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Introduction
• B meson leptonic decay : test the validity of the Standard Model of particle physics 

•
!  

• GF : Fermi constant, mB/l : mass of B meson or lepton, Vub : CKM matrix element,  : B meson 
lifetime, fB : B meson decay constant 

• b-u quark annihilation : CKM suppression, !  

• W decay into lepton-neutrino pair : helicity suppression, !  

• fB : determined by non-perturbative methods 

• !  (Belle 2018, Phys. Rev. Lett. 121, 031801 (2018) )
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Br(B+ → μ+νμ) = (6.6 ± 2.2 ± 1.6) × 10−7
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In this manuscript the search for the leptonic decay of B+ ! µ+ ⌫µ using the full Belle data5

set of 711 fb�1 of integrated luminosity near the ⌥(4S) resonance is described. In the Standard6

Model leptonic B meson decays are helicity and CKM suppressed and to maximize sensitivity an7

inclusive tagging approach is used in this measurement to reconstruct the second B meson produced8

in the collision. The directional information is used after a dedicated calibration to boost the signal-9

side µ into the frame, where the signal B meson is at rest. This improves the sensitivity of the10

analysis considerably as in this frame the signal µ possesses a monochromatic momentum, which11

is smeared by the experimental resolution. Analyzing the µ momentum spectrum in this frame12

we find B(B+ ! µ+ ⌫µ) = (5.3± 2.0± 0.9) ⇥ 10�7 with a one-sided significance of 2.8 standard13

deviations over the background only hypothesis. This translates to a frequentist upper limit of14

B(B+ ! µ+ ⌫µ) < 8.6 ⇥ 10�7 at 90% CL. The experimental spectrum is then used to search for a15

massive sterile neutrino, B+ ! µ+ N , finding no evidence for such a process for the range of 0 - 1.516

GeV of the sterile neutrino mass. The determined B+ ! µ+ ⌫µ branching fraction limit is further17

used to constrain the mass and coupling space of the type II and type III two Higgs doublet model.18

I. INTRODUCTION19

Precision measurements of leptonic decays of B mesons20

o↵er a unique tool to test the validity of the Standard21

Model of particle physics (SM). Produced by the annihi-22

lation of the b-u quark-pair and the subsequent emission23

of a virtual W -boson decaying into a lepton and anti-24

neutrino pair, this process is both Cabibbo-Kobayashi-25

Maskawa (CKM) and helicity suppressed in the SM. The26
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with GF denoting Fermi’s constant, mB and m` the B29

meson and lepton mass, respectively, and |Vub| the rel-30

evant CKM matrix element of the process. Further, ⌧B31

denotes the B meson lifetime and the decay constant fB32

parametrizes the b-u annihilation process,33

h0|Aµ|B(p)i = i pµ fB (2)

