

recorded in Belle and Belle II are also considered. A313

systematic uncertainty from the e�ciency of the require-314

ment on CBDT and the ⇡0/⌘ veto is estimated using the315

B0 ! K⇤(890)0� control sample. The e�ciency ratio316

between the data and MC of those requirements is taken317

as a correction, and its uncertainty as the associated sys-318

tematic error. Since there are two photons in the signal319

decay final state and only one in the control mode final320

state, the correction and systematic uncertainty are con-321

sidered twice. An uncertainty of 2.8% is assigned due322

to the timing criteria for Belle, while for Belle II, the323

uncertainty is incorporated into the photon detection ef-324

ficiency.325

We obtain 9.1+5.6
�4.4 (1.9+4.2

�2.8) signal events and 615±25326

TABLE I. Summary of additive systematic uncertainties.

Source Belle
(events)

Belle II
(events)

Fit bias +0.14 +0.10
PDF parameterization +0.56

�0.48
+0.28
�0.32

Shape modeling +0.06 +0.04

Total (sum in quadrature) +0.58
�0.48

+0.30
�0.32

(317±18) background events for Belle (Belle II) from the327

fits to the two independent datasets. The branching frac-328

tion is calculated using the equation:329

B(B0 ! ��) =
Nfit

sig

2⇥NBB̄ ⇥ ✏rec ⇥ f00
, (4)

where Nfit
sig represents the signal yield obtained from the330

fit, NBB̄ = (753 ± 10) ⇥ 106 and (387 ± 6) ⇥ 106 is the331

number of BB̄ pairs at the ⌥(4S) resonance for Belle332

and Belle II, ✏rec = 23.3% and 30.8% represents the signal333

reconstruction e�ciency for Belle and Belle II, and f00 =334

(48.4±1.2)%. Accordinly, the branching fraction for Belle335

and Belle II datasets is calculated to be (5.4+3.3
�2.6± 0.5)⇥336

10�8 and (1.7+3.7
�2.4 ± 0.3)⇥ 10�8, respectively.337

We perform a simultaneous unbinned maximum like-338

lihood fit to the Belle and Belle II datasets using Mbc,339

�E, and C 0
BDT distributions, which is shown in Figure340

2. Since the branching fraction must be the same ir-341

Shape classifier
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Search for B0 → γγ
• Double radiative with 


• Reliable prediction: non-hadronic final state


• Suppress off-time photon peaking background


• Dominant  from  background 
Fit to , , shape classifier

ℬSM = (1.4+1.4
−0.8) × 10−8

π0(η) → γγ qq̄
Mbc ΔE

Belle + Belle II  
(694 + 362 fb )−1

5

TABLE II. Summary of multiplicative systematic uncertain-
ties.

Source Belle
(%)

Belle II
(%)

Photon detection e�ciency 4.0 2.7
MC statistics 0.4 0.3
Number of BB̄ pairs 1.3 1.5
f00 2.5 2.5
CBDT requirement 0.4 0.9
⇡0/⌘ veto 0.4 0.6
Timing requirement e�ciency 2.8 �
Total (sum in quadrature) 5.7 4.1

respective of detector setup, the branching fraction is a342

common parameter of the fit. The branching fraction343

is determined to be (3.7+2.2
�1.8 ± 0.5) ⇥ 10�8 with a total344

signal yield of 11.0+6.5
�5.5. We obtain 931±31 background345

events from the simultaneous fit, where the uncertain-346

ties are statistical only. The first uncertainty in the B347

is statistical, while the second is systematic. The signal348

significance is calculated as
p
�2 ln(L0/Lmax), where L0349

is the likelihood value when signal yield is fixed to zero,350

and Lmax is the likelihood value of nominal fit. The re-351

sulting significance is 2.5�, which includes the systematic352

uncertainties.353

As no significant signal yield is observed, we calculate354

an upper limit (UL) on the branching fraction using a355

Bayesian approach, with a flat prior on the branching356

fraction. The UL on the branching fraction is determined357

by integrating the likelihood function obtained from the358

maximum likelihood fit procedure, covering 0% to 90%359

of the area under the likelihood curve. The procedure360

includes the systematic uncertainties on the branching361

fraction by convolving the original likelihood curve with362

a Gaussian function of width equal to the total systematic363

uncertainty from the simultaneous fit. The upper limit364

on the branching fraction obtained from the combined365

dataset is 6.4⇥10�8, at 90% CL. The measured branching366

fraction and the resulting upper limits on B(B0 ! ��)367

at 90% CL, including the systematic uncertainties, are368

summarized in Table III.369

TABLE III. Summary of B(B0 ! ��) measurements and
UL’s at 90% CL.

