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Why semileptonic decays?

Easier to describe theoretically due to less QCD influence compared to fully
hadronic decays

Higher branching fractions (e.g. 10.33± 0.28% of B0 decays), and easier to
reconstruct than fully leptonic decays

Well suited for determining CKM matrix elements and probing new physics
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Belle

Collected 772× 106BB̄ at the Υ (4S) resonance

Belle

Belle II Detector [735 collaborators, 101 institutes, 
23 nations]electrons  (7 GeV)

positrons (4 GeV)

Vertex Detector
2 layers Si Pixels (DEPFET) +  
4 layers Si double sided strip DSSD

Belle II TDR, arXiv:1011.0352

EM Calorimeter
CsI(Tl), waveform sampling electronics

Central Drift Chamber
Smaller cell size, long lever arm

Particle Identification 
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC  
(end-caps , inner 2 barrel layers)

Belle II

Belle II

Upgraded in combination with accelerator to achieve 40× the luminosity

Data taking started in March this year
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Full Event Interpretation (FEI)

Υ (4S) always decays to BB̄ pairs, reconstruct one called Btag in over 1000
channels with boosted decision trees (BDTs)

Choice between hadronic and semileptonic B decay modes

Known initial state allows to use the other B-meson(Bsig) in signal analysis
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Fig. 1: Schematic overview of a ⌥(4S) decay: (Left)
a common tag-side decay B�

tag ! D0(! K0
S(!

⇡�⇡+)⇡�⇡+)⇡� and (right) a typical signal-side-decay
B+

sig ! ⌧+(! µ+⌫µ⌫⌧ )⌫⌧ . The two sides are overlap
spatially in the detector, therefore the assignment of a
measured track to one of the sides is not known a priori.

[16]. It automatically constructs plausible Btag meson
decay-chains compatible with the observed tracks and
clusters, and calculates for each decay-chain the prob-
ability of it correctly describing the true process. “Ex-
clusive” refers to the reconstruction of a particle (here
the Btag) assuming an explicit decay-channel.

Consequently, exclusive tagging reconstructs the Btag

independently of the Bsig using either hadronic or
semileptonic B meson decay-channels. The decay-
chain of the Btag is explicitly reconstructed and there-
fore the assignment of tracks and clusters to the tag-side
and signal-side is known.

In the case of a measurement of an exclusive branch-
ing fraction like Bsig ! ⌧ ⌫⌧ , the entire decay-chain of
the ⌥(4S) is known. Consequently, all tracks and clus-
ters measured by the detector should be accounted for.
In particular, the requirement of no additional tracks,
besides the ones used for the reconstruction of the
⌥(4S), is an extremely powerful and efficient way to re-
move most reducible1 background. This requirement is
called the completeness-constraint throughout this
text.

In the case of a measurement of an inclusive branch-
ing fraction like Bsig ! Xu`⌫, all remaining tracks and
clusters besides the ones used for the lepton ` and the
Btag meson are identified with the Xu system. Hence,
the branching fraction can be determined without ex-
plicitly assuming a decay-chain for the Xu system.

The performance of an exclusive tagging algorithm
depends on the tagging efficiency (that is the fraction
of ⌥(4S) events which can be tagged), the tag-side-
efficiency (that is the fraction of ⌥(4S) events with a
correct tag) and on the quality of the recovered infor-
mation, which determines the tag-side-purity (that is

1 Reducible background has distinct final state products
from the signal.

the fraction of the tagged ⌥(4S) events with a correct
tag) of the tagged events.

The exclusive tag typically provides a pure sample
(i.e. purities up to 90% are possible), but it suffers from
a low tag-side-efficiency of a few percent, since only a
tiny fraction of the B decays can be explicitly recon-
structed due to the large amount of possible decay-
channels and their high-multiplicity, as well as the im-
perfect reconstruction efficiency of tracks and clusters.

Both the quality of the recovered information and
the systematic uncertainties depend on the decay-channel
of the Btag, therefore we distinguish further between
hadronic and semileptonic exclusive tagging.

