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FIG. 1: R2 distribution for ⌥ (4S) data and o↵-resonance data. The event selection requires at least
three tracks and two clusters in the event, with transverse momentum greater than 100 MeV/c
and cluster energy greater than 100 MeV, respectively. Additional requirements on tracks, clusters
and event variables are described in detail in the note BELLE2-NOTE-PH-2019-025. The overall
selection e�ciency on the BB sample is 98.8%. The o↵-resonance contribution is normalized to
the luminosity of the on-peak data.
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1. R2 DEFINITION AND PLOT

The Fox-Wolfram moments Hl, l = 0, 1, 2, ... are defined by

Hl =

X

i,j

|Pi||Pj|
E

vis
j

Pl(cos✓ij) (1)

where ✓ij is the opening angle between charged tracks or photons i and j, Evis is the

total visible energy of the event, Pl are the Legendre polynomials and |Pi| and |Pj| are the

momenta of the charged tracks or photons. R2 is defined as the ratio of the second and

zeroth moment, H2/H0.

Results presented here are obtained with Phase 3 data collected in 2019 corresponding

to the following run numbers and luminosities:

• bucket 4, ⌥ (4S): runs 1135-1155, 1375-1587 (integrated luminosity: 69 pb
�1
)

• bucket 6, ⌥ (4S): runs 3128-3847 (integrated luminosity: 344 pb
�1
)

• exp 7, o↵-resonance: runs 1705-1835 (integrated luminosity: not estimated at the time

of this analysis)

for a total luminosity of 413 pb
�1

(rounded to 410 pb
�1
) on-peak. On-peak data have been

reprocessed and calibrated, the used global tags are data reprocessing prompt bucket4b and

data reprocessing prompt bucket6b for the two buckets.
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R2 = H2/H0

4.2. The Signal Selection Classifier 29

Figure 4.8.: The di�erence in event topology for resonant and non-resonant interactions in
the center-of-mass reference frame. (left) Continuum event. (right) �(4S) event.
In the case of a continuum event, the momenta are distributed back-to-back,
whereas in the case of the �(4S) event the B mesons, created in the decay of
the �(4S), are almost at rest. The momenta of the B meson decay products
are isotropically distributed. The di�erence in these two event topologies can
be quantified with e.g. the Cleo Cones. Figure adapted from [29].

There are several concepts to quantify the di�erence in the event shape of continuum events
and �(4S) decays, which can be used for a topological discrimination of the two. They are
discussed in [3] and briefly summarized in the following. Each event consists of a set of N

particles with momenta pi, with i œ {1, 2, . . . , N}.

Thrust

The thrust T is defined as as

T =
qN

i=1 |T · pi|qN

i=1 |pi|
, (4.5)

with the thrust axis T, which is defined as the unit vector along which the projection of
all momenta is maximal. The thrust takes values between 1/2 and 1 with a continuum
event corresponding to T æ 1 and an �(4S) event corresponding to T æ 1/2.

cos ◊B

The angle between the momentum of the reconstructed B meson and the beam
axis is cos ◊B and 1 ≠ cos2

◊B distributed. This distribution originates from the spin
1 æ 0 0 decay of the �(4S). For continuum events, the distribution is flat, because
the B-candidate is created from random combinations of tracks.

Cleo Cones

The Cleo Cones are defined along the thrust axis with opening angles of � œ

[◊, ◊ + 10] deg. The value of Cleo Cone i is the total momentum flow of all particles
within given cone i. For continuum events the momentum flow is clustered in the
Cleo Cones with small opening angles.

Fox Wolfram Moments

The Fox Wolfram moments describe the phase-space distribution of energy and
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discussed in [3] and briefly summarized in the following. Each event consists of a set of N

particles with momenta pi, with i œ {1, 2, . . . , N}.

