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Overview
Leptonic B decays

• �

• �

EWP and related

• �

• �  inclusive

�  decays

• �

B+ → μ+ν
B+ → ℓ+νγ

B → K*e±μ∓

B → Xsγ
τ
τ+ → π+νℓ+ℓ−
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18#countries#
84#institutes#
~400#members

Z L dt
=
10
39

fb
�1

Lpeak = 21.1 nb�1s�1
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		20	countries	
		90	institutions	
~450	members



Belle (and BaBar, too) achievements include: 

• CPV, CKM, and rare decays of B mesons (and Bs, 
too)

• Mixing, CP, and spectroscopy of charmed 
hadrons

• Quarkonium spectroscopy and discovery of 
(many) exotic states, e.g. X(3872), Zc(4430)+

• Studies of τ and 2γ

2008



 B+ → ℓ+ν(γ)



For a clean test of lepton universality

�6

and	all	other	parameters	cancel!

• Belle	has	measured	� 	with	both	inclusive	tag	and	hadronic	
tag	and	updated	� 	with	inclusive	tagging	(2019)

B+ → e+ν, μ+ν
B+ → μ+ν



SM and NP diagrams for B+ ➔ µ+ν

�7N = unknown neutral fermion (e.g. a sterile ν)
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FIG. 2. The signal resolution of B+ ! µ+ ⌫µ is compared
for signal events reconstructed in the c.m. (p⇤µ) and the signal

B rest frame (pBµ ).

Wolfram moments [39] and CLEO Cones [40], are highly359

discriminating. In addition, we include in the input fea-360

tures of the boosted decision tree the number of tracks in361

the ROE, the number of leptons (electrons or muons) in362

the ROE, the normalized beam constrained mass of the363

tag-side B meson defined as364

bmtag
bc

=
q

s/4�
�
p⇤
tag,cal

�2
/
�p

s/2
�
, (8)

and the normalized missing energy defined as365

� bE =
�
E⇤

tag,reco �
p
s/2

�
/
�p

s/2
�
, (9)

with E⇤
tag,reco denoting the energy from boosting the366

ROE four-vector from the laboratory into the c.m. frame.367

This list of variables and pBµ are used in the data-driven368

correction described in Section II to correct the simulated369

continuum events. We apply a loose set of ROE prese-370

lection cuts: only events with at least two tracks, less371

than three leptons, bmtag
bc

> 0.96, � bE 2 [�0.5, 0.1), and372

R2 < 0.5 are further considered. Figure 3 compares the373

classifier output Cout and pBµ distributions of the pre-374

dicted simulated and corrected continuum contribution375

with recorded o↵-resonance collision events. Both vari-376

ables show good agreement.377

Using this classifier and the cosine of the angle between378

the calibrated signal B meson in the c.m. system and379

the muon in the B rest frame (cos⇥Bµ) we define four380

mutually exclusive categories: two signal enriched cate-381

gories with Cout 2 [0.98, 1) and split with respect to their382

cos⇥Bµ values. For B+ ! µ+ ⌫µ signal decays no pre-383

ferred direction is expected, but for semileptonic and con-384

tinuum backgrounds the selected muons are emitted more385

frequently in the flight direction of the reconstructed B386

meson candidate direction due to the spin quantum num-387

ber of the hadronic final states or the nature of the pro-388

duction process, respectively. In addition, we include389

two additional categories with Cout 2 [0.93, 0.98), which390

help separate b ! u ` ⌫` and continuum processes from391

B+ ! µ+ ⌫µ signal decays. Table II summarizes the four392

categories. The chosen cut values were determined using393

a grid search and by fits to Asimov data sets (using the394

fit procedure further described in Section V).395

In Section VII the signal depleted region of Cout 2396

[0.9, 0.93) is analyzed and simultaneous fits in two cate-397

gories, cos⇥Bµ < 0 and cos⇥Bµ > 0, are carried out to398

validate the modeling of the important b ! u ` ⌫` back-399

ground and to extract a value of the inclusive B(B !400

Xu `
+ ⌫) branching fraction. The selection e�ciencies of401

B+ ! µ+ ⌫µ signal and the background processes are402

summarized in Table III.403

IV. INCLUSIVE TAG VALIDATION USING404

B+ ! D
0
⇡+ DECAYS405

In order to validate the quality of the inclusive tag re-406

construction and rule out possible biases introduced by407

the calibration method, we study the hadronic two-body408

decay of B+ ! D
0
⇡+ with D

0 ! K+ ⇡�. Due to409

the absence of any neutrino in this decay, we are able410

to fully reconstruct the B+ four-vector and boost the411

prompt ⇡+ in its frame of rest. Alternatively, we use the412

ROE, as outlined in the previous section, to reconstruct413

the very same information. Comparing the results from414

both allows us to determine if the calibration introduces415

potential biases and do also validate the signal resolu-416

tion predicted in the simulation. In addition, we use this417

data set to test the validity of the continuum suppres-418

sion and the data-driven continuum corrections outlined419

in Section II.420

We reconstruct the B+ ! D
0
⇡+ with D

0 ! K+ ⇡�
421

using the same impact parameter requirements used in422

the B+ ! µ+ ⌫µ analysis. For the prompt ⇡+ candidate423

we require a momentum of more than 2.1 GeV in the424

TABLE II. The definition of the four signal categories is
shown.

Category Cout cos⇥Bµ Signal E�ciency

I [0.98,1.00) [-0.13,1.00) 6.5%

II [0.98,1.00) [-1.00,-0.13) 5.9%

III [0.93,0.98) [0.04,1.00) 7.1%

IV [0.93,0.98) [-1.00,0.04) 8.3%

TABLE III. The cumulative selection e�ciencies of B+ !
µ+ ⌫µ signal decays and dominant background processes
throughout the selection is listed. For details about the vari-
ous selection steps see text.

E�ciency B+ ! µ+ ⌫µ b ! u ` ⌫` Continuum

B B̄ & Muon reco. 99% 10% 0.9%

ROE Presel. 55% 1.4% 0.03%

Cout cut 28% 0.2% 0.001%

• an	improved	search	over	Belle’s	PRL	2018	

✓ modeling of  b ➔ u ℓ ν  and continuum background 
✓ use inclusive B tagging to maximize signal selection 

efficiency (⇐ BFSM ~ 4 × 10-7) 

• carry	out	the	analysis	in	the	signal	B	rest	frame	

✓   
✓ achieve better resolution and sensitivity  

than using        (CM frame) 
⇐ tag-side momentum is calibrated by using MC 

✓ sensitive to B+ ➔ µ+ N search, for mN ∈ [0, 1.5) GeV

pBµ = 2.64 GeV
<latexit sha1_base64="3o7fn/0SPEkowz7abYCAqxjUqrs="></latexit>

p⇤µ
<latexit sha1_base64="cn1NHEdbYymOIPonl14pWa1UuUk=">AAACA3icdVC7SgNBFJ2NrxhfUUubwSCIwrIxhUkXtLGMYB6QrGF2cjcZMju7zMwKYUlpZWWrrZ2d2PohfoFfYO9soqBRD1w4nHPfXsSZ0o7zamXm5hcWl7LLuZXVtfWN/OZWQ4WxpFCnIQ9lyyMKOBNQ10xzaEUSSOBxaHrD09RvXoFULBQXehSBG5C+YD6jRBupGXU7QXx50M0XHNuplJ1SBf8mRduZoFA9fH+4gUJU6+bfOr2QxgEITTlRql10Iu0mRGpGOYxznVhBROiQ9KFtqCABKDeZrDvGe0bpYT+UJoTGE/V7RUICpUaBZzIDogdq1kvFPz06MAuAnBmv/bKbMBHFGgSdTvdjjnWI04fgHpNANR8ZQqhk5gCc9iHUdFI585mv8/H/pHFkF0u2c25edIKmyKIdtIv2UREdoyo6QzVURxQN0S26Q/fWtfVoPVnP09SM9VmzjX7AevkAp56cDw==</latexit>

psig = �p⇤
tag,cal

<latexit sha1_base64="qZXsHH69pf0JoJLfnMSIvQNLYiA="></latexit>

B+ ➔ µ+ν  and  B+ ➔ µ+N
Features

BELLE

arXiv:1911.03186

N = unknown neutral fermion (e.g. a sterile ν)
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Signal extraction 

✓ by	binned	max.	likelihood	fit	to								in	kinemaIc/BDT	categories		pBµ
<latexit sha1_base64="PmX2AKXmshc7KUW+YtmrwtMMQgI=">AAACBHicbVC7SgNBFJ2NrxhfUUubwSAIQtjVQssQG8sI5gHJGmYnd5MhM7vDzKwQlrQ2drZaWtqJrf/hF/gF9s4mKTTxwMDhnPuaE0jOtHHdTye3tLyyupZfL2xsbm3vFHf3GjpOFIU6jXmsWgHRwFkEdcMMh5ZUQETAoRkMLzO/eQdKszi6MSMJviD9iIWMEmOllux2RHJbxd1iyS27E+BF4s1IqXLy/fIAJVnrFr86vZgmAiJDOdG67bnS+ClRhlEO40In0SAJHZI+tC2NiADtp5N7x/jIKj0cxsq+yOCJ+rsjJULrkQhspSBmoOe9TPzXowN7AKi59Sa88FMWycRARKfbw4RjE+MsEdxjCqjhI0sIVcx+AGdzCLWTdMEm483nsEgap2XvrOxe24iqaIo8OkCH6Bh56BxV0BWqoTqiiKNH9ISenXvn1Xlz3qelOWfWs4/+wPn4AaPYm/o=</latexit>

B+ ➔ µ+ν  and  B+ ➔ µ+N BELLE

arXiv:1911.03186
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Validation 

✓ The	procedure	is	validated	by	measuring	

✓ Clean	sample	is	reconstructed	and	selected	by	Mbc,	|ΔE|		

✓ Prompt	π+	is	treated	as	the	signal	μ+	

✓ Check	Data	vs.	MC	for	

B+ ! D
0
⇡+

<latexit sha1_base64="5vcTLUWmui2+b83YbZBT4ha/BuU="></latexit>

pBµ , �pBµ , Cout
<latexit sha1_base64="RMjpZTa+ssEYZ1s6wyugEjBPgBM="></latexit>

�pBµ = 0.11 GeV
<latexit sha1_base64="W2uDT3Wef0Py9IsIVN+iHK+x3Yo="></latexit>

B+ ➔ µ+ν  and  B+ ➔ µ+N BELLE

arXiv:1911.03186
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Signal Extraction

I II

IVIII

B+ ➔ µ+ν  and  B+ ➔ µ+N BELLE

arXiv:1911.03186
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B+ ➔ µ+ν   Results

• B(B+ ! µ+⌫) = (5.3± 2.0± 0.9)⇥ 10�7 @ 2.8�
<latexit sha1_base64="oTaXZ8yo9FhXi7l7IITepjUAsSg="></latexit>

BELLE

arXiv:1911.03186
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FIG. 9. The observed Bayesian (yellow dash-dotted) and Frequentist (blue) upper limits at 90% CL are shown, along with
the SM expectation of the B+ ! µ+ ⌫µ branching fraction and the Bayesian and Frequentist PDFs.

FIG. 10. The observed local p0 values for the sterile neu-
trino search B+ ! µ+ N are shown with the SM process
B+ ! µ+ ⌫µ included. If the SM process is accounted for, no
significant excess is observed. The largest deviation from the
background only hypothesis is at mN = 1 GeV. No correction
for the look elsewhere e↵ect is included.
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B+ ➔ µ+ν 
B ! µ⌫µ 2HDM

Type II

B(B ! `⌫`) = B
SM

⇥

������
1 �

m2

B tan
2 �

m2

H
+

������

2

Type III

B(B ! `⌫`) = B
SM

⇥

�����1 +
m2

B

mbm`

CR � CL

CSM

�����

2
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B ! µ⌫µ 2HDM
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Interpretation with NP (2HDM) scenarios
BELLE

arXiv:1911.03186
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B+ ➔ µ+ν  and  B+ ➔ µ+N BELLE

arXiv:1911.03186



B+
! `+⌫�

I Helicity suppression (of B+
! `+⌫) is avoided by �.

d�(B+
! `+⌫�)

dE�
=

↵emG2
F|Vub|

2

6⇡2 mBE3
�

✓
1 �

2E�

mB

◆ ���FV

���
2

+

����FA +
e`fB
E�

����
2
!

FV(E�), FV(E�) ⇠
eufBmB

2E��B
+ · · ·

I �B is needed for QCDF to calculate, e.g., charmless hadronic B decays
I SM expectation: B(B+

! `+⌫�) ⇠ O(10�6)

* Calculation is reliable only for E� > 1 GeV

I Previous Belle (2015): �B(B+
! `+⌫�) < 3.5 ⇥ 10�6

I Updated results from Belle (2018) with ‘FEI’ algorithm
* a new B-tagging algorithm developed for Belle II

Y. Kwon (Yonsei Univ.) Recent (non-RX ) highlights from Belle Dec. 5, 2019, Busan
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B+
! `+⌫� Belle (2018) analysis strategy
Analysis Strategy

Reconstruction
& selection

B+
! `+⌫��

+
Full Event

Interpretation

Background
suppression

Multivariate methods
• B+

! ⇡0`+⌫�

• B+
! �`+⌫�

• e+e�
! qq

Control region
B+

! ⇡0`+⌫�

Signal
extraction

Likelihood fit

�B determination

Moritz J. Gelb – B+ � �+��� 5

from M. Gelb talk at CKM2018

Y. Kwon (Yonsei Univ.) Recent (non-RX ) highlights from Belle Dec. 5, 2019, Busan
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B+
! `+⌫� Belle (2018) features

I Measure B+
! ⇡0`+⌫ separately (“control sample”), to constrain the

peaking background

I Two parameters
* �B(B+

! `+⌫�)E�>1.0GeV
* R⇡ = �B(B+

! `+⌫�)E�>1.0GeV/B(B+
! ⇡0`+⌫)

) This allows to extract �B independent of |Vub|, and some systematics
cancel in the ratio R⇡.