with Aµ = b̄�µ �5 u the corresponding axial-vector cur-34

rent and pµ the B meson four-momentum . The value of35

fB has to be determined using non-perturbative meth-36

ods, such as lattice QCD [1] or QCD sum-rule calcula-37

tions [2, 3].38

In this manuscript an improved search for B+ ! µ+ ⌫µ39

using the full Belle data set is presented. Using the re-40

sults of fB = 184± 4 MeV [1] and either inclusive or ex-41

clusive world averages for |Vub| [4] one finds an expected42

1
Charge conjugation is implied throughout this manuscript. Fur-
ther we use natural units c = ~ = 1 throughout.

SM branching fraction of B(B+ ! µ+ ⌫µ) = (4.3± 0.8)⇥43

10�7 and B(B+ ! µ+ ⌫µ) = (3.8± 0.4) ⇥ 10�7, respec-44

tively. This results in only about 300 possible signal45

events in the entirety of the Belle data set of 711 fb�1 of46

integrated luminosity recorded near the⌥(4S) resonance.47

Thus it is imperative to maximize the overall selection48

e�ciency, which rules out the use of exclusive tagging al-49

gorithms, as even advanced machine learning based im-50

plementations such as Ref. [5] only achieve e�ciencies of51

a few percent. After identifying a potential signal decay52

from a high momentummuon candidate, the charged par-53

ticles and neutral energy depositions of the rest-of-the-54

event (ROE) are used to reconstruct the second B meson55

produced in the collision process. With such an inclu-56

sive reconstruction one reduces non-resonant e+e� ! qq57

(q = u, d , s , c) continuum processes, and, after a dedi-58

cated calibration, is able to deduce the direction of the59

signal B meson. This is used to carry out the search60

in the signal B rest frame, in which the B+ ! µ+ ⌫µ61

decay produces a muon with a monochromatic momen-62

tum of pBµ = 2.64 GeV. The experimental resolution on63
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FIG. 1. The SM leptonic B+ ! µ+ ⌫µ decay process and
possible BSM processes with and without a sterile neutrino
N in the final state are shown.
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• improved search for !  than previous our publish (Phys. Rev. Lett. 121, 
031801 (2018) ) 

• SM calculation with !  

• !  (inclusive PDG
! ) 

• ! (exclusive PDG 
! ) 

• ~300 events in full Belle data set at !  (!  ) 

• sensitive to new physics 

• charged Higgs 

• LQ 

• sterile neutrino

B+ → μ+νμ

fB = 184 ± 4 MeV

Br(B+ → μ+νμ) = (4.3 ± 0.8) × 10−7

|Vub | = (4.49 ± 0.16(stat.)
+0.16
−0.17 (sys.) ± 0.17(theo.) ) × 10−3

Br(B+ → μ+νμ) = (3.7 ± 0.4) × 10−7

|Vub | = (3.67 ± 0.09 ± 0.12) × 10−3

Υ(4s) = 711fb−1
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• inclusive tag : consistent with B meson 

• eff. = O(10%) : important in this case 

• low purity 

• semi-leptonic tag : partial know B meson 

• eff. = O(1%) 

• moderate purity 

• hadronic tag : exactly know B meson 

• eff. = O(0.1%) 

• high purity

B tagging in Belle
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KEKB accelerator

• 8 GeV e-/3.5 GeV e+ 

• operated during 1999 - 2010 

• 711 fb-1 at  (  resonance) 

• 79 fb-1 at 40 MeV below (off-resonance data) 

•

s = 10.58 GeV Υ(4s)

• 10年間(1999-2010) の運転で世界最高のルミノシティを達成。
– (瞬間) 2.11×1034 cm-2s-1Å設計値の2 倍以上
– (積分) > 1 ab-1

• 7.72×108個のB 中間子対を生成
– 𝑒+𝑒− → 𝛶 4𝑆 → 𝐵  𝐵
– 𝛶 4𝑆 はほぼ100% B 中間子対に崩壊。

* Belle はcharm, τ ファクトリーでもあるが、今日はB のトピックに絞ります。

世界最高ルミノシティ 5

PEP-II/BaBar

KEKB/Belle

Υ (1𝑆) Υ (2𝑆)
Υ (3𝑆)

𝜰 (𝟒𝑺)

Υ (5𝑆)

𝐵𝐵
th

re
so

ld

重心系エネルギー√𝑠 [GeV}
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Belle detector

• charged tracking 

• SVD + CDC 

• neutral cluster 

• ECL 

• muon ID 

• KLM 

• electron ID 

• ECL/CDC/ACC
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Analysis strategy

Select !  events 
#charged!  

significant energy in ECL in c.m.s.

BB̄
≥ 3

reconstruct signal side B 
muon candidate 

!  
dr < 0.5 cm, |dz| < 2.0 cm

p*μ > 2.2 GeV/c

reconstruct rest-of-the-evevnt(ROE) 
remaining tracks(as pion)/clusters (tag side B) 

dr < 10 cm, |dz| < 20 cm

~99.8% eff.

plab
tag =

tracks

∑
i

plab
i +

clusters

∑
j

Elab
j

Elab
tag = (plab

tag)
2

+ m2
B

e- e+

B+
sig.

B−
tag

D0

π+

π−

π−

μ+

νμ
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e- e+

B+
sig.

B−
tag

D0

π+

π−

π−

μ+

νμ

e- e+

B+
sig.