Thrust

The thrust T is defined as as

T =
qN

i=1 |T · pi|qN

i=1 |pi|
, (4.5)

with the thrust axis T, which is defined as the unit vector along which the projection of
all momenta is maximal. The thrust takes values between 1/2 and 1 with a continuum
event corresponding to T æ 1 and an �(4S) event corresponding to T æ 1/2.

cos ◊B

The angle between the momentum of the reconstructed B meson and the beam
axis is cos ◊B and 1 ≠ cos2

◊B distributed. This distribution originates from the spin
1 æ 0 0 decay of the �(4S). For continuum events, the distribution is flat, because
the B-candidate is created from random combinations of tracks.

Cleo Cones

The Cleo Cones are defined along the thrust axis with opening angles of � œ

[◊, ◊ + 10] deg. The value of Cleo Cone i is the total momentum flow of all particles
within given cone i. For continuum events the momentum flow is clustered in the
Cleo Cones with small opening angles.

Fox Wolfram Moments

The Fox Wolfram moments describe the phase-space distribution of energy and

: Momentum of charged tracks or Energy neutral clusters|Pi |
: Opening angle between ith and jth particleθij

Fox-Wolfram 
Moment: 

NBB̄ = (2.773 ± 0.008) × 106
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Rediscovery of B0 → D* −ℓ+νℓ

ℬ ≈ 11 %

τB ≈ 1.5 ps
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Rediscovery of 

Untagged B0 ! D�⇤ l+⌫

Untagged B0 ! D�⇤l+⌫ selection

Reconstruct D⇤l⌫ decays in early

phase III data.

An essential test of tracking and

PID for leptons.

The mode will be used in |Vcb|

and R(D⇤
) measurements.

The Belle Experiment

Belle recorded 711 fb�1 on the �(4S) resonance.

Search for B ! `⌫� and B ! µ⌫µ and Test of Lepton Universality with R(K⇤) at Belle - Markus Prim 22nd March 2019 2/23
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Selection outlined below.

Particle Selection

Tracks IP in z < 2 cm

Tracks IP in r -� plane < 0.5 cm

` 1.2 < p⇤
` < 2.4 GeV/c

e Electron likelihood > 0.85
µ Muon likelihood > 0.9
slow ⇡ p⇤

⇡ < 0.5 GeV/c
D0

1.85 < MD < 1.88 GeV/c2

D⇤
0.144 < MD⇤ �MD < 0.148 GeV/c2

D⇤ pD⇤ < 2.5 GeV/c

IP = Impact Parameter

In addition, suppression of e+e�
! qq̄

using Fox-Wolfram moments.

William Sutcli↵e SL and missing energy results from Belle II 12 July 2019 9 / 12

B0 → D* −ℓ+νℓ

m2
miss = ((

1
2

Ebeam,0,0,0) − p*D*ℓ)
2

≈ p2
ν = 0 GeV2

cos θB,D*ℓ =
2EBED*ℓ − m2

B − m2
D*ℓ

2 | ⃗p *B | | ⃗p D*ℓ |
∈ [−1,1)
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B0 → D* −ℓ+νℓ

Untagged B0 ! D�⇤ l+⌫

B0 ! D�⇤l+⌫ reconstruction

It is possible to compute

cos ✓BY in the CoM frame (*).

For signal this physically

constrained to lie in the region

(-1,1).

Starting from

0 = p2
⌫ = (p⇤

B � p⇤
Y )

2

one can derive:

cos ✓BY =
2E⇤

BE
⇤
Y �m2

B �m2
Y

2|~p⇤
B ||~p

⇤
Y |

Alternatively use m2
miss =

((Ebeam/2, 0, 0, 0)� p⇤
Y )

2

=) B mesons assumed at

rest in the CM frame.

William Sutcli↵e SL and missing energy results from Belle II 12 July 2019 10 / 12

m2
miss

cos θB,D*ℓ

ℓ = e

ℓ = μ
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Hadronic Tagging with the Full Event Interpretation

4.1. Event Reconstruction 23
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Figure 4.2.: Illustration of the interplay between the di�erent tagging methods. The trade-
o� is always between information/purity and e�ciency. This originates from
the constraints on the reconstructed B mesons, e.g. for the hadronic and
semileptonic tag candidate a specific decay has to be reconstructed, whereas
the inclusive tag candidate is constructed without any requirement on the
specific decay. For this analysis, the most important key performance indicator
of the tagging variant is e�ciency. Figure taken from [25].

lower energetic track is rejected.

