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Motivation

‣ Decays involving neutrinos can be 
sensitive to a variety of new physics 
models 

‣ Experimentally extremely challenging 

‣ We can learn lot about the origin of 
flavour 

Standard model tests in modes with neutrinos

Illustration: W. Altmannshofer
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Standard model tests in modes with neutrinos

‣ Leptonic B decays  

‣ Semileptonic B decays  

‣ Missing Energy Channels:  

• B → K(∗)𝜈𝜈 

•  B→ 𝜈𝜈 

‣ How Belle II is ideal to challenge these 
decays 

Overview of the topics in this talk

Search NP in B → D(*)τ +ντ

7

• In the Standard Model (SM), the only difference between                        and                         
is the mass of the lepton


• The ratio of them is sensitive to additional amplitudes, i.e. involving an intermediate 
charged Higgs boson.


• NP: type-II-2HDM (charged Higgs boson appears), Leptoquarks(LQ) model…

• NP could affect this decay topology in two ways:


• Branching fraction

•   polarizationτ

B → D(*)τ +ντ B → D(*)µ+νµ

Type-II Two Higgs Doublet Model
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Already tightly constrained by weak radiative B meson decays
M

H+
> 580 GeV

Steinhauser, https://arxiv.org/pdf/1702.04571.pdf
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B-physics 
Recent results  

(Babar, Belle, LHCb, CMS, ATLAS)  
& prospects at Belle II

Phillip Urquijo 
SUSY 2017 Plenary 

TIFR Mumbai 
December 2017

SuperKEKB/Belle II 
commissioning
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SuperKEKB
Status and improvements since KEKB

e+e- accelerator located in Tsukuba, Japan 

Built in tunnels of KEKB, but is almost entirely  
new machine: 

• x20 smaller beam focus at interaction region

• Doubled beam currents

This yields x40 higher peak luminosity 
(8x1034 cm-2s-1)

First beams in 2016 
First collisions: next month 

KEKB SuperKEKB

“nano-beam”

!5

Experimental Setup for Belle II 

‣ Electron positron collider are an ideal 
setup for missing energy channels 
• Initial state precisely known 

• Negligible pileup 

‣ Neutrino energy can be determined 
precisely

The Challenges

SUSY 2017, B-physics & Belle II Phillip URQUIJO

Belle (II) Reconstruction

11
University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

machines are beautiful

8

e+ e�

e+ e�bb̄bb̄

bū

b̄u

⌥(1S) = hbb̄i
⌥(4S) = hbb̄i

10

andBs mesons. Samples of b-flavored hadrons of di↵erent
types are available from production at higher energies,
in e+e� collisions on the Z resonance at LEP (ALEPH,
DELPHI, L3, OPAL experiments) and SLC (SLD experi-
ment), as wells in hadron collisions at the Tevatron (CDF
and D0 experiments) and the LHC (LHCb, ATLAS, CMS
experiments).

The cross sections for the process e+e� ! bb̄ at the
⌥(4S), ⌥(5S) and Z resonances are 1.1 nb, 0.3 nb, and
6.6 nb, respectively. The cross section for b-hadron pro-
duction in hadron collisions is much larger, e.g. �(pp !

bb̄) ⇠ 300 µb at a center-of-mass energy of
p
s = 7 TeV.

Table I gives an overview of the data samples recorded
by the various experiments.

TABLE I: Overview of the b-hadron samples recorded
by various experiments. For LEP and SLC the numbers
of produced Z bosons is given instead of the integrated

luminosity
R
Ldt.

Experiment
p
s (GeV)

R
Ldt ( fb�1) BB/bb̄ pairs

Belle 10.58 711 7.72⇥ 108 BB

BABAR 10.58 426 4.68⇥ 108 BB

CLEO 10.58 16 1.71⇥ 107 BB

ARGUS 10.58 0.2 2⇥ 105 BB

LEPa,c
⇠ 91 ⇠ 4⇥ 106 Z ⇠ 6⇥ 105 bb̄

SLD ⇠ 91 ⇠ 6⇥ 105 Z ⇠ 9⇥ 104 bb̄

LHCb 7000, 8000 3.2 2.6⇥ 1011 bb̄

ATLAS, CMSc 7000, 8000 25 ⇠ 1012 bb̄

Tevatronb,c 1960 10 ⇠ 1011 bb̄

a LEP is representative of the ALEPH, DELPHI, L3, and
OPAL experiments.

b Tevatron is representative of the CDF and D0 experiments.
c Quoted numbers are per experiment.

Semileptonic and leptonic decays of the B meson
are best studied in e+e� collisions, where the four-
momentum of the inital state is known and the events are
rather clean. Their study in hadron collisions is di�cult
due to the large hadronic background and the unknown
initial state, which makes a reconstruction of the neutrino
impossible. Moreover, hadron-collider experiments must
trigger on specific exclusive decay modes, preferentially
with charged particles in the final state. The B-factory
experiments can reconstruct a large variety of B-meson
decay modes with a high e�ciency and are thus able to
perform inclusive measurements.

In this article, we will primarily focus on the measure-
ments of the high-luminosity B-factory experiments Belle
at KEKB and BABAR at PEP-II. They provide the cur-
rently most precise results on B ! `⌫ and B ! X`⌫
decays. If competitive results from other experiments
exist for a specific decay mode, they will be mentioned
as well. The PEP-II collider operated from 1998 to 2008,

KEKB from 1998 to 2010 at a center-of-mass energy of
p
s = 10.58 GeV, equal to the mass of the ⌥(4S).
The production of B mesons in e+e� collisions at the

⌥(4S) resonance is illustrated in Fig. 4. The ⌥(4S) is
the lightest bb̄ resonance with a mass above the BB pair
production threshold: m⌥(4S) = 10.58 GeV > 2mB =
10.56 GeV. It decays almost exclusively to B-meson
pairs, with about equal probability to B+B� and B0B0.
The current upper limit for non-BB decays of the ⌥(4S)
is 4% at the 95% confidence level (Olive et al., 2014).

B!�threshold 

(a)

(b)

FIG. 4: B-meson production in e+e� collisions at the
⌥(4S) resonance: (a) cross section for e+e� ! hadrons,

(b) diagram for BB production.

The energies of the collinding electron and positron
beams were chosen to be asymmetric, which resulted in
a boost of the ⌥(4S) resonance and the B mesons pro-
duced in its decay. This boost allows for a better spa-
tial separation of the two B-meson decay vertices. The
flight lengths of the B mesons are used to determine
their lifetimes and are thus important for time-dependent
measurements, in particular the measurement of time-
dependent CP asymmetries. Table II lists some of the
operation parameters of the KEKB and PEP-II colliders.

2. Detectors

The detection of B ! `⌫ and B ! X`⌫ decays re-
quires a reliable reconstruction and identification of the
charged lepton ` = e, µ and, in the case of semileptonic
decays, the hadrons that form the hadronic final state X.
In addition, the other particles in the event need to be
reconstructed to infer the kinematics of the undetected
neutrino from either the missing energy and momentum
in the event or the reconstruction of the second B meson.

B�

B+

• Latest Belle 
analyses use 
semileptonic and 
hadronic tagging. 

• Normalisation to 
semileptonic decay 
modes. 

• Based on Mmiss2 and 
EECL/extra

40 x Belle Luminosity
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SuperKEKB
Status and improvements since KEKB

e+e- accelerator located in Tsukuba, Japan 

Built in tunnels of KEKB, but is almost entirely  
new machine: 

• x20 smaller beam focus at interaction region

• Doubled beam currents

This yields x40 higher peak luminosity 
(8x1034 cm-2s-1)

First beams in 2016 
First collisions: next month 

KEKB SuperKEKB

“nano-beam”

!5

Experimental Setup for Belle II 
The Challenges

40 x Belle Luminosity

 Searches for Dark Matter at Belle II  (Torben Ferber)

SuperKEKB asymmetric e+e- collider at 10.57 GeV
2

7/34Torben Ferber, DESY

Nano beam scheme.

KEKB Super-KEKB
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vertical beta function at IP

beam current

factor 2-3factor 20

83mrad

KEKB e+/e- 
E (GeV): 3.5/8.0 
I (A): ~ 1.6/1.2 
β*y (mm): ~5.9/5.9 
Crossing angle (mrad): 22

7/34Torben Ferber, DESY

Nano beam scheme.

KEKB Super-KEKB

L=
γ±

2er e

(1+
σ y

*

σ x

*
)
I± ξ y±

βy±

RL

Rξy

vertical beta function at IP

beam current

factor 2-3factor 20

83mrad

SuperKEKB e+/e- 
E (GeV): 4.0/7.0 
I (A): ~ 3.6/2.6 
β*y (mm): ~0.27/0.3 
Crossing angle (mrad): 83 
→ Luminosity increase x40

4.0 GeV

7.0 GeV
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Experimental Setup for Belle II 
The Belle II detector 
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Beam Background 

‣ 40 times higher luminosity comes at 
the cost of higher machine induced 
backgrounds

Challenge for the experiment

Elisa Manoni - INFN PG                      EPS-HEP 2017 - Flavour and Symmetries session

Belle II and New physics searches

2

Search for new physics (NP)

 Energy frontier: direct production of 
new particles - limited by beam energy 
(LHC - ATLAS, CMS)

NP
SMSM

Intensity frontier: new virtual particles 
in loops/trees transitions, deviation from 
SM expectations (B factories, LHCb)

From Belle to Belle II: Factor x40 
luminosity � higher data samples + 
higher rate and radiation damage to 
detectors from “machine background 
processes”

Upgrade of Belle detector and 
reconstruction algorithm in order to 
keep same or better performances wrt 
Belle in higher radiation environment

Radiative Bhabha

Touschek 

Beam-gas
2-photon-processes

Elisa Manoni - INFN PG                      EPS-HEP 2017 - Flavour and Symmetries session

Belle II and New physics searches

2

Search for new physics (NP)

 Energy frontier: direct production of 
new particles - limited by beam energy 
(LHC - ATLAS, CMS)

NP
SMSM

Intensity frontier: new virtual particles 
in loops/trees transitions, deviation from 
SM expectations (B factories, LHCb)

From Belle to Belle II: Factor x40 
luminosity � higher data samples + 
higher rate and radiation damage to 
detectors from “machine background 
processes”

Upgrade of Belle detector and 
reconstruction algorithm in order to 
keep same or better performances wrt 
Belle in higher radiation environment

Radiative Bhabha

Touschek 

Beam-gas
2-photon-processes

Belle Belle II

Simulation: 
view on the  

central drift chamber
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Beam Background 

‣ Belle II can use timing information of the calorimeter to reduce background

Challenge for the experiment Searches for Dark Matter at Belle II  (Torben Ferber)

Detour: Electromagnetic calorimeter at Belle II
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In addition to physics backgrounds, there are beam backgrounds: 

  • Degrade energy resolution (at low energies) 
  • Create radiation damage (possible non-linearity) 
  • Produce pile-up and increased event size  
  • Can be physics backgrounds (at low energies) 
 
→ Impact of beam backgrounds for this (!) analysis is small.
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Example: 
Dark Photon mA = 7 GeV

Signal (example)

Introduction
• Dark Photon A’ motivated by Dark Matter, g-2, .. 

• Minimal Dark Matter model: Dark Matter particle χ and a 
new scalar or gauge Boson A’ as s-channel annihilation 
mediator (mA’ > 2mχ) 

• Additional U(1)’ symmetry → Kinetic mixing* of massive 
Dark Photon with the SM photon

3
13/28

Towards First Physics: Dark Photon.

>Dark Photon motivated by dark matter, g-2 anomaly...

>Minimal dark matter model: Dark matter particle N 
and a new scalar or gauge boson A'  as s-channel 
annihilation mediator (mA' > 2mN)

>Additional U(1)' symmetry ? “Kinetic Mixing”* of 
massive dark photon A' with the SM photon

*Holdom, Phys. Lett B166, 1986

Eγ=
s−M A'

2

2√ s

13/28

Towards First Physics: Dark Photon.

>Dark Photon motivated by dark matter, g-2 anomaly...

>Minimal dark matter model: Dark matter particle N 
and a new scalar or gauge boson A'  as s-channel 
annihilation mediator (mA' > 2mN)

>Additional U(1)' symmetry ? “Kinetic Mixing”* of 
massive dark photon A' with the SM photon

*Holdom, Phys. Lett B166, 1986

Eγ=
s−M A'

2

2√ s

Belle II MC

Belle II MC
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Experimental Setup for Belle II 
Advantages at e+e- colliders

⌥(4S)

B

B

e+ e�
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Experimental Setup for Belle II 
Advantages at e+e- colliders

⌫`

`+

signal side

⌥(4S)

B

B

e+ e�
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Experimental Setup for Belle II 
Advantages at e+e- colliders

⌫`

`+

signal side

tag side

K+

⇡0

⌥(4S)

B

B

e+ e�
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Experimental Setup for Belle II 
Advantages at e+e- colliders

⌫`

`+

signal side

tag side

K+

⇡0

⌥(4S)

B

B

e+ e�

P⌫` = Pe+e� � PBtag
� P`+
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Experimental Setup for Belle II 
Advantages at e+e- colliders

⌫`

`+

signal side

tag side

K+

⇡0

⌥(4S)

B

B

e+ e�

P⌫` = Pe+e� � PBtag
� P`+

Hadronic Tag ✏ = O(0.3)%

Semileptonic Tag ✏ = O(1)%

Inclusive Tag ✏ = O(100)%

E
ffi

ci
en

cy P
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Belle already employed Full Reconstruction (FR) 
successfully.
Belle II: Full Event Interpretation (FEI): more 
inclusive, more automation and analysis-specific 
optimizations.
Hierarchical approach
• A multivariate classier (MVC) is trained for final-

state particle candidates and intermediate 
particle candidates classification.

• The MVC is trained for each employed decay 
channel. 

• Combine all information into a single value, the 
signal-probability.

FEI can unify the hadronic and semi-leptonic and 
inclusive tagging into a single algorithm.  