B−
tag

D0π+π− π−

μ+

νμ

plab
tag =

tracks

∑
i

plab
i +

clusters

∑
j

Elab
j

(normalized or constrain to 
|! | = 330 MeV/c)p*tag

p*tag

lab. frame

c.m. frame

detector acceptance : !  has bias (p*tag)z

⇒ introduce calibration function !  : shifts mean of !  f (p*tag)z



• overall correction factor !  is also applied 

• calculate tag-side B meson three-momentum !  

• signal side B meson momentum !  

• muon : boost back to B rest frame 

• improve resolution and sensitivity 

•

ζ

p *tag,cal

psig = − p*tag,cal 5

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%

(p*tag,cal)z
= ζ f [(p*tag)z] (p*tag,cal)T

= ζ (p*tag)
2

− (p*tag,cal)
2

z
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continuum BG suppression

• normalized beam constrain mass of tag side B   !  

• normalized missing energy   !  , !  : ROE momentum in c.m.s.

m̂tag
bc = s/4 − (p*tag,cal)

2
/( s /2)

Δ ̂E = (E*tag,reco − s /2)/( s /2) E*tag,reco

 10

event topology :  
|thrust|, CLEO cone, 

R2, modified Fox-Wolfram moments

#tracks, #leptons(e or 𝜇) in the ROE

normalized beam constrain mass of 
tag side B

normalized missing energy

classifier !Cout



• signal : !  dist. is flat 

• BG : !  ~ 1 

• using !  and !  : define 4 categories

cos ΘBμ

cos ΘBμ

Cout cos ΘBμ

Category 𝘊out cosϴB𝜇 𝜀(signal)
I

0.98 ≦ 𝘊out <1.00
-0.13 ≦ cosϴB𝜇 < 1.00 6.5% signal 

enrichedII -1.00 ≦ cosϴB𝜇 < -0.13 5.9%
III

0.93 ≦ 𝘊out <0.98
0.04 ≦ cosϴB𝜇 < 1.00 7.1%

BG enriched
IV -1.00 ≦ cosϴB𝜇 < 0.04 8.3%

four signal categories

!  direction in the c.m. system B+
sig.

!  direction in the B rest frameμ+
ΘBμ



Signal fitting 11

FIG. 6. The fitted distribution of pBµ for the four signal categories described in the text. The signal and background templates
are shown as histograms and the recorded collision events as data points with uncertainties. The systematic uncertainties on
the signal and background templates are shown as a hatched band.

FIG. 7. The likelihood ratio contour ⇤(⌫sig) as a function of

the number of B+ ! µ+ ⌫µ signal events is shown: the dot-
ted curve shows the contour incorporating only the statisti-
cal uncertainty with all systematic nuisance parameters fixed
at their best-fit value. The solid curve shows full likelihood
contour including all systematic and statistical uncertainties.
The orange data point and errors shows the determined best-
fit value and the 1 � (statistical + systematic) uncertainty.

with BSM denoting the SM branching fraction, tan� be-764

ing the ratio of the vacuum expectation values of the765

two Higgs fields in the model, and m
H

+ the mass of the766

charged Higgs boson. The type III model further gener-767

alizes the couplings to [45, 46]768

B(B+ ! µ+ ⌫µ) = BSM ⇥
 
1 +

m2
B

mb mµ

(SR � SL)