Y. Kwon (Yonsei Univ.) Recent (non-RX ) highlights from Belle Dec. 5, 2019, Busan
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B+
! `+⌫� Belle (2018) results 9

(a) B
+ � e

+
�e� final state (b) B

+ � µ
+

�µ� final state

(c) B
+ � �

0
e
+

�e final state (d) B
+ � �

0
µ
+

�µ final state

FIG. 2: The post-fit M2
miss distributions for the simultaneous fit to the four categories are shown (cf. Section III). The

individual fit components are shown as colored histograms, and the filled gray histogram shows their sum.

the numbers of entries are varied using a Poisson distri-
bution. The templates of the ensemble are used to repeat
the fit to estimate the total uncertainty. The largest addi-
tive systematic uncertainty for the B+

! ⇡0 `+⌫� branch-
ing fraction is given by the uncertainty on the BCL form
factors and is evaluated by variations using the covari-
ance matrix from the global fit of Ref. [20].

The remaining additive uncertainties on both chan-
nels are evaluated as follows: The fraction of the in-
dividual channels in which the B tag is reconstructed
di�ers between MC and data. To estimate the im-
pact of this mismatch, the MC samples are corrected
to the fraction in data of the reconstructed tag chan-
nels and the di�erence is taken as an estimation for
the systematic uncertainty. In the fit, the individ-
ual branching fractions of charmless semileptonic back-
ground decay modes are kept fixed and modeled as
a single floating background template. To estimate

uncertainties due to slight shape di�erences in M2
miss

from these templates, we vary the decay branching frac-
tions of B+

! � `+ ⌫�, B+
! �0 `+ ⌫�, B0

! �� `+ ⌫�,
B+

! � `+ ⌫�, B+
! �� `+ ⌫�, and B0

! ⇡� `+ ⌫� indi-
vidually within their uncertainties [24]. The uncertainty
on the B+

! `+⌫�� signal model is estimated by correct-
ing the simulated events from the prediction of Ref. [18]
to the state-of-the-art prediction of Ref. [3] and repeating
the fit.

VI. RESULTS

Figure 2 shows the M2
miss distribution of the selected

data events in the four categories of B+
! e+⌫e�, B+

!

µ+⌫µ�, B+
! ⇡0 e+⌫e , and B+

! ⇡0µ+⌫µ. The selected
events are used to maximize the likelihood function Eq. 7
numerically, determining the four (B+

! `+⌫��) and

11

TABLE II: Measured central values and the corresponding
significance for the di�erent channels.

` B(B
+ � �

0
`
+

��) (10
�5

) � �B(B
+ � `

+
���) (10

�6
) �

e 8.3+0.9
�0.8 ± 0.9 8.0 1.7+1.6

�1.4 ± 0.7 1.1

µ 7.5+0.8
�0.8 ± 0.6 9.6 1.0+1.4

�1.0 ± 0.4 0.8

e, µ 7.9+0.6
�0.6 ± 0.6 12.6 1.4+1.0

�1.0 ± 0.4 1.4

TABLE III: Comparison to previous results of the partial
branching fraction measurement. All limits correspond to
the 90% CL.

�B(B+ � �+���) limit (10�6)

� BaBar [34] Belle [9] This work

e - < 6.1 < 4.3

µ - < 3.4 < 3.4

e, µ < 14 < 3.5 < 3.0

�(B+
! ⇡0 `+⌫�) = |Vub|

2
⇥ (2.4 ± 0.2) ⇥ 10�12 GeV.

For the partial B+
! `+⌫�� decay rate the predictions

and uncertainties of Ref. [5] extrapolated to E� > 1 GeV
are used. In Ref. [5] three di�erent models are used to
evaluate the dependence of the partial decay rate on the
functional form of the light-cone distribution amplitude.
Figure 4 shows the predicted and measured R⇡ ratio
as a function of �B . We solve Eq. 19 numerically and
in Table IV the determined value of �B for each of the
three models are given, including the corresponding
theoretical uncertainties of Ref. [5]. We use the shift in
the central value between all three models to also quote
a value of �B , whose uncertainty should incorporate the
overall model dependence. For this we find

�B = 0.36+0.25
�0.08

+0.03
�0.03

+0.03
�0.03 GeV = 0.36+0.25

�0.09 GeV , (21)

where the first uncertainty is experimental, the second
from the theoretical uncertainty on the B+

! `+⌫��
prediction of Ref. [5] and the B+

! ⇡0 `+⌫� uncertainty
from Ref. [20], and the third uncertainty is due to the
light-cone distribution amplitude model dependence. We
further obtain a one-sided limit of

�B > 0.24 GeV (22)

at 90% CL.
Note, that these estimates might su�er from additional

uncertainties from the extrapolation to E� > 1 GeV. Fur-
ther details can be found in Ref. [5].

VII. SUMMARY

In this manuscript, an improved search for the radia-
tive leptonic decay B+

! `+⌫�� on the full Belle data set
recorded at the �(4S ) resonance is presented. The re-
sults improve the previous analysis by our collaboration
and increase the signal e�ciency by a factor of three. In

TABLE IV: The determined values of �B using the
predictions of Ref. [5] are given. A detailed description of
the three approaches to model the functional form of the
light-cone distribution amplitude (LCDA) can be found in
Ref. [5]. The first uncertainty are experimental and the
second from theory.

�B (GeV)

Model I 0.36+0.25
�0.08

+0.03
�0.03

Model II 0.38+0.25
�0.06

+0.05
�0.08

Model III 0.32+0.24
�0.07

+0.05
�0.08

FIG. 4: The theory prediction of Refs. [5] and [20] (red line
with 1� uncertainties) for R� is compared to the measured
value and 1� uncertainty (blue dashed line and band). The
dark red band shows the theoretical uncertainty, the light
red band additionally contains the light-cone distribution
amplitude model dependence.

addition, the description of the important B+
! ⇡0 `+⌫�

background was improved, by analyzing simultaneously
B+

! ⇡0 `+⌫� signal events and using the global fit result
of Ref. [20] to describe its form factors. The large im-
provement in sensitivity stems from employing a newly
developed tagging algorithm developed for the Belle II
experiment, the Full Event Interpretation [10]. Although
this drastically improves the sensitivity, no significant sig-
nal of B+

! `+⌫�� decays is observed. As it is not possi-
ble to determine the statistical overlap with the previous
Belle result, this work supersedes Ref. [9].

The determined partial branching fraction for B+
!

`+⌫�� decays with photon energies E� > 1 GeV in the
B sig rest frame is found to be

�B(B+
! `+⌫��) = (1.4 ± 1.0 ± 0.4) ⇥ 10�6 , (23)

with a significance of 1.4 standard deviations over the
background-only hypothesis. Using the likelihood con-
tour and a flat prior, we determine a Bayesian upper
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FIG. 2: The post-fit M2
miss distributions for the simultaneous fit to the four categories are shown (cf. Section III). The

individual fit components are shown as colored histograms, and the filled gray histogram shows their sum.

the numbers of entries are varied using a Poisson distri-
bution. The templates of the ensemble are used to repeat
the fit to estimate the total uncertainty. The largest addi-
tive systematic uncertainty for the B+

! ⇡0 `+⌫� branch-
ing fraction is given by the uncertainty on the BCL form
factors and is evaluated by variations using the covari-
ance matrix from the global fit of Ref. [20].

The remaining additive uncertainties on both chan-
nels are evaluated as follows: The fraction of the in-
dividual channels in which the B tag is reconstructed
di�ers between MC and data. To estimate the im-
pact of this mismatch, the MC samples are corrected
to the fraction in data of the reconstructed tag chan-
nels and the di�erence is taken as an estimation for
the systematic uncertainty. In the fit, the individ-
ual branching fractions of charmless semileptonic back-
ground decay modes are kept fixed and modeled as
a single floating background template. To estimate

uncertainties due to slight shape di�erences in M2
miss

from these templates, we vary the decay branching frac-
tions of B+

! � `+ ⌫�, B+
! �0 `+ ⌫�, B0

! �� `+ ⌫�,
B+

! � `+ ⌫�, B+
! �� `+ ⌫�, and B0

! ⇡� `+ ⌫� indi-
vidually within their uncertainties [24]. The uncertainty
on the B+

! `+⌫�� signal model is estimated by correct-
ing the simulated events from the prediction of Ref. [18]
to the state-of-the-art prediction of Ref. [3] and repeating
the fit.

VI. RESULTS

Figure 2 shows the M2
miss distribution of the selected

data events in the four categories of B+
! e+⌫e�, B+

!

µ+⌫µ�, B+
! ⇡0 e+⌫e , and B+

! ⇡0µ+⌫µ. The selected
events are used to maximize the likelihood function Eq. 7
numerically, determining the four (B+

! `+⌫��) and

e+⌫�
<latexit sha1_base64="va7TsJLs/Bt1VAO3fKoEqhGCRJM=">AAACCnicbVDLSgMxFL1TX7W+qi51ESyCIJQZN7osunHZgn1AX2TS2zY0yQxJRiilf+AHuNVPcKW49SfcufM3TB8LbT0QOJxzXzlhLLixvv/ppVZW19Y30puZre2d3b3s/kHFRIlmWGaRiHQtpAYFV1i23AqsxRqpDAVWw8HNxK/eozY8Und2GGNT0p7iXc6odVILW+ekoRLS6FEpaTub8/P+FGSZBHOSKxy/lr4AoNjOfjc6EUskKssENaYe+LFtjqi2nAkcZxqJwZiyAe1h3VFFJZrmaHr1mJw6pUO6kXZPWTJVf3eMqDRmKENXKantm0VvIv7rsb47APXCetu9ao64ihOLis22dxNBbEQmuZAO18isGDpCmebuA2QyhzI3yWRcMsFiDsukcpEPHC+5iK5hhjQcwQmcQQCXUIBbKEIZGGh4hCd49h68F+/Ne5+Vprx5zyH8gffxA/nQnPE=</latexit><latexit sha1_base64="tneR+eJwpAHQJGU4hd+mj+mDP+w=">AAACCnicbVDLSgMxFM34rPVVdalIsAiCUGbc6LLoxmUL9gHttGTS2zY0yQxJRihDl+78ALf6Ca4qbv0Jv8CFP2Gm7UJbDwQO59xXThBxpo3rfjpLyyura+uZjezm1vbObm5vv6rDWFGo0JCHqh4QDZxJqBhmONQjBUQEHGrB4Cb1a/egNAvlnRlG4AvSk6zLKDFWakHrHDdljJs9IgRp5/JuwZ0ALxJvRvLFo3H5++F4XGrnvpqdkMYCpKGcaN3w3Mj4CVGGUQ6jbDPWEBE6ID1oWCqJAO0nk6tH+NQqHdwNlX3S4In6uyMhQuuhCGylIKav571U/NejfXsAqLn1pnvlJ0xGsQFJp9u7MccmxGkuuMMUUMOHlhCqmP0ATucQaifprE3Gm89hkVQvCp7lZRvRNZoigw7RCTpDHrpERXSLSqiCKFLoCT2jF+fReXXenPdp6ZIz6zlAf+B8/AD1c55X</latexit><latexit sha1_base64="tneR+eJwpAHQJGU4hd+mj+mDP+w=">AAACCnicbVDLSgMxFM34rPVVdalIsAiCUGbc6LLoxmUL9gHttGTS2zY0yQxJRihDl+78ALf6Ca4qbv0Jv8CFP2Gm7UJbDwQO59xXThBxpo3rfjpLyyura+uZjezm1vbObm5vv6rDWFGo0JCHqh4QDZxJqBhmONQjBUQEHGrB4Cb1a/egNAvlnRlG4AvSk6zLKDFWakHrHDdljJs9IgRp5/JuwZ0ALxJvRvLFo3H5++F4XGrnvpqdkMYCpKGcaN3w3Mj4CVGGUQ6jbDPWEBE6ID1oWCqJAO0nk6tH+NQqHdwNlX3S4In6uyMhQuuhCGylIKav571U/NejfXsAqLn1pnvlJ0xGsQFJp9u7MccmxGkuuMMUUMOHlhCqmP0ATucQaifprE3Gm89hkVQvCp7lZRvRNZoigw7RCTpDHrpERXSLSqiCKFLoCT2jF+fReXXenPdp6ZIz6zlAf+B8/AD1c55X</latexit><latexit sha1_base64="RqlxoxRvczMXwlj/lk/phsoRwn0=">AAACCnicbVDLSgMxFM3UV62vqks3wSIIQplxo8uiG5cV7AM605JJ77ShSWZIMkIZ+gd+gFv9BHfi1p/wC/wNM+0stPVA4HDOfeWECWfauO6XU1pb39jcKm9Xdnb39g+qh0dtHaeKQovGPFbdkGjgTELLMMOhmyggIuTQCSe3ud95BKVZLB/MNIFAkJFkEaPEWKkP/QvsyxT7IyIEGVRrbt2dA68SryA1VKA5qH77w5imAqShnGjd89zEBBlRhlEOs4qfakgInZAR9CyVRIAOsvnVM3xmlSGOYmWfNHiu/u7IiNB6KkJbKYgZ62UvF//16NgeAGppvYmug4zJJDUg6WJ7lHJsYpzngodMATV8agmhitkP4HwOoXaSrthkvOUcVkn7su5Zfu/WGjdFRmV0gk7ROfLQFWqgO9RELUSRQs/oBb06T86b8+58LEpLTtFzjP7A+fwBui2arA==</latexit>