Full Event Interpretation (FEI)

4

Tag-side efficiency:
!10

Missing Energy Channels

‣ Hierarchical approach 
• Multivariate classifier for each state 

• Gather all information in the signal 
probability 

‣ FEI can provide hadronic and 
semileptonic final states

Full Event Interpretation (FEI)

Tag Side Btag: Result

Maximum reconstruction efficiency

Tag FR @ Belle FEI @ Belle FEI @ Belle II

Hadronic B+ 0.28 % 0.49 % 0.61 %
Semileptonic B+ 0.67 % 1.42 % 1.45 %

Hadronic B0 0.18 % 0.33% 0.34 %

Semileptonic B0 0.63 % 1.33% 1.25 %

Thomas Keck – B2TauNu 21.04.2017 10/20



Standard model tests in modes with neutrinos | Simon Wehle | 18.04.2018 !11

Missing Energy Channels

1. Reconstruct Tag side B meson 

2. Reconstruct Signal Side particles 

3. Remove associated energy from 
calorimeter

Full Event Interpretation
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Missing Energy Channels

1. Reconstruct Tag side B meson 

2. Reconstruct Signal Side particles 

3. Remove associated energy from 
calorimeter

Full Event Interpretation

➟  Extra Energy ECL
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Missing Energy Channels

1. Reconstruct Tag side B meson 

2. Reconstruct Signal Side particles 

3. Remove associated energy from 
calorimeter

Full Event Interpretation

➟  Extra Energy ECL

Belle MC for B→h𝜈𝜈
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Leptonic B decays

‣ Direct access to Vub 

‣ Can challenge lepton flavour universality 

‣ Can probe charged higgs 

Modes with high missing energy
B+ ! `+⌫
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B+ ! `+⌫
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SM Prediction PDG 2016

B

⇣
B+

! e+⌫e

⌘
(1.09 ± 0.21) · 10�11 < 9.8 · 10�7 CL=90%

B

⇣
B+

! µ+⌫µ

⌘
(4.65 ± 0.91) · 10�7 < 1.0 · 10�6 CL=90%

B

⇣
B+

! ⌧+⌫⌧

⌘
(1.03 ± 0.2) · 10�4 (1.06 ± 0.20) · 10�4

All numerical values are extracted from: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016)

Thomas Keck – B2TauNu 21.04.2017 4/20
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Leptonic B decays
The tau mode - Overview of recent measurements

B+ ! ⌧+⌫⌧ : Current status

0 1 2 3 4 5

B(B ! �⌫)/10�4

Belle (hadronic tag):
(0.72+0.27

�0.25 ± 0.11) · 10�4

Belle (semileptonic tag)
(1.25 ± +0.28 ± 0.27) · 10�4

BaBar (hadronic tag)
(1.83+0.53

�0.49 ± 0.24) · 10�4

BaBar (semileptonic tag)
(1.7 ± +0.8 ± 0.2) · 10�4

PDG 2016
(1.06 ± 0.2) · 10�4

|Vub|exc |Vub|inc

Theoretical prediction and experimental measurement are compatible.

Thomas Keck – B2TauNu 21.04.2017 5/20

⌧
‣ Always at leas two neutrinos in the decay 

‣ Signature: 1 track + invisible

B+ ! ⌧+⌫⌧
⌧+ ! e+⌫e⌫̄⌧

Florian Bernlochner XXIV Cracow EPIPHANY Conference on Advances in Heavy Flavour Physics 21

One more interesting ratio from Belle

R(⇡) =
B(B ! ⇡⌧ ⌫̄⌧ )

B(B ! ⇡`⌫̄`) !→#νν, !→$νν,!→ %νν,!→ a1νν8
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(c) ⌧ ! ⇢⌫

FIG. 3: Distributions of EECL in the three ⌧ reconstruction modes. The signal and b ! c contributions are scaled
according to the fit result.

the upper limit. First, the likelihood is fitted to data to
obtain the maximum likelihood estimates (MLEs) of all
nuisance parameters on data. In each pseudo-experiment
generation, the nuisance parameters are fixed to their
respective MLE. In the subsequent maximization of the
likelihood, the nuisance parameters are free parameters.
The global observables are randomized in each pseudo-
experiment.

Using pseudo-experiments, the p-value of the
background-only hypothesis for data is determined
and the significance level Z is computed in terms of
standard deviations as

Z = ��1 (1� p) ,

where ��1 is the cumulative distribution function of the
standard normal Gaussian.

We observe a signal significance of 2.8�, not includ-
ing systematic uncertainties in the calculation. Including
all relevant systematic e↵ects results in a significance of
2.4�. For this result, the test statistic has been computed
on 10 000 background-only pseudo-experiments.

Given the level of significance of these results, we invert
the hypothesis test and compute an upper limit on the
branching fraction. pseudo-experiments are generated
for di↵erent signal strength parameters for both signal-
plus-background and background-only hypotheses in or-
der to obtain CLs+b and CLb, respectively. The upper
limit is then computed using CLs = CLs+b/CLb [43],
where a scan over reasonable signal strength parame-
ter values is performed. At each step, 10 000 pseudo-
experiments have been evaluated for both hypotheses.

At the 90% confidence level, we obtain an upper
limit of B

�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
< 2.5⇥ 10�4. The upper

limit at the 95% confidence level has been computed to
B
�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
< 2.8⇥ 10�4. This result is the first

result on B
�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
and is in good agreement

with the SM prediction.

R($) = 1.05 ± 0.51

1D Likelihood fit in EECL

R($)SM = 0.641 ± 0.016

Phys. Rev. D 93, 032007 (2016)

‣ Use Hadronic tagging and 
reconstruct
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Leptonic B decays
The tau mode ⌧
‣ Belle measured tau mode with semileptonic and hadronic tagging 

‣ Tau decay modes deliver independent statistical subsamples 

B. Golob, Belle II     Murten, April 2018 

B+ o tn  
B+ o tn  
projected accuracy on B(B+ →t+n)  

corresponding |Vub| uncertainty 
(experimental): 
 
semil. tag, 50 ab-1:  ~3% 
hadr. tag, 50 ab-1:   ~3% 

Introduction Inclusive 
Neutrals 

Emiss Summary 

semil. tag 

had. tag 

s(B)/B 

L [ab-1] 

Nsig=62 ± 24  

hadronic tag 

Nsig=222 ± 50  

semil. tag 
Belle, arXiv:1503.05613, 700 fb-1 

Belle, PRL110, 131801 (2013), 700 fb-1 

B. Golob, Belle II     Murten, April 2018 
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B+ o tn  
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corresponding |Vub| uncertainty 
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hadr. tag, 50 ab-1:   ~3% 

Introduction Inclusive 
Neutrals 

Emiss Summary 

semil. tag 

had. tag 

s(B)/B 

L [ab-1] 

Nsig=62 ± 24  

hadronic tag 

Nsig=222 ± 50  

semil. tag 
Belle, arXiv:1503.05613, 700 fb-1 

Belle, PRL110, 131801 (2013), 700 fb-1 
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obtained assuming zero signal yield, respectively. The
likelihoods are obtained after convolving with a Gaus-
sian distribution that corresponds to the systematic er-
ror. We obtain a significance of 3.0σ including system-
atic uncertainties. The branching fraction is calculated
by B = Nsig/(2ϵNB+B−), where Nsig is the signal yield,
ϵ is the efficiency, and NB+B− is the number of B+B−

events. Equal production of neutral and charged B me-
son pairs in Υ(4S) decay is assumed. We obtain

B(B− → τ−ν̄τ ) = [0.72+0.27
−0.25(stat)± 0.11(syst)]× 10−4.

(2)
The result is summarized in Table I.
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FIG. 2: Distributions of EECL (top) and M2
miss (bottom)

combined for all the τ− decays. The M2
miss distribution is

shown for a signal region of EECL < 0.2 GeV. The solid
circles with error bars are data. The solid histograms show
the projections of the fits. The dashed and dotted histograms
show the signal and background components, respectively.

As a check, we fit the EECL and M2
miss distributions

while floating the yield for each of the four τ− decay
modes. The resulting yields, as well as the efficiencies and
the branching fractions, are listed in Table I. We include
the e−ν̄eντ , µ−ν̄µντ , and π−π0ντ cross-feeds in the π−ντ
candidate events in the e−ν̄eντ , µ−ν̄µντ , and π−π0ντ sig-
nal yields. The branching fractions are in good agreement
between different τ− decays. We also check the result af-
ter removing the K0

L veto, and obtain Nsig = 65+27
−25(stat)

and B(B− → τ−ν̄τ ) = [0.65+0.27
−0.25(stat)] × 10−4. These

checks are consistent with the nominal result. In addi-
tion, we perform one-dimensional fits to EECL and M2

miss

and divide the data sample into several subsets. All
results are in good agreement with the nominal result
within the statistical errors.

TABLE I: Results of the fit for B−
→ τ−ν̄τ yields (Nsig),

detection efficiencies (ϵ), and branching fractions (B). The
efficiencies include the branching fractions of the τ− decay
modes. The errors for Nsig and B are statistical only.

Sub-mode Nsig ϵ (10−4) B (10−4)
τ−

→ e−ν̄eντ 16+11
−9 3.0 0.68+0.49

−0.41

τ−
→ µ−ν̄µντ 26+15

−14 3.1 1.06+0.63
−0.58

τ−
→ π−ντ 8+10

−8 1.8 0.57+0.70
−0.59

τ−
→ π−π0ντ 14+19

−16 3.4 0.52+0.72
−0.62

Combined 62+23
−22 11.2 0.72+0.27

−0.25

Systematic errors for the measured branching fraction
are associated with the uncertainties in the signal yield,
the efficiencies, and the number of B+B− pairs. The sys-
tematic error from MC statistics of the PDF histograms
is evaluated by varying the content of each bin by its
statistical uncertainty. To estimate the systematic error
due to the possible signal EECL shape difference between
MC and data, the ratio of data to MC for the EECL his-
tograms of the B− → D∗0ℓ−ν̄ℓ sample is fitted with a
first-order polynomial and the signal EECL PDF is mod-
ified within the fitted errors. The uncertainties for the
branching fractions of the B decays that peak near zero
EECL are estimated by changing the branching fractions
in MC by their experimental errors [17] if available, or
by ±50% otherwise. The sizes of these backgrounds also
depend on the fractions of the events with correctly re-
constructed Btag, and related systematic uncertainties
are obtained by using the statistical errors for the frac-
tions in the MC simulation. To estimate the uncer-
tainty associated with the Btag efficiency for the signal,
B(B− → D∗0ℓ−ν̄ℓ) obtained from the B− → D∗0ℓ−ν̄ℓ
sample is compared to the world average value [17]. The
results are consistent and the uncertainty of the measure-
ment is assigned as the systematic error. The systematic
errors in the signal-side efficiencies arise from the uncer-
tainty in tracking efficiency, particle identification effi-
ciency, π0 reconstruction efficiency, branching fractions
of τ− decays, and MC statistics. The systematic uncer-
tainty related to the K0

L veto efficiency is estimated from
the statistical uncertainties of the D0 → φK0

S control
sample and the fraction of events with K0

L candidates
in the B− → D∗0ℓ−ν̄ℓ sample. The total systematic er-
ror is calculated by summing the above uncertainties in
quadrature. The estimated systematic errors are sum-
marized in Table II.
The branching fraction measured here is lower than the

previous Belle result with a hadronic tagging method [6].
Using the first sample of 449×106BB̄ pairs, which corre-
sponds to the data set used in Ref. [6] after reprocessing,
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Leptonic B decays
The tau mode ⌧
‣ Belle II can measure the tau mode 

with approx. 10% uncertainty at 5ab-5  

‣ Better resolution, more sensitive to 
beam background

Table 3: Expected uncertainties on the B ! ⌧⌫⌧ branching ratio for di↵erent luminosity

scenarios with the hadronic and semileptonic tags.

Integrated Luminosity ( ab�1) 1 5 50

hadronic tag

statistical uncertainty (%) 29.2 13.0 4.1

systematic uncertainty (%) 12.6 6.8 4.6

total uncertainty (%) 31.6 14.7 6.2

semileptonic tag

statistical uncertainty (%) 19.0 8.5 2.7

systematic uncertainty (%) 17.9 8.7 4.5

total uncertainty (%) 26.1 12.2 5.3

Table 4: The results of searches for the decay B�
! µ�⌫̄µ.

Experiment Upper limit @ 90% C.L. Comment

Belle [22] 2.7 ⇥ 10�6 Fully reconstructed hadronic tag, 711 fb�1

Belle [15] 1.7 ⇥ 10�6 Untagged analysis, 253 fb�1

BaBar [16] 1.0 ⇥ 10�6 Untagged analysis, 468 ⇥ 106 BB pairs

Table 5: The branching fractions based on the SM calculations and the number of events

in the full Belle data sample and expected Belle II milestones for the decay B�
! `�⌫̄`.

` BSM 711 fb�1 5 ab�1 50 ab�1

⌧ (7.71 ± 0.62) ⇥ 10�5 61179 ± 5031 430231 ± 35378 4302312 ± 353781

µ (3.46 ± 0.28) ⇥ 10�7 275 ± 23 1933 ± 159 19333 ± 1590

e (0.811 ± 0.065) ⇥ 10�11 0.0064 ± 0.0005 0.0453 ± 0.0037 0.4526 ± 0.0372

The expected branching fractions and event yields in the full Belle data set as well as313

expected Belle II milestones using the value of |Vub| ⇥ 103 = 3.55 ± 0.12 from the recent314

HFAG report [8] and fB = 0.185 ± 0.003 GeV from the recent FLAG average [9] are shown315

in Table 5. The process B±
! µ±⌫µ may be observed with evidence level with around 2316

ab�1, whereas the B±
! e±⌫e process is not measurable even with the Belle II data set, and317

only an upper limit is expected for SM-like scenarios.318

The clean environment of a e+e� machine where only one BB̄ pair is expected in an event,319

allows for two main search approaches: untagged and full reconstruction. The latter leads to320

very good purity at the cost of very low e�ciency. In the untagged analysis the products of321

the signal decay firstly are selected and the rest of the event is used to build various shape322

or topological parameters that discriminate B-meson decays from other hadronic modes.323

Unlike the full reconstruction method where the probability to reconstruct B meson is low,324

the signal e�ciency of the untagged method can be rather high.325

The most recent Belle study [22] searched for the B ! µ⌫̄µ process using one fully recon-326

structed B meson as a tag. In the signal B-meson rest frame the momentum of the µ is327

monochromatic due to two-body decay kinematics, with good momentum resolution of ⇠ 14328
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Fig. 3: B-tag ROC curves in presence and absence of beam background. The points cor-

respond to a scan of the FEI discriminant output. The e�ciency is evaluated as the ratio

between the B-tag reconstructed candidates (i.e. passing the FEI discriminant cut) and the

total generated candidates, and the purity as the ratio between the correctly reconstructed

B-tags and the total reconstructed candidates. The curves are evaluated on B+B� events

requiring the presence of only 1 track and PID quality criteria on the signal side.
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integrated luminosity of 1 ab�1.

Summary. Table 3 summarises the results and projections of the uncertainties on the 305

branching ratio measurement with 1, 5 and 50 ab�1 of accumulated statistics, with the 306

hadronic and semileptonic tagging. 307

The projections of measurements using semileptonic tags are based entirely on Belle mea- 308

surements [20, 21], since no dedicated studies have been performed with Belle II simulation. 309

1.3.2. B ! µ⌫µ. There have been several searches for the B ! µ⌫̄µ decay to date and 310

the most recent ones [15, 16, 22] are summarised in Table 4. At the the present time the 311

most stringent limits are set by untagged searches. 312
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Leptonic B decays

‣ The current status: 

‣ Analysis can  be performed with and without tagging 

‣ New result from Belle untagged

The muon mode µ

Table 3: Expected uncertainties on the B ! ⌧⌫⌧ branching ratio for di↵erent luminosity

scenarios with the hadronic and semileptonic tags.

Integrated Luminosity ( ab�1) 1 5 50

hadronic tag

statistical uncertainty (%) 29.2 13.0 4.1

systematic uncertainty (%) 12.6 6.8 4.6

total uncertainty (%) 31.6 14.7 6.2

semileptonic tag

statistical uncertainty (%) 19.0 8.5 2.7

systematic uncertainty (%) 17.9 8.7 4.5

total uncertainty (%) 26.1 12.2 5.3

Table 4: The results of searches for the decay B�
! µ�⌫̄µ.