!2

(29)
with mb denoting the b quark mass and the SR/L coef-769

ficients encode the size of the new physics contribution.770

Figure 8 shows the allowed and excluded parameter re-771

gions at 68% (light blue) and 95% (dark blue) CL as cal-772

culated using the observed branching fraction Eq. 24 and773

by constructing a �2 test. For the SM branching fraction774

prediction we use BSM = (4.3± 0.8)⇥ 10�7 calculated775

assuming an average value of |Vub| = (3.94± 0.36)) ⇥776

10�3 from Ref. [4]. Due to the explicit lepton mass de-777

pendence in the type III model the constructed bounds778

are more precise than any existing limits based on results779

from studying B+ ! ⌧+ ⌫⌧ decays.780

To search for sterile neutrinos in B+ ! µ+ N we fix781

the B+ ! µ+ ⌫µ contribution to its SM value (BSM) and782

search simultaneously in the four categories for an ex-783

cess in the pBµ distributions. From the observed yields784

and our simulated predictions we calculate local p0 val-785

ues using the test statistic Eq. 16. The observed p0 values786

signal 
enriched

BG 
enriched

free 
- Signal 
- 𝘣 → 𝘶𝘭𝜈𝘭 BG 
- 𝘣 → 𝘤𝘭𝜈𝘭 BG 
- continuum BG

constrained 
- 𝘉+ → 𝜇+𝜈𝜇𝛾 
- rare 𝘣 → 𝘴 process 
shape can be changed



systematic uncertainties

• dominated by 

• !  modeling 

• continuum modeling 

• low statistics of off-
resonance data 

• incorporated into 
likelihood function

b → uℓνℓ
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source uncertainty
Additive

𝐵+ → 𝜇+𝜈𝜇 MC statistics 1.0%
𝘣 → 𝘶𝘭𝜈𝘭 modeling 11%
𝘣 → 𝘤𝘭𝜈𝘭 modeling 2.5%
Br(𝘣 → 𝘴) process 1.0%
Br(𝐵+ → 𝜇+𝜈𝜇𝛾) 0.02%

Continuum modeling 13.3%
Multiplicative

𝑁BB 1.4%
Tracking eff. 0.3%
ℒLID eff. 2.0%
total 17%



• likelihood ratio contour 

• expected #events : !  

• significance over the BG : !   ( SM expectation : !  ) 

• compatible with both inclusive and exclusive measurements (PDG) 

• low significance : set upper limit 

• !  (Frequentist)

117 ± 48

2.8σ 2.4+0.8
−0.9 σ

Br(B+ → μ+νμ) < 8.6 × 10−7 at 90 % CL .

11
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are shown as histograms and the recorded collision events as data points with uncertainties. The systematic uncertainties on
the signal and background templates are shown as a hatched band.
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with BSM denoting the SM branching fraction, tan� be-764

ing the ratio of the vacuum expectation values of the765

two Higgs fields in the model, and m
H

+ the mass of the766

charged Higgs boson. The type III model further gener-767

alizes the couplings to [45, 46]768

B(B+ ! µ+ ⌫µ) = BSM ⇥
 
1 +

m2
B

mb mµ

(SR � SL)

!2

(29)
with mb denoting the b quark mass and the SR/L coef-769

ficients encode the size of the new physics contribution.770

Figure 8 shows the allowed and excluded parameter re-771

gions at 68% (light blue) and 95% (dark blue) CL as cal-772

culated using the observed branching fraction Eq. 24 and773

by constructing a �2 test. For the SM branching fraction774

prediction we use BSM = (4.3± 0.8)⇥ 10�7 calculated775

assuming an average value of |Vub| = (3.94± 0.36)) ⇥776

10�3 from Ref. [4]. Due to the explicit lepton mass de-777

pendence in the type III model the constructed bounds778

are more precise than any existing limits based on results779

from studying B+ ! ⌧+ ⌫⌧ decays.780

To search for sterile neutrinos in B+ ! µ+ N we fix781

the B+ ! µ+ ⌫µ contribution to its SM value (BSM) and782

search simultaneously in the four categories for an ex-783

cess in the pBµ distributions. From the observed yields784

and our simulated predictions we calculate local p0 val-785

ues using the test statistic Eq. 16. The observed p0 values786

|Vub | = (4.4+0.8
−0.9(stat.) ± 0.4(sys.) ± 0.1(theo.)) × 10−3 fB = 184 ± 4 (MeV)

|Vub | = (4.49 ± 0.16(stat.)
+0.16
−0.17 (sys.) ± 0.17(theo.)) × 10−3

|Vub | = (3.67 ± 0.09 ± 0.12) × 10−3

Br(B+ → μ+νμ) = (5.3 ± 2.0 ± 0.9) × 10−7
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2HDM : type II and type III

• more precise limit for type III than !B+ → τ+ντ BrSM = (4.3 ± 0.8) × 10−7

|Vub | = (3.94 ± 0.36) × 10−3

12

FIG. 8. The 68% and 95% CL excluded model parameter
space for the 2HDM type II (tan�, m

H
+) and type III (SL,

SR) are shown.