B(B0 ! ��) B(B0 ! ��)
(at 90% CL)

Belle (5.4+3.3
�2.6 ± 0.5)⇥ 10�8 < 9.9⇥ 10�8

Belle II (1.7+3.7
�2.4 ± 0.3)⇥ 10�8 < 7.4⇥ 10�8

Combined (3.7+2.2
�1.8 ± 0.5)⇥ 10�8 < 6.4⇥ 10�8

In summary, we have searched for the decay B0 ! ��370

using 1.1 ab�1 of data collected at ⌥(4S) resonance by371

the Belle and Belle II experiments. No statistically sig-372

nificant signal is observed, leading us to set a 90% con-373

fidence level upper limit of 6.4 ⇥ 10�8 on the branch-374

ing fraction. The combined results from Belle and Belle375

II represent a significant improvement over the previous376

searches by the BaBar and Belle collaborations. The use377

of advanced analysis techniques such as BDTs results in378

a factor of two background reduction compared to the379

BaBar results and a gain of a factor of two in the signal380

reconstruction e�ciency compared to the previous Belle381

measurements. These improvements, combined with the382

larger Belle + Belle II dataset, lead to an UL that is five383

times more stringent than the previous best limit from384

BaBar [7]. This work paves the way for a potential ob-385

servation of this decay with a larger dataset from the386

ongoing Belle II experiment.387
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• Flavor-changing neutral-current transitions are 
excluded in the SM at tree-level due to the GIM 
mechanism.


• Excellent place to search for New Physics that 
could interfere with radiative and electroweak 
penguin loops. 


• In addition to , , and , 
decays, we will report on the first Belle + Belle II 
search for :


•
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penguin diagram.
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We search for the rare decayB+ ! K+⌫⌫̄ in a 362 fb�1 sample of electron-positron collisions at the
⌥ (4S) resonance collected with the Belle II detector at the SuperKEKB collider. We use the inclusive
properties of the accompanying B meson in ⌥ (4S) ! BB events to suppress background from other
decays of the signal B candidate and light-quark pair production. We validate the measurement
with an auxiliary analysis based on a conventional hadronic reconstruction of the accompanying B
meson. For background suppression, we exploit distinct signal features using machine learning meth-
ods tuned with simulated data. The signal-reconstruction e�ciency and background suppression
are validated through various control channels. The branching fraction is extracted in a maximum
likelihood fit. Our inclusive and hadronic analyses yield consistent results for the B+ ! K+⌫⌫̄
branching fraction of [2.7± 0.5(stat)± 0.5(syst)] ⇥ 10�5 and

⇥
1.1+0.9

�0.8(stat)
+0.8
�0.5(syst)

⇤
⇥ 10�5, re-

spectively. Combining the results, we determine the branching fraction of the decay B+ ! K+⌫⌫̄
to be

⇥
2.3± 0.5(stat)+0.5

�0.4(syst)
⇤
⇥ 10�5, providing the first evidence for this decay at 3.5 standard

deviations. The combined result is 2.7 standard deviations above the standard model expectation.

I. INTRODUCTION

Flavor-changing neutral-current transitions, such as
b ! s⌫⌫̄ and b ! s``, where ` represents a charged lep-
ton, are suppressed in the standard model (SM) of parti-
cle physics, because of the Glashow–Iliopoulos–Maiani
mechanism [1]. These transitions can only occur at
higher orders in SM perturbation theory through weak-
interaction amplitudes that involve the exchange of at
least two gauge bosons. Rate predictions for b ! s``

have significant theoretical uncertainties from the break-
down of factorization due to photon exchange [2]. This
process does not contribute to b ! s⌫⌫̄, so the corre-
sponding rate predictions are relatively precise.

The b ! s⌫⌫̄ transition provides the leading ampli-
tudes for the B

+ ! K
+
⌫⌫̄ decay in the SM, as shown in

Fig. 1. The SM branching fraction of the B
+ ! K

+
⌫⌫̄

decay [3] is predicted in Ref. [4] to be

B(B+ ! K
+
⌫⌫̄) = (5.58 ± 0.37) ⇥ 10�6

, (1)

including a contribution of (0.61 ± 0.06) ⇥ 10�6 from
the long-distance double-charged-current B

+ ! ⌧
+(!

K
+
⌫̄)⌫ decay. The B

+ ! K
+
⌫⌫̄ decay rate can be signif-

icantly modified in models that predict non-SM particles,
such as leptoquarks [5]. In addition, the B

+ meson could
decay into a kaon and an undetectable particle, such as
an axion [6] or a dark-sector mediator [7].