Experiment Upper limit @ 90% C.L. Comment

Belle [22] 2.7 ⇥ 10�6 Fully reconstructed hadronic tag, 711 fb�1

Belle [15] 1.7 ⇥ 10�6 Untagged analysis, 253 fb�1

BaBar [16] 1.0 ⇥ 10�6 Untagged analysis, 468 ⇥ 106 BB pairs

Table 5: The branching fractions based on the SM calculations and the number of events

in the full Belle data sample and expected Belle II milestones for the decay B�
! `�⌫̄`.

` BSM 711 fb�1 5 ab�1 50 ab�1

⌧ (7.71 ± 0.62) ⇥ 10�5 61179 ± 5031 430231 ± 35378 4302312 ± 353781

µ (3.46 ± 0.28) ⇥ 10�7 275 ± 23 1933 ± 159 19333 ± 1590

e (0.811 ± 0.065) ⇥ 10�11 0.0064 ± 0.0005 0.0453 ± 0.0037 0.4526 ± 0.0372

The expected branching fractions and event yields in the full Belle data set as well as313

expected Belle II milestones using the value of |Vub| ⇥ 103 = 3.55 ± 0.12 from the recent314

HFAG report [8] and fB = 0.185 ± 0.003 GeV from the recent FLAG average [9] are shown315

in Table 5. The process B±
! µ±⌫µ may be observed with evidence level with around 2316

ab�1, whereas the B±
! e±⌫e process is not measurable even with the Belle II data set, and317

only an upper limit is expected for SM-like scenarios.318

The clean environment of a e+e� machine where only one BB̄ pair is expected in an event,319

allows for two main search approaches: untagged and full reconstruction. The latter leads to320

very good purity at the cost of very low e�ciency. In the untagged analysis the products of321

the signal decay firstly are selected and the rest of the event is used to build various shape322

or topological parameters that discriminate B-meson decays from other hadronic modes.323

Unlike the full reconstruction method where the probability to reconstruct B meson is low,324

the signal e�ciency of the untagged method can be rather high.325

The most recent Belle study [22] searched for the B ! µ⌫̄µ process using one fully recon-326

structed B meson as a tag. In the signal B-meson rest frame the momentum of the µ is327

monochromatic due to two-body decay kinematics, with good momentum resolution of ⇠ 14328
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Leptonic B decays

‣ Latest Belle measurement: 

‣ Fit ratio of: 

‣ Resulting in:

The muon mode - recent Belle Measurement
Results

14

• Fit the ratio

• We get T = 1.66 ± 0.57 ×
10/X, which is equivalent to:

Ø 3.4; statistical significance 
� 2.4; including systematic 
uncertainties

Ø Belle II will make definitive 
measurement

arXiv:1712.04123

• 90% confidence interval for 
BF ∈ 2.9,10.7 ×10/\

2.60 < EF⋆ < 2.85	GeV/S

Hnn > 0.84
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8 Leptonic and Semileptonic B Decays

Table 45: The branching fractions based on the SM calculations and the number of events

in the full Belle data sample and expected Belle II milestones for the decay B� ! `�⌫̄`.

` BSM 711 fb�1 5 ab�1 50 ab�1

⌧ (7.71 ± 0.62) ⇥ 10�5 61179 ± 5031 430231 ± 35378 4302312 ± 353781

µ (3.46 ± 0.28) ⇥ 10�7 275 ± 23 1933 ± 159 19333 ± 1590

e (0.811 ± 0.065) ⇥ 10�11 0.0064 ± 0.0005 0.0453 ± 0.0037 0.4526 ± 0.0372
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Fig. 63: The distributions of the muon momentum p⇤µ in the centre-of-mass and the neural

net output variable NNout in the signal enhanced region NNout > 0.84 and 2.6 GeV/c <

p⇤µ < 2.85 GeV/c, respectively based on Belle MC and equivalent to the full Belle data of

711 fb�1.

The expected branching fractions and event yields in the full Belle data set as well as 3546

expected Belle II milestones using the value of |Vub| ⇥ 103 = 3.55 ± 0.12 from the recent 3547

HFLAV report [210] and fB = 0.185 ± 0.003 GeV from the recent FLAG average [125] are 3548

shown in Table 45. The process B± ! µ±⌫µ may be observed with evidence level with around 3549

2 ab�1, whereas the B± ! e±⌫e process is not measurable even with the Belle II data set, 3550

and only an upper limit is expected for SM-like scenarios. 3551

The clean environment of an e+e� machine where only one BB̄ pair is expected in an event, 3552

allows for two main search approaches: untagged and full reconstruction. The latter leads to 3553

very good purity at the cost of very low e�ciency. In the untagged analysis the products of 3554

the signal decay firstly are selected and the rest of the event is used to build various shape or 3555

topological parameters that discriminate B-meson decays from other hadronic modes. The 3556

e�ciency of the untagged method can be rather high. 3557

A recent Belle study [221] searched for the B ! µ⌫̄µ process using one fully reconstructed B 3558

meson as a tag. In the signal B-meson rest frame the momentum of the µ is monochromatic 3559

due to two-body decay kinematics, with good momentum resolution of ⇠ 14 MeV that 3560

separates the signal from other B decays. This analysis demonstrated the drawback of the 3561

method – extremely low signal selection e�ciency of ⇠ 10�3 which leads to the result shown 3562

in Table 44 and only ⇠ 21 signal events with the full Belle II integrated luminosity are 3563

expected. 3564

The most recent untagged analysis of B ! µ⌫̄µ with Belle data has much higher signal 3565

selection e�ciency of ⇠ 0.39 but su↵ers from much higher background. It can be used to 3566

anticipate results with the Belle II data set. To separate signal from background events 3567

a simple neural network has been developed and trained using various event kinematic 3568

151/665

SM:

R = NB!µ⌫̄µ/NB!⇡µ⌫̄µ

NB!µ⌫̄µ = 195± 67

µ

B(B ! µ⌫̄µ) = (6.46± 2.22stat ± 1.6syst)⇥ 10�7

B(B ! µ⌫̄µ) = (6.46± 2.22stat ± 1.6syst)⇥ 10�7

Submitted to PRL
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Leptonic B decays
Tight constraints on charged higgs
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‣ Sensitivity to NP, ratios cancel uncertainties from fB an Vub: 

‣ There is much room for new physics:

Belle II future
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parameters. The projections of the muon momentum p⇤µ in the centre-of-mass frame and3569

the neural net output variable for the full Belle data set in the signal enhanced region3570

is shown in Fig. 63. For 2.6 GeV/c < p⇤µ < 2.85 GeV/c and NNout > 0.84 the figure-of-3571

merit is FOMBelle = Nsig/
p

Nsig + Nbkg = 31.5/
p

31.5 + 300 ⇡ 1.73 and can be scaled to3572

the full Belle II statistics as FOMBelleII = FOMBelle ⇥
q

50 ab�1/0.711 ab�1 ⇡ 14.5 or ⇠ 7%3573

statistical precision in the branching fraction. Naively, to reach the 5� significance Belle II3574

should collect about (5/1.73)2 ⇥ 0.711 ab�1 ⇠ 6 ab�1 of integrated luminosity. A toy MC3575

study of two dimensional fit to the NNout vs p⇤µ distribution shows a better separation than3576

the naive illustrative event counting and statistical precision is expected to be better than3577

5% at the full Belle II data set. Assuming much larger data set to validate the Belle II3578

detector performance than in the current Belle analysis the systematic uncertainty might be3579

pushed to the same level as the statistical one.3580

8.3.3. Sensitivity to new physics. In the following, we will consider the scenario that new

physics only measurably a↵ects the tau mode, that is, rµNP = reNP = 0. The dominant sources

of theoretical uncertainty in B� ! `�⌫̄` are fB and |Vub|, therefore to mitigate them, we

can form ratios to light leptonic modes defined as

Rps =
⌧B0

⌧B�

B(B� ! ⌧�⌫̄⌧ )

B(B̄0 ! ⇡+`�⌫̄`)
, Rpl =

B(B� ! ⌧�⌫̄⌧ )

B(B� ! µ�⌫̄µ)
. (104)

The former has the advantage that B̄0 ! ⇡+`�⌫̄` is experimentally well known, whereas

the latter has a very precise theoretical prediction. On the other hand, Rps still includes

theoretical uncertainties that should be examined while Rpl has no present experimental

value. Predictions for these ratios are calculated in Ref. [222] and are as follows,

RNP
ps = (0.539 ± 0.043)

��1 + r⌧NP

��2 , (105)

RNP
pl =

m2
⌧

m2
µ

(1 � m2
⌧/m2

B)2

(1 � m2
µ/m2

B)2
��1 + r⌧NP

��2 ' 222.37
��1 + r⌧NP

��2 . (106)

The current experimental constraints on B� ! ⌧�⌫̄⌧ [71] and B̄0 ! ⇡+`�⌫̄` [223] result in

Rexp
ps = 0.73 ± 0.14. This is compared with (105) to find the following constraint on r⌧NP:

��1 + r⌧NP

�� = 1.16 ± 0.11 from Rps . (107)

We find that Rps provides a tighter bound than the direct branching ratio measurement.3581

The present experiment uncertainty in Rexp
ps of 0.14 is expected to improve substantially,3582

as discussed in the previous section. Such a reduction allows for powerful searches of new3583

physics in B� ! ⌧�⌫̄⌧ . The purely muonic mode has only upper limits on B(B� ! µ�⌫̄µ)3584

and thus Rpl is constraining for new physics in ⌧ modes but is still useful for searches in µ3585

modes. The upper limit is approaching the SM prediction, and we expect that the muonic3586

mode will be precisely measured at Belle II. Therefore, Rpl may also play an important role3587

for new physics search in B� ! ⌧�⌫̄⌧ . The following study shows future sensitivities of Rps3588

and Rpl to the new physics contribution r⌧NP at 5 ab�1 and 50 ab�1 of Belle II.3589

To determine the sensitivity to new physics through r⌧NP, we assume that experimental

central values of the ratios are at the SM expectation and that new physics contributions

are no greater than the SM contributions (|r⌧NP| < 1) unless otherwise stated. The expected
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Fig. 5: The distributions of the muon momentum p⇤µ in the centre-of-mass and the neural

net output variable NNout in the signal enhanced region NNout > 0.84 and 2.6 GeV/c <

p⇤µ < 2.85 GeV/c, respectively based on Belle MC and equivalent to the full Belle data of

711 fb�1.

MeV that separates the signal from other B decays. This analysis demonstrated the draw- 329

back of the method – extremely low signal selection e�ciency of ⇠ 10�3 which leads to 330

the result shown in Table 4 and only ⇠ 21 signal events with the full Belle II integrated 331

luminosity are expected. 332

The current untagged analysis of the B ! µ⌫̄µ process of Belle data has much higher 333

signal selection e�ciency of ⇠ 0.39 but su↵ers from much larger backgrounds. It can 334

be used to anticipate results with the Belle II data set. To separate signal from back- 335

ground events a simple neural net has been developed and trained using as inputs 336

various event kinematic parameters. For the illustration purpose the projections of the 337

muon momentum p⇤µ in the centre-of-mass frame and the neural net output variable 338

for the full Belle data set in the signal enhanced region is shown in Fig. 5. Roughly, 339

for 2.6 GeV/c < p⇤µ < 2.85 GeV/c and NNout > 0.84 the figure-of-merit is FOMBelle = 340

Nsig/
p

Nsig + Nbkg = 31.5/
p

31.5 + 300 ⇡ 1.73 and can be scaled to the full Belle II statis- 341

tics as FOMBelleII = FOMBelle ⇥

q
50 ab�1/0.711 ab�1

⇡ 14.5 or ⇠ 7% statistical precision 342

in the branching fraction. Naively, to reach the 5� significance Belle II should collect about 343

(5/1.73)2 ⇥ 0.711 ab�1
⇠ 6 ab�1 of integrated luminosity. A toy MC study of two dimen- 344

sional fit to the NNout vs p⇤µ distribution shows a better separation than the naive illustrative 345

event counting and statistical precision is expected to be better than 5% at the full Belle II 346

data set. Assuming much larger data set to validate the Belle II detector performance than 347

in the current Belle analysis the systematic uncertainty might be pushed to the same level 348

as the statistical one. 349
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⌧B�

B(B�!⌧�⌫̄⌧ )
B(B̄0!⇡+`�⌫̄`)
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B(B�

! ⌧�⌫̄⌧ )

B(B� ! µ�⌫̄µ)
. (28)
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value. 357
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For the present case, they are described as [23]

RNP
ps = (0.539 ± 0.043)

��1 + r⌧NP

��2 , (29)

RNP
pl =

m2
⌧

m2
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(1 � m2
⌧/m2

B)2

(1 � m2
µ/m2

B)2
��1 + r⌧NP

��2 ' 222.37
��1 + r⌧NP

��2 , (30)

where the values in RNP
ps are evaluated as in Ref. [23].358

There exists experimental data for B�
! ⌧�⌫̄⌧ [17] and B̄0

! ⇡+`�⌫̄` [24], which results

in Rexp
ps = 0.73 ± 0.14. This is compared with (29) and then the current constraint on r⌧NP is

obtained as
��1 + r⌧NP

�� = 1.16 ± 0.11 from Rps . (31)

We can see that Rps provides a tighter bound than the branching ratio measurement. The359

present uncertainty in Rexp
ps , ±0.14, is expected to improve substantially. By scaling it with360

5 ab�1 (50 ab�1) of accumulated data, we have a (less than) order of % uncertainty in this361

observable. A more specific value can be estimated from the Belle II projections as given362

below. Such a reduction allows for searches of new physics in B�
! ⌧�⌫̄⌧ more rigorously.363

On the other hand, the purely muonic mode has only the upper limit on B(B�
! µ�⌫̄µ)364

and thus Rpl is not of importance at present. As we saw above that the upper limit is365

approaching to the SM prediction, and we expect that the muonic mode will be precisely366

measured at Belle II. Therefore, Rpl may also play an important role for new physics search367

in B�
! ⌧�⌫̄⌧ .368

The following study shows future sensitivities of Rps and Rpl to the new physics369

contribution r⌧NP at 5 ab�1 and 50 ab�1 of Belle II.370

To determine the sensitivity to new physics through r⌧NP, we assume that experimental

central values of the ratios are the SM values and a new physics contribution is in the vicinity

of the origin (|r⌧NP| < 1) unless otherwise stated. The expected experimental errors on Rps

and Rpl are then given by taking the Belle II estimates of B�
! ⌧�⌫̄⌧ , B�

! µ�⌫̄µ, and

B ! ⇡`⌫̄ with luminosities of 5 ab�1 and 50 ab�1. Namely, experimental reference values are

assumed as
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R5 ab�1
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pl = 222 ± 26 . (33)

With the use of the above references, 95% CL expected limits on r⌧NP are obtained as in371

Table 6. We see that the new physics contribution to B�
! ⌧�⌫̄⌧ with r⌧NP & O(0.1) can be372

tested at 95% CL by measuring Rps at Belle II. The observable Rpl has less sensitivity at373

5 ab�1. It will be improved at 50 ab�1, and then comparable with Rps. To conclude, both Rps374

and Rpl are sensitive to the NP e↵ect at the 50 ab�1 stage of Belle II experiment. Besides,375

Rpl is a good observable in the sense that it has the very accurate theoretical prediction and376

could be used as a consistency check.377

Further improvement to the sensitivity of Rpl may be achieved through direct measure-378

ments of the ratio to fully cancel experimental systematic uncertainties.379

1.4. Semitauonic decays380

1.4.1. B ! D(⇤)⌧⌫. Authors: Y. Sato (exp.), M. Tanaka (th.), R. Watanabe (th.) The

decays B ! D(⇤)⌧⌫ are described at the quark level as b ! c⌧⌫ tree-level transitions that
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prospect at Belle II

17

B+ → l+ν l
Expected errors with the Belle full data sample, and 5 ab-1 and 50 ab-1 of Belle II data.