Photons are reconstructed from calorimeter clusters where no charged track is located in
the proximity.

Particle candidates surviving this selection are used to form a Btag candidate.

4.1.1. Inclusive Btag Reconstruction

After cleansing the ROE from beam remnants and reconstruction artifacts, the remaining
tracks and neutral clusters are combined to the inclusive Btag candidate. Its four-vector in
the center-of-mass frame is given by

p
µ

cms =
AÒ

p
2
cms + m

2
B

pcms

B

, (4.1)

with pcms =
q

pi ’p œ ROE. The momentum magnitude of the four-vector is constrained
by the kinematics of the two-body decay �(4S) æ B+B≠. This information is used to
fix the magnitude of the momentum component p to the value of 332 MeV, which yields
a much better momentum resolution compared to the reconstructed magnitude of the
momentum from the sum of all ROE tracks and clusters. Thus only the direction of the
inclusive Btag is determined from the reconstructed tracks and clusters.

To further improve the resolution of the inclusive tag candidate, the error of the momentum
distribution is studied. There is no information available on the specific decay mode of
the tag-side B when using this inclusive approach. Therefore, no information is available

The Belle Experiment

Belle recorded 711 fb�1 on the ⌥(4S) resonance.

Search for B ! `⌫� and B ! µ⌫µ and Test of Lepton Universality with R(K⇤) at Belle - Markus Prim 22nd March 2019 2/23

pν = (pe+e− − pBtag
− pℓ)
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Hadronic Tagging with the Full Event Interpretation

1.1. Analysis Strategy

In this note, first studies evaluating the hadronic tagging performance are summarised.

To this end events are reconstructed without any signal-side selection and the Btag kinematic

is studied. A sample enriched in correctly reconstructed candidates is obtained via cutting

on the FEI classifier, and the number of B-meson candidate events is obtained by fitting

the beam-constrained mass, mbc, defined as

mbc =

q
s/4 � |~p ⇤

Btag
|2 , (1)

with ~p ⇤
Btag

denoting the reconstructed three-momentum of the Btag candidate in the ⌥ (4S)
rest frame, and

p
s denotes the beam energy.

2. SELECTION

2.1. Overview

The FEI algorithms reconstructs hadronic tag candidates from over 100 explicit decay

channels, with more than 10000 distinct decay chains. The first objects are by the recon-

struction software are charged tracks, neutral clusters, and displaced vertices. In six distinct

stages, these objects are interpreted as final state particles (e±, µ±, K±, ⇡±, KL, �), com-

bined to firm intermediate particles (J/ , ⇡0, KS, D,D⇤
) and eventually combined to form

the Btag candidate. The procedure is summarised in Figure 2.

At each level, a probability in the form of a multivariate classifier is constructed. This

classifier is built from a set of input features (e.g. four-momentum, vertex information) and

was trained using simulated Phase II ⌥ (4S) ! BB̄ MC events. At the final stage, each

B-meson candidate has an associated signal probability built from the preceding features

and classifiers, which can be used to discriminate correctly identified Btag candidate events

from random combinations. In each event, the candidate with the highest probability is

kept.
4 FEI
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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.

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-

FIG. 2: Schematic overview of the FEI algorithm.
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1. INTRODUCTION

The reconstruction of the second B-meson is an essential analysis technique at B-factories

to study missing energy decays, e.g. final states with a single or multiple neutrinos in the final

state or more exotic signatures involving dark matter. For Belle II a novel algorithm, the Full

Event Interpretation [1] or short FEI, was developed to reconstruct exclusive tag-candidates.