are shown in Figure 10 for sterile neutrino masses rang-787

ing from 0 - 1.5 GeV and no significant excess over the788

background only SM hypothesis is observed. The largest789

deviation is seen at a mass of mN = 1 GeV with a sig-790

nificance of 1.8 �. The result does not account for any791

corrections for the look elsewhere e↵ect.792

IX. SUMMARY AND CONCLUSIONS793

In this manuscript results for the improved search of794

the B+ ! µ+ ⌫µ and B+ ! µ+ N processes using the795

full Belle data set using an inclusive tag approach are796

shown. The measurement supersedes the previous result797

of Ref. [6] as it has a higher sensitivity and a more ac-798

curate modeling of the crucial semileptonic b ! u `+ ⌫`799

background. The analysis is carried out in the approx-800

imative B rest frame of the signal B+ ! µ+ ⌫µ decay,801

reconstructed from the remaining charged and neutral802

particles of the collision event. These are combined and803

calibrated to reconstruct the second B meson produced804

in the collision. In combination with the known beam805

properties the four-momentum of the signal B meson is806

then reconstructed and used to boost the reconstructed807

signal muon in the reference frame, where the signal B808

meson is at rest. This results in a better signal resolu-809

tion and improved sensitivity in contrast to carrying out810

the search in the center-of-mass frame of the colliding811

e+ e�-pair. The analysis is carried out in four analysis812

categories using the continuum suppression classifier and813

angular information of the B meson and the muon. The814

branching fraction is determined using a binned maxi-815

mum likelihood fit of the muon momentum spectrum.816

Shape and normalization uncertainties from the signal817

and background templates are directly incorporated into818

the likelihood. We report an observed branching fraction819

of820

B(B+ ! µ+ ⌫µ) = (5.3± 2.0± 0.9)⇥ 10�7 , (30)

with a significance of 2.8 standard deviations over the821

background only hypothesis. We also quote the corre-822

sponding 90% upper limit using Bayesian and Frequen-823

tist approaches and use the observed branching fraction824

to set limits on type II and type III two Higgs dou-825

blet models. We find B(B+ ! µ+ ⌫µ) < 8.9 ⇥ 10�7
826

and B(B+ ! µ+ ⌫µ) < 8.6 ⇥ 10�7 at 90% CL for the827

Bayesian and Frequentist upper limits, respectively. The828

type III constraints are the most precise determined to829

date. In addition we use the reconstructed muon spec-830

trum to search for the presence of a sterile neutrino cre-831

ated through the process of B+ ! µ+ N and via a new832

mediator particle. No significant excess is observed for833

masses in the probed range of mN 2 [0, 1.5) GeV. The834

largest excess is seen at a sterile neutrino mass of 1 GeV835

with a significance of 1.8 standard deviations.836
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Br(B+ → μ+νμ) = BrSM × (1 −
m2

B tan2 β
m2

H+ )
2

Br(B+ → μ+νμ) = BrSM × (1 +
m2

B

mbmμ
(SR − SL))

2

!  : ratio of the vacuum  
expectation values of 2 Higgs fields
tan β !  : sizes of new physicsSR/L



search for !B+ → μ+N

• !  contribution : fixed to !   

• search excess in !  distribution 

• No significant excess 

•  GeV/c2

B+ → μ+νμ BrSM

pB
μ

0 ≤ mN < 1.5
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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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future prospects in Belle II

SuperKEKB : x40 luminosity

of KEKB

Belle II

upgraded for irradiation

rate capability, data transfer

 17



prospect of !  searchB+ → μ+νμ

 12

Luminosity in 2019

● 6.5fb-1 integrated from March 25th to July 1st 2019 (410pb-1 for EPS-HEP)

– Lpeak: 6.1x1033 cm-2 s-1 (12x1033 with Belle II off)

– Limited by backgrounds, beam-beam blowup

● New machine, entirely new concept, requires tuning

– Already running at world record β*
y=2mmprospect of Belle II data accumulation

 18

~2 ab-1 (x3 of Belle) :  can be expected> 3σ
~5 ab-1 (>x7 of Belle) : hope to be > 5σ



Summary and Conclusions

• improved search of !  and !  using full dataset of Belle with 
inclusive tagging 

• analysis is carried out in the approximative B rest frame of signal side B 

• This results in better signal resolution and improved sensitivity than CM frame analysis 

• Br is determined using binned maximum likelihood fit of muon momentum spectrum 

• !      ( !  significance) 

• !  Frequentist 

• limit to the type III 2HDM : most precise 

• in near future, evidence or observation of !  process can be expected

B+ → μ+νμ B+ → μ+N

Br(B+ → μ+νμ) = (5.3 ± 2.0 ± 0.9) × 10−7 2.8σ

Br(B+ → μ+νμ) < 8.6 × 10−7 at 90 % CL .