!20

Leptonic B decays

‣ Projections for Belle II for B→𝓁𝜈 

‣ Belle II projections for the branching ratio ratios:

Belle II future

Table 3: Expected uncertainties on the B ! ⌧⌫⌧ branching ratio for di↵erent luminosity

scenarios with the hadronic and semileptonic tags.

Integrated Luminosity ( ab�1) 1 5 50

hadronic tag

statistical uncertainty (%) 29.2 13.0 4.1

systematic uncertainty (%) 12.6 6.8 4.6

total uncertainty (%) 31.6 14.7 6.2

semileptonic tag

statistical uncertainty (%) 19.0 8.5 2.7

systematic uncertainty (%) 17.9 8.7 4.5

total uncertainty (%) 26.1 12.2 5.3

Table 4: The results of searches for the decay B�
! µ�⌫̄µ.

Experiment Upper limit @ 90% C.L. Comment

Belle [22] 2.7 ⇥ 10�6 Fully reconstructed hadronic tag, 711 fb�1

Belle [15] 1.7 ⇥ 10�6 Untagged analysis, 253 fb�1

BaBar [16] 1.0 ⇥ 10�6 Untagged analysis, 468 ⇥ 106 BB pairs

Table 5: The branching fractions based on the SM calculations and the number of events

in the full Belle data sample and expected Belle II milestones for the decay B�
! `�⌫̄`.

` BSM 711 fb�1 5 ab�1 50 ab�1

⌧ (7.71 ± 0.62) ⇥ 10�5 61179 ± 5031 430231 ± 35378 4302312 ± 353781

µ (3.46 ± 0.28) ⇥ 10�7 275 ± 23 1933 ± 159 19333 ± 1590

e (0.811 ± 0.065) ⇥ 10�11 0.0064 ± 0.0005 0.0453 ± 0.0037 0.4526 ± 0.0372

The expected branching fractions and event yields in the full Belle data set as well as313

expected Belle II milestones using the value of |Vub| ⇥ 103 = 3.55 ± 0.12 from the recent314

HFAG report [8] and fB = 0.185 ± 0.003 GeV from the recent FLAG average [9] are shown315

in Table 5. The process B±
! µ±⌫µ may be observed with evidence level with around 2316

ab�1, whereas the B±
! e±⌫e process is not measurable even with the Belle II data set, and317

only an upper limit is expected for SM-like scenarios.318

The clean environment of a e+e� machine where only one BB̄ pair is expected in an event,319

allows for two main search approaches: untagged and full reconstruction. The latter leads to320

very good purity at the cost of very low e�ciency. In the untagged analysis the products of321

the signal decay firstly are selected and the rest of the event is used to build various shape322

or topological parameters that discriminate B-meson decays from other hadronic modes.323

Unlike the full reconstruction method where the probability to reconstruct B meson is low,324

the signal e�ciency of the untagged method can be rather high.325

The most recent Belle study [22] searched for the B ! µ⌫̄µ process using one fully recon-326

structed B meson as a tag. In the signal B-meson rest frame the momentum of the µ is327

monochromatic due to two-body decay kinematics, with good momentum resolution of ⇠ 14328
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and Rpl are then given by taking the Belle II estimates of B�
! ⌧�⌫̄⌧ , B�
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ps = 0.54 ± 0.11 , R50 ab�1

ps = 0.54 ± 0.04 , (32)

R5 ab�1

pl = 222 ± 76 , R50 ab�1

pl = 222 ± 26 . (33)

With the use of the above references, 95% CL expected limits on r⌧NP are obtained as in371

Table 6. We see that the new physics contribution to B�
! ⌧�⌫̄⌧ with r⌧NP & O(0.1) can be372

tested at 95% CL by measuring Rps at Belle II. The observable Rpl has less sensitivity at373

5 ab�1. It will be improved at 50 ab�1, and then comparable with Rps. To conclude, both Rps374

and Rpl are sensitive to the NP e↵ect at the 50 ab�1 stage of Belle II experiment. Besides,375

Rpl is a good observable in the sense that it has the very accurate theoretical prediction and376

could be used as a consistency check.377

Further improvement to the sensitivity of Rpl may be achieved through direct measure-378

ments of the ratio to fully cancel experimental systematic uncertainties.379

1.4. Semitauonic decays380

1.4.1. B ! D(⇤)⌧⌫. Authors: Y. Sato (exp.), M. Tanaka (th.), R. Watanabe (th.) The

decays B ! D(⇤)⌧⌫ are described at the quark level as b ! c⌧⌫ tree-level transitions that
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see B2TIP report

https://confluence.desy.de/display/BI/B2TiP+ReportStatus?preview=/35002985/51972779/b2tip-main-ptep.pdf


Standard model tests in modes with neutrinos | Simon Wehle | 18.04.2018 !21

Semileptonic B decays
Will the hints for new physics persist?

Florian Bernlochner XXIV Cracow EPIPHANY Conference on Advances in Heavy Flavour Physics 5

Overview

R =
b ! q ⌧ ⌫̄⌧
b ! q `⌫̄`

1. Leptonic or 
Hadronic ! decays?
Some properties (e.g. ! polarisation) only 
accessible in hadronic decays.

2. Albeit not necessarily a rare decay of O(%) in BF, TRICKY to 
separate from normalisation and backgrounds

Measuring |Vub| and |Vcb|
* Decays don’t happen at quark level, non-perturbative physics make things
complicated

Vqb

W
�

�
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q
u

u

* Hadronic transition matrix element needs to be Lorentz covariant

! Function of Lorentz vectors and scalars of the decay ! p
2
B , p

2
X , pB · pX

! On-shell B ! X decay: form factors encode non-perturbative physics

* Form factors unknown functions of q
2 = (pB � pX )2 = (p` + p⌫)2

* E.g. decay rate in the SM for B ! scalar ` ⌫̄` decay: f = single form factor

|Vqb|2 ⇥ �(B ! X ` ⌫̄`) = |Vqb|2 ⇥ G
2
F �0

h
f (q2)

i2

12 / 31

LHCb: Isolation criteria, displacement of !, kinematics

B-Factories: Full reconstruction of event (Tagging), matching topology, kinematics
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Semitauonic decays

‣ Combination of data from LHCb, 
BaBar and Belle 
• Measurement of RD(*) shows hints for new 

physics with ~4σ 

‣ Many statistically independent 
approaches: 
• 3 tagging methods (hadronic, semileptonic, 

inclusive) 

• Signal modes (𝝉→l𝜈𝜈, 𝝉→h𝜈) 

‣ Belle II should confirm/deny this 
anomaly already with 5ab-1  

Measurement of RD*

DRAFT
9/

3/
20

18

8 Leptonic and Semileptonic B Decays

Table 51: Expected precision on RD(⇤) and P⌧ (D⇤) at Belle II. The first and the second values

are the expected statistical and the systematic errors, respectively. These expectations are

shown as the relative (absolute) values for RD(⇤) (P⌧ (D⇤)).

5 ab�1 50 ab�1

RD (±6.0 ± 3.9)% (±2.0 ± 2.5)%

RD⇤ (±3.0 ± 2.5)% (±1.0 ± 2.0)%

P⌧ (D⇤) ±0.18 ± 0.08 ±0.06 ± 0.04

RK anomaly, lepton flavour non-universality in B ! K`+`�, as well as RD(⇤) , see Refs. [255– 3771

259]. Some types of lepto-quarks can also induce OV1
[207, 257, 260–264] and explain RK 3772

and RD(⇤) at the same time [257, 258]21. 3773

Future prospects. Based on the existing results from Belle and expected statistical and 3774

experimental improvements at Belle II, we provide estimates of the precision of RD(⇤) and 3775

P⌧ (D⇤) in Table 51 for two integrated luminosities. In Fig. 68, the expected precisions at 3776

Belle II are compared to the current results and the SM expectations. The RD(⇤) precision 3777

will be comparable to the current theoretical uncertainty. Furthermore, precise polarisation 3778

measurements, P⌧ (D⇤), and decay di↵erentials will provide further discrimination of NP 3779

scenarios. In the estimates for P⌧ (D⇤), we take the pessimistic scenario that no improvement 3780

to the systematic uncertainty arising from the hadronic B decays with three or more ⇡0, ⌘ 3781

and � can be achieved. However, although challenging, understanding for these modes may 3782

be improved by the future measurements at Belle II and the systematic uncertainty will 3783

be further reduced. As shown in Fig. 66, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on 3784

the EECL shape in discrimination of the signal from the background events. One possible 3785

challenge at Belle II is therefore to understand the e↵ects from the large beam-induced 3786

background onto EECL. 3787

With the Belle II data set NP scenarios can be also precisely tested with q2 (and other

di↵erential) distributions. Figure 69 shows a demonstration of the statistical precision of

the q2 measurement with 50 ab�1 data based on a toy-MC study. A quantitative estimation

of the future sensitivity to NP in B̄ ! D(⇤)⌧ ⌫̄ is shown in Fig. 70 [266]. The figure shows

the regions of CX that are probed by the ratios (red) and the q2 distributions (blue) at

Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95% CL22. One finds that

the distributions are very sensitive to all NP scenarios, including those with new scalar and

21 LHC constraints on these models are obtained by the process bb̄ ! ⌧+⌧� [265]. As a result,
for the vector boson, resolution of the RD(⇤) anomaly and consistency with existing ⌧+⌧� resonance
searches at the LHC require a very large Z 0 total decay width. For the lepto-quark, the large deviation
(⇠ 20%) in RD(⇤) from the SM value is in some tension both with the ⌧+⌧� resonance search and
the RK anomaly while a small deviation (. 5%) in RD(⇤) is still consistent [259].

22 To see how small a NP contribution that can be probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [241]
for q2 distributions and given as the world average [210] for the ratios, are luminosity scaled. See
Ref. [266] for further details of the analysis.
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Prediction for Belle II:
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challenge at Belle II is therefore to understand the e↵ects from the large beam-induced 3786

background onto EECL. 3787

With the Belle II data set NP scenarios can be also precisely tested with q2 (and other

di↵erential) distributions. Figure 69 shows a demonstration of the statistical precision of

the q2 measurement with 50 ab�1 data based on a toy-MC study. A quantitative estimation

of the future sensitivity to NP in B̄ ! D(⇤)⌧ ⌫̄ is shown in Fig. 70 [266]. The figure shows

the regions of CX that are probed by the ratios (red) and the q2 distributions (blue) at

Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95% CL22. One finds that

the distributions are very sensitive to all NP scenarios, including those with new scalar and

21 LHC constraints on these models are obtained by the process bb̄ ! ⌧+⌧� [265]. As a result,
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Ref. [266] for further details of the analysis.
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Table 10: Expected precision on RD(⇤) and P⌧ (D⇤) at Belle II. The first and the second values

are the expected statistical and the systematic errors, respectively. These expectations are

shown as the relative (absolute) values for RD(⇤) (P⌧ (D⇤)).

5 ab�1 50 ab�1

RD (6.0 ± 3.9)% (2.0 ± 2.5)%

RD⇤ (3.0 ± 2.5)% (1.0 ± 2.0)%

P⌧ (D⇤) 0.18 ± 0.08 0.06 ± 0.04
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Fig. 8: Expected Belle II constraints on the RD vs RD⇤ plane (top) and the RD⇤ vs P⌧ (D⇤)

plane (bottom) compared to existing experimental constraints from Belle. The SM predic-

tions are also indicated by the black dots with error bars. In the right panel, the new physics

scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS1
,

OV1
and OT , respectively.

Future prospect. Based on the existing results from Belle and expected improvements at 523

Belle II, we estimate precisions in the RD(⇤) and P⌧ (D⇤) measurements as shown in Table 10. 524

In Fig. 8, the expected precisions at Belle II are compared to the current results and the SM 525

expectations. The RD(⇤) precision will be comparable to the current theoretical uncertainty 526

in the SM expectations. Furthermore, using information of P⌧ (D⇤), discrimination of the 527

new physics scenarios may be possible. In the estimates for P⌧ (D⇤), no improvement in the 528

systematic uncertainty arising from the hadronic B decays with three or more ⇡0, ⌘ and � is 529

assumed. However, although challenging, understanding for these modes may be improved by 530

the future measurements at Belle II and the systematic uncertainty will be further reduced. 531

As shown in Fig. 6, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on the EECL shape 532

in discrimination of the signal from the background events. One of the possible problem 533

at Belle II is therefore e↵ects from the large beam-induced background onto EECL. Deep 534

understanding of the beam background will be essential. 535

With high statistics of the Belle II data, the new physics scenarios can be also precisely

tested with q2 distributions. Figure 9 is demonstration of the statistical precision of the

q2 measurement with 50 ab�1 data based on a toy-MC study. A quantitative estimation

for future sensitivity to search for new physics by B̄ ! D(⇤)⌧ ⌫̄ is shown in Fig. 10 [66]. In

the figure, it is shown that the regions of CX are probed by the ratios (red) and the q2

23/61

)2/c2 (GeV2q
4 5 6 7 8 9 10 11 12

Ev
en

ts
 (a

rb
itr

ar
y 

un
its

)

0

10

20

30

40

50

)2/c2 (GeV2q
4 5 6 7 8 9 10 11 12

Ev
en

ts

0

200

400

600

800

1000

1200

Fig. 9: (left) q2 distribution in the hadronic tag analysis and ⌧�
! `�⌫̄`⌫⌧ with the full Belle

data sample [26]. (right) Projection to the 50 ab�1 of the Belle II data. In both panels,

the solid histograms show the predicted distribution shape with the 2HDM of type II at

tan �/mH± = 0.5 (GeV/c2)�1. In the right panel, pseudo-data are shown based on the SM

hypothesis.

distributions (blue) at Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95%

CL3. One finds that the distributions are sensitive to the scalar and tensor scenarios. On

the other hand, the ratios and distributions are comparable for constraining the other new

physics scenarios. A new physics contribution that enters in CX is typically described as

CX ⇡
1

2
p

2GFVcb

gg0

M2
NP

, (48)

where g and g0 denote the general couplings of new heavy particles to quarks and leptons (at536

the NP mass scale MNP). Given that the couplings g, g0 ⇠ 1, one observes that the Belle II537

reach of new physics mass scale, MNP ⇠ (2
p

2GFVcbCX)�1/2, is about 5 – 10 TeV.538

1.4.2. B ! ⇡⌧⌫. Authors: R. Watanabe (th.), F. Bernlochner (exp.)539

As is presented above, discrepancies in the b ! c⌧⌫ processes with the SM predictions540

have been reported by the B physics experiments. This is particularly interesting because541

the processes are described by the b ! c charged current and predicted at the tree level in542

the SM. In this sense, it would be natural to expect that the b ! u⌧⌫ processes may also543

provide hints of new physics.544

The branching fraction of B ! ⇡⌧ ⌫̄ has been measured by the Belle collaboration in545

Ref. [67]. They observed no significant signal and obtained the 90% CL upper limit as B(B !546

⇡⌧ ⌫̄) < 2.5 ⇥ 10�4. Alternatively, one obtains B(B ! ⇡⌧ ⌫̄) = (1.52 ± 0.72 ± 0.13) ⇥ 10�4,547

where the first error (along with the central value) is read o↵ from the observed signal548

strength and the second one comes from the systematic uncertainty (8%) [67].549

On the theory side, evaluations of form factors for the B ! ⇡ transition have been devel-

oped. In the recent lattice studies of Refs. [68, 69], the authors have computed the vector

3 To see how small new physics contribution is probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [41]
for q2 distributions and given as the world average [8] for the ratios, are scaled by luminosity. See
Ref. [66] for further details of the analysis.
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• Tag{Had, SL, Inclusive} x Signal {τ → l ν ν , τ → h ν} ~ 6 statistically independent approaches. 