In all analyses reported to date [8–13], no evidence for
a signal has been found, and the current experimental
upper limit on the branching fraction is 1.6⇥10�5 at the
90% confidence level [14]. The study of the B

+ ! K
+
⌫⌫̄

decay is experimentally challenging as the final state con-
tains two neutrinos that are not reconstructed. This pre-
vents the full reconstruction of the kinematic properties
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FIG. 1. Lowest-order quark-level diagrams for the B+ !
K+⌫⌫̄ decay in the SM are either of the penguin (a), or box
type (b): examples are shown. The long-distance double-
charged-current diagram (c) arising at tree level in the SM
also contributes to the B+ ! K+⌫⌫̄ decay.

of the decay, hindering the di↵erentiation of signal dis-
tributions from background.

In this study the signal B meson is produced in the
e
+
e
� ! ⌥ (4S) ! B

+
B

� process. The at-threshold pro-
duction of BB pairs helps to mitigate the limitations due
to the unconstrained kinematics, as the partner B meson
can be used to infer the presence and properties of the
signal B. An inclusive tagging analysis method (ITA)
exploiting inclusive properties from the B-meson pair-
produced along with the signal B, is applied to the en-
tire Belle II data set currently available, superseding the
results of Ref. [13], where this method was first used. In
addition, an auxiliary analysis using the well-established
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• More reliable than : no photon  
exchange factorization. 


• BSM may significantly increase its 


• Challenges: 3 body kinematics with 2 neutrinos


• no signal peaking kinematic observable


• high background with one prompt track


• Relies on missing energy information. 
Belle II is ideally suited


• Novel approach: include all companion 
 decays (inclusive tag)


• Increase signal efficiency by  over  
conventional exclusive tag approaches

b → sℓ+ℓ−

ℬSM = (5.6 ± 0.4) × 10−6

ℬ

B

50 %

Belle II (362 fb )−1Evidence for B+ → K+νν̄
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FIG. 1. Lowest-order quark-level diagrams for the B+ !
K+⌫⌫̄ decay in the SM are either of the penguin (a), or box
type (b): examples are shown. The long-distance double-
charged-current diagram (c) arising at tree level in the SM
also contributes to the B+ ! K+⌫⌫̄ decay.

of the decay, hindering the di↵erentiation of signal dis-
tributions from background.

In this study the signal B meson is produced in the
e
+
e
� ! ⌥ (4S) ! B

+
B

� process. The at-threshold pro-
duction of BB pairs helps to mitigate the limitations due
to the unconstrained kinematics, as the partner B meson
can be used to infer the presence and properties of the
signal B. An inclusive tagging analysis method (ITA)
exploiting inclusive properties from the B-meson pair-
produced along with the signal B, is applied to the en-
tire Belle II data set currently available, superseding the
results of Ref. [13], where this method was first used. In
addition, an auxiliary analysis using the well-established
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BCKG VALIDATION (I)
1) Data collected 60 MeV below resonance to validate !+!-→"" ̅simulation. 
Normalization discrepancy: 1.40±0.05 
We correct for observed discrepancies in shapes and normalization. 

2) Pion and lepton enriched sideband samples to validate modeling of 
$→&c(→'(+&) decays 

• Fit  in pion- and lepton-enriched sideband to validate size of 
$→&c(→'(+&) 

Data favors 1.3x scaling-up
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FIG. 4. Distributions of the number of extra photon candidates in the HTA after the selection described in Sec. IV in data
(points with error bars) and simulation (filled histograms) for the opposite-charge pion-enriched control sample, on the left
before the photon multiplicity correction and on the right after the correction. The yields are shown individually for the three
background categories (BB decays, cc̄ continuum, and light-quark continuum). The data-to-simulation ratios are shown in the
bottom panels.

FIG. 5. E�ciency of reconstructing an energy deposit in the
ECL matched to the K0

L direction, as a function of the K0

L

energy, for e+e� ! �� data and simulation. The energy
deposits are selected following the ITA criteria.

VI. BACKGROUND SUPPRESSION

Simulated signal and background events are used to
train BDTs that suppress the background. Several in-
puts are considered, including general event-shape vari-
ables described in Ref. [36], as well as variables charac-
terizing the kaon candidate and the kinematic properties
of the ROE. Moreover, vertices of two and three charged
particles, with one of the tracks being the kaon-candidate
track, are reconstructed to identify kaons from D

0 and
D

+ meson decays; variables describing the fit quality and
kinematic properties of the resulting candidates are con-

sidered as possible BDT inputs. Variables are excluded if
either their contribution to the classification’s separation
power is negligible or they are poorly described by the
simulation.