B+ → μ+νμ

 19



spare



• !  

• !  (PDG average) 

• !  Belle 
semileptonic tag PRD92, 051102 (2015), 222 ±50, 3.8σ 

• !  Belle hadronic tag 
PRL110, 131801 (2013), 62+23-22(stat) ±6(syst), 3.0σ 

• !  BaBar hadronic 
tag  PRD88, 031102 (2013), 62.1±17.3, 4.2σ 

• !  BaBar semileptonic 
tag  RPD81, 051101(2010), , 2.8σ

Br(B+ → τ+ντ)

(1.09 ± 0.24) × 10−4

[1.25 ± 0.28(stat.) ± 0.27(syst.)] × 10−4

[0.72+0.27
−0.25(stat.) ± 0.11(syst.)] × 10−4

[1.83+0.53
−0.49(stat.) ± 0.24(syst.)] × 10−4

[1.7 ± 0.8(stat.) ± 0.2(syst.)] × 10−4



• Expected number of events in Belle II (Belle II P.B.) 

• assuming 

• !  and  

• !  with  

• !   and  !  

• 3σ significance is expected at ~2 ab-1 for 𝐵+ → 𝜇+𝜈𝜇 process

Br(B+ → τ+ντ) = (7.71 ± 0.62) × 10−5

Br(B+ → μ+νμ) = (3.46 ± 0.28) × 10−7

|Vub | = (3.55 ± 0.12) × 10−3 fB = 186 ± 4 MeV

711 fb-1 
(Belle)

5 ab-1 
(Belle II)

50 ab-1 
(Belle II)

𝐵+ → 𝜏+𝜈𝜏 (612±50)x102 (430±35)x103 (430±35)x104

𝐵+ → 𝜇+𝜈𝜇 275±23 1930±160 (193±16)x102



• compare continuum sim. & off-resonance data 

• good agreement 

• using !  and !  

• signal : !  dist. is flat 

• BG : !  ~ 1 

• define 4 categories

Cout cos ΘBμ

cos ΘBμ

cos ΘBμ

6

FIG. 3. The classifier output Cout and the pBµ distribution
of o↵-resonance data are compared to the simulated contin-
uum background, after applying the correction described in
Section II.

laboratory frame. For the D
0
decay product candidates425

a looser requirement is imposed, selecting charged tracks426

with a three momentum of at least 0.3 GeV in the labo-427

ratory frame. To identify the kaon and pion candidates,428

we use the particle identification methods described in429

Section II. To further suppress contributions from back-430

ground processes we require that the reconstructed D
0

431

mass is to be within 50 MeV of its expected value. Using432

the reconstructed four vector of the B+ ! D
0
⇡+ candi-433

date we impose additional cuts to enhance the purity of434

the selected sample by using the beam constrained mass435

and energy di↵erence:436

mbc =
q

s/4�
�
p⇤
B

+

�2
> 5.2GeV ,

|�E| = |E⇤
B

+ �
p
s/2| < 0.2GeV .