Hadronic tagging considers only hadronic B decay-
chains for the tag-side [4, Section 7.4.1]. Hence, the
four-momentum of the Btag is well-known and the tagged
sample is very pure. A typical hadronic B decay has a
branching fraction of O(10�3). In consequence, hadronic
tagging suffers from a low tag-side-efficiency. It is only
possible for a tiny fraction of the recorded events, be-
cause the large combinatorics of high-multiplicity decay-
channels requires tight selection criteria.

Semileptonic tagging considers only semileptonic
B ! D`⌫ and B ! D⇤`⌫ decay-channels [4, Section
7.4.2]. Due to the presence of a high momentum lepton
these decay-channels can be easily identified and the
semileptonic tagging usually yields a higher tag-side-
efficiency compared to hadronic tagging. On the other
hand, the semileptonic tag suffers from missing kine-
matic information due to the neutrino in the final state
of the decay. Hence, the sample is not as pure as in the
hadronic case.

To conclude, the FEI provides a hadronic and semilep-
tonic tag for B± and B0 mesons. This enables the mea-
surement of exclusive decays with several neutrinos and
inclusive decays. In both cases the FEI provides an ex-
plicit tag-side decay-chain with an associated probabil-
ity.

2 Previous work

Previous experiments already developed and success-
fully employed tagging algorithms. In order to compare
the algorithms to one another, the maximum achiev-
able tag-side-efficiency is of particular interest, because
the tag-side-efficiency is directly related to the signal
selection efficiency of the measurement. On the other
hand the achievable tag-side-purity is only of limited
use, because the achievable final purity of the final se-
lection used for the measurement is dominated by the
completeness-constraint. Hence, most of the incorrect
tags can be easily discarded and the final purity de-
pends strongly on the considered signal decay-channel.

4 FEI

Tracks Displaced Vertices Neutral Clusters

⇡
0

K
0
L

K
0
S

⇡
+

e
+

µ
+

K
+ �

D
⇤0

D
⇤+

D
⇤
s

B
0

B
+

D
0

D
+

Ds

J/ 

K
0
S

Fig. 2: Schematic overview of the FEI. The algorithm
operates on objects identified by the reconstruction
software of the Belle II detectors: charged tracks, neu-
tral clusters and displaced vertices. In six distinct
stages, these basics objects are interpreted as final state
particles (e+, µ+, K+, ⇡+, K0

L, �) combined to form in-
termediate particles (J/ , ⇡0, K0

S, D, D⇤) and finally
form the tag-side B mesons.

the detector (background) or even consists of a random
combination of hits from beam-background (also back-
ground).

All candidates available at the current stage are
combined to intermediate particle candidates in the
subsequent stages, until candidates for the desired B
mesons are created. Each intermediate particle has mul-
tiple possible decay-channels, which can be used to cre-
ate valid candidates. For instance, a B� candidate can
be created by combining a D0 and a ⇡� candidate, or
by combining a D0, a ⇡� and a ⇡0 candidate. The used
D0 candidate could be created from a K� and a ⇡+, or
from a K0

S and a ⇡0.
The FEI reconstructs more than 100 explicit decay-

channels, leading to more than O(10000) distinct decay-
chains.

3.2 Multivariate Classification

The FEI employs multivariate classifiers to estimate
the probability of each candidate to be correct. Hence,
each candidate created by the FEI (regardless at which
stage) has an associated signal probability �, which
can be used to discriminate correctly identified candi-
dates from background.

For each final state particle and for each decay-
channel of an intermediate particle, a multivariate clas-
sifier is trained which estimates the probability that
the candidate is correct. In order to use all available

information at each stage, a network of multivariate
classifiers is built, following the hierarchical structure.

For instance, the classifier built for the decay of
B� ! D0⇡� would use � of the D0 and ⇡� candidates,
to estimate the � of the B� candidate created by com-
bining the aforementioned D0 and ⇡� candidates.

Additional input features of the classifiers are the
kinematic and vertex fit information of the candidate
and its daughters. The multivariate classifiers used by
the FEI are trained on Monte Carlo (MC) simulated
events. The training is fully automatized and distributed
using a map-reduce approach.