• B → D* τ ν: 5 ab-1 ~ 3% (down from about 8%) 

• B → D τ ν: 5 ab-1 ~ 6% (down from 16%) - though Belle yet to release R(D) with SL tag.
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Table 10: Expected precision on RD(⇤) and P⌧ (D⇤) at Belle II. The first and the second values

are the expected statistical and the systematic errors, respectively. These expectations are

shown as the relative (absolute) values for RD(⇤) (P⌧ (D⇤)).

5 ab�1 50 ab�1

RD (6.0 ± 3.9)% (2.0 ± 2.5)%

RD⇤ (3.0 ± 2.5)% (1.0 ± 2.0)%

P⌧ (D⇤) 0.18 ± 0.08 0.06 ± 0.04
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Fig. 8: Expected Belle II constraints on the RD vs RD⇤ plane (top) and the RD⇤ vs P⌧ (D⇤)

plane (bottom) compared to existing experimental constraints from Belle. The SM predic-

tions are also indicated by the black dots with error bars. In the right panel, the new physics

scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS1
,

OV1
and OT , respectively.

Future prospect. Based on the existing results from Belle and expected improvements at 523

Belle II, we estimate precisions in the RD(⇤) and P⌧ (D⇤) measurements as shown in Table 10. 524

In Fig. 8, the expected precisions at Belle II are compared to the current results and the SM 525

expectations. The RD(⇤) precision will be comparable to the current theoretical uncertainty 526

in the SM expectations. Furthermore, using information of P⌧ (D⇤), discrimination of the 527

new physics scenarios may be possible. In the estimates for P⌧ (D⇤), no improvement in the 528

systematic uncertainty arising from the hadronic B decays with three or more ⇡0, ⌘ and � is 529

assumed. However, although challenging, understanding for these modes may be improved by 530

the future measurements at Belle II and the systematic uncertainty will be further reduced. 531

As shown in Fig. 6, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on the EECL shape 532

in discrimination of the signal from the background events. One of the possible problem 533

at Belle II is therefore e↵ects from the large beam-induced background onto EECL. Deep 534

understanding of the beam background will be essential. 535

With high statistics of the Belle II data, the new physics scenarios can be also precisely

tested with q2 distributions. Figure 9 is demonstration of the statistical precision of the

q2 measurement with 50 ab�1 data based on a toy-MC study. A quantitative estimation

for future sensitivity to search for new physics by B̄ ! D(⇤)⌧ ⌫̄ is shown in Fig. 10 [66]. In

the figure, it is shown that the regions of CX are probed by the ratios (red) and the q2
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Fig. 9: (left) q2 distribution in the hadronic tag analysis and ⌧�
! `�⌫̄`⌫⌧ with the full Belle

data sample [26]. (right) Projection to the 50 ab�1 of the Belle II data. In both panels,

the solid histograms show the predicted distribution shape with the 2HDM of type II at

tan �/mH± = 0.5 (GeV/c2)�1. In the right panel, pseudo-data are shown based on the SM

hypothesis.

distributions (blue) at Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95%

CL3. One finds that the distributions are sensitive to the scalar and tensor scenarios. On

the other hand, the ratios and distributions are comparable for constraining the other new

physics scenarios. A new physics contribution that enters in CX is typically described as

CX ⇡
1

2
p

2GFVcb

gg0

M2
NP

, (48)

where g and g0 denote the general couplings of new heavy particles to quarks and leptons (at536

the NP mass scale MNP). Given that the couplings g, g0 ⇠ 1, one observes that the Belle II537

reach of new physics mass scale, MNP ⇠ (2
p

2GFVcbCX)�1/2, is about 5 – 10 TeV.538

1.4.2. B ! ⇡⌧⌫. Authors: R. Watanabe (th.), F. Bernlochner (exp.)539

As is presented above, discrepancies in the b ! c⌧⌫ processes with the SM predictions540

have been reported by the B physics experiments. This is particularly interesting because541

the processes are described by the b ! c charged current and predicted at the tree level in542

the SM. In this sense, it would be natural to expect that the b ! u⌧⌫ processes may also543

provide hints of new physics.544

The branching fraction of B ! ⇡⌧ ⌫̄ has been measured by the Belle collaboration in545

Ref. [67]. They observed no significant signal and obtained the 90% CL upper limit as B(B !546

⇡⌧ ⌫̄) < 2.5 ⇥ 10�4. Alternatively, one obtains B(B ! ⇡⌧ ⌫̄) = (1.52 ± 0.72 ± 0.13) ⇥ 10�4,547

where the first error (along with the central value) is read o↵ from the observed signal548

strength and the second one comes from the systematic uncertainty (8%) [67].549

On the theory side, evaluations of form factors for the B ! ⇡ transition have been devel-

oped. In the recent lattice studies of Refs. [68, 69], the authors have computed the vector

3 To see how small new physics contribution is probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [41]
for q2 distributions and given as the world average [8] for the ratios, are scaled by luminosity. See
Ref. [66] for further details of the analysis.
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• B → D* τ ν: 5 ab-1 ~ 3% (down from about 8%) 

• B → D τ ν: 5 ab-1 ~ 6% (down from 16%) - though Belle yet to release R(D) with SL tag.
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Table 10: Expected precision on RD(⇤) and P⌧ (D⇤) at Belle II. The first and the second values

are the expected statistical and the systematic errors, respectively. These expectations are

shown as the relative (absolute) values for RD(⇤) (P⌧ (D⇤)).

5 ab�1 50 ab�1

RD (6.0 ± 3.9)% (2.0 ± 2.5)%

RD⇤ (3.0 ± 2.5)% (1.0 ± 2.0)%

P⌧ (D⇤) 0.18 ± 0.08 0.06 ± 0.04
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Fig. 8: Expected Belle II constraints on the RD vs RD⇤ plane (top) and the RD⇤ vs P⌧ (D⇤)

plane (bottom) compared to existing experimental constraints from Belle. The SM predic-

tions are also indicated by the black dots with error bars. In the right panel, the new physics

scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS1
,

OV1
and OT , respectively.

Future prospect. Based on the existing results from Belle and expected improvements at 523

Belle II, we estimate precisions in the RD(⇤) and P⌧ (D⇤) measurements as shown in Table 10. 524

In Fig. 8, the expected precisions at Belle II are compared to the current results and the SM 525

expectations. The RD(⇤) precision will be comparable to the current theoretical uncertainty 526

in the SM expectations. Furthermore, using information of P⌧ (D⇤), discrimination of the 527

new physics scenarios may be possible. In the estimates for P⌧ (D⇤), no improvement in the 528

systematic uncertainty arising from the hadronic B decays with three or more ⇡0, ⌘ and � is 529

assumed. However, although challenging, understanding for these modes may be improved by 530

the future measurements at Belle II and the systematic uncertainty will be further reduced. 531

As shown in Fig. 6, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on the EECL shape 532

in discrimination of the signal from the background events. One of the possible problem 533

at Belle II is therefore e↵ects from the large beam-induced background onto EECL. Deep 534

understanding of the beam background will be essential. 535

With high statistics of the Belle II data, the new physics scenarios can be also precisely

tested with q2 distributions. Figure 9 is demonstration of the statistical precision of the

q2 measurement with 50 ab�1 data based on a toy-MC study. A quantitative estimation

for future sensitivity to search for new physics by B̄ ! D(⇤)⌧ ⌫̄ is shown in Fig. 10 [66]. In

the figure, it is shown that the regions of CX are probed by the ratios (red) and the q2
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Fig. 9: (left) q2 distribution in the hadronic tag analysis and ⌧�
! `�⌫̄`⌫⌧ with the full Belle

data sample [26]. (right) Projection to the 50 ab�1 of the Belle II data. In both panels,

the solid histograms show the predicted distribution shape with the 2HDM of type II at

tan �/mH± = 0.5 (GeV/c2)�1. In the right panel, pseudo-data are shown based on the SM

hypothesis.

distributions (blue) at Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95%

CL3. One finds that the distributions are sensitive to the scalar and tensor scenarios. On

the other hand, the ratios and distributions are comparable for constraining the other new

physics scenarios. A new physics contribution that enters in CX is typically described as

CX ⇡
1

2
p

2GFVcb

gg0

M2
NP

, (48)

where g and g0 denote the general couplings of new heavy particles to quarks and leptons (at536

the NP mass scale MNP). Given that the couplings g, g0 ⇠ 1, one observes that the Belle II537

reach of new physics mass scale, MNP ⇠ (2
p

2GFVcbCX)�1/2, is about 5 – 10 TeV.538

1.4.2. B ! ⇡⌧⌫. Authors: R. Watanabe (th.), F. Bernlochner (exp.)539

As is presented above, discrepancies in the b ! c⌧⌫ processes with the SM predictions540

have been reported by the B physics experiments. This is particularly interesting because541

the processes are described by the b ! c charged current and predicted at the tree level in542

the SM. In this sense, it would be natural to expect that the b ! u⌧⌫ processes may also543

provide hints of new physics.544

The branching fraction of B ! ⇡⌧ ⌫̄ has been measured by the Belle collaboration in545

Ref. [67]. They observed no significant signal and obtained the 90% CL upper limit as B(B !546

⇡⌧ ⌫̄) < 2.5 ⇥ 10�4. Alternatively, one obtains B(B ! ⇡⌧ ⌫̄) = (1.52 ± 0.72 ± 0.13) ⇥ 10�4,547

where the first error (along with the central value) is read o↵ from the observed signal548

strength and the second one comes from the systematic uncertainty (8%) [67].549

On the theory side, evaluations of form factors for the B ! ⇡ transition have been devel-

oped. In the recent lattice studies of Refs. [68, 69], the authors have computed the vector

3 To see how small new physics contribution is probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [41]
for q2 distributions and given as the world average [8] for the ratios, are scaled by luminosity. See
Ref. [66] for further details of the analysis.
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Semileptonic B decays
Challenging |Vub| 

Florian Bernlochner XXIV Cracow EPIPHANY Conference on Advances in Heavy Flavour Physics 5

Overview

R =
b ! q ⌧ ⌫̄⌧
b ! q `⌫̄`

` = e, µ

1. Leptonic or 
Hadronic ! decays?
Some properties (e.g. ! polarisation) only 
accessible in hadronic decays.

2. Albeit not necessarily a rare decay of O(%) in BF, TRICKY to 
separate from normalisation and backgrounds

Measuring |Vub| and |Vcb|
* Decays don’t happen at quark level, non-perturbative physics make things
complicated

Vqb

W
�

�

⌫̄

b

q

Vqb

W
�

�

⌫̄

b

q
u

u

* Hadronic transition matrix element needs to be Lorentz covariant

! Function of Lorentz vectors and scalars of the decay ! p
2
B , p

2
X , pB · pX

! On-shell B ! X decay: form factors encode non-perturbative physics

* Form factors unknown functions of q
2 = (pB � pX )2 = (p` + p⌫)2

* E.g. decay rate in the SM for B ! scalar ` ⌫̄` decay: f = single form factor

|Vqb|2 ⇥ �(B ! X ` ⌫̄`) = |Vqb|2 ⇥ G
2
F �0

h
f (q2)

i2
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B-Factories: Full reconstruction of event (Tagging), matching topology, kinematics
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Belle II: b→u Tree
• |Vub| should be measured to ~1-2% accuracy with 

B → π l ν (based on Belle II full sim.) 

• Can do LFUV tests, e/µ/τ  

• Br(B→ τ ν) 10% precision at 5 ab-1 (3% by 50 ab-1) 

• Br(B→ µ ν) discovered by 5-6 ab-1
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The extracted values are a↵ected by e�ciency and detector resolution, which results as 897

loss in statistics and as bin-to-bin migrations. These e↵ects were reverted using simulated 898

samples. 899

Tagged measurement In the tagged measurement we first require that the companion B 900

meson is fully reconstructed in one out of many hadronic decay modes. After having a 901

good Bcomp candidate we require that the rest of the event is consistent with the signature 902

of the signal decay – it contains only two additional oppositely charged tracks, one being 903

consistent with the pion and one with the lepton hypothesis based on particle identification 904

sub-detectors. As in the case of B+
! ⌧+⌫⌧ study, we use Bcomp candidates provided by the 905

Full Event Interpretation algorithm (see Sec. ??) with signal probability exceeding 0.1%. In 906

the case of multiple BcompBsig candidates we keep the combination with the Bcomp candidate 907

with the highest signal probability. Knowing the 4-momentum of the companion B meson we 908

determine the signal B meson 4-momentum, missing 4-momentum of the neutrino produced 909

in the signal decay, and the momentum transfer to the lepton system squared, q2, as 910

pBsig
= p⌥ (4S) � pBcomp

, (96)

pmiss = p⌫ = p⌥ (4S) � pBcomp
� p⇡ � p`, (97)

q2 = (p` + p⌫)
2 = (pBsig

� p⇡)2 = (p⌥ (4S) � pBcomp
� p⇡)2, (98)

where we take the companion B meson 4-momentum in the ⌥ (4S) frame to be 911

pBcomp
= (ECMS/2,pBcomp

). (99)

The precise measurement of the companion B meson’s momentum results in improved deter- 912

mination of q2 compared to the untagged measurement as shown in Fig. 17. The overall 913

reconstruction e�ciency is found to be 0.55%, which is considerably above the reconstruction 914

e�ciency (0.3%) of the tagged measurement reported by Belle [73].
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Fig. 17: Resolution of q2 from untagged and tagged measurement of B0
! ⇡�`+⌫` decays.

915

The signal is extracted from the missing mass squared distribution (M2
miss = p2

miss), where 916

the signal is expected to be located in a narrow peak near zero, while background from other 917

b ! u`⌫ transitions populates wider region towards higher missing mass, due to extra missing 918
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Fig. 15: Comparison of �E distribution with and without ROE optimisation.
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Fig. 16: MBC and �E distributions with signal and background components for the full q2

range. The signal is shown separately, while obtaining the proper scale.