µ+⌫�
<latexit sha1_base64="ey5sHH9wvZcjAuXlbAjZkPRxPUA=">AAACDnicbVDLSgMxFL1TX7W+Rl3qIlgEQSgzbnRZdOOyBfuAzlgyaaYNTTJDkimU0n/wA9zqJ4gbcesvuHPnb5g+Ftp6IHA4575yopQzbTzv08mtrK6tb+Q3C1vbO7t77v5BXSeZIrRGEp6oZoQ15UzSmmGG02aqKBYRp42ofzPxGwOqNEvknRmmNBS4K1nMCDZWartuILL7cxTIDAVdLARuu0Wv5E2Blok/J8Xy8Wv1CwAqbfc76CQkE1QawrHWLd9LTTjCyjDC6bgQZJqmmPRxl7YslVhQHY6ml4/RqVU6KE6UfdKgqfq7Y4SF1kMR2UqBTU8vehPxX4/07AFULaw38VU4YjLNDJVktj3OODIJmmSDOkxRYvjQEkwUsx9AkzmY2Em6YJPxF3NYJvWLkm951UZ0DTPk4QhO4Ax8uIQy3EIFakBgAI/wBM/Og/PivDnvs9KcM+85hD9wPn4AJV+eDw==</latexit><latexit sha1_base64="HxrSWG4sgH7gnH5eBKhV39OSCQ0=">AAACDnicbVDLSgMxFM3UV62vUZeKBIsgCGXGjS6Lbly2YB/QqSWT3rahSWZIMoVSunTvB7jVT5BuxK2/4Be48CfMtC609UDgcM595YQxZ9p43oeTWVpeWV3Lruc2Nre2d9zdvaqOEkWhQiMeqXpINHAmoWKY4VCPFRARcqiF/evUrw1AaRbJWzOMoSlIV7IOo8RYqeW6gUjuznAgExx0iRCk5ea9gjcFXiT+D8kXDyflr/ujSanlfgbtiCYCpKGcaN3wvdg0R0QZRjmMc0GiISa0T7rQsFQSAbo5ml4+xidWaeNOpOyTBk/V3x0jIrQeitBWCmJ6et5LxX892rMHgJpbbzqXzRGTcWJA0tn2TsKxiXCaDW4zBdTwoSWEKmY/gNM5hNpJOmeT8edzWCTV84JvedlGdIVmyKIDdIxOkY8uUBHdoBKqIIoG6BE9oWfnwXlxXp23WWnG+enZR3/gvH8DIQKfdQ==</latexit><latexit sha1_base64="HxrSWG4sgH7gnH5eBKhV39OSCQ0=">AAACDnicbVDLSgMxFM3UV62vUZeKBIsgCGXGjS6Lbly2YB/QqSWT3rahSWZIMoVSunTvB7jVT5BuxK2/4Be48CfMtC609UDgcM595YQxZ9p43oeTWVpeWV3Lruc2Nre2d9zdvaqOEkWhQiMeqXpINHAmoWKY4VCPFRARcqiF/evUrw1AaRbJWzOMoSlIV7IOo8RYqeW6gUjuznAgExx0iRCk5ea9gjcFXiT+D8kXDyflr/ujSanlfgbtiCYCpKGcaN3wvdg0R0QZRjmMc0GiISa0T7rQsFQSAbo5ml4+xidWaeNOpOyTBk/V3x0jIrQeitBWCmJ6et5LxX892rMHgJpbbzqXzRGTcWJA0tn2TsKxiXCaDW4zBdTwoSWEKmY/gNM5hNpJOmeT8edzWCTV84JvedlGdIVmyKIDdIxOkY8uUBHdoBKqIIoG6BE9oWfnwXlxXp23WWnG+enZR3/gvH8DIQKfdQ==</latexit><latexit sha1_base64="jWjydamQvSHK27dSZ3Xo0T5W7MU=">AAACDnicbVDLSgMxFM3UV62vUZdugkUQhDLjRpdFNy4r2Ad0xpJJb9vQJDMkmUIZ+g9+gFv9BHfi1l/wC/wNM+0stPVA4HDOfeVECWfaeN6XU1pb39jcKm9Xdnb39g/cw6OWjlNFoUljHqtORDRwJqFpmOHQSRQQEXFoR+Pb3G9PQGkWywczTSAUZCjZgFFirNRz3UCkjxc4kCkOhkQI0nOrXs2bA68SvyBVVKDRc7+DfkxTAdJQTrTu+l5iwowowyiHWSVINSSEjskQupZKIkCH2fzyGT6zSh8PYmWfNHiu/u7IiNB6KiJbKYgZ6WUvF//16MgeAGppvRlchxmTSWpA0sX2QcqxiXGeDe4zBdTwqSWEKmY/gPM5hNpJumKT8ZdzWCWty5pv+b1Xrd8UGZXRCTpF58hHV6iO7lADNRFFE/SMXtCr8+S8Oe/Ox6K05BQ9x+gPnM8f5a2byg==</latexit>

⇡0µ+⌫
<latexit sha1_base64="4Um6zuEuyAM23b/y9GO9Kfi/45o=">AAACDnicbVDLSsNAFL3xWesr6lIXg0UQhJK40WXRjcsW7AOatEymk3boZBJmJoUS+g9+gFv9BHEjbv0Fd+78DSdtF9p6YOBwzn3NCRLOlHacT2tldW19Y7OwVdze2d3btw8OGypOJaF1EvNYtgKsKGeC1jXTnLYSSXEUcNoMhre53xxRqVgs7vU4oX6E+4KFjGBtpK5tewnrOMiL0s4F8kSKunbJKTtToGXizkmpcvJa+wKAatf+9noxSSMqNOFYqbbrJNrPsNSMcDopeqmiCSZD3KdtQwWOqPKz6eUTdGaUHgpjaZ7QaKr+7shwpNQ4CkxlhPVALXq5+K9HBuYAKhfW6/Daz5hIUk0FmW0PU450jPJsUI9JSjQfG4KJZOYDKJ+DiZmkiiYZdzGHZdK4LLuG10xENzBDAY7hFM7BhSuowB1UoQ4ERvAIT/BsPVgv1pv1PitdseY9R/AH1scPXk+dkw==</latexit><latexit sha1_base64="nogL3Q3MgqaqobOX4AYjZ/7fSvk=">AAACDnicbVDLSgMxFM3UV62vUZeKBIsgCGXGjS6Lbly2YB/QmZZMmmlDk8yQZApl6NK9H+BWP0G6Ebf+gl/gwp8w03ahrQcCh3PuKyeIGVXacT6t3Mrq2vpGfrOwtb2zu2fvH9RVlEhMajhikWwGSBFGBalpqhlpxpIgHjDSCAa3md8YEqloJO71KCY+Rz1BQ4qRNlLHtr2Yth3o8aR9AT2RwI5ddErOFHCZuHNSLB9Pqt8PJ5NKx/7yuhFOOBEaM6RUy3Vi7adIaooZGRe8RJEY4QHqkZahAnGi/HR6+RieGaULw0iaJzScqr87UsSVGvHAVHKk+2rRy8R/Pdw3BxC5sF6H135KRZxoIvBse5gwqCOYZQO7VBKs2cgQhCU1H4DZHITNJFUwybiLOSyT+mXJNbxqIroBM+TBETgF58AFV6AM7kAF1AAGQ/AEnsGL9Wi9Wm/W+6w0Z817DsEfWB8/WfKe+Q==</latexit><latexit sha1_base64="nogL3Q3MgqaqobOX4AYjZ/7fSvk=">AAACDnicbVDLSgMxFM3UV62vUZeKBIsgCGXGjS6Lbly2YB/QmZZMmmlDk8yQZApl6NK9H+BWP0G6Ebf+gl/gwp8w03ahrQcCh3PuKyeIGVXacT6t3Mrq2vpGfrOwtb2zu2fvH9RVlEhMajhikWwGSBFGBalpqhlpxpIgHjDSCAa3md8YEqloJO71KCY+Rz1BQ4qRNlLHtr2Yth3o8aR9AT2RwI5ddErOFHCZuHNSLB9Pqt8PJ5NKx/7yuhFOOBEaM6RUy3Vi7adIaooZGRe8RJEY4QHqkZahAnGi/HR6+RieGaULw0iaJzScqr87UsSVGvHAVHKk+2rRy8R/Pdw3BxC5sF6H135KRZxoIvBse5gwqCOYZQO7VBKs2cgQhCU1H4DZHITNJFUwybiLOSyT+mXJNbxqIroBM+TBETgF58AFV6AM7kAF1AAGQ/AEnsGL9Wi9Wm/W+6w0Z817DsEfWB8/WfKe+Q==</latexit><latexit sha1_base64="yin+vHDv5TZO756A1mzcajHh0Q4=">AAACDnicbVBNSgMxGM3Uv1r/Rl26CRZBEMqMG10W3bisYFuhMy2Z9Js2NMkMSaZQSu/gAdzqEdyJW6/gCbyGmXYW2vog8Hjv+8uLUs608bwvp7S2vrG5Vd6u7Ozu7R+4h0ctnWSKQpMmPFGPEdHAmYSmYYbDY6qAiIhDOxrd5n57DEqzRD6YSQqhIAPJYkaJsVLPdYOUdT0ciKx7gQOZ4Z5b9WreHHiV+AWpogKNnvsd9BOaCZCGcqJ1x/dSE06JMoxymFWCTENK6IgMoGOpJAJ0OJ1fPsNnVunjOFH2SYPn6u+OKRFaT0RkKwUxQ73s5eK/Hh3aA0AtrTfxdThlMs0MSLrYHmccmwTn2eA+U0ANn1hCqGL2AzifQ6idpCs2GX85h1XSuqz5lt971fpNkVEZnaBTdI58dIXq6A41UBNRNEbP6AW9Ok/Om/PufCxKS07Rc4z+wPn8AR6sm04=</latexit>

Preliminary, submitted to PRD, 1810.12976

Y. Kwon (Yonsei Univ.) Recent (non-RX ) highlights from Belle Dec. 5, 2019, Busan

 19

Belle, PRD 98, 112016 (2018)

PRD 98, 112016 (2018)



B+
! `+⌫� Belle (2018) upper limits

10

(a) Two-dimensional likelihood scan (b) One-dimensional likelihood scan and Bayesian PDF

FIG. 3: Plot (a) shows the two-dimensional likelihood ratio contour �2� for the combined measurement of B+ � �+��� and
B+ � �0 �+��. The ellipses correspond to the given confidence level, including systematic uncertainties. Plot (b) shows the
one-dimensional likelihood contour and its conversion into a Bayesian PDF F(�j |n) using a flat prior for the B+ � �+���
measurement, see Section III for details.

three (B+
! ⇡0 `+⌫�) event types detailed in Section III.

The fitted B+
! `+⌫�� signal, B+

! ⇡0 `+⌫� normal-
ization and other background contributions are shown
as colored histograms and the summed signal plus back-
ground template is shown as a filled gray histogram. The
observed partial branching fraction of B+

! `+⌫�� with
E� > 1 GeV is

�B(B+
! `+⌫��) = (1.4 ± 1.0 ± 0.4) ⇥ 10�6 , (16)

where the first error is statistical and the second error
contains all systematic uncertainties discussed in Sec-
tion V. The significance over the background-only hy-
pothesis for the B+

! `+⌫�� signal, as calculated us-
ing the likelihood ratio, is 1.4 standard deviations. The
B+

! ⇡0 `+⌫� branching fraction is found to be

B(B+
! ⇡0 `+⌫�) = (7.9 ± 0.6 ± 0.6) ⇥ 10�5 , (17)

and has better statistical precision than the measurement
of Ref. [33]1. A summary of all fit results, including fits of
the individual electron and muon samples, is presented in
Table II. Figure 3a shows the two-dimensional likelihood
ratio contours of �2� (see Eq. 10) for both branching
fractions. The correlation between �B(B+

! `+⌫��)
and B(B+

! ⇡0 `+⌫�) is found to be � = �2.7%.
Due to the low significance of the measured B+

!

`+⌫�� signal, we convert the likelihood into a Bayesian

1
The statistical overlap with the previous measurement is un-

known. Since the current result is not measured in bins of q
2
,

the previous result should still be used for the determination of
|Vub | and world averages of the branching fraction.

probability density function (PDF), with the proce-
dure detailed in Section III. Figure 3b shows the
one-dimensional likelihood ratio scan and the obtained
Bayesian PDF, which was obtained using a flat prior in
the partial branching fraction. The resulting limit for
B+

! `+⌫�� at 90% CL is

�B(B+
! `+⌫��) < 3.0 ⇥ 10�6 at 90% CL . (18)

This provides a significantly more stringent limit than
previous searches, and a summary of previous limits and
individual limits for the electron and muon signal channel
can be found in Table III.