As can be seen in Figure 2 the available information
flows from the data provided by the detector through
the intermediate candidates into the final B meson can-
didates, yielding a single number which can be used
to distinguish correctly from incorrectly identified Btag

mesons. This allows to tune the trade-off between tag-
side-efficiency and tag-side-purity of the algorithm by
requiring a minimal �. However, most exclusive mea-
surements by Belle, which used the previous FR algo-
rithm, chose a working point near the maximum tag-
side-efficiency as described in Section 2.

3.3 Combinatorics

It is not possible to consider all possible B meson candi-
dates created by all possible combinations. The amount
of possible combinations scales with the factorial in the
number of tracks and clusters. This problem is known as
combinatorics in high-energy physics. Furthermore,
it is not worthwhile to consider all possible B meson
candidates, because all of them (except for two in the
best-case scenario) are wrong.

The FEI uses two sets of so-called cuts. A cut is
a criterion a candidate has to fulfill to be considered
further. For instance one could demand that the beam-
constrained mass of the B meson candidate is near
the nominal mass 5.28 GeV of a B meson particle, or
that a µ+ candidate has a large µ likelihood calculated
from the measurements in the particle-identification
sub-detectors.

Directly after the creation of the candidate (either
from a track/cluster, or by combining other candidates),
but before the application of the multivariate classifier,
the FEI uses loose and fast pre-cuts to remove wrongly
identified candidates (background), without loosing sig-
nal. The main purpose of these cuts is to save comput-
ing time and to reduce the memory consumption. These
pre-cuts are applied separately for each decay-channel.

At first, a very loose fixed cut is applied on a quan-
tity which is fast to calculate e.g. the energy for pho-

Keck, T. et al. Comput Softw Big Sci (2019) 3: 6.

Comes at a price of low efficiency for high purity

Untagged analyses not considering second B-meson have higher efficiency, but
also higher backgrounds
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Measurement of R(D) and R(D∗) with a semileptonic tagging method

Semitauonic B decays are an important probe towards BSM processes, due to the high
masses involved. The ratio with lighter mesons

R(D(∗)) =
B(B̄ → D(∗)τ−ν̄τ )

B(B̄ → D(∗)`−ν̄`)
(` = e, µ)

has been both experimentally and theoretically determined and is a source of tension
in the Standard Model.

Btag reconstructed semileptonically
using FEI

Reconstruct Bsig in D+/0(∗)`−

D∗ → Dπ and D to a number of K
and π

Many ν in event: One from Btag,
one(` = e, µ) or
three(` = τ− → `−ν̄`ντ ) from Bsig

⇒ Extra energy left in the calorimeter
strongly hints at background event
with additional particles

Caria, G. et al. (Belle Collaboration) arxiv:1904.08794
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Combined results

Data contains three
components:
B̄ → D(∗)τ−ν̄τ ,
B̄ → D(∗)`−ν̄` and
background

To distinguish τ from e, µ
events, train a BDT sensitive
to the additional ν

Fit to BDT output and EECL

to determine event numbers

Results

First measurement of R(D) with semileptonic tag

This analysis Updated HFLAV average SM prediction
R(D): 0.307± 0.037± 0.016 0.340± 0.027± 0.013 0.299± 0.003
R(D∗): 0.283± 0.018± 0.014 0.295± 0.011± 0.008 0.258± 0.005

Belle results combined now agree with the SM within 1.8σ, closer than before.
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Measurement of the CKM Matrix Element |Vcb| from B0 → D∗−`+ν` at Belle

There has been a long-standing tension between inclusive and exclusive
measurements of |Vcb|.
The decay B0 → D∗−`+ν` allows measuring both |Vcb| and form factors
describing the decay.

To achieve high statistics, use an untagged approach and only reconstruct the
signal side.