4) Output from 3) with additional B meson variables883

Additional B meson variables include pion particle identification probability, helicity angle884

cos ✓`, angle of missing momentum ✓miss, di↵erence between travelled distances of B mesons885

dz, angle between Y pseudo-particle and Z-axis cos ✓BY , and an improved version of the m2
miss886

variable, m2
miss/2Emiss, where its resolution does not decrease with Emiss. Each input variable887

was checked for correlation with the q2 and all variables with significant correlation were888

discarded and are not used. The optimal BDT output selection requirement is determined by889

maximising the figure of merit. In order to suppress b ! u`⌫` background we train another890

BDT with the same input as BDT from the step 4 above.891

The final sample composition, after all selection criteria are applied, is shown in Fig. 16.892

The q2-averaged signal e�ciency is found to be around 20%. We identify the signal candidates893

performing 2D fit in MBC and �E. The sample is then split into 13 bins of q2 from 0 to894

26.4 GeV2/c2. We define the fit region as MBC > 5.095 GeV/c2 and |�E| < 0.95 GeV and895

perform the fits to extract the raw signal yield in each q2-bin.896
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Fig. 21: MBC and �E distributions with signal and background components for the full q2

range. The signal is shown separately and not up to scale with background.
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Fig. 22: Model independent BCL fits (Npar = 3 + 1) for B ! ⇡`⌫ tagged and untagged (top)

and Bs ! K`⌫ untagged (bottom) with LQCD error forecasts in 5 years (w/ EM).

Vub, so e↵orts in reducing the LQCD errors are expected in the future (see Section ??). 979

Projections of �Vub
for various cases of LQCD forecasts can be seen in Fig. 23. 980

1.6. Inclusive semileptonic 981

Authors: G. Ricciardi (th.), F. J. Tackmann (th.), P. Urquijo (exp.) 982

1.6.1. Overview. In inclusive semileptonic B ! X`⌫ decays one considers the sum over 983

all possible kinematically allowed hadronic final states X. In the theoretical description the 984

optical theorem then allows one to replace the sum over hadronic final states with a sum 985

over partonic final states, which eliminates any long-distance sensitivity to the final state. 986

The short-distance QCD corrections, which appear at the typical scale µ ⇠ mb of the decay, 987

can then be computed in perturbation theory. 988

The remaining long-distance corrections are related to the initial B meson. They can 989

be expanded in the heavy-quark expansion (HQE) in powers of ⇤QCD/mb ⇠ 0.1, where here 990
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L [ab-1]  σ Vub [%] 
1 tagged 6.2

untagged 3.6
5 tagged 3.2

untagged 2.1
leptonic 5

50 tagged 1.7
untagged 1.3
leptonic 1.5 - 2
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Belle II: b→u Tree
• |Vub| should be measured to ~1-2% accuracy with 

B → π l ν (based on Belle II full sim.) 

• Can do LFUV tests, e/µ/τ  

• Br(B→ τ ν) 10% precision at 5 ab-1 (3% by 50 ab-1) 

• Br(B→ µ ν) discovered by 5-6 ab-1
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The extracted values are a↵ected by e�ciency and detector resolution, which results as 897

loss in statistics and as bin-to-bin migrations. These e↵ects were reverted using simulated 898

samples. 899

Tagged measurement In the tagged measurement we first require that the companion B 900

meson is fully reconstructed in one out of many hadronic decay modes. After having a 901

good Bcomp candidate we require that the rest of the event is consistent with the signature 902

of the signal decay – it contains only two additional oppositely charged tracks, one being 903

consistent with the pion and one with the lepton hypothesis based on particle identification 904

sub-detectors. As in the case of B+
! ⌧+⌫⌧ study, we use Bcomp candidates provided by the 905

Full Event Interpretation algorithm (see Sec. ??) with signal probability exceeding 0.1%. In 906

the case of multiple BcompBsig candidates we keep the combination with the Bcomp candidate 907

with the highest signal probability. Knowing the 4-momentum of the companion B meson we 908

determine the signal B meson 4-momentum, missing 4-momentum of the neutrino produced 909

in the signal decay, and the momentum transfer to the lepton system squared, q2, as 910

pBsig
= p⌥ (4S) � pBcomp

, (96)

pmiss = p⌫ = p⌥ (4S) � pBcomp
� p⇡ � p`, (97)

q2 = (p` + p⌫)
2 = (pBsig

� p⇡)2 = (p⌥ (4S) � pBcomp
� p⇡)2, (98)

where we take the companion B meson 4-momentum in the ⌥ (4S) frame to be 911

pBcomp
= (ECMS/2,pBcomp

). (99)

The precise measurement of the companion B meson’s momentum results in improved deter- 912

mination of q2 compared to the untagged measurement as shown in Fig. 17. The overall 913

reconstruction e�ciency is found to be 0.55%, which is considerably above the reconstruction 914

e�ciency (0.3%) of the tagged measurement reported by Belle [73].
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Fig. 17: Resolution of q2 from untagged and tagged measurement of B0
! ⇡�`+⌫` decays.

915

The signal is extracted from the missing mass squared distribution (M2
miss = p2

miss), where 916

the signal is expected to be located in a narrow peak near zero, while background from other 917

b ! u`⌫ transitions populates wider region towards higher missing mass, due to extra missing 918
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Fig. 15: Comparison of �E distribution with and without ROE optimisation.
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Fig. 16: MBC and �E distributions with signal and background components for the full q2

range. The signal is shown separately, while obtaining the proper scale.

4) Output from 3) with additional B meson variables883

Additional B meson variables include pion particle identification probability, helicity angle884

cos ✓`, angle of missing momentum ✓miss, di↵erence between travelled distances of B mesons885

dz, angle between Y pseudo-particle and Z-axis cos ✓BY , and an improved version of the m2
miss886

variable, m2
miss/2Emiss, where its resolution does not decrease with Emiss. Each input variable887

was checked for correlation with the q2 and all variables with significant correlation were888

discarded and are not used. The optimal BDT output selection requirement is determined by889

maximising the figure of merit. In order to suppress b ! u`⌫` background we train another890

BDT with the same input as BDT from the step 4 above.891

The final sample composition, after all selection criteria are applied, is shown in Fig. 16.892

The q2-averaged signal e�ciency is found to be around 20%. We identify the signal candidates893

performing 2D fit in MBC and �E. The sample is then split into 13 bins of q2 from 0 to894

26.4 GeV2/c2. We define the fit region as MBC > 5.095 GeV/c2 and |�E| < 0.95 GeV and895

perform the fits to extract the raw signal yield in each q2-bin.896
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Fig. 21: MBC and �E distributions with signal and background components for the full q2

range. The signal is shown separately and not up to scale with background.
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Fig. 22: Model independent BCL fits (Npar = 3 + 1) for B ! ⇡`⌫ tagged and untagged (top)

and Bs ! K`⌫ untagged (bottom) with LQCD error forecasts in 5 years (w/ EM).

Vub, so e↵orts in reducing the LQCD errors are expected in the future (see Section ??). 979

Projections of �Vub
for various cases of LQCD forecasts can be seen in Fig. 23. 980

1.6. Inclusive semileptonic 981

Authors: G. Ricciardi (th.), F. J. Tackmann (th.), P. Urquijo (exp.) 982

1.6.1. Overview. In inclusive semileptonic B ! X`⌫ decays one considers the sum over 983

all possible kinematically allowed hadronic final states X. In the theoretical description the 984

optical theorem then allows one to replace the sum over hadronic final states with a sum 985

over partonic final states, which eliminates any long-distance sensitivity to the final state. 986

The short-distance QCD corrections, which appear at the typical scale µ ⇠ mb of the decay, 987

can then be computed in perturbation theory. 988

The remaining long-distance corrections are related to the initial B meson. They can 989

be expanded in the heavy-quark expansion (HQE) in powers of ⇤QCD/mb ⇠ 0.1, where here 990
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L [ab-1]  σ Vub [%] 
1 tagged 6.2

untagged 3.6
5 tagged 3.2

untagged 2.1
leptonic 5

50 tagged 1.7
untagged 1.3
leptonic 1.5 - 2

‣ |Vub| should be measured with ~1-2% 
accuracy with B→𝜋𝓁𝜈 (based on Belle 
II full sim.)  

‣ Y(5S) runs also enable Bs→K𝓁𝜈
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Semitauonic decays

‣ Belle I measurement  
• using hadronic tagging 

• 1D likelihood fit to EECL

More interesting ratios
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One more interesting ratio from Belle

R(⇡) =
B(B ! ⇡⌧ ⌫̄⌧ )

B(B ! ⇡`⌫̄`) !→#νν, !→$νν,!→ %νν,!→ a1νν8
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FIG. 3: Distributions of EECL in the three ⌧ reconstruction modes. The signal and b ! c contributions are scaled
according to the fit result.

the upper limit. First, the likelihood is fitted to data to
obtain the maximum likelihood estimates (MLEs) of all
nuisance parameters on data. In each pseudo-experiment
generation, the nuisance parameters are fixed to their
respective MLE. In the subsequent maximization of the
likelihood, the nuisance parameters are free parameters.
The global observables are randomized in each pseudo-
experiment.

Using pseudo-experiments, the p-value of the
background-only hypothesis for data is determined
and the significance level Z is computed in terms of
standard deviations as

Z = ��1 (1� p) ,

where ��1 is the cumulative distribution function of the
standard normal Gaussian.

We observe a signal significance of 2.8�, not includ-
ing systematic uncertainties in the calculation. Including
all relevant systematic e↵ects results in a significance of
2.4�. For this result, the test statistic has been computed
on 10 000 background-only pseudo-experiments.

Given the level of significance of these results, we invert
the hypothesis test and compute an upper limit on the
branching fraction. pseudo-experiments are generated
for di↵erent signal strength parameters for both signal-
plus-background and background-only hypotheses in or-
der to obtain CLs+b and CLb, respectively. The upper
limit is then computed using CLs = CLs+b/CLb [43],
where a scan over reasonable signal strength parame-
ter values is performed. At each step, 10 000 pseudo-
experiments have been evaluated for both hypotheses.

At the 90% confidence level, we obtain an upper
limit of B

�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
< 2.5⇥ 10�4. The upper

limit at the 95% confidence level has been computed to
B
�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
< 2.8⇥ 10�4. This result is the first

result on B
�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
and is in good agreement

with the SM prediction.

R($) = 1.05 ± 0.51

1D Likelihood fit in EECL

R($)SM = 0.641 ± 0.016

Phys. Rev. D 93, 032007 (2016)

‣ Use Hadronic tagging and 
reconstruct
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FIG. 3: Distributions of EECL in the three ⌧ reconstruction modes. The signal and b ! c contributions are scaled
according to the fit result.

the upper limit. First, the likelihood is fitted to data to
obtain the maximum likelihood estimates (MLEs) of all
nuisance parameters on data. In each pseudo-experiment
generation, the nuisance parameters are fixed to their
respective MLE. In the subsequent maximization of the
likelihood, the nuisance parameters are free parameters.
The global observables are randomized in each pseudo-
experiment.

Using pseudo-experiments, the p-value of the
background-only hypothesis for data is determined
and the significance level Z is computed in terms of
standard deviations as

Z = ��1 (1� p) ,

where ��1 is the cumulative distribution function of the
standard normal Gaussian.

We observe a signal significance of 2.8�, not includ-
ing systematic uncertainties in the calculation. Including
all relevant systematic e↵ects results in a significance of
2.4�. For this result, the test statistic has been computed
on 10 000 background-only pseudo-experiments.

Given the level of significance of these results, we invert
the hypothesis test and compute an upper limit on the
branching fraction. pseudo-experiments are generated
for di↵erent signal strength parameters for both signal-
plus-background and background-only hypotheses in or-
der to obtain CLs+b and CLb, respectively. The upper
limit is then computed using CLs = CLs+b/CLb [43],
where a scan over reasonable signal strength parame-
ter values is performed. At each step, 10 000 pseudo-
experiments have been evaluated for both hypotheses.

At the 90% confidence level, we obtain an upper
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FIG. 3: Distributions of EECL in the three ⌧ reconstruction modes. The signal and b ! c contributions are scaled
according to the fit result.

the upper limit. First, the likelihood is fitted to data to
obtain the maximum likelihood estimates (MLEs) of all
nuisance parameters on data. In each pseudo-experiment
generation, the nuisance parameters are fixed to their
respective MLE. In the subsequent maximization of the
likelihood, the nuisance parameters are free parameters.
The global observables are randomized in each pseudo-
experiment.

Using pseudo-experiments, the p-value of the
background-only hypothesis for data is determined
and the significance level Z is computed in terms of
standard deviations as

Z = ��1 (1� p) ,

where ��1 is the cumulative distribution function of the
standard normal Gaussian.

We observe a signal significance of 2.8�, not includ-
ing systematic uncertainties in the calculation. Including
all relevant systematic e↵ects results in a significance of
2.4�. For this result, the test statistic has been computed
on 10 000 background-only pseudo-experiments.

Given the level of significance of these results, we invert
the hypothesis test and compute an upper limit on the
branching fraction. pseudo-experiments are generated
for di↵erent signal strength parameters for both signal-
plus-background and background-only hypotheses in or-
der to obtain CLs+b and CLb, respectively. The upper
limit is then computed using CLs = CLs+b/CLb [43],
where a scan over reasonable signal strength parame-
ter values is performed. At each step, 10 000 pseudo-
experiments have been evaluated for both hypotheses.

At the 90% confidence level, we obtain an upper
limit of B

�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
< 2.5⇥ 10�4. The upper

limit at the 95% confidence level has been computed to
B
�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
< 2.8⇥ 10�4. This result is the first

result on B
�
B

0 ! ⇡
�
⌧
+
⌫⌧

�
and is in good agreement

with the SM prediction.