The ITA uses two consecutive BDTs. A first binary
classifier, BDT1, is designed as a first-level filter after
event selection. It is trained on 106 simulated events of
each of the seven considered background categories (de-
cays of charged B mesons, decays of neutral B mesons,
and the five continuum categories: e

+
e
� ! qq̄ with

q = u, d, s, c quarks and e
+
e
� ! ⌧

+
⌧
�), weighted to

a common equivalent luminosity such that the sum of
weights is balanced to the 106 simulated signal events.
The classifier uses 12 input variables. The most discrimi-
nating variable is the di↵erence between the ROE energy
in the c.m. frame and

p
s/2 (�EROE), which tends to

be negative for signal events due to neutrinos, whereas
it is positive for the background with additional recon-
structed particles. Significant discrimination comes from
variables sensitive to the momentum imbalance of the
signal events due to neutrinos, as well as those that cor-
relate the missing momentum with the signal-kaon mo-
mentum. Examples of such variables are the reduced
first-order Fox-Wolfram moment [37] and the modified
Fox-Wolfram moments [38].

The second classifier, BDT2, is used for the final event
selection. It is trained on events with BDT1 > 0.9,
which corresponds to a signal (background) selection ef-
ficiency of 34% (1.5%), using 35 input variables. A simu-
lated background sample of 200 fb�1 equivalent luminos-
ity, corresponding to 4.2 ⇥ 106 events, and a sample of
1.7⇥106 signal events are used. Tests with larger samples
used for BDT2 training show no additional improvements

• Two consecutive classifiers with signal kaon, event shape 
and non-signal reconstruction information


• Signal efficiency validation with   
with modified kinematics to match signal


• Various background yield correction from  
off-resonance ( ),  efficiency ( )


• Closure test: ;  
PDG compatible: 


• Major systematics sources in terms of signal strength :

• background yield correction (16%)

• limited sample size for fit model (9%)


• Analysis cross-checked with hadronic tagged : 
companion  from hadronic decays

B+ → J/ψK+

× 1.4 KL × 0.83
ℬ(B+ → K0

Sπ+) = (2.5 ± 0.5) × 10−5

(2.38 ± 0.08) × 10−5

(μ)

B+ → K+νν̄
B

10

: strategy and validationB+ → K+νν̄

e+e− → γϕ( → KLKS)
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FIG. 15. Observed yields and fit results in bins of the ⌘(BDT2) ⇥ q2rec space obtained by the ITA simultaneous fit to the
o↵- and on-resonance data, corresponding to an integrated luminosity of 42 and 362 fb�1, respectively. The yields are shown
individually for the B+ ! K+⌫⌫̄ signal, neutral and charged B-meson decays and the sum of the five continuum categories.
The yields are obtained in bins of the ⌘(BDT2)⇥ q2rec space. The pull distributions are shown in the bottom panel.

FIG. 16. Twice the negative profile log-likelihood ratio as a
function of the signal strength µ for the ITA, HTA, and the
combined result. The value for each scan point is determined
by fitting the data, where all parameters but µ are varied.

di↵erence between the �2 log L values at µ = 1 and at
the minimum is used to estimate the significance of the
observed signal with respect to the SM expectation. For
the ITA, it is found to be 2.9 standard deviations, indi-
cating a potential deviation from the SM. For the HTA,
the result is in agreement with the SM at 0.6 standard
deviations.

Events from the SR of the HTA represent only 2% of
the corresponding events in the ITA; their removal does
not alter the ITA result significantly. The ITA sample

with removed overlapping events is used for the compat-
ibility checks. The ITA and HTA measurements agree,
with a di↵erence in signal strength of 1.2 standard devi-
ations.

XIII. CONSISTENCY CHECKS

Several checks are performed to test the validity of the
analysis.

Simulation and data events are divided into approxi-
mately same-size statistically independent samples (split
samples) according to various criteria: data-taking pe-
riod; missing-momentum direction; momentum of the
rest-of-event particles; number of photons, charged par-
ticles, and lepton candidates in the event; kaon direction;
kaon charge; and total charge of the reconstructed parti-
cles in the event. Fits are performed for each split sample,
and the results are presented in Fig. 21.

Good compatibility is observed between the split sam-
ples for the HTA. A tension at 2.4 standard deviations
is observed for the total charge split sample in the ITA.
Several studies are conducted to investigate this tension,
but they did not reveal any significant systematic e↵ects.
The total �

2 value per degrees of freedom for all tests in
the ITA is 12.5/9.