(10)

Here p⇤
B

+ and E⇤
B

+ denote the reconstructed B+ three437

momentum and energy in the c.m. frame of the collid-438

ing e+ e�-pair, respectively. The inclusive tag is recon-439

structed in the same way as outlined in the previous sec-440

tion and Figure 4 shows the reconstructed prompt ⇡+ ab-441

solute three momentum pB⇡ after using the inclusive tag442

information to boost into the B+ meson frame of rest.443

The simulated and reconstructed B+ ! D
0
⇡+ decays444

show good agreement. Using the signal side information,445

we also reconstruct the residual �pB⇡ = pB⇡ � p
Bsig
⇡ , with446

p
Bsig
⇡ denoting the absolute three momentum in the B+

447

rest frame when reconstructed using the signal-side B+
448

decay chain. The mean and variance of this distribu-449

tion between simulated and reconstructed sample show450

good agreement and are compatible within their statisti-451

cal uncertainties. We obtain a data driven estimate for452

the inclusive tag resolution for pB⇡ of 0.11 GeV.453

To validate the response of the multivariate classifier454

used to suppress continuum events, we remove the re-455

constructed D
0
decay products from the signal side to456

emulate the B+ ! µ+ ⌫µ decay topology. Using the457

same training as for B+ ! µ+ ⌫µ we then recalculate458

the classifier output Cout. Its distribution is shown in459

Figure 4 and simulated and reconstructed events are in460

good agreement. In Table IV we further compare the se-461

lection e�ciency denoted as ✏ between simulated and re-462

constructed events and defined with respect to the num-463

ber of overall reconstructed candidates for the four signal464

selection categories. The e�ciency from simulated and465

reconstructed events are in agreement within their sta-466

tistical uncertainty.467

TABLE IV. Selection e�ciencies of the category cuts defined
in Table 3 of simulated and reconstructed data events. The
quoted uncertainty is the statistical error.

Categories I-IV I+II III+IV

✏Data 0.030± 0.001 0.0047± 0.0003 0.024± 0.001

✏MC 0.030± 0.001 0.0051± 0.0003 0.025± 0.001

V. STATISTICAL ANALYSIS AND LIMIT468

SETTING PROCEDURE469

In order to determine the B+ ! µ+ ⌫µ or B+ ! µ+ N470

signal yield and to constrain all background yields, we471

perform a simultaneous binned likelihood fit to the pBµ472

spectra using the four event categories defined in Sec-473

tion III. The total likelihood function we consider has474

the form475

L =
Y

c

Lc ⇥
Y

k

Gk , (11)

with the individual category likelihoods Lc and nuisance-476

parameter (NP) constraints Gk. The product in Eq. 11477

runs over all categories c and fit components k, respec-478

tively (The role of the NP constraints is detailed in Sec-479

tion VI). Each category likelihood Lc is defined as the480

product of individual Poisson distributions P,481

!  direction in the c.m. system B+
sig.

!  direction in the B rest frameμ+

ΘBμ
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Signal fitting

• simultaneous binned likelihood fit to the !  spectra of four 
categories 

• total likelihood function 

• Lc : individual category likelihood (c : categories) 

• Gk : systematics (k : BG components) 

• !  (GeV/c) : 22 bins (50 MeV/c each)

pB
μ

2.2 ≤ pB
μ < 3.3

6
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!  control regionb → uℓνℓ

• test the simulation of crucial BG 

• signal depleted region with moderate continuum contamination 

• !  

• high !  region : validity for continuum description 

• !  : dominated by !  and 
!  

•

0.90 ≤ Cout < 0.93

pB
μ

2.2 < pB
μ (GeV/c) < 2.6 b → uℓνℓ

b → cℓνℓ
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• !  yields : fixed to SM (~15 events each) 

• templates describe data well  

• ! , !  and continuum 

• signal is floated : yield is -31+-61 

•

B+ → μ+νμ

b → cℓνℓ b → uℓνℓ

10

FIG. 5. The b ! u ` ⌫` control region fit is shown: Category
I is defined as all events with cos⇥Bµ > 0 and category II
with cos⇥Bµ < 0.

