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e+e− collider with
√

s ≈ 10.6 GeV
(Υ(4S) resonance)

Peak luminosity (June 22): 3.1× 1034 cm−2 s−1

(+50% vs. KEKB)
In part thanks to nano-beam scheme.

Current recorded dataset: ≈ 213 fb−1

Aiming for 50x of Belle’s dataset (50 ab−1)
Newest published analyses use ≈ 70 fb−1.
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World record luminosity: SuperKEKB accelerator
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The Belle II detector



Tension (≈ 3.3σ) between

incl. (all B → X`ν`) and

excl. (one b → x process)

measurements of |Vub|/|Vcb|.

|Vcb| sensitive to charged Higgs
in 2HD models or leptoquarks.

Similar situation (combined
≈ 3.1σ) for ratios

R(D(∗)) = B(B→D(∗)τ ντ )
B(B→D(∗)`ν`)
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Semileptonic decays
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Semileptonic decays
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Semileptonic decays



e−e+ collisions “clean” compared to pp.

Tagging: Use 2nd B (Btag) e.g. with Full Event
Interpretation (FEI). Keck, T. et al. Comput Softw Big Sci 3, 6

arXiv:2008.06096

Alternative: Untagged with potentially all events.
Exclusive analyses can combine all non-signal
events into “inclusive tag”.
Smaller systematic uncertainties can compete
already (see B+ → K+νν ; arXiv:2104:04754).

FEI 3

multiplicity decay channels further complicate the re-
construction and require tight selection criteria.

Semileptonic tagging considers only semileptonic
B ! D`⌫ and B ! D⇤`⌫ decay channels [3, 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 ef-
ficiency compared to hadronic tagging due to the large
semileptonic branching fractions. On the other hand,
the semileptonic tag will miss kinematic 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 Method

The FEI algorithm follows a hierarchical approach with
six stages, visualized in Figure 2. Final-state parti-
cle candidates are constructed using the reconstructed
tracks and clusters, and combined to intermediate par-
ticles until the final B candidates are formed. The prob-
ability of each candidate to be correct is estimated by
a multivariate classifier. A multivariate classifier maps
a set of input features (e.g. the four-momentum or the
vertex position) to a real-valued output, which can be
interpreted as a probability estimate. The multivariate
classifiers are constructed by optimizing a loss-function
(e.g. the mis-classification rate) on Monte Carlo simu-
lated ⌥(4S) events and are described later in detail.

All steps in the algorithm are configurable. There-
fore, the decay channels used, the cuts employed, the
choice of the input features, and hyper-parameters of
the multivariate classifiers depend on the configuration.
A more detailed description of the algorithm and the
default configuration can be found in Keck [4] and in
the following we give a brief overview over the key as-
pects of the algorithm.

2.1 Combination of Candidates

Charged final-state particle candidates are created from
tracks assuming different particle hypotheses. Neutral
final-state particle candidates are created from clus-
ters and displaced vertices constructed by oppositely
charged tracks. Each candidate can be correct (sig-
nal) or wrong (background). For instance, a track used
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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.

to create a ⇡+ candidate can originate from a pion
traversing the detector (signal), from a kaon traversing
the detector (background) or originates from a random
combination of hits from beam-background (also back-
ground).

All candidates available at this stage are combined
to intermediate particle candidates in the subsequent
stages, until candidates for the desired B mesons are
created. Each intermediate particle has multiple possi-
ble decay channels, which can be used to create valid
candidates. For instance, a B� candidate can be created
by combining a D0 and a ⇡� candidate, or by combin-
ing a D0, a ⇡� and a ⇡0 candidate. The 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 O(10000) distinct decay chains.

2.2 Multivariate Classification

The FEI employs multivariate classifiers to estimate the
probability of each candidate to be correct, which can
be used to discriminate correctly identified candidates
from background. For each final-state particle and for
each decay channel of an intermediate particle, a mul-
tivariate classifier is trained which estimates the signal
probability that the candidate is correct. In order to
use all available information at each stage, a network
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Experimental techniques

https://doi.org/10.1007/s41781-019-0021-8
https://arxiv.org/pdf/2008.06096.pdf


Measurement of first six mass moments 〈Mn
X 〉 of the hadronic system.

Background is subtracted with weight
ωi (MX ).

To avoid unfolding, calibration between true
and reconstructed mass is needed.

Main systematic uncertainty from Xc
composition.

Next: |Vcb| from q2 moments (novel
approach!).

Momentum transfer squared: q2 = (pB − pX )2
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Tagged inclusive B → Xc`ν
arXiv:2009.04493

https://arxiv.org/pdf/2009.04493.pdf


Only signature: single (well identified) lepton.
Use missing mass/momentum and event charge to reject events with >1 neutrino.