An important test involves the subdivision based on
the number of leptons in the ITA. Since there are no
leptons on the signal side, this test compares events in
which a (semi)leptonic B decay occurs in the ROE with
those in which a hadronic B decay occurs. The separa-

Signal discriminator 

11

: fitB+ → K+νν̄
• Fit in bins of dineutrino mass ( ) and classifier outputq2

rec
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23

FIG. 21. Signal strength µ determined in the ITA (left) and HTA (right) for independent data samples divided into approximate
halves by various criteria. The vertical lines show the result obtained on the full data set. The horizontal bars (and dot-dashed
lines) represent total one standard deviation uncertainties.

FIG. 22. Distribution of q2rec for ITA events in the pion-
enriched sample and populating the ⌘(BDT2) > 0.92 bins.
The yields of simulated background and signal components
are normalized based on the fit results to determine the
branching fraction of the B+ ! ⇡+K0 decay. The pull dis-
tribution is shown in the bottom panel.

f
+� = 0.5 compared to the one adopted here. However,

due to the large statistical uncertainties, minor di↵er-
ences in the correction factors have a small impact on

FIG. 23. Branching-fraction values measured by Belle II,
measured by previous experiments [9–13], and predicted by
the SM [4]. The Belle analyses reported upper limits; the val-
ues shown here are computed based on the quoted observed
number of events, e�ciency, and f+� = 0.516. The BaBar
results are taken directly from the publications, and they use
f+� = 0.5. The weighted average is computed assuming sym-
metrized and uncorrelated uncertainties, excluding the super-
seded measurement of Belle II (63 fb�1, Inclusive) [13] and
the uncombined results of Belle II shown as open data points.

μ =
ℬ

ℬSM

μ
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: resultB+ → K+νν̄
Inclusive tag: 




Excess significance: 

SM deviation: 

ℬ = (2.7 ± 0.5 ± 0.5) × 10−5

3.5σ
2.9σ

Hadronic tag: 




Excess significance: 

SM deviation 


ℬ = (1.1+0.9+0.8
−0.8−0.5) × 10−5

1.1σ
0.6σ

Combined: 

Significance of the excess is 


 deviation from SM


ℬ = (2.3 ± 0.5+0.5
−0.4) × 10−5

3.5σ
2.7σ

First evidence of  B+ → K+νν̄

• Combination: excluded common events 
from inclusive sample

accepted by PRD ; arXiv:2311.14647
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FIG. 1. Mbc (left) and �E (right) distributions of two-
dimensional unbinned extended maximum-likelihood fits to
data after signal selection for (a) B0 ! ⌘`+`� (first-row), (b)
B0 ! !`+`� (second-row), (c) B0 ! ⇡0`+`� (third-row), (d)
B+ ! ⇡+e+e� (fourth-row), (e) B0 ! ⇢0e+e� (fifth-row),
and (f) B+ ! ⇢+`+`� (sixth-row). Points with error bars are
the data; blue solid curves are the fitted results for the signal-
plus-background hypothesis; red long-dashed curves denote
the signal component; black dashed and cyan dash-dotted
curves are combinatorial and peaking backgrounds, respec-
tively.

ciencies from the nominal is assigned as a systematic un-
certainty, which has an e↵ect of less than 1%. The uncer-
tainty in e�ciency due to the limited MC sample size is
less than 1%. To account for the uncertainty arising from
the mass window requirements for ⇢, ⌘, and ! mesons,
the change in signal yield in MC by varying the window
to data resolution is assigned as a systematic. This varies
between 1 and 3%. To assess the potential bias due to
the method of best candidate selection, this is changed to
random candidate selection, and the di↵erence in branch-
ing fraction ULs at the 90% confidence level has a sys-
tematic uncertainty of less than 1%. The e↵ect of the
BDT, used for background suppression, is studied using
B+,0

! J/ (! `+`�)⇡+,0 channels by taking the ratio
in e�ciencies between the data and simulation, which
results in systematic uncertainties of 1 � 7%, depend-
ing on the decay channel. The uncertainty in the num-
ber of BB events is 1.4%. The systematic uncertainty
in both B[⌥(4S) ! B+B�] and B[⌥(4S) ! B0B0] is
2.4% [51]. The shape parameters fixed in the fit are var-
ied by ±1�, determined from 106 generated signal MC
events or a B+,0

! J/ (! `+`�)⇡+,0 control sample,
from their mean values and the deviation from the nom-
inal fit value of Nsig is the uncertainty due to the signal
and background shapes: this is found to be less than 1%.
The branching fractions ULs are calculated using the

formula

B
UL =

NUL
sig

2f±(00)NBB"
. (3)

Here, f±(00) is the branching fraction B[⌥(4S) ! B+B�]
= (51.6± 1.2)% (B[⌥(4S) ! B0B0] = (48.4± 1.2)%) for
charged (neutral) B decays [51]; NBB and " are the num-
ber of BB events = (772 ± 11) ⇥ 106 and data-MC dif-
ference corrected signal MC e�ciency, respectively. The
systematic uncertainties in B

UL are included by smear-
ing Nsig with the fractional systematic uncertainties de-
scribed above. The results are listed in Table I.
In summary, we have searched for the rare de-

cays B+,0
! (⌘,!,⇡+,0, ⇢+,0)e+e� and B+,0

!

