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Introduction

Decays with leptons precisely predicted in the Standard Model

They have high branching fractions

Leptonic and hadronic currents factorise
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Introduction

Several tensions seen in B physics that can be tested using
(semi)leptonic decays

arXiv:1612.07233

Tension: inclusive and exclusive

R(D(∗)) = B(B→D(∗)τν)

B(B→D(∗)`ν)

HFLAV – EPS-HEP 2015

World average at 4σ from SM
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Outline
1 Measurement of |Vcb| and form factors from B → D∗`ν

2 Recent measurement of R(D(∗))

3 Measurement B → η(′)`ν

4 Search for purely leptonic B → µν decays
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The Belle experiment

/ KL detection
 14/15 lyr. RPC+Fe

Central Drift Chamber
       small cell +He/C2H6

CsI(Tl) 
   16X0

 Aerogel Cherenkov cnt.
              n=1.015~1.030

Si vtx. det.
   3/4 lyr. DSSD

TOF counter

SC solenoid
   1.5T

8 GeV e

3.5 GeV e

Belle Detector

1999 to 2010 in
Tsukuba, Japan

At KEKB: asymmetric
e+e− collider

√
s = 10.58 GeV = m(Υ(4S))

B(Υ(4S)→ BB̄) ∼ 100%

Int. luminosity on Υ(4S): 711 fb−1

772 Mio. BB̄ pairs
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Results from B → D(∗)`/τν decays

Semileptonic B → D(∗)`ν (` = e, µ) allow for measurement of |Vcb|
Measure hadronic form factor parameters

Decays with τ leptons are sensitive to New Physics coupling 3rd

generation

Test lepton flavour universality

Systematics on |Vcb|, efficiencies,
form factors, etc. cancel R(D(∗)) =

B(B → D(∗)τν)

B(B → D(∗)`ν)

SM prediction

R(D∗) = 0.252± 0.003
R(D) = 0.300± 0.008

Heechang Na et al.
Svjetlana Fajfer et al.
Jernej F. Kamenik, Federico Mescia
Fermilab Lattice, MILC Collaborations

Form factor parameters measured
from B → D(∗)`ν decays used as
input for prediction
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Precise determination of the CKM matrix element |Vcb|
with B̄0 → D∗+`−ν̄` decays with hadronic tagging at Belle

BELLE-CONF-1612
arXiv:1702.01521 [hep-ex] 14 Feb 2017
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Hadronic B meson tagging

Analysis performed with hadronic tagging (fully reconstructed Btag ):

→ reduce non-B background

→ know kinematics of signal B

S. Hirose

Btag reconstructed in
1104 different
hadronic decay modes

Efficiency: ∼ 10−3

Performed using neural network

Efficiency correction in MC using reference channel
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Goal of the analysis

d4Γ(B → D∗`ν)

dw dcos θv dcos θ` dχ
= f (|Vcb|2, ρ2

D∗ ,R1,R2︸ ︷︷ ︸
form factor
parameters

)

Kinematic variables:

w =
m2

B−m2
D∗−q2

mB mD∗

cos θv , cos θ`, χ: decay angles

Reconstruction of kinematic distributions

Signal B reconstructed in B → D∗`ν

Use 1-dimensional projections of differential decay rates
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Signal extraction

Single non-reconstructed particle in event: neutrino from signal decay

m2
miss = (pΥ(4S)− ptag − pD∗ − p`)

2

 2 / GeV2
missm

1− 0.5− 0 0.5 1 1.5 2 2.5 3
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data
 (signal)ν D*l→B
 (wrong D/D*)ν D*l→B

fake lepton
ν Dl→B

ν D**l→B
Other B decays
Continuum

Unbinned
likelihood fit signal+wrong

bkg. = rest
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Results of |Vcb|2 and FF parameter fit

Parameter Measurement World average

|Vcb| · 103 37.4± 1.2 39.2± 0.7
ρ2

D∗ 1.04± 0.13 1.20± 0.03
R1 1.38± 0.07 1.40± 0.03
R2 0.86± 0.10 0.85± 0.02

CLN parametrisation

Measured values can be used to
calculate SM prediction of R(D∗)