Further decays considered are
D∗− → D̄0π−, D̄0 → K−π+

Clean reconstruction channel, use
vertex fits and momentum cuts to
select particles

Signal D∗− have a lower momentum
than D∗− directly from e+e− → cc̄

Waheed, E. et al. (Belle Collaboration). Phys. Rev. D
100, 052007 (2019)
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Background subtraction

Untagged analysis comes with large backgrounds

Determine bkg yields by three-dim. fit to kinematic variables, use result to
subtract bkg for

18

B
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$
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$
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Figure 2.3: [B → D∗ℓν decay geometry] Geometry of B → D∗ℓν decays.

The differential decay rate is given by

dΓ(B→D∗ℓν)
dwdcosθV dcosθℓdχ

=
3G2

F

4(4π)4
|Vcb|2mBm2

D∗
√

w2 − 1(1 − 2wr + r2)×

[(1 − cosθℓ)
2sin2θV |H+(w)|2

+(1 + cosθℓ)
2sin2θV |H−(w)|2

+4sin2θℓcos2θV |H0(w)|2

−4sinθℓ(1 − cosθℓ)sinθV cosθV cosχH+(w)H0(w)

+4sinθℓ(1 + cosθℓ)sinθV cosθV cosχH−(w)H0(w)

−2sin2θℓsin
2θV cos2χH+(w)H−(w)]

where Hi(w) are called the helicity form factors. These form factors are related to

another set of form factors, hV (w), hA1(w), hA2(w) and hA3(w), as follows.

Hi = −mB
R(1 − r2)(w + 1)

2
√

1 − 2wr + r2
hA1(w)H̃i(w) (2.19)

where H̃i(w) are given by

H̃±(w) =
√

1−2wr+r2

1−r

(
1 ∓

√
w−1
w+1

R1(w)
)

H̃0(w) = 1 + w−1
1−r

(1 − R2(w))
(2.20)

Angles used to describe the decay

CLN: I. Caprini, L. Lellouch and M. Neubert, Nucl. Phys.
B 530 153 (1998)

BGL: C. G. Boyd, B. Grinstein, and R. F. Lebed, Phys.
Rev. D 56, 6895 (1997)

CLN form factor fit

Parametrization used in the Monte
Carlo and fits so far

Fit three form factors plus
normalization to projections of the
three decay angles and the D∗

momentum

BGL form factor fit

Model independent alternative
parametrization

Truncated to fit five parameters to the
same variables as CLN
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Results

The results are for the CLN parametrization:

|Vcb| =(38.4± 0.2± 0.6± 0.6)× 10−3

B(B0 → D∗−`+ν`) =(4.90± 0.02± 0.16)%

And for BGL:

|Vcb| =(38.3± 0.3± 0.7± 0.6)× 10−3

B(B0 → D∗−`+ν`) =(4.90± 0.02± 0.16)%

Compared with the world average for |Vcb|, both agree well with other inclusive
measurements, the tension with the exclusive measurements remains

|Vcb| =(42.2± 0.8)× 10−3 (inclusive)

|Vcb| =(39.1± 0.4)× 10−3 (CLN, exclusive)

Lepton universality check

Separate fits to e and µ allow a stringent bound on lepton universality violations:

B(B0 → D∗−e+ν)

B(B0 → D∗−µ+ν)
= 1.01± 0.01± 0.03
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FEI reconstruction performance at Belle II

Use 0.41fb−1 of measured data and 10fb−1 of MC to evaluate the hadronic FEI
performance in the Belle II setup

Output of the classifier shows good
agreement with the expectation, and
allows a high purity selection
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To later calibrate the FEI, after making a selection on the classifier a signal mode is
reconstructed by selecting a lepton and summing up the remaining particles.
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Belle II untagged analysis of B̄0 → D∗+`−ν

Use 0.41fb−1 of early data for a first analysis

Reconstruct D∗+ → D0π+,
D0 → K−π+

Difference between initial state and
sum of final states, needs precise
knowledge of beam state:

m2
miss =

( pBeam
2
− pD∗`

)2
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Conclusion

Belle still produces new interesting results years after ending data taking.

Belle II taking data and analyses on the way.

Thank you for your attention!
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