Using the B+
! `+⌫�� and B+

! ⇡0 `+⌫� branching
fractions, the first inverse moment �B of the leading-
twist B meson light-cone distribution amplitude �+ can
be determined. Instead of directly using the measured
B+

! `+⌫�� partial branching fraction, we use the the-
oretically well understood B+

! ⇡0 `+⌫� decay rate to
derive a measurement of �B which is independent of Vub .
The value of �B is related to this ratio as

R⇡ =
�B(B+

! `+⌫��)

B(B+
! ⇡0 `+⌫�)

=
��(�B )

�(B+
! ⇡0 `+⌫�)

, (19)

with ��(�B ) denoting the partial decay rate as a func-

tion of �B with E� > 1 GeV, and �(B+
! ⇡0 `+⌫�)

denoting the total decay rate of B+
! ⇡0 `+⌫�. Using

the central values and the full experimental covariance
we measure

Rmeas
⇡ = (1.7 ± 1.4) ⇥ 10�2 . (20)

For the prediction of the B+
! ⇡0 `+⌫�

decay rate, we use the global fit [20] of

0.9 =

R UL
0 F(�B)d�B
R �
0 F(�B)d�B

<latexit sha1_base64="xTLVgDtaEd87OoYfNm+dAPCfM6s="></latexit><latexit sha1_base64="Gxbj9Pq6Mw4iGMKzZNSH+bvJt1g="></latexit><latexit sha1_base64="Gxbj9Pq6Mw4iGMKzZNSH+bvJt1g="></latexit><latexit sha1_base64="NmbwUfFC0ZkRTvUosnJJwViwfoc="></latexit>
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TABLE II: Measured central values and the corresponding
significance for the di�erent channels.

` B(B
+ � �

0
`
+

��) (10
�5

) � �B(B
+ � `

+
���) (10

�6
) �

e 8.3+0.9
�0.8 ± 0.9 8.0 1.7+1.6

�1.4 ± 0.7 1.1

µ 7.5+0.8
�0.8 ± 0.6 9.6 1.0+1.4

�1.0 ± 0.4 0.8

e, µ 7.9+0.6
�0.6 ± 0.6 12.6 1.4+1.0

�1.0 ± 0.4 1.4

TABLE III: Comparison to previous results of the partial
branching fraction measurement. All limits correspond to
the 90% CL.

�B(B+ � �+���) limit (10�6)

� BaBar [34] Belle [9] This work

e - < 6.1 < 4.3

µ - < 3.4 < 3.4

e, µ < 14 < 3.5 < 3.0

�(B+
! ⇡0 `+⌫�) = |Vub|

2
⇥ (2.4 ± 0.2) ⇥ 10�12 GeV.

For the partial B+
! `+⌫�� decay rate the predictions

and uncertainties of Ref. [5] extrapolated to E� > 1 GeV
are used. In Ref. [5] three di�erent models are used to
evaluate the dependence of the partial decay rate on the
functional form of the light-cone distribution amplitude.
Figure 4 shows the predicted and measured R⇡ ratio
as a function of �B . We solve Eq. 19 numerically and
in Table IV the determined value of �B for each of the
three models are given, including the corresponding
theoretical uncertainties of Ref. [5]. We use the shift in
the central value between all three models to also quote
a value of �B , whose uncertainty should incorporate the
overall model dependence. For this we find

�B = 0.36+0.25
�0.08

+0.03
�0.03

+0.03
�0.03 GeV = 0.36+0.25

�0.09 GeV , (21)

where the first uncertainty is experimental, the second
from the theoretical uncertainty on the B+

! `+⌫��
prediction of Ref. [5] and the B+

! ⇡0 `+⌫� uncertainty
from Ref. [20], and the third uncertainty is due to the
light-cone distribution amplitude model dependence. We
further obtain a one-sided limit of

�B > 0.24 GeV (22)

at 90% CL.
Note, that these estimates might su�er from additional

uncertainties from the extrapolation to E� > 1 GeV. Fur-
ther details can be found in Ref. [5].

VII. SUMMARY

In this manuscript, an improved search for the radia-
tive leptonic decay B+

! `+⌫�� on the full Belle data set
recorded at the �(4S ) resonance is presented. The re-
sults improve the previous analysis by our collaboration
and increase the signal e�ciency by a factor of three. In

TABLE IV: The determined values of �B using the
predictions of Ref. [5] are given. A detailed description of
the three approaches to model the functional form of the
light-cone distribution amplitude (LCDA) can be found in
Ref. [5]. The first uncertainty are experimental and the
second from theory.

�B (GeV)

Model I 0.36+0.25
�0.08

+0.03
�0.03

Model II 0.38+0.25
�0.06

+0.05
�0.08

Model III 0.32+0.24
�0.07

+0.05
�0.08

FIG. 4: The theory prediction of Refs. [5] and [20] (red line
with 1� uncertainties) for R� is compared to the measured
value and 1� uncertainty (blue dashed line and band). The
dark red band shows the theoretical uncertainty, the light
red band additionally contains the light-cone distribution
amplitude model dependence.

addition, the description of the important B+
! ⇡0 `+⌫�

background was improved, by analyzing simultaneously
B+

! ⇡0 `+⌫� signal events and using the global fit result
of Ref. [20] to describe its form factors. The large im-
provement in sensitivity stems from employing a newly
developed tagging algorithm developed for the Belle II
experiment, the Full Event Interpretation [10]. Although
this drastically improves the sensitivity, no significant sig-
nal of B+

! `+⌫�� decays is observed. As it is not possi-
ble to determine the statistical overlap with the previous
Belle result, this work supersedes Ref. [9].

The determined partial branching fraction for B+
!

`+⌫�� decays with photon energies E� > 1 GeV in the
B sig rest frame is found to be
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background-only hypothesis. Using the likelihood con-
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uncertainties from the extrapolation to E� > 1 GeV. Fur-
ther details can be found in Ref. [5].
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addition, the description of the important B+
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background was improved, by analyzing simultaneously
B+

! ⇡0 `+⌫� signal events and using the global fit result
of Ref. [20] to describe its form factors. The large im-
provement in sensitivity stems from employing a newly
developed tagging algorithm developed for the Belle II
experiment, the Full Event Interpretation [10]. Although
this drastically improves the sensitivity, no significant sig-
nal of B+

! `+⌫�� decays is observed. As it is not possi-
ble to determine the statistical overlap with the previous
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with 1� uncertainties) for R� is compared to the measured
value and 1� uncertainty (blue dashed line and band). The
dark red band shows the theoretical uncertainty, the light
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addition, the description of the important B+
! ⇡0 `+⌫�

background was improved, by analyzing simultaneously
B+

! ⇡0 `+⌫� signal events and using the global fit result
of Ref. [20] to describe its form factors. The large im-
provement in sensitivity stems from employing a newly
developed tagging algorithm developed for the Belle II
experiment, the Full Event Interpretation [10]. Although
this drastically improves the sensitivity, no significant sig-
nal of B+

! `+⌫�� decays is observed. As it is not possi-
ble to determine the statistical overlap with the previous
Belle result, this work supersedes Ref. [9].

The determined partial branching fraction for B+
!

`+⌫�� decays with photon energies E� > 1 GeV in the
B sig rest frame is found to be

�B(B+
! `+⌫��) = (1.4 ± 1.0 ± 0.4) ⇥ 10�6 , (23)

with a significance of 1.4 standard deviations over the
background-only hypothesis. Using the likelihood con-
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FIG. 4: The theory prediction of Refs. [5] and [20] (red line
with 1� uncertainties) for R� is compared to the measured
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amplitude model dependence.

addition, the description of the important B+
! ⇡0 `+⌫�

background was improved, by analyzing simultaneously
B+

! ⇡0 `+⌫� signal events and using the global fit result
of Ref. [20] to describe its form factors. The large im-
provement in sensitivity stems from employing a newly
developed tagging algorithm developed for the Belle II
experiment, the Full Event Interpretation [10]. Although
this drastically improves the sensitivity, no significant sig-
nal of B+

! `+⌫�� decays is observed. As it is not possi-
ble to determine the statistical overlap with the previous
Belle result, this work supersedes Ref. [9].

The determined partial branching fraction for B+
!

`+⌫�� decays with photon energies E� > 1 GeV in the
B sig rest frame is found to be

�B(B+
! `+⌫��) = (1.4 ± 1.0 ± 0.4) ⇥ 10�6 , (23)

with a significance of 1.4 standard deviations over the
background-only hypothesis. Using the likelihood con-
tour and a flat prior, we determine a Bayesian upper
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B+
! `+⌫� Belle (2018) for �B
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evaluate the dependence of the partial decay rate on the
functional form of the light-cone distribution amplitude.
Figure 4 shows the predicted and measured R⇡ ratio
as a function of �B . We solve Eq. 19 numerically and
in Table IV the determined value of �B for each of the
three models are given, including the corresponding
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the central value between all three models to also quote
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ther details can be found in Ref. [5].
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FIG. 4: The theory prediction of Refs. [5] and [20] (red line
with 1� uncertainties) for R� is compared to the measured
value and 1� uncertainty (blue dashed line and band). The
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addition, the description of the important B+
! ⇡0 `+⌫�

background was improved, by analyzing simultaneously
B+

! ⇡0 `+⌫� signal events and using the global fit result
of Ref. [20] to describe its form factors. The large im-
provement in sensitivity stems from employing a newly
developed tagging algorithm developed for the Belle II
experiment, the Full Event Interpretation [10]. Although
this drastically improves the sensitivity, no significant sig-
nal of B+

! `+⌫�� decays is observed. As it is not possi-
ble to determine the statistical overlap with the previous
Belle result, this work supersedes Ref. [9].

The determined partial branching fraction for B+
!

`+⌫�� decays with photon energies E� > 1 GeV in the
B sig rest frame is found to be

�B(B+
! `+⌫��) = (1.4 ± 1.0 ± 0.4) ⇥ 10�6 , (23)

with a significance of 1.4 standard deviations over the
background-only hypothesis. Using the likelihood con-
tour and a flat prior, we determine a Bayesian upper

Rmeas
⇡ = (1.7 ± 1.4) ⇥ 10�2
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Use theory to determine interval for λB
• Beneke, Braun, Ji, Wei, JHEP 1807, 154 (2018) 
• HFLAV, EPJC 77, 895 (2017)

Two one-sided limits
λB > 0.24 GeV   and   λB < 0.68 GeV
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EWP and related



Much renewed interests in B ➔ K(*) ℓ+ℓ− for RK(*) anomalies and 
potential interpretations in lepton universality violation (LUV)

LUV accompanied by LFV

So, search for B ➔ K(*) ℓ+ℓ′− (ℓ≠ℓ′)
• Belle’s search in 2018 
• using 2 sets of neural net to suppress continuum and BB backgrounds

�23

B0 ! K⇤e±µ⌥
<latexit sha1_base64="tSKBs5O37dfyFvxw++AGaWwbeVY="></latexit>

Motivations

“However, any departure from lepton universality is necessarily associated 
with the violation of lepton flavor conservation. No known symmetry 
principle can protect the one in the absence of the other.”*

* Lepton Flavor Violation in B Decays?  Glashow, Guadagnoli, Lane, PRL 114, 091801 (2015)



After 1st-stage signal selection (by Mbc, ΔE, etc.), the 
dominant background is continuum

• neural net on event shape variables ➔ 
• optimizing 

The remaining backgrounds are suppressed 

• 2nd set of neural net (vertex, ECL, Δz, etc.) ➔ 
• optimizing (again) 

�24

B0 ! K⇤e±µ⌥
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the leptons is misidentified and swapped with theKþ or π−.
To suppress this background, we apply a set of
vetoes. For B0 → K"0μþe− signal events, we apply three:
the dilepton invariant mass must satisfy Mðlþl−Þ ∉
½3.04; 3.12& GeV=c2; the kaon-electron invariant mass
must satisfy MðKþe−Þ ∉ ½2.90; 3.12& GeV=c2; and the
pion-muon invariant mass must satisfy Mðπ−μþÞ ∉
½3.06; 3.12& GeV=c2. For B0 → K"0μ−eþ signal events,
we apply two vetoes: the dilepton invariant mass must
satisfy Mðlþl−Þ ∉ ½3.02; 3.12& GeV=c2, and the pion-
electron invariant mass must satisfy Mðπ−eþÞ ∉
½3.02; 3.12& GeV=c2. While calculating these invariant
masses, the mass hypothesis for a hadron is taken to be
that of the associated lepton. These vetoes have relative
efficiencies of 90.4% and 94.8% for B0 → K"0μþe− and
B0 → K"0μ−eþ, respectively. We use a high-statistics MC
sample to study backgrounds originating from charmless
hadronic B decays and find them to be negligible. The
largest contribution is from B0 → K"0πþπ− in which the
pions are misidentified as leptons; this contribution is only
0.01 event. To avoid bias, all selection criteria are deter-
mined in a “blind” manner, i.e., they are finalized before
looking at events in the signal region.
To test our understanding of remaining backgrounds, we

compare the Mbc distributions for data and MC events, as
shown in Fig. 1. The plots show good agreement between
data and MC for both the number of events observed and
the shapes of the distributions.
We calculate the signal yield by performing an unbinned

extended maximum-likelihood fit to the Mbc distribution.
The probability density function (PDF) used to model
signal decays is a Gaussian, and that for all backgrounds
combined is an ARGUS function [35]. The signal shape
parameters are obtained from MC simulation. We check
these parameters by fitting theMbc distribution of a control
sample of B0 → K"0ð→Kþπ−ÞJ=ψð→lþl−Þ decays. For
this control sample, we fit both data and MC events and
find excellent agreement between them for the shape
parameters obtained. All background shape parameters,
along with the signal and background yields, are floated in
the fit. The fitted Mbc distributions are shown in Fig. 2.
The fitted yields are Nsig ¼ −1.5þ4.7

−4.1 and 0.4þ4.8
−4.5 for B0 →

K"0μþe− and B0 → K"0μ−eþ, respectively. By combining
both final states, we obtain Nsig ¼ −1.2þ6.8