Use additional FF R0 from sum rules
[arXiv:1203.2653]

Prediction:

R(D∗)SM = 0.242± 0.005

Possibility to test compatibility with NP such as right-handed currents
once calculations for FF available
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Unfolding of the kinematic distributions

Unfolded spectra provided: corrected for migration and acceptance

Difference between inclusive and exclusive depends on parametrisation

Work ongoing to extract |Vcb| using BGL parametrisation

data
theory prediction

Follow up papers:
arXiv:1703.05330 (04/17)
arXiv:1703.06124 (04/17)
arXiv:1703.08170 (06/17)

→ Talk by Stefan Schacht
(https://indico.cern.ch/event/466934/
contributions/2586301/)

Saskia Falke (Semi)leptonic B decays with Belle 06.07.17 11 / 28



Measurement of the branching ratio of B̄0 → D∗+τ−ν̄τ
relative to B̄0 → D∗+`−ν̄` decays with a semileptonic
tagging method

Phys.Rev. D94 (2016) no.7, 072007 – Published 27 October 2016
arXiv:1607.07923 [hep-ex] 13 Dec 2016
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Analysis strategy

Analysis restricted to neutral B0B̄0 pairs (due to high background)

Reconstruction

Semileptonic tag (ε ∼ 10−2): Btag → D∗`ν (1 neutrino)
Signal: Bsig → D∗τν τ → `ν`ντ (3 neutrino)
Normalisation: Bsig → D∗`ν (1 neutrino)

Separation of signal mode and normalisation mode

Angle betw.B and D∗`-system in Υ(4S)
frame:

cos θB−D∗` =
2EbeamED∗` −m2

B −M2
D∗`

2|~pB ||~pD∗`|

Assumes single neutrino

Outside range [−1, 1] for signal decay

B̄0 → D∗+τ−ν̄
(several neutrinos)

B̄0 → D∗+`−ν̄
(single neutrino)
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Signal extraction

2-dimensional extended binned likelihood fit to EECL and ONB

EECL

Cluster energy not associated to event

around zero for correct reconstruction

flat for background

ONB : Neural network classifier

Signal likelihood using:

cos θsig
B−D∗`ν

m2
miss = (2Ebeam −

∑
i Ei )

2 − |
∑

i ~pi |2

Evis =
∑

i Ei

B̄0 → D∗+τ−ν̄
B̄0 → D∗+`−ν̄

background

Efficiency: εnorm
εsig

= 1.289± 0.015
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Results

Fit to data:

Signal enhanced

ONB > 0.8

Background enhanced

ONB < 0.8

R(D∗) =
1

2B(τ → `ν`ντ )
· εnorm

εsig︸ ︷︷ ︸
determined
from MC

·
Nsig

Nnorm︸ ︷︷ ︸
from fit

Result

R(D∗) = 0.302± 0.030± 0.011 (agreement with SM: 1.6σ)

Good agreement with previous Belle measurements
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New Physics interpretation

Compatibility with New Physics tested in model independent way

Heff =
4GF√

2
Vcb

[
OSM +

∑
all

CXOX

]
OX : all possible 4-fermion operator

CX : Wilson coefficients

Analysis repeated using MC for each of 6 OX added one-by-one to
constrain Wilson Coefficients

Examples of model interpretations:

type-II 2HDM model R2-type leptoquark model

Measured
Theory prediction
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Measurement of the τ lepton polarization and R(D∗) in
the decay B̄ → D∗τ−ν̄τ

Phys. Rev. Lett. 118, 211801 Published 26 May 2017
arXiv:1612.00529 [hep-ex]
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Measurement of τ lepton polarisation in B → D∗τν

Pτ (D∗) =
Γ+(D∗)− Γ−(D∗)

Γ+(D∗) + Γ−(D∗)

Γ±(D∗): B → D∗τν decay rate for τ helicity = ± 1
2

SM prediction

Pτ (D∗) = −0.497± 0.013

Tanaka & Watanabe (Phys. Rev. D 87, 034028, 2013)