R($) = 1.05 ± 0.51

1D Likelihood fit in EECL

R($)SM = 0.641 ± 0.016

Phys. Rev. D 93, 032007 (2016)

‣ Use Hadronic tagging and 
reconstruct

Phys. Rev. D 93, 032007 (2016) 

improvement on the evaluation of the tensor form factor will be significant for the future571

search in this process at Belle II.572

[Something from experimental point of view (Florian will contribute?).]573

Following study shows a future sensitivity of R⇡ to the new physics scenarios, which can be

probed at 5 ab�1 and 50 ab�1 of Belle II, based on Ref. [23]. In order to estimate exclusion

limits on the Wilson coe�cient CX , it is assumed that an experimental central value is

identical to the SM prediction and expected experimental errors at 5 ab�1 and 50 ab�1 are

estimated based on a detailed property of the present error [67]. As a result, reference values

for the Belle II experiment are given as

R5 ab�1

⇡ = 0.64 ± 0.23 , (71)

R50 ab�1

⇡ = 0.64 ± 0.09 . (72)

The above values are compared with each new physics scenario and then a Belle II reach574

of constraints on CX is shown in Fig. 11. The (darker) grey regions with (short-)dashed575

boundaries indicate 95% CL expected constraints on CX at 5 ab�1 (50 ab�1). The result576

implies that the NP contribution larger than the shaded region could be probed at the577

corresponding luminosity of Belle II. Focusing on the vicinity of the origin of CX , we see578

that |CX | & O(0.1) can be tested by the R⇡ measurement for the vector and tensor scenarios.579

A large negative contribution to the SM, CVi
⇠ �2 for example, is always allowed within580

uncertainty. For the tensor case, it corresponds to CT ⇠ �0.7, where the current theoretical581

uncertainty is large. In the figure, the case that the theoretical uncertainty is reduced by582

half, with the expected experimental error at 50 ab�1 of Belle II, is also shown by (red) thick583

dashed lines. We can see the significant e↵ect of the reduction of the theoretical uncertainty584

in the tensor form factor. As for the scalar scenarios, B ! ⌧ ⌫̄ has better sensitivity than585

B ! ⇡⌧ ⌫̄ due to the chiral enhancement of the pseudoscalar contribution in the purely586

leptonic decay.587

1.4.3. B ! Xc⌧⌫. Authors: F. Bernlochner (exp.), J. Hasenbusch (exp.), Z. Ligeti (th.)588

Introduction. Recently, B decays mediated by b ! c⌧ ⌫̄ transitions received renewed589

attention due to improved measurements of the B ! D(⇤)⌧ ⌫̄ rates [25–27, 41, 74, 75].590

Considering the ratios591

R(X) =
B(B ! X⌧ ⌫̄)

B(B ! X`⌫̄)
, (l = e, µ), (73)

the world averages592

R(D⇤) = 0.316 ± 0.019, R(D) = 0.397 ± 0.049, (74)

show a 4� deviation [8] from the standard model (SM). Since m⌧ � me,µ, the explanation593

could be new physics that couples non-universally to leptons. Thus, precise measurements594

on b ! c⌧ ⌫̄ mediated processes will be high priorities for Belle II, to unambiguously confirm595

or resolve this intriguing tension.596

The measurement of inclusive B ! Xc⌧ ⌫̄ decay could provide important additional infor-597

mation. This rate has not been measured, except for the related LEP measurements usually598

quoted as the average rate of an admixture of b-flavoured hadrons to decay semileptonically599

28/61

R(⇡) = 1.05± 0.51

R(⇡)SM = 0.641± 0.016
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B→Kvv and Missing Energy Channels
Golden modes for Belle II
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We report a search for B0 decays into invisible final states using a data sample of 657 × 106

BB pairs collected at the Υ(4S) resonance with the Belle detector at the KEKB e+e− collider.
The signal is identified by fully reconstructing a hadronic decay of the accompanying B meson and
requiring no other particles in the event. No significant signal is observed, and we obtain an upper
limit of 1.3× 10−4 at the 90% confidence level for the branching fraction of invisible B0 decay.

PACS numbers: 13.20.He,12.15.Ji,12.60.Jv

In the standard model (SM), the decay B0 → νν pro-
ceeds through the three annihilation diagrams shown in
Fig. 1(a). This decay is highly helicity suppressed with
an expected branching fraction at the 10−20 level [1].
Because neutrinos participate only in weak interactions,
the experimental signature is missing energy and momen-
tum corresponding to the presence of a B0 meson in the
event. New particles hypothesized by physics beyond the
SM, such as R-parity violating supersymmetry, can be in-
volved in these B decays, resulting in a final state with
only weakly interacting particles and providing the same
signature as in B0 → νν. For instance, Ref. [2] discusses
the B decay into a neutrino and a neutralino (χ̃0

1), shown
in Fig. 1(b); the branching fraction could be as high as
10−6 − 10−7. Therefore, signals of invisible B decays in
current B factory data would indicate new physics. So
far no such signals were observed. The first experimental
result was provided by the BaBar Collaboration, with
B(B → invisible) < 2.2 × 10−4 at the 90% confidence
level [3] with a semileptonic tagging method; recently,
the upper limit was pushed to 2.4×10−5 with more data
and improved tagging efficiency by BaBar [4].

In this paper we report the result of a search for B de-
cays to an invisible final state based on the data collected
with the Belle detector at the KEKB asymmetric-energy
(3.5 on 8 GeV) e+e− collider [5]. The data sample con-
sists of 657 × 106 BB pairs accumulated at the Υ(4S)
resonance, corresponding to an integrated luminosity of
606 fb−1, and an additional 68 fb−1 of off-resonance data
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FIG. 1: Feynman diagrams for the SM process via B0
→ νν

(a) and for new physics via B0
→ χ̃0

1ν (b)[2].

recorded at a center-of-mass (CM) energy about 60 MeV
below the Υ(4S) resonance. The Belle detector consists
of a four-layer silicon vertex detector, a 50-layer central
drift chamber (CDC), time-of-flight scintillation counters
(TOF), an array of aerogel threshold Cherenkov counters
(ACC), and a CsI(Tl) electromagnetic calorimeter(ECL)
located inside a superconducting solenoid coil that pro-
vides a 1.5 T magnetic field. Outside the coil, the K0

L
and muon detector (KLM), composed of resistive plate
counters, detects K0

L mesons and identifies muons. The
detector is described in detail elsewhere [6]. A GEANT3-
based [7] Monte Carlo (MC) simulation of the Belle detec-
tor is used to optimize the event selection and to estimate
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Search for B → h(∗)νν

‣ Sensitive to similar NP as tension in C9: 
• b→s transition shows signs of NP 

‣ Theoretically very clean (no charm loops)

Challenges

B ! K
⇤� B ! h

(⇤)⌫⌫̄ B ! K
⇤`+`� Rare decays at Belle

Search for B ! h(⇤)⌫⌫̄

I B ! h
(⇤)⌫⌫̄ is sensitive to NP similar to C9

h
(⇤) =K

+, K
0
S
,

K
⇤+(K 0

S
⇡+, K

+⇡0), K
⇤0(K+⇡�),

⇡+,⇡0, ⇢+, ⇢0

I Theoretically very clean channel (no charm loops)
I Experimentally challenging, tagging of companion B

meson needed
I Hadronic tagging already measured at Belle
I Semileptonic tagging in this analysis

e
+

e
� ! ⌥(4S) ! BtagBsig

Simon Wehle (Deutsches Elektronen-Synchrotron) 10
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Search for B → h(∗)νν

‣ Recent Belle measurement  

‣ Signal extraction via template 
histogram fit 
• Signal, b->c, continuum, light quark pairs

Golden mode for Belle II

B ! K
⇤� B ! h

(⇤)⌫⌫̄ B ! K
⇤`+`� Rare decays at Belle

Results

Signal Extraction

I Fit with template histograms
I Signal, b ! c, continuum, light quark pairs

I Signal consistent with zero

Simon Wehle (Deutsches Elektronen-Synchrotron) 12
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Search for B → h(∗)νν

‣ Belle measurement sets strongest 
limits with in most channels 

‣ Belle II will be able to measure 
branching ratios for  B → K(∗)𝜈𝜈  

‣ Belle II can measure the K* 
polarisation fraction FL

Golden mode for Belle II

SUSY 2017, B-physics & Belle II Phillip URQUIJO

B → K(*) ν ν & B→ K* γ
• Best limits on B → K(*) ν ν set by Belle semileptonic tag  

BR Could be greatly enhanced in NP scenarios 

• New probes of NP in isospin (first evidence) and direct CP asymmetries 
(SM-compatible) in K* γ at Belle

19

Belle PRD(R) 96, 091101 (2017)

Belle PRL 119, 191802 (2017)

5

nents to MC expectations and leave only the signal and
the overall background yields as freely floating parame-
ters. We perform extensive toy MC studies to estimate
the sensitivity of our procedure. For this purpose, we
simulate 1000 background-only samples for each channel
and calculate an expected limit on the signal yield by
integrating the profile likelihood up to the point where
it includes 90% of the positive region. We also simulate
samples with various numbers of signal events to test for
a possible bias. We find a non-negligible but modest bias
in almost all investigated channels. We fit this bias with
a linear function, whose slope is consistent with 1.0 and
whose intercept lies between 0 and �2 events. We correct
for this bias in our fit to data.

(a) B+ ! K+⌫⌫̄ (b) B0 ! K0
S ⌫⌫̄

(c) B+ ! K⇤+⌫⌫̄ (d) B0 ! K⇤0⌫⌫̄

(e) B+ ! ⇡+⌫⌫̄ (f) B0 ! ⇡0⌫⌫̄

(g) B+ ! ⇢+⌫⌫̄ (h) B0 ! ⇢0⌫⌫̄

FIG. 2: EECL distributions for all eight B ! h⌫⌫̄
channels.

The fit results are listed in Table Ia; Fig. 2 shows the
distributions of the data together with the fitted signal

and background models. The fit yields no significant sig-
nal in any channel. The largest signal contribution is
observed in the B+ ! K⇤+⌫⌫̄ channel with a signif-
icance of 2.3�. The significance is defined by evaluat-
ing the likelihood of the complete model Lmax and the
background-only likelihood L0: S =

p
2 log (Lmax/L0).

Both are evaluated at their respective best fitting point.
We calculate the branching fraction of the i-th mode by
Bi = N i

sig/
�
"irec ⇥ NBB

�
, where the reconstruction ef-

ficiency "irec includes all daughter branching fractions.
These e�ciencies, along with the expected and measured
90% confidence level (C.L.) upper limit [26] for each
channel, are displayed in Table Ib.

TABLE I: Results

(a) Observed signal yield (corrected for fitting bias) in each
channel. The first error is statistical and the second is

systematic.

Channel Observed signal yield Significance

K+⌫⌫̄ 17.7 ± 9.1 ± 3.4 1.9�
K0

S ⌫⌫̄ 0.6 ± 4.2 ± 1.4 0.0�
K⇤+⌫⌫̄ 16.2 ± 7.4 ± 1.8 2.3�
K⇤0⌫⌫̄ �2.0 ± 3.6 ± 1.8 0.0�
⇡+⌫⌫̄ 5.6 ± 15.1 ± 5.9 0.0�
⇡0⌫⌫̄ 0.2 ± 5.6 ± 1.6 0.0�
⇢+⌫⌫̄ 6.2 ± 12.3 ± 2.4 0.3�
⇢0⌫⌫̄ 11.9 ± 9.0 ± 3.6 1.2�

(b) Expected (median) and observed upper limits on the
branching fraction at 90% C.L. The observed limits include

the systematic uncertainties.

Channel E�ciency Expected limit Observed limit

K+⌫⌫̄ 2.16⇥ 10�3 0.8⇥ 10�5 1.9⇥ 10�5

K0
S ⌫⌫̄ 0.91⇥ 10�3 1.2⇥ 10�5 1.3⇥ 10�5

K⇤+⌫⌫̄ 0.57⇥ 10�3 2.4⇥ 10�5 6.1⇥ 10�5

K⇤0⌫⌫̄ 0.51⇥ 10�3 2.4⇥ 10�5 1.8⇥ 10�5

⇡+⌫⌫̄ 2.92⇥ 10�3 1.3⇥ 10�5 1.4⇥ 10�5

⇡0⌫⌫̄ 1.42⇥ 10�3 1.0⇥ 10�5 0.9⇥ 10�5

⇢+⌫⌫̄ 1.11⇥ 10�3 2.5⇥ 10�5 3.0⇥ 10�5

⇢0⌫⌫̄ 0.82⇥ 10�3 2.2⇥ 10�5 4.0⇥ 10�5

We estimate the uncertainty on the fixed fractions, the
K0

L veto e�ciency, the continuum scaling, the tagging ef-
ficiency, and the fit bias correction by refitting the data
with each of these quantities varied by ±1�. We estimate
the shape uncertainty by simulating 1000 toy templates
obtained by drawing a random number from a Gaussian
distribution with the mean and error of the respective
bin of our fit model as the central value and deviation.
The ±1� quantiles of the resulting distribution are used
as estimators of the uncertainty. We estimate the uncer-
tainty on the ⇡0 and charged track vetoes by comparing
the respective e�ciency di↵erences between data and MC

6

for the B ! D⇡ sample with and without the veto ap-
plied. We obtain a value of 4% in both cases for charged
and neutral channels alike. We evaluate the influence
of the requirement on the number of raw tracks via the
same sample by setting it to two and zero, respectively.
We subsequently average the contributions and obtain a
value of 1%. The uncertainty on the calibration (9.6%)
includes the uncertainty on the correction of NBB (1.4%)
and the uncertainty on B (B ! D⇡). Based on studies
using dedicated control samples, we assign 2.0%, 4.0%,
and 2.2% for the uncertainties on PID e�ciency, ⇡0 ef-
ficiency and K0

S e�ciency, respectively. The systematic
uncertainty is included by convolving the likelihood func-
tion with a Gaussian with zero mean and a width equal to
the square root of the quadratic sum of the additive and
multiplicative error. The additive uncertainty is defined
as the uncertainty on the signal yield, and contributions
are summarized in Table II. A comparison of our results
with previous ones is presented in Fig. 3.

K+��̄ K�+��̄ K�0��̄ �0��̄�+��̄K0
S��̄ �0��̄ �+��̄

B decay channel

10�6

10�5

10�4

lim
it

on
B

@
90

%
C

L

BaBar hadronic

Belle hadronic

BaBar semileptonic

SM prediction

Belle semileptonic

FIG. 3: Observed limits for all channels in comparison
to previous results for the BaBar measurement with
semileptonic [9] and hadronic tag [8], as well as the

Belle measurement utilizing hadronic tagging [7]. The
theoretical predictions are taken from Ref. [2].

The systematic uncertainties are evaluated using in-
dependent samples of MC and data control samples for
charged and neutral modes. They can therefore be con-
sidered uncorrelated. Thus, we combine charged and
neutral modes by adding the negative log likelihoods. We
scale the branching fraction of the neutral modes by a
factor of ⌧B+/⌧B0 since the lifetime di↵erence is the only
factor distinguishing charged from neutral B ! h⌫⌫̄ de-
cays in the SM. We subsequently repeat the calculation

of the limit and obtain the following values at 90% C.L.:

B(B ! K⌫⌫) < 1.6 ⇥ 10�5,

B(B ! K⇤⌫⌫) < 2.7 ⇥ 10�5,

B(B ! ⇡⌫⌫) < 0.8 ⇥ 10�5,

B(B ! ⇢⌫⌫) < 2.8 ⇥ 10�5.