−6.2 .
As there is no evidence of a signal, we calculate

90% confidence level (C.L.) upper limits on the branching
fractions using a frequentist method as follows. We scan
through a range of possible signal yields, and for each yield
generate 10 000 sets of signal and background events
according to their PDFs. Each set of events is statistically
equivalent to our data set of 711 fb−1. We combine signal
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FIG. 1. The Mbc distribution for data and MC events that pass
the selection criteria for the decays B0 → K"0μþe− (top), B0 →
K"0μ−eþ (middle), and for both decays combined (bottom).
Points with error bars are the data, while the color filled stacked
histograms depict MC components from generic B decays (blue),
qq̄ continuum (green), and negligible contributions from charm-
less hadronic B decays (purple).
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and background samples and perform our fitting procedure
on these combined sets of events. We then calculate, for
each input value of signal yield, the fraction of sets (fsig)

that have a fitted yield less than that observed in the data.
The input signal having fsig ¼ 0.10 is taken as an upper
limit NUL

sig (statistical error only). We convert NUL
sig into an

upper limit on the branching fraction (BUL) via the formula

B ¼
Nsig

BðK#0 → Kþ π−Þ × 2 × NBB̄ × f00 × ε
;

where BðK#0 → Kþ π−Þ ¼ 0.6651 is the assumed branch-
ing fraction (from isospin symmetry) for the intermediate
decay K#0 → Kþ π−; NBB̄ is the number of BB̄ pairs,
ð7.72 & 0.11Þ × 108; f00 is the branching fraction
Bðϒð4SÞ → B0B̄0Þ ¼ 0.486 & 0.006 [31]; and ε is the
signal reconstruction efficiency as calculated from MC
simulation. We include systematic uncertainty in BUL by
smearing the Nsig distributions of the aforementioned
statistically equivalent samples by the total fractional
systematic uncertainty (see below) before calculating
fsig. The resulting upper limits are listed in Table I. For
the upper limit on both decays K#0μþ e− and K#0μ−eþ

combined, BðB0 → K#0μ& e∓Þ≡ BðB0 → K#0μþ e−Þ þ
BðB0 → K#0μ−eþ Þ, and the branching fractions for the
two modes are assumed to be identical when calculating the
efficiency.
There are a number of systematic uncertainties, as listed

in Table II. The uncertainty on ε due to limited MC
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FIG. 2. TheMbc distribution for data events that pass the selection
criteria for the decays B0 → K#0μþ e− (top), B0 → K#0μ−eþ

(middle), and also both decays combined (bottom). Points with
error bars are the data, and the blue solid curve is the result of the fit
for the signal-plus-background hypothesis, where the blue dashed
curve is the background component. The red shaded histogram
represents the signal PDF with arbitrary normalization.

TABLE I. Results from the fits. The rightmost columns corre-
spond to efficiency, signal yield, 90%C.L. upper limit on the signal
yield, and 90% C.L. upper limit on the branching fraction.

Mode ε (%) Nsig NUL
sig BUL ð10−7Þ

B0→K#0μþ e− 8.8 −1.5þ 4.7
−4.1 5.2 1.2

B0→K#0μ−eþ 9.3 0.4þ 4.8
−4.5 7.4 1.6

B0→K#0μ& e∓ (combined) 9.0 −1.2þ 6.8
−6.2 8.0 1.8

TABLE II. Systematic uncertainties included in calculating the
upper limits.

Systematic uncertainty (%)

Source K#0μþ e− K#0μ−eþ K#0μ& e∓

Reconstruction efficiency & 0.3 & 0.3 & 0.3
Number of B0B̄0 pairs & 1.4 & 1.4 & 1.4
f00 & 1.2 & 1.2 & 1.2
Track reconstruction & 1.4 & 1.4 & 1.4
Particle identification & 2.8 & 2.8 & 2.8
Oqq̄

NN and OBB
NN

& 2.8 & 2.8 & 2.8
PDF shape parameters þ 2.1

−3.0
þ 8.2
−8.1

þ 4.5
−4.5

B → charmless decays & 0.5 & 2.2 & 1.4
K#0 polarization þ 2.7

−1.4
þ 3.8
−1.9

þ 3.2
−1.6

Total þ 5.7
−5.6

þ 10.3
−9.7

þ 7.2
−6.7
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and background samples and perform our fitting procedure
on these combined sets of events. We then calculate, for
each input value of signal yield, the fraction of sets (fsig)

that have a fitted yield less than that observed in the data.
The input signal having fsig ¼ 0.10 is taken as an upper
limit NUL

sig (statistical error only). We convert NUL
sig into an

upper limit on the branching fraction (BUL) via the formula

B ¼
Nsig

BðK#0 → Kþ π−Þ × 2 × NBB̄ × f00 × ε
;

where BðK#0 → Kþ π−Þ ¼ 0.6651 is the assumed branch-
ing fraction (from isospin symmetry) for the intermediate
decay K#0 → Kþ π−; NBB̄ is the number of BB̄ pairs,
ð7.72 & 0.11Þ × 108; f00 is the branching fraction
Bðϒð4SÞ → B0B̄0Þ ¼ 0.486 & 0.006 [31]; and ε is the
signal reconstruction efficiency as calculated from MC
simulation. We include systematic uncertainty in BUL by
smearing the Nsig distributions of the aforementioned
statistically equivalent samples by the total fractional
systematic uncertainty (see below) before calculating
fsig. The resulting upper limits are listed in Table I. For
the upper limit on both decays K#0μþ e− and K#0μ−eþ

combined, BðB0 → K#0μ& e∓Þ≡ BðB0 → K#0μþ e−Þ þ
BðB0 → K#0μ−eþ Þ, and the branching fractions for the
two modes are assumed to be identical when calculating the
efficiency.
There are a number of systematic uncertainties, as listed

in Table II. The uncertainty on ε due to limited MC
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FIG. 2. TheMbc distribution for data events that pass the selection
criteria for the decays B0 → K#0μþ e− (top), B0 → K#0μ−eþ

(middle), and also both decays combined (bottom). Points with
error bars are the data, and the blue solid curve is the result of the fit
for the signal-plus-background hypothesis, where the blue dashed
curve is the background component. The red shaded histogram
represents the signal PDF with arbitrary normalization.

TABLE I. Results from the fits. The rightmost columns corre-
spond to efficiency, signal yield, 90%C.L. upper limit on the signal
yield, and 90% C.L. upper limit on the branching fraction.

Mode ε (%) Nsig NUL
sig BUL ð10−7Þ

B0→K#0μþ e− 8.8 −1.5þ 4.7
−4.1 5.2 1.2

B0→K#0μ−eþ 9.3 0.4þ 4.8
−4.5 7.4 1.6

B0→K#0μ& e∓ (combined) 9.0 −1.2þ 6.8
−6.2 8.0 1.8

TABLE II. Systematic uncertainties included in calculating the
upper limits.

Systematic uncertainty (%)

Source K#0μþ e− K#0μ−eþ K#0μ& e∓

Reconstruction efficiency & 0.3 & 0.3 & 0.3
Number of B0B̄0 pairs & 1.4 & 1.4 & 1.4
f00 & 1.2 & 1.2 & 1.2
Track reconstruction & 1.4 & 1.4 & 1.4
Particle identification & 2.8 & 2.8 & 2.8
Oqq̄

NN and OBB
NN

& 2.8 & 2.8 & 2.8
PDF shape parameters þ 2.1

−3.0
þ 8.2
−8.1

þ 4.5
−4.5

B → charmless decays & 0.5 & 2.2 & 1.4
K#0 polarization þ 2.7

−1.4
þ 3.8
−1.9

þ 3.2
−1.6

Total þ 5.7
−5.6

þ 10.3
−9.7

þ 7.2
−6.7
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and background samples and perform our fitting procedure
on these combined sets of events. We then calculate, for
each input value of signal yield, the fraction of sets (fsig)

that have a fitted yield less than that observed in the data.
The input signal having fsig ¼ 0.10 is taken as an upper
limit NUL

sig (statistical error only). We convert NUL
sig into an

upper limit on the branching fraction (BUL) via the formula

B ¼
Nsig

BðK#0 → Kþ π−Þ × 2 × NBB̄ × f00 × ε
;

where BðK#0 → Kþ π−Þ ¼ 0.6651 is the assumed branch-
ing fraction (from isospin symmetry) for the intermediate
decay K#0 → Kþ π−; NBB̄ is the number of BB̄ pairs,
ð7.72 & 0.11Þ × 108; f00 is the branching fraction
Bðϒð4SÞ → B0B̄0Þ ¼ 0.486 & 0.006 [31]; and ε is the
signal reconstruction efficiency as calculated from MC
simulation. We include systematic uncertainty in BUL by
smearing the Nsig distributions of the aforementioned
statistically equivalent samples by the total fractional
systematic uncertainty (see below) before calculating
fsig. The resulting upper limits are listed in Table I. For
the upper limit on both decays K#0μþ e− and K#0μ−eþ

combined, BðB0 → K#0μ& e∓Þ≡ BðB0 → K#0μþ e−Þ þ
BðB0 → K#0μ−eþ Þ, and the branching fractions for the
two modes are assumed to be identical when calculating the
efficiency.
There are a number of systematic uncertainties, as listed

in Table II. The uncertainty on ε due to limited MC
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FIG. 2. TheMbc distribution for data events that pass the selection
criteria for the decays B0 → K#0μþ e− (top), B0 → K#0μ−eþ

(middle), and also both decays combined (bottom). Points with
error bars are the data, and the blue solid curve is the result of the fit
for the signal-plus-background hypothesis, where the blue dashed
curve is the background component. The red shaded histogram
represents the signal PDF with arbitrary normalization.

TABLE I. Results from the fits. The rightmost columns corre-
spond to efficiency, signal yield, 90%C.L. upper limit on the signal
yield, and 90% C.L. upper limit on the branching fraction.

Mode ε (%) Nsig NUL
sig BUL ð10−7Þ

B0→K#0μþ e− 8.8 −1.5þ 4.7
−4.1 5.2 1.2

B0→K#0μ−eþ 9.3 0.4þ 4.8
−4.5 7.4 1.6

B0→K#0μ& e∓ (combined) 9.0 −1.2þ 6.8
−6.2 8.0 1.8

TABLE II. Systematic uncertainties included in calculating the
upper limits.

Systematic uncertainty (%)

Source K#0μþ e− K#0μ−eþ K#0μ& e∓

Reconstruction efficiency & 0.3 & 0.3 & 0.3
Number of B0B̄0 pairs & 1.4 & 1.4 & 1.4
f00 & 1.2 & 1.2 & 1.2
Track reconstruction & 1.4 & 1.4 & 1.4
Particle identification & 2.8 & 2.8 & 2.8
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the leptons is misidentified and swapped with theKþ or π−.
To suppress this background, we apply a set of
vetoes. For B0 → K"0μþe− signal events, we apply three:
the dilepton invariant mass must satisfy Mðlþl−Þ ∉
½3.04; 3.12& GeV=c2; the kaon-electron invariant mass
must satisfy MðKþe−Þ ∉ ½2.90; 3.12& GeV=c2; and the
pion-muon invariant mass must satisfy Mðπ−μþÞ ∉
½3.06; 3.12& GeV=c2. For B0 → K"0μ−eþ signal events,
we apply two vetoes: the dilepton invariant mass must
satisfy Mðlþl−Þ ∉ ½3.02; 3.12& GeV=c2, and the pion-
electron invariant mass must satisfy Mðπ−eþÞ ∉
½3.02; 3.12& GeV=c2. While calculating these invariant
masses, the mass hypothesis for a hadron is taken to be
that of the associated lepton. These vetoes have relative
efficiencies of 90.4% and 94.8% for B0 → K"0μþe− and
B0 → K"0μ−eþ, respectively. We use a high-statistics MC
sample to study backgrounds originating from charmless
hadronic B decays and find them to be negligible. The
largest contribution is from B0 → K"0πþπ− in which the
pions are misidentified as leptons; this contribution is only
0.01 event. To avoid bias, all selection criteria are deter-
mined in a “blind” manner, i.e., they are finalized before
looking at events in the signal region.
To test our understanding of remaining backgrounds, we

compare the Mbc distributions for data and MC events, as
shown in Fig. 1. The plots show good agreement between
data and MC for both the number of events observed and
the shapes of the distributions.
We calculate the signal yield by performing an unbinned

extended maximum-likelihood fit to the Mbc distribution.
The probability density function (PDF) used to model
signal decays is a Gaussian, and that for all backgrounds
combined is an ARGUS function [35]. The signal shape
parameters are obtained from MC simulation. We check
these parameters by fitting theMbc distribution of a control
sample of B0 → K"0ð→Kþπ−ÞJ=ψð→lþl−Þ decays. For
this control sample, we fit both data and MC events and
find excellent agreement between them for the shape
parameters obtained. All background shape parameters,
along with the signal and background yields, are floated in
the fit. The fitted Mbc distributions are shown in Fig. 2.
The fitted yields are Nsig ¼ −1.5þ4.7

−4.1 and 0.4þ4.8
−4.5 for B0 →

K"0μþe− and B0 → K"0μ−eþ, respectively. By combining
both final states, we obtain Nsig ¼ −1.2þ6.8