Signal extraction in
p∗

lep, from 0.4 GeV
to 2.5 GeV.

BF result: (9.75±
0.03stat ± 0.47sys)%

Dominant sys.
uncert. from
B → Xc`ν
composition.

Next: |Vcb| from q2

moments
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Untagged inclusive B → Xc`ν



Little background with mD∗ , mD , p∗
l > 1 GeV

and extra track cuts.

Signal extraction in M2
miss.

M2
miss = (pe+e− − pBtag

− pD∗ − p`)2

BF: (4.51± 0.41stat ± 0.27syst ± 0.45πs
)%

In agreement with world average but not
competitive yet.

Main systematic: “slow” pion from D∗ and
MC modelling.
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Tagged exclusive B0 → D∗+(→ D0πs)`ν
arXiv:2008.10299

https://arxiv.org/pdf/2008.10299.pdf


Signal extraction in
cos(θBY ), the angle
between D0` system and B
meson from beam
4-momentum.
BF (D):
(2.29±0.05stat±0.08sys)%

Consistent (and
competitive!) with world
average.
Next: |Vcb| from partial
BF in bins of q2.
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Untagged exclusive B → D(∗)`ν
arXiv:2008.07198

https://arxiv.org/pdf/2008.07198.pdf


Signal extraction in electron
momentum in center-of-mass
frame p∗.

Signature also only a single well
identified lepton (like
B → Xc`ν ).

→ go to p∗ endpoint
(2.1 GeV to 2.8 GeV).

B → Xu`ν observed with ≈ 3σ.
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Untagged inclusive B → Xu`ν
arXiv:2103.02629

https://arxiv.org/pdf/2103.02629.pdf


B(B → π0`ν) = (8.29± 1.99stat ± 0.46sys)× 10−5

B → π+,0`ν
re-discovered
with > 6σ.

B(B → π+`ν)
in bins of q2.

Next: |Vub|.
Also first (stat.
limited) results
for B → ρ`ν .

Untagged excl.
measurement of
|Vub| in progress.

B → π+`ν in first q2 bin B → π0`ν
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Tagged exclusive B → Xu`ν , Xu = {π+, π0, ρ+, ρ0}
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Tagged exclusive B → Xu`ν , Xu = {π+, π0, ρ+, ρ0}
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Tagged exclusive B → Xu`ν , Xu = {π+, π0, ρ+, ρ0}



R(D(∗)) =
B(B → D(∗)τ ντ )

B(B → D(∗)`ν`)

Theory-wise interesting because |Vcb|
& FFs partially cancel here but τ ’s
experimentally challenging.
Belle II can conduct multiple indep.
(un-)tagged measurements here.

Hadronic/SL tagged, untagged
Hadronic and leptonic τ decay

Complementary to LHCb in many
channels.

From Belle II physics book: Prog Theor Exp Phys 12 (2019)

Projection without 2019 Belle
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Prospects for R(D) and R(D∗)



R(D(∗)) =
B(B → D(∗)τ ντ )

B(B → D(∗)`ν`)

Theory-wise interesting because |Vcb|
& FFs partially cancel here but τ ’s
experimentally challenging.
Belle II can conduct multiple indep.
(un-)tagged measurements here.

Hadronic/SL tagged, untagged
Hadronic and leptonic τ decay

Complementary to LHCb in many
channels.

Not Belle II official! Adapted from arXiv:2101.08326
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Prospects for R(D) and R(D∗)

https://arxiv.org/pdf/2101.08326.pdf


Shown today: 6 measurements
Using up to 1/4 of currently recorded dataset.
Untagged BF measurements already competitive thanks to new techniques.
Tagged measurements need some more data but more competitive thanks to FEI.

Soon, Belle II should be able to address the tension in |Vcb| and |Vub| measurements.

Results for R(D(∗)) are approaching and Belle II is aiming for wide coverage.
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Summary



Backup
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Luminosity projection



Measurement of first six mass moments 〈Mn
X 〉 of the hadronic system arXiv:2009.04493

〈Mn
X 〉 =

∑
i ωi (MX )Mn

X,calibi∑
i ωi (MX )

× Ccalib × Ctrue

Background is subtracted
with weight ωi (MX ).

To avoid unfolding,
calibration between true and
reconstructed mass is
needed.

Main systematic uncertainty
from bias correction Ctrue.

|Vcb| from q2 moments
(novel approach!) ongoing.

MX calibration M2
X results
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Tagged inclusive B → Xc`ν in detail

https://arxiv.org/pdf/2009.04493.pdf
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