Based on the values and theoretical uncertainties from
Ref. [2], we also give a limit on the ratios between the
measured branching fractions of B ! K⌫⌫ and of B !
K⇤⌫⌫ and the respective SM prediction RK⇤ . We obtain
values of RK < 3.9 and RK⇤ < 2.7, respectively, where
we included the theoretical uncertainty. Both values are
quoted at 90% C.L.
In summary, we report the results of a search for eight

di↵erent B decay channels with a pair of neutrinos in
the final state, where the second B is reconstructed in
one of 108 semileptonic decay channels. No significant
signal is observed and limits are set on the respective
branching fractions at a confidence level of 90%. The
limits on the branching fraction for the B0 ! K0

S ⌫⌫̄ ,
B0 ! K⇤0⌫⌫̄, B+ ! ⇡+⌫⌫̄, B0 ! ⇡0⌫⌫̄, B+ ! ⇢+⌫⌫̄,
and B0 ! ⇢0⌫⌫̄ channels are the most stringent to
date. Although our analysis yields important improve-
ments, none of these limits excludes SM predictions
and all of them leave room for contributions from new
physics.
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• Isospin asymmetry

• CP asymmetry, very small in the SM
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2.3 σ

B ! K
⇤� B ! h

(⇤)⌫⌫̄ B ! K
⇤`+`� Rare decays at Belle

Upper Limits

I Worlds most stringent limits on

h
(⇤) = K

0
S
,K

⇤0,⇡0,⇡+, ⇢0, ⇢+

I Upper limit on B(B0 ! K
⇤0⌫⌫) close to SM

predicton

I BF measurable in Belle 2

I Phys. Rev. D 96, 091101, arXiv:1702.03224
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Search for B → h(∗)νν 
Golden mode for Belle II

‣ Effective field theory → constrain new physics across measurements

DRAFT
13
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Table 68: Number of generic events (Nbkg), signal selection e�ciency ("), signal significance

(Nsig/
p

Nbkg with arbitrary normalisation of the signal), and expected upper limit (UL) at

90% CL extracted with a bayesian approach, for zero and nominal background configurations.

The uncertainties reported and the ones used in the UL estimation are statistical only.

Background ⇥0 Background ⇥1

Nbkg 6415 ± 80 3678 ± 61

" (10�4) 10.3 ± 0.3 5.38 ± 0.23

Nsig/
p

Nbkg 0.16 0.15

UL (10�4) 2.6 3.8

Figure 91 shows the constraints on new physics contributions to the Wilson coe�cients5996

CNP
L and CNP

R normalized to the SM value of CL, assuming them to be real and independent5997

of the neutrino flavor. The gray areas show the 90% CL excluded regions from the first5998

generation B factories, which rule out large enhancements of the Wilson coe�cients with5999

respect to the SM expectation. They also rule out a band where CNP
L + CR ' �CSM

L . In this6000

region the B ! K+⌫⌫̄, which is only sensitive to the sum CL + CR, is close to zero and the6001

combination of BaBar and Belle searches has already excluded a vanishing branching ratio at6002

90% CL. The coloured bands show the regions allowed at 68% CL by the full statistics Belle6003

II measurements, assuming the sensitivities quoted in Table 69 and the SM central values for6004

both FL and the branching ratios. The green band refers to the B ! K+⌫⌫̄ measurement.6005

For B ! K⇤⌫⌫̄, two bands are shown: the purple one accounts for constraints from the6006

branching ratio only, while the orange one shows the constraint obtained by combining both6007

the branching fraction and FL. As can be seen, a large portion of the cuttently allowed6008

parameter space will be excluded with the full Belle II statistic.6009
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Fig. 91: Constraint on new physics contributions to the Wilson coe�cients CNP
L and CNP

R

normalized to the SM value of CL, assuming them to be real and independent of the neutrino

flavor. 90% CL excluded regions from B ! K(⇤)⌫⌫̄ branching fraction measurements at

BaBar and Belle and 68% CL allowed bands from expected 50 ab�1 measurements of the

branching fraction and of FL at Belle II.
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Search for B → h(∗)νν and B to invisible

‣ Belle II can probe invisible decays of B mesons 
• Irreducible background from possible dark matter 

candidates 

• Same effects correlated to B → K(∗)𝜈𝜈 

• Can be constrained by B → K(∗)J/𝜓

Challenges

2

34Niigata University, Niigata
35University of Nova Gorica, Nova Gorica

36Osaka City University, Osaka
37Pacific Northwest National Laboratory, Richland, Washington 99352

38Panjab University, Chandigarh
39Research Center for Electron Photon Science, Tohoku University, Sendai

40University of Science and Technology of China, Hefei
41Seoul National University, Seoul
42Sungkyunkwan University, Suwon

43School of Physics, University of Sydney, Sydney, New South Wales 2006
44Tata Institute of Fundamental Research, Mumbai

45Excellence Cluster Universe, Technische Universität München, Garching
46Tohoku Gakuin University, Tagajo

47Tohoku University, Sendai
48Department of Physics, University of Tokyo, Tokyo

49Tokyo Institute of Technology, Tokyo
50Tokyo Metropolitan University, Tokyo

51Tokyo University of Agriculture and Technology, Tokyo
52CNP, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

53Wayne State University, Detroit, Michigan 48202
54Yamagata University, Yamagata

55Yonsei University, Seoul

We report a search for B0 decays into invisible final states using a data sample of 657 × 106

BB pairs collected at the Υ(4S) resonance with the Belle detector at the KEKB e+e− collider.
The signal is identified by fully reconstructing a hadronic decay of the accompanying B meson and
requiring no other particles in the event. No significant signal is observed, and we obtain an upper
limit of 1.3× 10−4 at the 90% confidence level for the branching fraction of invisible B0 decay.

PACS numbers: 13.20.He,12.15.Ji,12.60.Jv

In the standard model (SM), the decay B0 → νν pro-
ceeds through the three annihilation diagrams shown in
Fig. 1(a). This decay is highly helicity suppressed with
an expected branching fraction at the 10−20 level [1].
Because neutrinos participate only in weak interactions,
the experimental signature is missing energy and momen-
tum corresponding to the presence of a B0 meson in the
event. New particles hypothesized by physics beyond the
SM, such as R-parity violating supersymmetry, can be in-
volved in these B decays, resulting in a final state with
only weakly interacting particles and providing the same
signature as in B0 → νν. For instance, Ref. [2] discusses
the B decay into a neutrino and a neutralino (χ̃0

1), shown
in Fig. 1(b); the branching fraction could be as high as
10−6 − 10−7. Therefore, signals of invisible B decays in
current B factory data would indicate new physics. So
far no such signals were observed. The first experimental
result was provided by the BaBar Collaboration, with
B(B → invisible) < 2.2 × 10−4 at the 90% confidence
level [3] with a semileptonic tagging method; recently,
the upper limit was pushed to 2.4×10−5 with more data
and improved tagging efficiency by BaBar [4].

In this paper we report the result of a search for B de-
cays to an invisible final state based on the data collected
with the Belle detector at the KEKB asymmetric-energy
(3.5 on 8 GeV) e+e− collider [5]. The data sample con-
sists of 657 × 106 BB pairs accumulated at the Υ(4S)
resonance, corresponding to an integrated luminosity of
606 fb−1, and an additional 68 fb−1 of off-resonance data
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FIG. 1: Feynman diagrams for the SM process via B0
→ νν

(a) and for new physics via B0
→ χ̃0

1ν (b)[2].

recorded at a center-of-mass (CM) energy about 60 MeV
below the Υ(4S) resonance. The Belle detector consists
of a four-layer silicon vertex detector, a 50-layer central
drift chamber (CDC), time-of-flight scintillation counters
(TOF), an array of aerogel threshold Cherenkov counters
(ACC), and a CsI(Tl) electromagnetic calorimeter(ECL)
located inside a superconducting solenoid coil that pro-
vides a 1.5 T magnetic field. Outside the coil, the K0

L
and muon detector (KLM), composed of resistive plate
counters, detects K0

L mesons and identifies muons. The
detector is described in detail elsewhere [6]. A GEANT3-
based [7] Monte Carlo (MC) simulation of the Belle detec-
tor is used to optimize the event selection and to estimate

see B2TIP report

1 Radiative and Electroweak Penguin B Decays

Table 10: Sensitivities to the modes involving neutrinos in the final states. We assume that

5 ab�1 of data will be taken on the ⌥ (5S) resonance at Belle II. Some numbers at Belle are

extrapolated to 0.71 ab�1 (0.12 ab�1) for the Bu,d (Bs) decay.

Observables Belle 0.71 ab�1 (0.12 ab�1) Belle II 5 ab�1 Belle II 50 ab�1

Br(B+ ! K+⌫⌫̄) < 450% 30% 11%

Br(B0 ! K⇤0⌫⌫̄) < 180% 26% 9.6%

Br(B+ ! K⇤+⌫⌫̄) < 420% 25% 9.3%

FL(B0 ! K⇤0⌫⌫̄) – – 0.079

FL(B+ ! K⇤+⌫⌫̄) – – 0.077

Br(B0 ! ⌫⌫̄) ⇥ 106 < 14 < 5.0 < 1.5

Br(Bs ! ⌫⌫̄) ⇥ 105 < 9.7 < 1.1 –

and ⌧+⌧� backgrounds are promising to improve the sensitivity further. In combination, an 1361

improvement by a factor of five on the e�ciency of the hadronic tagging analysis is expected 1362

at Belle II. Such an improvement is still not su�cient to beat the semi-leptonic tagging 1363

analysis, which is expected to provide upper limits on the branching ratios that are three 1364

times better than those following from hadronic tagging. By combining hadronic and semi- 1365

leptonic tagging, Belle II is expected to set an upper limit on Br(Bd ! ⌫⌫̄) of 1.5 · 10�6
1366

with 50 ab�1 of integrated luminosity. 1367

The hadronic Bs tagging e�ciency using a hierarchical reconstruction method gives an 1368

e�ciency that is two times better than that for Bd. The semi-leptonic tagging is not tried 1369

yet, however it is expected that the tagging e�ciency is smaller than that for Bd, since 1370

the dominant semi-leptonic decay B0

d
! D⇤�`+⌫ is clean due to the small mass splitting of 1371

D⇤� and D̄0⇡�. We conservatively assume that the semileptonic Bs tagging is three times 1372

worse than that for Bd. By combining the hadronic and semi-leptonic tagging, it is expected 1373

that an upper limit on Br(Bs ! ⌫⌫̄) of 1.1 · 10�5 can be set with the full data set of 5 ab�1
1374

collected at ⌥ (5S). 1375

The summary of the Belle II sensitivities for the modes with neutrinos in the final sates is 1376

shown in Table 10. 1377

47/61

https://confluence.desy.de/display/BI/B2TiP+ReportStatus?preview=/35002985/51972779/b2tip-main-ptep.pdf
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SuperKEKB Projected Luminosity

April 1, 2018 24
!32

Plans For Belle II 
First collisions very soon soon!
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 Searches for Dark Matter at Belle II  (Torben Ferber)

Belle II detector during Phase 2 (2018)
5

positrons e+

electrons e-

KL and muon detector (KLM): 
Resistive Plate Counters (RPC) (outer barrel) 
Scintillator + WLSF + MPPC (endcaps, inner barrel) 

Particle Identification (PID): 
Time-Of-Propagation counter (TOP) (barrel) 
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD) 

Electromagnetic calorimeter (ECL): 
CsI(Tl) crystals, waveform sampling to measure time, 
energy, and pulse-shape. 
No projective gaps between crystals. 

BEAST II background monitors  
1/8 PXD, 1/16 SVD 
Additional background monitors. 

Central drift chamber (CDC): 
He(50%):C2H6 (50%), small cells,  
fast electronics 

Magnet: 
1.5 T superconducting 

Phase 2

cmarinas@uni-bonn.de
2

• The SuperKEKB accelerator will be 
operating, for the first time, with 
QCS magnets
First operation with focused beams
First beam collisions 

• The Belle II detector, minus the 
vertex detector (VXD), rolled into 
the beam line

Ph
as

e 
2 

(B
EA

ST
 II

)

Phase 2: BEAST and partial  Belle II
Phase 3: Full Belle II detector

x1035

Phase 3

Physics run with VXD

Phase 2 is about to start:
→ Moved from development and installation towards integration and operations

Trigger: 
Hardware: < 8 kHz 
no software trigger

!33

Belle II detector during Phase 2 (2018)
Running without vertex detector
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Plans For Belle II 
First beams in LER and HER - First positron beam!
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Plans For Belle II 
First beams in LER and HER - First positron beam!
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Conclusions

‣ Belle II will be able to probe new physics 
scenarios in many channels with 
neutrinos in the final state 

‣ First data will be taken soon 

‣ Exciting times are ahead!

And Outlook

⌫
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Conclusions

‣ Belle II will be able to probe new physics 
scenarios in many channels with 
neutrinos in the final state 

‣ First data will be taken soon 

‣ Exciting times are ahead!

And Outlook

⌫
First collisions planned for
Friday, April 20th at 12:00



Contact

 Deutsches  
Elektronen-Synchrotron 

www.desy.de

Simon Wehle 
Belle & Belle II 
simon.wehle@desy.de 
+49 (0)40-8998-4789

Thank you very much!



Appendix 

Belle II comics run, 18.02.2018
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Leptonic radiative B decays
Important probe

Introduction

• B meson pair is produced at the ⌥(4S) resonance
with no additional particles

• Measurement of missing energy modes possible

• New tagging algorithm for Belle II developed

• Opposite B meson can now be reconstructed with
higher efficiency compared to the Belle approach

• New method applied to (converted) Belle MC/data
and later Belle II

• Update of the Belle hadronically tagged B+ ! `+⌫`�
analysisa

aPhys. Rev. D 91, 112009 (2015)

Moritz J. Gelb – B+ ! `+⌫`� 2

• The decay B+ → 𝓁+𝜈𝛾 allows to probe 
the first inverse moment λB of the 
Light-Cone Distribution Amplitude 
(LCDA) of the B meson.  

• Important input for QCD factorisation 
necessary for theory predictions of 
non-leptonic B meson decays  
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Leptonic radiative B decays

‣ Belle I measurement on full dataset:

Important probe

The Decay B+ ! `+⌫`�

The decay B+ ! `+⌫`� allows to probe the first inverse moment �B of
the Light-Cone Distribution Amplitude (LCDA) of the B meson.

) Important input for QCD factorization necessary for theory
predictions of non-leptonic B meson decays

Belle Result (A. Heller)

Upper Limits:
B(B+ ! e+⌫e�) < 6.1 · 10�6

B(B+ ! µ+⌫µ�) < 3.4·10�6

B(B+ ! `+⌫`�) < 3.5 · 10�6

�B > 238 MeV (90%C.L.)

Theoretical Branching Ratio depending on �B

upper limit Belle 2015

M. Beneke and J. Rohrwild (2011)
Moritz J. Gelb – B+ ! `+⌫`� 3

The Decay B+ ! `+⌫`�

The decay B+ ! `+⌫`� allows to probe the first inverse moment �B of
the Light-Cone Distribution Amplitude (LCDA) of the B meson.

) Important input for QCD factorization necessary for theory
predictions of non-leptonic B meson decays

Belle Result (A. Heller)

Upper Limits:
B(B+ ! e+⌫e�) < 6.1 · 10�6

B(B+ ! µ+⌫µ�) < 3.4·10�6

B(B+ ! `+⌫`�) < 3.5 · 10�6

�B > 238 MeV (90%C.L.)

Theoretical Branching Ratio depending on �B

M. Beneke and J. Rohrwild (2011)
Moritz J. Gelb – B+ ! `+⌫`� 3

Outlook for Belle II

Expected Statistical Error for B(B+ ! `+⌫`�) = 5.0 ⇥ 10�6

Belle Belle II Belle II
Improv. Analysis 5ab�1 50ab�1

+1.2 +0.46 +0.14
-1.32 -0.50 -0.16

Systematic errors are still being evaluated.

Moritz J. Gelb – B+ ! `+⌫`� 14

From Moriz Gelb, Cracow EPIPHANY Conference on Advances in Heavy Flavour Physics  