−6.2 .
As there is no evidence of a signal, we calculate

90% confidence level (C.L.) upper limits on the branching
fractions using a frequentist method as follows. We scan
through a range of possible signal yields, and for each yield
generate 10 000 sets of signal and background events
according to their PDFs. Each set of events is statistically
equivalent to our data set of 711 fb−1. We combine signal
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FIG. 1. The Mbc distribution for data and MC events that pass
the selection criteria for the decays B0 → K"0μþe− (top), B0 →
K"0μ−eþ (middle), and for both decays combined (bottom).
Points with error bars are the data, while the color filled stacked
histograms depict MC components from generic B decays (blue),
qq̄ continuum (green), and negligible contributions from charm-
less hadronic B decays (purple).
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the leptons is misidentified and swapped with theKþ or π−.
To suppress this background, we apply a set of
vetoes. For B0 → K"0μþe− signal events, we apply three:
the dilepton invariant mass must satisfy Mðlþl−Þ ∉
½3.04; 3.12& GeV=c2; the kaon-electron invariant mass
must satisfy MðKþe−Þ ∉ ½2.90; 3.12& GeV=c2; and the
pion-muon invariant mass must satisfy Mðπ−μþÞ ∉
½3.06; 3.12& GeV=c2. For B0 → K"0μ−eþ signal events,
we apply two vetoes: the dilepton invariant mass must
satisfy Mðlþl−Þ ∉ ½3.02; 3.12& GeV=c2, and the pion-
electron invariant mass must satisfy Mðπ−eþÞ ∉
½3.02; 3.12& GeV=c2. While calculating these invariant
masses, the mass hypothesis for a hadron is taken to be
that of the associated lepton. These vetoes have relative
efficiencies of 90.4% and 94.8% for B0 → K"0μþe− and
B0 → K"0μ−eþ, respectively. We use a high-statistics MC
sample to study backgrounds originating from charmless
hadronic B decays and find them to be negligible. The
largest contribution is from B0 → K"0πþπ− in which the
pions are misidentified as leptons; this contribution is only
0.01 event. To avoid bias, all selection criteria are deter-
mined in a “blind” manner, i.e., they are finalized before
looking at events in the signal region.
To test our understanding of remaining backgrounds, we

compare the Mbc distributions for data and MC events, as
shown in Fig. 1. The plots show good agreement between
data and MC for both the number of events observed and
the shapes of the distributions.
We calculate the signal yield by performing an unbinned

extended maximum-likelihood fit to the Mbc distribution.
The probability density function (PDF) used to model
signal decays is a Gaussian, and that for all backgrounds
combined is an ARGUS function [35]. The signal shape
parameters are obtained from MC simulation. We check
these parameters by fitting theMbc distribution of a control
sample of B0 → K"0ð→Kþπ−ÞJ=ψð→lþl−Þ decays. For
this control sample, we fit both data and MC events and
find excellent agreement between them for the shape
parameters obtained. All background shape parameters,
along with the signal and background yields, are floated in
the fit. The fitted Mbc distributions are shown in Fig. 2.
The fitted yields are Nsig ¼ −1.5þ4.7

−4.1 and 0.4þ4.8
−4.5 for B0 →

K"0μþe− and B0 → K"0μ−eþ, respectively. By combining
both final states, we obtain Nsig ¼ −1.2þ6.8

−6.2 .
As there is no evidence of a signal, we calculate

90% confidence level (C.L.) upper limits on the branching
fractions using a frequentist method as follows. We scan
through a range of possible signal yields, and for each yield
generate 10 000 sets of signal and background events
according to their PDFs. Each set of events is statistically
equivalent to our data set of 711 fb−1. We combine signal
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FIG. 1. The Mbc distribution for data and MC events that pass
the selection criteria for the decays B0 → K"0μþe− (top), B0 →
K"0μ−eþ (middle), and for both decays combined (bottom).
Points with error bars are the data, while the color filled stacked
histograms depict MC components from generic B decays (blue),
qq̄ continuum (green), and negligible contributions from charm-
less hadronic B decays (purple).
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the leptons is misidentified and swapped with theKþ or π−.
To suppress this background, we apply a set of
vetoes. For B0 → K"0μþe− signal events, we apply three:
the dilepton invariant mass must satisfy Mðlþl−Þ ∉
½3.04; 3.12& GeV=c2; the kaon-electron invariant mass
must satisfy MðKþe−Þ ∉ ½2.90; 3.12& GeV=c2; and the
pion-muon invariant mass must satisfy Mðπ−μþÞ ∉
½3.06; 3.12& GeV=c2. For B0 → K"0μ−eþ signal events,
we apply two vetoes: the dilepton invariant mass must
satisfy Mðlþl−Þ ∉ ½3.02; 3.12& GeV=c2, and the pion-
electron invariant mass must satisfy Mðπ−eþÞ ∉
½3.02; 3.12& GeV=c2. While calculating these invariant
masses, the mass hypothesis for a hadron is taken to be
that of the associated lepton. These vetoes have relative
efficiencies of 90.4% and 94.8% for B0 → K"0μþe− and
B0 → K"0μ−eþ, respectively. We use a high-statistics MC
sample to study backgrounds originating from charmless
hadronic B decays and find them to be negligible. The
largest contribution is from B0 → K"0πþπ− in which the
pions are misidentified as leptons; this contribution is only
0.01 event. To avoid bias, all selection criteria are deter-
mined in a “blind” manner, i.e., they are finalized before
looking at events in the signal region.
To test our understanding of remaining backgrounds, we

compare the Mbc distributions for data and MC events, as
shown in Fig. 1. The plots show good agreement between
data and MC for both the number of events observed and
the shapes of the distributions.
We calculate the signal yield by performing an unbinned

extended maximum-likelihood fit to the Mbc distribution.
The probability density function (PDF) used to model
signal decays is a Gaussian, and that for all backgrounds
combined is an ARGUS function [35]. The signal shape
parameters are obtained from MC simulation. We check
these parameters by fitting theMbc distribution of a control
sample of B0 → K"0ð→Kþπ−ÞJ=ψð→lþl−Þ decays. For
this control sample, we fit both data and MC events and
find excellent agreement between them for the shape
parameters obtained. All background shape parameters,
along with the signal and background yields, are floated in
the fit. The fitted Mbc distributions are shown in Fig. 2.
The fitted yields are Nsig ¼ −1.5þ4.7

−4.1 and 0.4þ4.8
−4.5 for B0 →

K"0μþe− and B0 → K"0μ−eþ, respectively. By combining
both final states, we obtain Nsig ¼ −1.2þ6.8

−6.2 .
As there is no evidence of a signal, we calculate

90% confidence level (C.L.) upper limits on the branching
fractions using a frequentist method as follows. We scan
through a range of possible signal yields, and for each yield
generate 10 000 sets of signal and background events
according to their PDFs. Each set of events is statistically
equivalent to our data set of 711 fb−1. We combine signal
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FIG. 1. The Mbc distribution for data and MC events that pass
the selection criteria for the decays B0 → K"0μþe− (top), B0 →
K"0μ−eþ (middle), and for both decays combined (bottom).
Points with error bars are the data, while the color filled stacked
histograms depict MC components from generic B decays (blue),
qq̄ continuum (green), and negligible contributions from charm-
less hadronic B decays (purple).
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the leptons is misidentified and swapped with theKþ or π−.
To suppress this background, we apply a set of
vetoes. For B0 → K"0μþe− signal events, we apply three:
the dilepton invariant mass must satisfy Mðlþl−Þ ∉
½3.04; 3.12& GeV=c2; the kaon-electron invariant mass
must satisfy MðKþe−Þ ∉ ½2.90; 3.12& GeV=c2; and the
pion-muon invariant mass must satisfy Mðπ−μþÞ ∉
½3.06; 3.12& GeV=c2. For B0 → K"0μ−eþ signal events,
we apply two vetoes: the dilepton invariant mass must
satisfy Mðlþl−Þ ∉ ½3.02; 3.12& GeV=c2, and the pion-
electron invariant mass must satisfy Mðπ−eþÞ ∉
½3.02; 3.12& GeV=c2. While calculating these invariant
masses, the mass hypothesis for a hadron is taken to be
that of the associated lepton. These vetoes have relative
efficiencies of 90.4% and 94.8% for B0 → K"0μþe− and
B0 → K"0μ−eþ, respectively. We use a high-statistics MC
sample to study backgrounds originating from charmless
hadronic B decays and find them to be negligible. The
largest contribution is from B0 → K"0πþπ− in which the
pions are misidentified as leptons; this contribution is only
0.01 event. To avoid bias, all selection criteria are deter-
mined in a “blind” manner, i.e., they are finalized before
looking at events in the signal region.
To test our understanding of remaining backgrounds, we

compare the Mbc distributions for data and MC events, as
shown in Fig. 1. The plots show good agreement between
data and MC for both the number of events observed and
the shapes of the distributions.
We calculate the signal yield by performing an unbinned

extended maximum-likelihood fit to the Mbc distribution.
The probability density function (PDF) used to model
signal decays is a Gaussian, and that for all backgrounds
combined is an ARGUS function [35]. The signal shape
parameters are obtained from MC simulation. We check
these parameters by fitting theMbc distribution of a control
sample of B0 → K"0ð→Kþπ−ÞJ=ψð→lþl−Þ decays. For
this control sample, we fit both data and MC events and
find excellent agreement between them for the shape
parameters obtained. All background shape parameters,
along with the signal and background yields, are floated in
the fit. The fitted Mbc distributions are shown in Fig. 2.
The fitted yields are Nsig ¼ −1.5þ4.7

−4.1 and 0.4þ4.8
−4.5 for B0 →

K"0μþe− and B0 → K"0μ−eþ, respectively. By combining
both final states, we obtain Nsig ¼ −1.2þ6.8

−6.2 .
As there is no evidence of a signal, we calculate

90% confidence level (C.L.) upper limits on the branching
fractions using a frequentist method as follows. We scan
through a range of possible signal yields, and for each yield
generate 10 000 sets of signal and background events
according to their PDFs. Each set of events is statistically
equivalent to our data set of 711 fb−1. We combine signal
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FIG. 1. The Mbc distribution for data and MC events that pass
the selection criteria for the decays B0 → K"0μþe− (top), B0 →
K"0μ−eþ (middle), and for both decays combined (bottom).
Points with error bars are the data, while the color filled stacked
histograms depict MC components from generic B decays (blue),
qq̄ continuum (green), and negligible contributions from charm-
less hadronic B decays (purple).
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and background samples and perform our fitting procedure
on these combined sets of events. We then calculate, for
each input value of signal yield, the fraction of sets (fsig)

that have a fitted yield less than that observed in the data.
The input signal having fsig ¼ 0.10 is taken as an upper
limit NUL

sig (statistical error only). We convert NUL
sig into an

upper limit on the branching fraction (BUL) via the formula

B ¼
Nsig

BðK#0 → Kþ π−Þ × 2 × NBB̄ × f00 × ε
;

where BðK#0 → Kþ π−Þ ¼ 0.6651 is the assumed branch-
ing fraction (from isospin symmetry) for the intermediate
decay K#0 → Kþ π−; NBB̄ is the number of BB̄ pairs,
ð7.72 & 0.11Þ × 108; f00 is the branching fraction
Bðϒð4SÞ → B0B̄0Þ ¼ 0.486 & 0.006 [31]; and ε is the
signal reconstruction efficiency as calculated from MC
simulation. We include systematic uncertainty in BUL by
smearing the Nsig distributions of the aforementioned
statistically equivalent samples by the total fractional
systematic uncertainty (see below) before calculating
fsig. The resulting upper limits are listed in Table I. For
the upper limit on both decays K#0μþ e− and K#0μ−eþ

combined, BðB0 → K#0μ& e∓Þ≡ BðB0 → K#0μþ e−Þ þ
BðB0 → K#0μ−eþ Þ, and the branching fractions for the
two modes are assumed to be identical when calculating the
efficiency.
There are a number of systematic uncertainties, as listed

in Table II. The uncertainty on ε due to limited MC
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FIG. 2. TheMbc distribution for data events that pass the selection
criteria for the decays B0 → K#0μþ e− (top), B0 → K#0μ−eþ

(middle), and also both decays combined (bottom). Points with
error bars are the data, and the blue solid curve is the result of the fit
for the signal-plus-background hypothesis, where the blue dashed
curve is the background component. The red shaded histogram
represents the signal PDF with arbitrary normalization.

TABLE I. Results from the fits. The rightmost columns corre-
spond to efficiency, signal yield, 90%C.L. upper limit on the signal
yield, and 90% C.L. upper limit on the branching fraction.

Mode ε (%) Nsig NUL
sig BUL ð10−7Þ

B0→K#0μþ e− 8.8 −1.5þ 4.7
−4.1 5.2 1.2

B0→K#0μ−eþ 9.3 0.4þ 4.8
−4.5 7.4 1.6

B0→K#0μ& e∓ (combined) 9.0 −1.2þ 6.8
−6.2 8.0 1.8

TABLE II. Systematic uncertainties included in calculating the
upper limits.