τ polarisation sensitive to NP

b

ū

W : s = 1

c

ū

τ

ν
H+: s = 0B

D*

Neutrino always 
left-handed

Couples to left-
handed particles

Measurement from two-body hadronic τ decays (hadronic tagging)
dΓ(D∗)

d cosϑhel
= Γ(D∗)

2 [1 + αPτ (D∗) cosϑhel ]

α: sensitivity from τ decay mode (α ∼ 0 from

leptonic τ decays)

τ → πντ (α = 1)

τ → ρντ (α = 0.45)

τ rest-frame
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Signal extraction

Divide signal into forward (cosϑhel > 0) and backward (cosϑhel < 0)
to calculate polarisation

Pτ (D∗) =
2(NF

sig − NB
sig )

α(NF
sig + NB

sig )

8 categories

(B±, B̄0)⊗ (πντ , ρντ )⊗ (frwd, bkwd)

Likelihood fit in 2 steps:
to normalisation sample for B → D∗`ν yield (using M2

miss)
simultaneous fit to 8 signal samples (using EECL)
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Results

R(D∗) can be calculated as before from extracted yields

Polarisation from forward/backward asymmetry

εnorm
εsig

= 0.97± 0.02 (B±, τ → πν)

= 1.21± 0.03 (B0, τ → ρν)

= 3.42± 0.07 (B±, τ → ρν)

= 3.83± 0.12 (B0, τ → ρν)

Result

R(D∗) = 0.270± 0.035+0.028
−0.025

Pτ (D∗) = −0.38± 0.51+0.21
−0.16

SM

World
average

Consistent with SM and previous
measurements!

Error can be reduced in Belle II
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New status of R(D∗)

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χ∆

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

B → D∗τν
with semi-
leptonic tag

B → D∗τν
with hadronic
τ decays

Combined measurement
of R(D) and R(D∗)

Excess still 4σ: central value moved towards SM;

on R(D∗), discrepancy increased from 3.0σ to 3.4σ
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Measurement of the decays B → η`ν` and B → η′`ν` in
fully reconstructed events at Belle

arXiv:1703.10216 – 29 March 2017
submitted to PRD(RC)
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Overview and result

Important to know decay composition for signal model in inclusive |Vub|
measurements → test tension between inclusive and exclusive

Reconstruction & signal extraction:

Hadronic tagging to
reduce background

η: η → γγ and
η → π+π−π0

η′: η′ → ηπ+π− with
η → γγ

η η′

Binned likelihood fit on M2
miss with 4 components

Results

B(B → η`ν`) = (4.2± 1.1± 0.3) · 10−5

B(B → η′`ν`) < 0.72 · 10−4 at 90% C.L.

Compatible with results from
CLEO and BaBar

Limited by stat. → significant
improvement with Belle II
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Search for B → µν decays at the Belle experiment

July 2017,
PRL journal publication in preparation
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Motivation

B(B → µν) precisely predicted in the SM

May increase significantly within NP models

Limit (HFLAV, Nov 2016): < 10 · 10−7 (90% C.L.)

New result from Belle: first measurement leading to branching
fraction (not upper limit)

SM prediction

B(B → µν) = (3.80±0.31) ·10−7

Input from:
Na et al., arXiv:1212.0586
Particle Data Group, Chin. Phys. C 40, no. 10, 100001 (2016)
Belle Collaboration, Phys. Rev. D 88, 032005 (2016)
Fermilab Lattice and MILC Coll. , Phys. Rev. D 92, 014024 (2015)
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Selection & signal extraction

Untagged: all reco. particles except muon belong to 2nd B

Mbc =

√√√√E 2
beam −

(∑
i

~p∗i

)2

∆E = EB − Ebeam

Preliminary Preliminary

Pre-fit

Signal selection

Angle between ~pµ and thrust axis used to reduce jet-like continuum

B rest-frame: Eµ = mB
2 (boosted in CMS: p∗µ)

p∗µ side-bands used for validation

Neural network trained for separation of signal from background
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Result
2-dim. binned likelihood fit in p∗µ and neural network output

NN
out

p*
μ 
[GeV/c]

Peaks under 
signal

Fixed 
in fit

Detailed 
study with 
FF variation

Validated 
with data 
below BB 
threshold

Preliminary

Signal effi-
ciency: 38%

Cancellation of systematics in ratio R =
NB→µν
NB→π`ν

(efficiency from Rfit/RMC)

Preliminary results

B(B → µν) = (6.46± 2.22± 1.55) · 10−7

B(B → µν) ∈ [2.9, 10.7]x10−7 at 90% C.L.