(⌘,!,⇡0, ⇢+)µ+µ�, which involve b ! d`+`� transitions,
using a 711 fb�1 data sample of Belle. We find no evi-
dence for the signal in any of the decay channels and set
90% confidence-level upper limits on the branching frac-
tions in the range (3.8 � 47) ⇥ 10�8, depending on the
decay channel. The world’s best limits are obtained. This
is the first search for the channels B+,0

! (!, ⇢+,0)e+e�

and B+,0
! (!, ⇢+)µ+µ�. Our branching fraction re-

sults for B+
! ⇡+e+e� and B0

! ⇢0e+e�, though sta-
tistically limited, are consistent with measurements of
the B+

! ⇡+µ+µ� and B0
! ⇢0µ+µ� branching frac-

tions from LHCb [25, 26] within 1�2�. These results are
consistent with lepton-flavor-universality in b ! d`+`�

transitions. These results will constrain the development
of BSM models for b ! d`+`� transitions.
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FIG. 1. Mbc (left) and �E (right) distributions of two-
dimensional unbinned extended maximum-likelihood fits to
data after signal selection for (a) B0 ! ⌘`+`� (first-row), (b)
B0 ! !`+`� (second-row), (c) B0 ! ⇡0`+`� (third-row), (d)
B+ ! ⇡+e+e� (fourth-row), (e) B0 ! ⇢0e+e� (fifth-row),
and (f) B+ ! ⇢+`+`� (sixth-row). Points with error bars are
the data; blue solid curves are the fitted results for the signal-
plus-background hypothesis; red long-dashed curves denote
the signal component; black dashed and cyan dash-dotted
curves are combinatorial and peaking backgrounds, respec-
tively.

ciencies from the nominal is assigned as a systematic un-
certainty, which has an e↵ect of less than 1%. The uncer-
tainty in e�ciency due to the limited MC sample size is
less than 1%. To account for the uncertainty arising from
the mass window requirements for ⇢, ⌘, and ! mesons,
the change in signal yield in MC by varying the window
to data resolution is assigned as a systematic. This varies
between 1 and 3%. To assess the potential bias due to
the method of best candidate selection, this is changed to
random candidate selection, and the di↵erence in branch-
ing fraction ULs at the 90% confidence level has a sys-
tematic uncertainty of less than 1%. The e↵ect of the
BDT, used for background suppression, is studied using
B+,0

! J/ (! `+`�)⇡+,0 channels by taking the ratio
in e�ciencies between the data and simulation, which
results in systematic uncertainties of 1 � 7%, depend-
ing on the decay channel. The uncertainty in the num-
ber of BB events is 1.4%. The systematic uncertainty
in both B[⌥(4S) ! B+B�] and B[⌥(4S) ! B0B0] is
2.4% [51]. The shape parameters fixed in the fit are var-
ied by ±1�, determined from 106 generated signal MC
events or a B+,0

! J/ (! `+`�)⇡+,0 control sample,
from their mean values and the deviation from the nom-
inal fit value of Nsig is the uncertainty due to the signal
and background shapes: this is found to be less than 1%.
The branching fractions ULs are calculated using the

formula

B
UL =

NUL
sig

2f±(00)NBB"
. (3)

Here, f±(00) is the branching fraction B[⌥(4S) ! B+B�]
= (51.6± 1.2)% (B[⌥(4S) ! B0B0] = (48.4± 1.2)%) for
charged (neutral) B decays [51]; NBB and " are the num-
ber of BB events = (772 ± 11) ⇥ 106 and data-MC dif-
ference corrected signal MC e�ciency, respectively. The
systematic uncertainties in B

UL are included by smear-
ing Nsig with the fractional systematic uncertainties de-
scribed above. The results are listed in Table I.
In summary, we have searched for the rare de-

cays B+,0
! (⌘,!,⇡+,0, ⇢+,0)e+e� and B+,0

!