Systematic uncertainty (%)

Source K#0μþ e− K#0μ−eþ K#0μ& e∓

Reconstruction efficiency & 0.3 & 0.3 & 0.3
Number of B0B̄0 pairs & 1.4 & 1.4 & 1.4
f00 & 1.2 & 1.2 & 1.2
Track reconstruction & 1.4 & 1.4 & 1.4
Particle identification & 2.8 & 2.8 & 2.8
Oqq̄

NN and OBB
NN

& 2.8 & 2.8 & 2.8
PDF shape parameters þ 2.1

−3.0
þ 8.2
−8.1

þ 4.5
−4.5

B → charmless decays & 0.5 & 2.2 & 1.4
K#0 polarization þ 2.7

−1.4
þ 3.8
−1.9

þ 3.2
−1.6

Total þ 5.7
−5.6

þ 10.3
−9.7

þ 7.2
−6.7
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the leptons is misidentified and swapped with theKþ or π−.
To suppress this background, we apply a set of
vetoes. For B0 → K"0μþe− signal events, we apply three:
the dilepton invariant mass must satisfy Mðlþl−Þ ∉
½3.04; 3.12& GeV=c2; the kaon-electron invariant mass
must satisfy MðKþe−Þ ∉ ½2.90; 3.12& GeV=c2; and the
pion-muon invariant mass must satisfy Mðπ−μþÞ ∉
½3.06; 3.12& GeV=c2. For B0 → K"0μ−eþ signal events,
we apply two vetoes: the dilepton invariant mass must
satisfy Mðlþl−Þ ∉ ½3.02; 3.12& GeV=c2, and the pion-
electron invariant mass must satisfy Mðπ−eþÞ ∉
½3.02; 3.12& GeV=c2. While calculating these invariant
masses, the mass hypothesis for a hadron is taken to be
that of the associated lepton. These vetoes have relative
efficiencies of 90.4% and 94.8% for B0 → K"0μþe− and
B0 → K"0μ−eþ, respectively. We use a high-statistics MC
sample to study backgrounds originating from charmless
hadronic B decays and find them to be negligible. The
largest contribution is from B0 → K"0πþπ− in which the
pions are misidentified as leptons; this contribution is only
0.01 event. To avoid bias, all selection criteria are deter-
mined in a “blind” manner, i.e., they are finalized before
looking at events in the signal region.
To test our understanding of remaining backgrounds, we

compare the Mbc distributions for data and MC events, as
shown in Fig. 1. The plots show good agreement between
data and MC for both the number of events observed and
the shapes of the distributions.
We calculate the signal yield by performing an unbinned

extended maximum-likelihood fit to the Mbc distribution.
The probability density function (PDF) used to model
signal decays is a Gaussian, and that for all backgrounds
combined is an ARGUS function [35]. The signal shape
parameters are obtained from MC simulation. We check
these parameters by fitting theMbc distribution of a control
sample of B0 → K"0ð→Kþπ−ÞJ=ψð→lþl−Þ decays. For
this control sample, we fit both data and MC events and
find excellent agreement between them for the shape
parameters obtained. All background shape parameters,
along with the signal and background yields, are floated in
the fit. The fitted Mbc distributions are shown in Fig. 2.
The fitted yields are Nsig ¼ −1.5þ4.7

−4.1 and 0.4þ4.8
−4.5 for B0 →

K"0μþe− and B0 → K"0μ−eþ, respectively. By combining
both final states, we obtain Nsig ¼ −1.2þ6.8

−6.2 .
As there is no evidence of a signal, we calculate

90% confidence level (C.L.) upper limits on the branching
fractions using a frequentist method as follows. We scan
through a range of possible signal yields, and for each yield
generate 10 000 sets of signal and background events
according to their PDFs. Each set of events is statistically
equivalent to our data set of 711 fb−1. We combine signal
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FIG. 1. The Mbc distribution for data and MC events that pass
the selection criteria for the decays B0 → K"0μþe− (top), B0 →
K"0μ−eþ (middle), and for both decays combined (bottom).
Points with error bars are the data, while the color filled stacked
histograms depict MC components from generic B decays (blue),
qq̄ continuum (green), and negligible contributions from charm-
less hadronic B decays (purple).
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B ! Xs� inclusive
<latexit sha1_base64="KsTEfDrJpsBMwYzg2Z8DsQE0OUw="></latexit>

motivations
• B ! Xs� has played a powerful probe to search for NP in a loop

B(B ! Xs�) ) strong constraint on NP, e.g. lower limit on m(H+)

• Theory error on B(B ! Xs�) (currently ⇡ 7%)

crucial to reduce it for Belle II test of NP in B ! Xs�

• Resolved photon contribution is a significant portion of theory error via
non-perturbative effects

and depends on the spectator quark, hence related to isospin asymmetry
<latexit sha1_base64="TdumantNGcf8vpwQ56+AiLL2C1g="></latexit>

I. INTRODUCTION

The radiative b → sγ decay proceeds predominantly via one-loop electromagnetic penguin
diagrams at the lowest order in the standard model (SM). This decay is sensitive to new
physics (NP), which can alter the branching fraction, or direct CP asymmetry defined as

ACP =
Γ(B̄ → X̄sγ)− Γ(B → Xsγ)

Γ(B̄ → X̄sγ) + Γ(B → Xsγ)
, (1)

where Γ denotes the partial width.
Precision measurements of B → Xsγ branching fraction B(B → Xsγ) [1–6] are in good

agreement with the SM prediction [7] and set a strong constraint on NP models [8]. The
theoretical uncertainty in the prediction of B(B → Xsγ) is about 7% which is comparable
with the experimental uncertainty of the current world average [9]. The Belle II experiment
is expected to measure the branching fraction with a precision of about 3% [10]. Thus,
the reduction of the theoretical uncertainty is crucial to further constrain NP models. The
largest uncertainty in the theoretical prediction is due to non-perturbative effects, one of
which is the resolved photon contributions [11]. Since the resolved photon contribution
from a hard gluon and a light quark scattering to the B → Xsγ branching fraction (B78

RP)
depends on the charge of the light quark and can be hence related to the isospin asymmetry
in B → Xsγ (∆0−) as [11–13]

B78
RP

B
≃ −

(1 ± 0.3)

3
∆0−, (2)

where the uncertainty of ±0.3 in the right-hand side is associated with SU(3) flavor-
symmetry breaking. The isospin asymmetry is defined as

∆0− =
Γ(B̄0 → X0

sγ)− Γ(B− → X−
s γ)

Γ(B̄0 → X0
sγ) + Γ(B− → X−

s γ)

=

τ
B−

τ
B̄0

f+−

f00
N(B̄0 → X0

sγ)−N(B− → X−
s γ)

τ
B−

τ
B̄0

f+−

f00
N(B̄0 → X0

sγ) +N(B− → X−
s γ)

, (3)

where N is the number of produced signal events including charge-conjugate decays,
τB−/τB̄0 = τB+/τB0 is the lifetime ratio of B+ to B0 mesons, f+− and f00 are the pro-
duction ratio of B+B− to B0B̄0 in Υ(4S) decays, respectively. If the measured value
of ∆0− is consistent with zero, the resolved photon contribution is small and reducing
in the theoretical uncertainty on B(B → Xsγ). Recently, evidence for isospin violation
in exclusive B → K∗(892)γ (∆0+) has been reported [14] where the measured value,
∆0+ = (+6.2 ± 1.5 ± 0.5 ± 1.2)%, is consistent with SM predictions [15–20]. If the isospin
asymmetry for the inclusive decays is consistent with this value, the resolved photon con-
tribution to B → Xsγ decays could be sizable.

The direct CP asymmetry in B → Xsγ is also a sensitive probe for NP [18, 21–30].
Belle [31] and BaBar [32] measured this quantity, and the current world average (+1.5 ±
2.0)% [9] is in agreement and of comparable precision, with the SM prediction, −0.6% <
ASM

CP < +2.8% [33]. The dominant theoretical uncertainty is due to the limited knowledge of
the resolved photon contributions. A newly proposed observable is the difference of the direct
CP asymmetries between the charged and neutral B mesons, ∆ACP = ACP (B+ → X+

s γ)−
ACP (B0 → X0

sγ), where terms with large weak phase in the SM cancel out, and only the

5

spectator-quark-flavor dependent term representing interference between electromagnetic
and chromomagnetic dipole operators survives [33]:

∆ACP = 4π2αs
Λ̃78

mb
Im

(

C8

C7

)

≈ 0.12

(

Λ̃78

100 MeV

)

Im

(

C8

C7

)

, (4)

where αs is the strong coupling constant, Λ̃78 is the hadronic parameter denoting the interfer-
ence between electromagnetic and chromomagnetic dipole diagrams, mb is the bottom quark
mass, and C7 and C8 are the Wilson coefficients for electromagnetic and chromomagnetic
dipole operators, respectively [34]. In the SM, C7 and C8 are both real, therefore ∆ACP is
zero, but in several NP models ∆ACP can reach the level of 10% in magnitude [33, 35, 36].

BaBar measured ∆0− and ∆ACP using data samples of 81.9 fb−1 and 429 fb−1, respec-
tively, as ∆0− = (−0.6 ± 5.8 ± 0.9 ± 2.4)% [37] and ∆ACP = (+5.0 ± 3.9 ± 1.5)% [32],
where the first uncertainty is statistical, the second is systematic, and the last one for ∆0−

is due to the uncertainty on the fraction of B+B− to B0B̄0 production in Υ(4S) decays. The
precisions are limited by statistical uncertainties. Improving these measurements is highly
desirable to reduce the theoretical uncertainty of B(B → Xsγ) in the SM as well as to search
for NP.

In this article, we report first measurements of ∆0− and ∆ACP in inclusive B → Xsγ
at Belle assuming that the two observables have no dependence on decay modes nor on the
invariant mass of the Xs system (MXs

). In addition, we present measurements of individual
ACP for the charged and neutral decay and their average with ĀCP = (ACP (B− → Xsγ) +
ACP (B̄0 → Xsγ))/2. All measurements are based on the full data sample of 711 fb−1,
containing 772× 106BB̄ pairs, recorded at the Υ(4S) resonance (on-resonance data) with
the Belle detector [38] at the KEKB e+e− collider [39]. In addition, the data sample of
89 fb−1 accumulated 60 MeV below the Υ(4S) peak (off-resonance data), which is below
the BB̄ production threshold, is used to provide a background description. The result for
ACP (B → Xsγ) supersedes our previous measurement [31].

II. BELLE DETECTOR

The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon
vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter comprised of CsI(Tl) crystals (ECL). All the sub-
detectors are located inside a superconducting solenoid coil that provides a 1.5 T magnetic
field. An iron flux-return placed outside of the coil is instrumented to detect K0

L mesons
and muons. The z axis is aligned with the direction opposite the e+ beam. The detector is
described in detail elsewhere [38].

III. MC SIMULATION

The selection is optimized with Monte Carlo (MC) simulation samples. The MC sim-
ulation events are generated with EvtGen [40] and the detector simulation is done with
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• To measure �0�, ACP , and �ACP of inclusive B ! Xs�,

) “sum of the exclusive modes”
<latexit sha1_base64="1YRsRmitHJojM4RqTmmOTBHFoos="></latexit>

null expected in SM;  
sensitive to NP (e.g. SUSY)
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ACC [46].
Neutral kaon (K0

S) candidates are reconstructed from pairs of oppositely-charged tracks,
treated as pions, and identified by a multivariate analysis [47] based on two sets of input
variables [48]. The first set that separates K0

S candidates from the combinatorial background
are: (1) theK0

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

S momentum and the vector joining its decay vertex to the nominal IP,
(5) the angle between the π momentum and the laboratory-frame direction of the K0

S in its
rest frame, (6) the distances of closest approach in the x-y plane between the IP and the
pion helices, (7) the numbers of hits for axial and stereo wires in the CDC for each pion, and
(8) the presence or absence of associated hits in the SVD for each pion. The second set of
variables, which identifies Λ → pπ− background that has a similar long-lived topology, are:
(1) particle identification information, momentum, and polar angles of the two daughter
tracks in the laboratory frame, and (2) the invariant mass calculated with the proton- and
pion-mass hypotheses for the two tracks. In total, the first and second sets comprise 13 and
7 input variables, respectively. The selected K0

S candidates are required to have an invariant
mass within ±10 MeV/c2 of the nominal value [9], corresponding to a ±3σ interval in mass
resolution, where σ represents the standard deviation.

We reconstruct π0 candidates from two photons each with energy greater than 50 MeV.
We require a minimum momentum of 100 MeV/c in the CM frame and the invariant mass to

TABLE I. Reconstructed Xs final states [44]. The mode IDs with an asterisk indicate the flavor-
non-specific decays which are not used for ACP measurements.

Mode ID Final state Mode ID Final state

1 K+π− 20 K0
Sπ

+π0π0

2 K0
Sπ

+ 21 K+π+π−π0π0

3 K+π0 22* K0
Sπ

+π−π0π0

4* K0
Sπ

0 23 K+η

5 K+π+π− 24* K0
Sη

6* K0
Sπ

+π− 25 K+ηπ−

7 K+π−π0 26 K0
Sηπ

+

8 K0
Sπ

+π0 27 K+ηπ0

9 K+π+π−π− 28* K0
Sηπ

0

10 K0
Sπ

+π+π− 29 K+ηπ+π−

11 K+π+π−π0 30* K0
Sηπ

+π−

12* K0
Sπ

+π−π0 31 K+ηπ−π0

13 K+π+π+π−π− 32 K0
Sηπ

+π0

14* K0
Sπ

+π+π−π− 33 K+K+K−

15 K+π+π−π−π0 34* K+K−K0
S

16 K0
Sπ

+π+π−π0 35 K+K+K−π−

17 K+π0π0 36 K+K−K0
Sπ

+

18* K0
Sπ

0π0 37 K+K+K−π0

19 K+π−π0π0 38* K+K−K0
Sπ

0
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14* K0
Sπ

+π+π−π− 33 K+K+K−

15 K+π+π−π−π0 34* K+K−K0
S

16 K0
Sπ

+π+π−π0 35 K+K+K−π−

17 K+π0π0 36 K+K−K0
Sπ

+

18* K0
Sπ

0π0 37 K+K+K−π0

19 K+π−π0π0 38* K+K−K0
Sπ

0

8

Final states for “sum of exclusives”
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FIG. 1. Neural Network output in simulated data that ranges from −1 for the qq̄ background-like

events to +1 for the signal-like events. The solid (brown) curve shows signal, the dotted-dashed
(orange) curve represents cross-feed, the dashed (blue) curve is qq̄ background, and the long dashed

(green) curve shows BB̄ background.

VII. SIGNAL YIELD EXTRACTION

To extract the signal yield and physics observables, we perform a simultaneous fit with
an extended unbinned maximum likelihood method to eight Mbc distributions; five for B−,
B+, B̄0, B0, and Bfns in the on-resonance data, and three for charged B (B− and B+),
flavor-specific neutral B (B̄0 and B0), and Bfns in the off-resonance data. Since the off-
resonance data only contain continuum backround, this is useful to constrain the continuum
background shape.