Consistent with SM!
Significance: 2.4σ

Will improve with Belle II...
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Conclusion

|Vcb| and FF parameters from B → D∗`ν: agree with world average

Unfolded differential decay rates: can be used to test different models

Three measurements of R(D(∗)), yielding compatible results

First measurement of τ polarisation: agrees with the SM prediction

First measurement of B → η(′)`ν` by Belle

First measurement of B → µν leading to a branching fraction

Prospects for Belle II:

For confirmed central value, would be

possible to measure 9σ deviation from

SM! R(D)

0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

R
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*)

0.2

0.25

0.3

0.35

0.4
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0.5

Belle II Projection Belle

Babar LHCb

2016 Average SM prediction

 contoursσ1 

PRD92 054410 (2015)

PRD85 094025 (2012)

σ3 

σ5 
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Backup
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Measurement of the branching ratio of B̄ → D(∗)τ−ν̄τ
relative to B̄ → D(∗)`−ν̄` decays with hadronic tagging at
Belle

Phys. Rev. D 92, 072014 Published 26 October 2015
arXiv:1507.03233 [hep-ex] 12 July 2015
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Simultaneous fit of R(D) and R(D∗)

B
tag

 reconstruction

B+/- B0

B
sig

 reconstruction

D + ℓ D* + ℓ

Core:
M2

miss
<0.85 

Tail:
M2

miss
>0.85 

Core:
M2

miss
<0.85 

Tail:
M2

miss
>0.85 

…
similar

Normalisation channel 
enriched Signal enriched

Normalisation channel 
enriched Signal enriched

Neural network output Neural network output

τ lepton reconstructed in  τ → ℓ νℓ ντ

Same reco. final state for signal and normalisation: use M2
miss to separate them

Train neural network for high M2
miss region

Simultaneous fit to all sub-samples
 to extract R(D) & R(D*)

M2
miss 

/ GeV M2
miss 

/ GeV
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Results and New Physics interpretation

Result

R(D) = 0.375± 0.064± 0.026
R(D∗) = 0.293± 0.038± 0.015

Agreement with SM: 1.8σ

Test of type II 2HDM model:

Acceptances & efficiencies
depend model assumptions: fit
repeated with MC generated
with tanβ

mH+
= 0.5 GeV−1

Results:
R(D) = 0.329± 0.060± 0.022
R(D∗) = 0.301± 0.039± 0.015

R(D∗) =
1

2B(τ → `ν`ντ )
· εnorm

εsig︸ ︷︷ ︸
determined
from MC

· Nsig

Nnorm︸ ︷︷ ︸
from fit
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Semileptonic B meson tagging

Reconstruct tagging B meson in B → D∗`ν

Measurement statistically independent to those with hadronic tagging
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|Vcb| and FF’s from B → D∗`ν

Systematic uncertainties:

Saskia Falke (Semi)leptonic B decays with Belle 06.07.17 34 / 28



Combined R(D) and R(D∗)

Systematic uncertainties:
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R(D∗) with semileptonic tag

Systematic uncertainties:

Saskia Falke (Semi)leptonic B decays with Belle 06.07.17 36 / 28



τ lepton polarisation

Systematic uncertainties:

Source rel. uncertainty on R(D∗) uncertainty on Pτ (D∗)
Hadronic B decay composition +7.7

−6.9% +0.13
−0.10

MC stat. for PDF construction +4.0
−2.8% +0.15

−0.11

Semileptonic B decays ±3.5% ±0.05
Fake D∗ background ±3.4% 0.02
Other ±2.2% ±0.03
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Measurement of R(D∗) with semileptonic tagging

Allowed regions for Wilson coefficients
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