(⌘,!,⇡0, ⇢+)µ+µ�, which involve b ! d`+`� transitions,
using a 711 fb�1 data sample of Belle. We find no evi-
dence for the signal in any of the decay channels and set
90% confidence-level upper limits on the branching frac-
tions in the range (3.8 � 47) ⇥ 10�8, depending on the
decay channel. The world’s best limits are obtained. This
is the first search for the channels B+,0

! (!, ⇢+,0)e+e�

and B+,0
! (!, ⇢+)µ+µ�. Our branching fraction re-

sults for B+
! ⇡+e+e� and B0

! ⇢0e+e�, though sta-
tistically limited, are consistent with measurements of
the B+

! ⇡+µ+µ� and B0
! ⇢0µ+µ� branching frac-

tions from LHCb [25, 26] within 1�2�. These results are
consistent with lepton-flavor-universality in b ! d`+`�

transitions. These results will constrain the development
of BSM models for b ! d`+`� transitions.
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FIG. 1. Mbc (left) and �E (right) distributions of two-
dimensional unbinned extended maximum-likelihood fits to
data after signal selection for (a) B0 ! ⌘`+`� (first-row), (b)
B0 ! !`+`� (second-row), (c) B0 ! ⇡0`+`� (third-row), (d)
B+ ! ⇡+e+e� (fourth-row), (e) B0 ! ⇢0e+e� (fifth-row),
and (f) B+ ! ⇢+`+`� (sixth-row). Points with error bars are
the data; blue solid curves are the fitted results for the signal-
plus-background hypothesis; red long-dashed curves denote
the signal component; black dashed and cyan dash-dotted
curves are combinatorial and peaking backgrounds, respec-
tively.

ciencies from the nominal is assigned as a systematic un-
certainty, which has an e↵ect of less than 1%. The uncer-
tainty in e�ciency due to the limited MC sample size is
less than 1%. To account for the uncertainty arising from
the mass window requirements for ⇢, ⌘, and ! mesons,
the change in signal yield in MC by varying the window
to data resolution is assigned as a systematic. This varies
between 1 and 3%. To assess the potential bias due to
the method of best candidate selection, this is changed to
random candidate selection, and the di↵erence in branch-
ing fraction ULs at the 90% confidence level has a sys-
tematic uncertainty of less than 1%. The e↵ect of the
BDT, used for background suppression, is studied using
B+,0

! J/ (! `+`�)⇡+,0 channels by taking the ratio
in e�ciencies between the data and simulation, which
results in systematic uncertainties of 1 � 7%, depend-
ing on the decay channel. The uncertainty in the num-
ber of BB events is 1.4%. The systematic uncertainty
in both B[⌥(4S) ! B+B�] and B[⌥(4S) ! B0B0] is
2.4% [51]. The shape parameters fixed in the fit are var-
ied by ±1�, determined from 106 generated signal MC
events or a B+,0

! J/ (! `+`�)⇡+,0 control sample,
from their mean values and the deviation from the nom-
inal fit value of Nsig is the uncertainty due to the signal
and background shapes: this is found to be less than 1%.
The branching fractions ULs are calculated using the

formula

B
UL =

NUL
sig

2f±(00)NBB"
. (3)

Here, f±(00) is the branching fraction B[⌥(4S) ! B+B�]
= (51.6± 1.2)% (B[⌥(4S) ! B0B0] = (48.4± 1.2)%) for
charged (neutral) B decays [51]; NBB and " are the num-
ber of BB events = (772 ± 11) ⇥ 106 and data-MC dif-
ference corrected signal MC e�ciency, respectively. The
systematic uncertainties in B

UL are included by smear-
ing Nsig with the fractional systematic uncertainties de-
scribed above. The results are listed in Table I.
In summary, we have searched for the rare de-

cays B+,0
! (⌘,!,⇡+,0, ⇢+,0)e+e� and B+,0

!

(⌘,!,⇡0, ⇢+)µ+µ�, which involve b ! d`+`� transitions,
using a 711 fb�1 data sample of Belle. We find no evi-
dence for the signal in any of the decay channels and set
90% confidence-level upper limits on the branching frac-
tions in the range (3.8 � 47) ⇥ 10�8, depending on the
decay channel. The world’s best limits are obtained. This
is the first search for the channels B+,0

! (!, ⇢+,0)e+e�

and B+,0
! (!, ⇢+)µ+µ�. Our branching fraction re-

sults for B+
! ⇡+e+e� and B0

! ⇢0e+e�, though sta-
tistically limited, are consistent with measurements of
the B+

! ⇡+µ+µ� and B0
! ⇢0µ+µ� branching frac-

tions from LHCb [25, 26] within 1�2�. These results are
consistent with lepton-flavor-universality in b ! d`+`�

transitions. These results will constrain the development
of BSM models for b ! d`+`� transitions.
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FIG. 1. Mbc (left) and �E (right) distributions of two-
dimensional unbinned extended maximum-likelihood fits to
data after signal selection for (a) B0 ! ⌘`+`� (first-row), (b)
B0 ! !`+`� (second-row), (c) B0 ! ⇡0`+`� (third-row), (d)
B+ ! ⇡+e+e� (fourth-row), (e) B0 ! ⇢0e+e� (fifth-row),
and (f) B+ ! ⇢+`+`� (sixth-row). Points with error bars are
the data; blue solid curves are the fitted results for the signal-
plus-background hypothesis; red long-dashed curves denote
the signal component; black dashed and cyan dash-dotted
curves are combinatorial and peaking backgrounds, respec-
tively.