To take into account the run by run difference of beam energy, the Mbc value is shifted
with Enom

beam −Erun
beam, where E

nom
beam is the nominal beam energy set to 5.289 GeV and Erun

beam is
the beam energy for a specific run. By this calibration, the endpoint of the Mbc distribution
for any run is 5.289 GeV.

The likelihood function consists of probability density functions (PDFs) for signal, cross-
feed, peaking and non-peaking background from BB̄ events, and qq̄ background. All signal
and background PDFs are considered for the on-resonance data, while only the qq̄ back-
ground PDF is used to fit to the off-resonance data. The signal is modeled with a Crystal
Ball function [52]:

fCB(x) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

exp

(

−1
2

(

x−m
σCB

)2
)

(x−m
σCB

≥ −α)

(n

α)
n
exp (− 1

2
α2)

(

n

α
−α−x−m

σCB

)n (x−m
σCB

< −α),

where m and σCB are the peak position and width, respectively, and the parameters α and n
characterize the non-Gaussian tail. The peak position is determined with a large-statistics

11

• Two dominant sources

* e+e� ! qq̄ continuum

* B ! D(⇤)⇢+

• Suppression by

* artificial NN (signal vs. qq̄)

* D veto
<latexit sha1_base64="qccUsyYIl0SOUnvZVzqHTkWBTss="></latexit>
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FIG. 2. Mbc distributions for (a) B−, (b) B+, (c) B̄0, (d) B0, and (e) Bfns in on-resonance

data, and (f) charged B, (g) neutral B and (h) Bfns in off-resonance data. The points with error
bars show the data and the lines show different contributions as obtained from the fit. The long
dashed (brown) curves represent signal, the dotted (blue) curves show continuum, the dotted-

dashed (green) curves are BB̄ background, the dashed (orange) curves show cross-feeed, and solid
(red) curves are the sum of all contributions.
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FIG. 2. Mbc distributions for (a) B−, (b) B+, (c) B̄0, (d) B0, and (e) Bfns in on-resonance

data, and (f) charged B, (g) neutral B and (h) Bfns in off-resonance data. The points with error
bars show the data and the lines show different contributions as obtained from the fit. The long
dashed (brown) curves represent signal, the dotted (blue) curves show continuum, the dotted-

dashed (green) curves are BB̄ background, the dashed (orange) curves show cross-feeed, and solid
(red) curves are the sum of all contributions.
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TABLE IV. Signal yields (NS) and efficiencies (ϵ). The uncertainties for NS are statistical. The

uncertainties for ϵ include systematic uncertainties.

Mode NS ϵ [%]

B− 3243 ± 85 2.21 ± 0.12

B+ 3074 ± 86 2.23 ± 0.12

B̄0 3038 ± 78 2.42 ± 0.14

B0 3102 ± 79 2.46 ± 0.14

Bfns 902± 42 0.375 ± 0.023

TABLE V. The correlation matrix for the six observables.

∆0− ∆ACP AC
CP AN

CP Atot
CP ĀCP

∆0− 1.00 0.07 0.06 −0.05 −0.01 0.01

∆ACP 0.07 1.00 0.70 −0.68 0.29 0.03

AC
CP 0.06 0.70 1.00 −0.12 0.91 0.74

AN
CP −0.05 −0.68 −0.12 1.00 0.47 0.72

Atot
CP −0.01 0.29 0.91 0.47 1.00 0.94

ĀCP 0.01 0.03 0.74 0.72 0.94 1.00

of Λ̃78 is hard to estimate, we set the 1σ and 2σ confidence level invervals for Im(C8/C7) as a
function of Λ̃78 within the range described above as shown in Figure 3. Our result constrains
Im(C8/C7) in the positive region better than the only previously available measurement from
BaBar [32], and gives a strong constraint on NP models [36]. If we take the average value of
Λ̃78 = 89MeV as a benchmark [35], the 2σ confidence intervals is−0.17 < Im(C8/C7) < 0.86.

XII. CONCLUSION

In summary, we have measured the isospin asymmetry and the difference of the direct
CP asymmetries between charged and neutral B → Xsγ decays with a sum-of-exclusive
technique based on a sample of 772× 106 BB̄ pairs with an assumption that the observables
have no dependence on the specific decay modes nor on MXs

. The measurement of ∆0− is
consistent with zero and can constrain the resolved photon contribution in B → Xsγ, which
will improve the prediction of the branching fraction. The result of ∆ACP is consistent
with zero as predicted in the SM, enabling constraints on NP models. Our measurements
of the CP asymmetries are consistent with zero, and also with the SM predictions. All the
results are the most precise to date and will be useful for constraining the parameter space
in NP models. Current ACP and ∆ACP measurements are dominated by the statistical
uncertainty; thus, the upcoming Belle II experiment will further reduce the uncertainty. To
improve the isospin asymmetry at Belle II, reduction of the dominant uncertainty due to
f+−/f00 is essential, and can be performed at both Belle and Belle II.
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Results

We evaludate the uncertainties due to ACP and∆0− in the background decays by changing
the ACP and ∆0− values by ±1σ from the nominal PDG values [9]; if neither ACP nor ∆0−

are measured, we assign ±100% uncertainties.
We evaluate the uncertainties due to tail parameters, α and n, in the signal PDF by

floating in turn each of the fixed shape parameters in the fit while fixing the other shape
parameters to their nominal values. Then the two uncertainties are added in quadrature.
Since the α and n are anti-correlated, this procedure conservatively estimates the uncertain-
ties. The uncertainties due to the other fixed parameters in the signal PDF are evaluated
by varying them by ±1σ from the nominal values. The uncertainty due to cross-feed is
caused by two sources; one is multiplicity of hadrons in the other B meson decays, the other
is fragmentation model for signal. Both changes the shape and yield of cross-feed. The
former is evaluated with MC simulation by changing the multiplicities of π±, π0, K±, K0

and η in the other B meson decays MC simulation from the nominal values to PDG values
taking into account their uncertainties [9]. The latter is determined with MC simulation by
varying the decay channel proportions by their respective uncertainties. We estimate the
uncertainty due to the p parameter in qq̄ background PDF by changing the parameter by
±1σ as obtained from the fit to the off-resonance data. To evaluate the uncertainty due to
the peaking background from π0 decays, we vary the parameter values by ±1σ as determined
from the sideband data. The systematic uncertainties of other peaking backgrounds, which
are subleading to the π0 backgrounds, we evaluate by changing the normalizations by ±20%
which is about twice larger than the uncertainties of the corresponding branching fractions.

We check for possible bias in the fit by performing a large number of pseudo-experiments.
In the study, we observe small biases which we add to the systematic uncertainty.

We also take into account the statistical uncertainty of the efficiency estimated with MC
simulation samples as systematic uncertainty.

The systematic uncertainties due to efficiencies and background ∆0− are only relevant for
∆0− and Atot

CP since these cancel out by taking the CP asymmetry in the other observables.
The systematic uncertainties due to physics parameters to convert the signal yields to decay
widths are only relevant for ∆0−. The systematic uncertainties due to charged particle
detection asymmetry and background ACP are only relevant for ACP as they cancel out for
the CP -averaged observable ∆0−. The largest and dominant systematic uncertainty for ∆0−

is due to f+−/f00. The dominant systematic sources for ∆ACP and ACP are due to peaking
background from π0 decays and charge asymmetries in particle detection.

X. RESULTS

We perform a simultaneous fit to eight Mbc distributions shown in Figure 2, with the
PDFs as described above, to extract the following results

∆0− = (−0.48± 1.49± 0.97± 1.15)%,

∆ACP = (+3.69± 2.65± 0.76)%,

AC
CP = (+2.75± 1.84± 0.32)%,

AN
CP = (−0.94± 1.74± 0.47)%,

Atot
CP = (+1.44± 1.28± 0.11)%,

ĀCP = (+0.91± 1.21± 0.13)%,
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TABLE III. Absolute systematic uncertainties for ∆0−, ∆ACP and ACP in percent.

Source ∆0− ∆ACP AC
CP AN

CP Atot
CP ĀCP

tracking ±0.02 – – – < 0.01 –

K/π ID ±0.05 – – – < 0.01 –

π0/η recon. ±0.01 – – – < 0.01 –

K0
S recon. ±0.01 – – – < 0.01 –

detection asym. – ±0.39 ±0.11 ±0.29 ±0.05 ±0.10

∆E selection +0.03
−0.06 – – – < 0.01 –

f+−/f00 ±1.15 – – – – –

lifetime ratio ±0.19 – – – – –

fragmentation ±0.58 – – – ±0.01 –

K∗-Xs transition ±0.13 – – – < 0.01 –

missing fraction ±0.02 – – – < 0.01 –

background ACP – ±0.04 ±0.03 ±0.04 ±0.02 ±0.02

background ∆0− ±0.01 – – – < 0.01 –

fixed parameters +0.74
−0.65

+0.64
−0.61

+0.30
−0.28

+0.34
−0.36 ±0.07 +0.07

−0.06

fitter bias +0.08
−0.07

+0.11
−0.07

+0.04
−0.00

+0.10
−0.09

+0.05
−0.02

+0.06
−0.03

MC sim. stat. ±0.03 – – – < 0.01 –

total +1.51
−1.47

+0.76
−0.73

+0.32
−0.30

+0.46
−0.47

+0.11
−0.09

+0.13
−0.12

where the first uncertainty is statistical, the second is systematic, and the third for ∆0−

is due to f+−/f00. The fit results for the signal yields are summarized in Table IV. The
correlation matrix of the six observables is given in Table V. The χ2 and number of degrees
of freedom in the simultaneous fit calculated from the data points and fit curves in Fig. 2
are 728 and 784, respectively. The measured ∆0− is consistent with zero and the precision
is better than that of BaBar by a factor of three [37]. Thus, this measurement can be used
to constrain the resolved photon contribution in B → Xsγ as

B78
RP

B
≃ (+0.16± 0.50± 0.32± 0.38± 0.05)%,

where the last uncertainty is associated with SU(3) flavor-symmetry breaking. This result
improves the prediction of the branching fraction. The result for ∆ACP is consistent with
zero, as predicted in the SM, thus the measurement can be used to constrain NP models, for
example, in the supersymmetry model described in Ref. [36], this excludes the parameter
space for squark mass below 5.0 TeV/c2.

We checked MXs
dependences of the observables and find no dependences except ∆0− in

K∗ mass region is larger than the measurement and is consistent with the world average [9].

XI. CONFIDENCE LEVEL INTERVALS

From our measurement of ∆ACP , we set confidence intervals on Im(C8/C7) based on
Eq. (4). The hadronic parameter Λ̃78 has a large uncertainty and the range is estimated as
17 MeV < Λ̃78 < 190 MeV with a vacuum insertion approximation [33]. Since an uncertainty

16
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FIG. 3. The solid (black), dashed (red) and dotted (blue) curves show the most probable value,
1σ and 2σ confidence intervals for Im(C8/C7) as a function of Λ̃78, respectively. The range of Λ̃78

is chosen to be 17MeV < Λ̃78 < 190MeV.
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 τ → πνℓ+ℓ−
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  motivationsτ+ → π+νℓ+ℓ−

hadronic	final	states	of	� 	decays	—	a	clean	laboratory	to	study	the	
dynamics	of	strong	interacIons	

study	� 	vertex	with	two	gauge	bosons	in	the	off-shells	

� 	in	the	SM	

useful	for		

• radiaIve	correcIons	to,	e.g.	� 	decays,	and		

• hadronic	light-by-light	scaYering	to	� 	

• background	study	for	various	LFV,	LNV	� 	decays

τ

γ * W * π

ℬ(τ+ → π+νℓ+ℓ−) ∼ 𝒪(10−5)

τ+ → π+ν

(g − 2)μ

τ
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  diagramsτ+ → π+νℓ+ℓ−



•   as the 
signal region 

- efficient for (d), (e), but 
insensitive for the others 

•   for the control 
region 

- check data vs. MC 

• Blind analysis! 

1.05 < M(πee) < 1.8

M(πee) < 1.05

  control regionτ+ → π+νe+e−

 35



•   

-   

-   excess 

• Partial BF is measured 

• For full BF, model-dependent 
for (a), (b), (c)

Nevent = 1365

Nbkgd = 954 ± 45

7σ

  signal regionτ+ → π+νe+e−

 36

ℬA = (1.46 ± 0.13 ± 0.21) × 10−5

ℬV = (3.01 ± 0.27 ± 0.43) × 10−5



•   = radial distance of   
vertex from the IP 

•   as the control 
region 

•   for the 
signal region

Rxy μμ

Rxy > 0.2 cm

Rxy < 0.15 cm

  control regionτ+ → π+νμ+μ−

 37



  signal regionτ+ → π+νμ+μ−

 38

•   

-   

-   excess ( )

Nevent = 2578

Nbkgd = 2244 ± 109

2.8σ 334 ± 51 ± 109

ℬ(τ → πνμμ) < 1.14 × 10−5
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Closing	remarks

�43

Belle	is	producing	physics	results	nearly	at	a	steady	pace,	even	
after	9	years	past	shut-down.	Yes,	we	have	things	to	show	
other	than	� ,	and/or	� .	

In	Oct0ber,	Belle	II	has	resumed	operation.	On	Dec.3,	it	has	
reached	a	meaningful	milestone,	� .	Please	
stay	tuned,	with	a	great	expectation!

R(D(*)) R(*)
K

ℒ = 1034 cm−2 s−1