With these events we carry out a two component fit, de-697

termining the yields of B+ ! µ+ ⌫µ signal and contin-698

uum events. This allows us to evaluate if the classifier se-699

lection could cause a sculpting of the background shape,700

which in turn would result in an erroneous spurious sig-701

nal. The low number of events passing the selection does702

not allow to further categorize the events using angular703

information as only 39 o↵-resonance events pass the se-704

lection. We fit 37 ± 10 background events and 1.8 ± 7705

signal events.706

VIII. RESULTS707

In Figure 6 the muon momentum spectrum in the B708

rest frame pBµ for the four signal categories is shown. The709

selected data events were used to maximize the likeli-710

hood Eq. 11: in total 4 ⇥ 22 bins with a 4 ⇥ 132 NPs711

parameterizing systematic uncertainties are determined.712

In Appendix A a full breakdown of the NP pulls is given.713

The recorded collision data is shown as data points and714

the fitted B+ ! µ+ ⌫µ signal and background compo-715

nents are displayed as colored histograms. The size of716

the systematic uncertainties is shown on the histograms717

as a hatched bands. We observe for the B+ ! µ+ ⌫µ718

branching fraction a value of719

B(B+ ! µ+ ⌫µ) = (5.3± 2.0± 0.9)⇥ 10�7 , (24)

with the first uncertainty denoting the statistical error720

and the second is from systematics. Figure 7 shows the721

profile likelihood ratio ⇤(⌫sig) (cf. Eq. 14). Assuming722

that all bins are described with approximative Gaussian723

errors and including systematics with their full covari-724

ance, we calculate a �2 value of 58.8 with 84 degrees of725

freedom using the the predicted and observed bin values.726

The observed significance over the background only hy-727

pothesis using the one-sided test statistics Eq. 16 is 2.8728

standard deviations. This is in agreement with the me-729

dian SM expectation of 2.4+0.8
�0.9 standard deviations, cf.730

Section V.731

From the observed branching fraction we determine in732

combination with the B meson decay constant fB a value733

for the CKM matrix element |Vub|. Using fB = 184 ± 4734

MeV [1] we find735

|Vub| =
⇣
4.4+0.8

�0.9 ± 0.4± 0.1
⌘
⇥ 10�3 , (25)

where the first uncertainty is the statistical error, the736

second from systematics and the third from theory. This737

value is compatible with both exclusive and inclusive738

measurements of |Vub| [4].739

Due to the low significance of the observed B+ !740

µ+ ⌫µ signal, we calculate Bayesian and Frequentist up-741

per limits of the branching fraction. We convert the likeli-742

hood into a Bayesian probability density function (PDF)743

using the procedure detailed in Section V and Eq. 19:744

Figure 9 shows the one-dimensional PDF, which was ob-745

tained using a flat prior in the partial branching fraction.746

The resulting Bayesian upper limit for B+ ! µ+ ⌫µ at747

90% confidence level (CL) is748

B(B+ ! µ+ ⌫µ) < 8.9⇥ 10�7 at 90% CL . (26)

The Frequentist upper limit is determined using fits to749

ensembles of Asimov data sets with NPs shifted to the ob-750

served best fit values. Figure 9 shows the corresponding751

Frequentist Likelihood, for convenience also converted752

into a PDF (blue dotted line) and the resulting upper753

limit at 90% CL is754

B(B+ ! µ+ ⌫µ) < 8.6⇥ 10�7 at 90% CL . (27)

The observed branching fraction is used to constrain755

the allowed parameter space of the two Higgs doublet756

model (2HDM) of type II and type III. In these mod-757

els the presence of a charged Higgs bosons as a new758

mediator with specific couplings would modify the ob-759

served branching fraction, cf. Figure 1. The e↵ect of the760

charged Higgs boson in the type II model is included in761

the expected B+ ! µ+ ⌫µ branching fraction by modify-762

ing Eq. 1 according to Ref. [44] to763

B(B+ ! µ+ ⌫µ) = BSM ⇥
 
1� m2

B tan2 �

m2
H

+

!2

(28)

cos ΘBμ > 0

cos ΘBμ < 0

Br(B → Xuℓ+νℓ) = (2.04 ± 0.10 ± 0.06) × 10−3

Br(B → Xuℓ+νℓ) = (2.13 ± 0.31) × 10−3
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criteria B+ → 𝜇+𝜈𝜇 𝘣 → 𝘶𝘭𝜈𝘭 Continuum

BB & muon reco. 99% 10% 0.9%

ROE Presel. 55% 1.4% 0.03%

Cout cut 28% 0.2% 0.001%

cumulative selection efficiencies



off-resonance control region

• !  of off-resonance data 

• two components fit 

• signal yield : !  

• continuum yield : !

0.93 ≤ Cout < 1

1.8 ± 7

37 ± 10
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