ciencies from the nominal is assigned as a systematic un-
certainty, which has an e↵ect of less than 1%. The uncer-
tainty in e�ciency due to the limited MC sample size is
less than 1%. To account for the uncertainty arising from
the mass window requirements for ⇢, ⌘, and ! mesons,
the change in signal yield in MC by varying the window
to data resolution is assigned as a systematic. This varies
between 1 and 3%. To assess the potential bias due to
the method of best candidate selection, this is changed to
random candidate selection, and the di↵erence in branch-
ing fraction ULs at the 90% confidence level has a sys-
tematic uncertainty of less than 1%. The e↵ect of the
BDT, used for background suppression, is studied using
B+,0

! J/ (! `+`�)⇡+,0 channels by taking the ratio
in e�ciencies between the data and simulation, which
results in systematic uncertainties of 1 � 7%, depend-
ing on the decay channel. The uncertainty in the num-
ber of BB events is 1.4%. The systematic uncertainty
in both B[⌥(4S) ! B+B�] and B[⌥(4S) ! B0B0] is
2.4% [51]. The shape parameters fixed in the fit are var-
ied by ±1�, determined from 106 generated signal MC
events or a B+,0

! J/ (! `+`�)⇡+,0 control sample,
from their mean values and the deviation from the nom-
inal fit value of Nsig is the uncertainty due to the signal
and background shapes: this is found to be less than 1%.
The branching fractions ULs are calculated using the

formula

B
UL =

NUL
sig

2f±(00)NBB"
. (3)
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!
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TABLE I. BUL for b ! de+e�, b ! dµ+µ�, and b ! d`+`� decays. The columns correspond to decay channels, signal yields
(Nsig), 90% CL signal yield upper limits (NUL

sig ), data-MC di↵erence corrected signal MC e�ciencies ("), branching fraction
90% CL upper limits (BUL), and branching ratios (B).

channel Nsig NUL
sig " (%) BUL (10�8) B (10�8)
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�1.0 3.1 3.9 < 10.5 0.0+4.9

�3.4 ± 0.1
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�1.1 4.2 5.9 < 9.4 1.9+3.4

�2.5 ± 0.2

B0 ! ⌘`+`� 0.5+1.0
�0.8 1.8 4.9 < 4.8 1.3+2.8

�2.2 ± 0.1

B0 ! !e+e� �0.3+3.2
�2.5 3.7 1.6 < 30.7 � 2.1+26.5

�20.8 ± 0.2

B0 ! !µ+µ� 1.7+2.3
�1.6 5.5 2.9 < 24.9 7.7+10.8

� 7.5 ± 0.6

B0 ! !`+`� 1.0+1.8
�1.3 3.6 2.2 < 22.0 6.4+10.7

� 7.8 ± 0.5

B0 ! ⇡0e+e� �2.9+1.8
�1.4 4.0 6.7 < 7.9 � 5.8+3.6
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�1.6 5.0 11.5 < 5.4 0.1+2.7

�1.8 ± 0.1

B0 ! ⇢0e+e� 5.6+3.5
�2.7 10.8 3.2 < 45.5 23.6+14.6

�11.2 ± 1.1

B+ ! ⇢+e+e� �4.4+2.3
�2.0 5.3 1.4 < 46.7 �38.2+24.5

�17.2 ± 3.4

B+ ! ⇢+µ+µ� 3.0+4.0
�3.0 8.7 2.9 < 38.1 13.0+17.5

�13.3 ± 1.1

B+ ! ⇢+`+`� 0.4+2.3
�1.8 3.0 2.0 < 18.9 2.5+14.6

�11.8 ± 0.2
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Summary
• Radiative and electroweak penguin  decays are prime processes to probe BSM


• Analyses possible due to unique to Belle (II) abilities


• Five new Belle and Belle II results since last FPCP


• : new measurement of , , . Consistent with WA and SM.


• : world best measurement of  , , 


• : 5 times better upper limit than current world best


• : first evidence with  deviation from SM


• : world best limits and new searches 

B

B → K*γ ℬ ACP Δ0+

B → ργ ℬ ACP AI

B0 → γγ

B+ → K+νν̄ 2.7σ

b → dℓℓ