The algorithm relies machine learning to automatically identify plausible B-meson decay-

chains and can use hadronic and semileptonic tag-side decays to do so. An illustration of

the tag- and signal-side is shown in Figure 1.
2 FEI

�(4S)
Btag Bsig

��

µ
+

�µ

��

signal-sidetag-side

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.

FIG. 1: A schematic overview of tag- and signal-side is shown: The ⌥ (4S) decays into a tag-side,
B�

tag ! D0(! KS(! ⇡+⇡�)⇡+⇡�)⇡�, and a signal-side B+
sig ! ⌧+(! µ+⌫µ⌫̄⌧ )⌫⌧ .
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Hadronic Tagging with the Full Event Interpretation
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Table 2: Summary of the maximum tag-side efficiency of
different setups on simulated data from the last official
Monte Carlo campaign of the Belle experiment. The
maximum tag-side efficiency on recorded data is lower
(see Section 4.1).

B
±

B
0

Hadronic

FEI with FR channels 0.53 % 0.33 %

FEI 0.76 % 0.46 %

Semileptonic

FEI 1.80 % 2.04 %

4.3 Outlook for Belle II

As the Belle II reconstruction software is still being
optimized and no large recorded experimental data set
was available at the time of writing, hence the final tag-
side efficiency cannot be determined reliably for Belle
II at this point. Preliminary results can be found in
[10] which indicate a worse overall performance. This is
likely due to the increased beam background caused by
the higher luminosity of the collider, which does lead to
additional tracks and neutral energy depositions. This
additional detector activity is not yet fully rejected by
the Belle II reconstruction algorithms [10] and future
improvements are likely possible.

5 Discussion

The multivariate classifiers used by the FEI are trained
on Monte Carlo simulated events. Depending on the
training procedure and the type of events provided to
the training, the multivariate classifiers of the FEI are
optimized for different objectives.

In this article, we presented a so-called generic
adaption of the FEI. The generic refers to that the FEI
was trained independently of any specific signal-side us-
ing 180 million simulated ⌥(4S) events. This setup op-
timizes the tag-side efficiency of a “generic” ⌥(4S).

Other versions of the FEI exist which optimize the
tag-side efficiency of specific signal events like B ! ⌧ ⌫.
The so-called specific FEI is trained on the remaining
tracks and clusters after a potential signal B meson was
already identified. The training uses simulated ⌥(4S)
events and simulated signal events. As a consequence,
the classifiers can be specifically trained to identify cor-
rectly reconstructed Btag mesons for signal events and
can focus on reducing non-trivial background which is
not discarded by the completeness constraint. The spe-

cific FEI was first introduced as a proof of concept by
Keck [22] and used in Metzner [20].

Roughly half of the improvements with respect to
the previous algorithm can be attributed to the addi-
tionally considered decay channels. Future extensions
are currently investigated which use semileptonic D me-
son decays, baryonic decays and decays including K0

L

particles.
It should also be noted that the FEI algorithm can

be applied, with little modification, to the ⌥(5S) res-
onance. This resonance decays into a pair of B(⇤)B(⇤)

and B0
s
(⇤)

B0
s
(⇤)

mesons. The powerful completeness con-
straint can still be applied in this situation.

6 Conclusion

The Full Event Interpretation is a new exclusive
tagging algorithm developed for the Belle II experiment
and will be used to measure a wide range of decays
with a minimum of detectable information. The algo-
rithm exploits the unique setup of B factories and sig-
nificantly improves the tag-side efficiency compared to
its predecessor algorithms.

The tag-side efficiency for hadronically tagged B
mesons was validated and calibrated using Belle data.
Furthermore, the hadronic and the semileptonic tag
provided by FEI have already been used in several val-
idation measurements [10, 23, 18] using the full ⌥(4S)
dataset recorded by the Belle experiment. Similar stud-
ies and measurements for Belle II are anticipated as
soon as the experiment records a sufficient amount of
collision events.

There are several ways that the FEI algorithm could
be further refined and applied to so far unexplored ap-
plications. These will provide an exciting and fruitful
area of future research.

7 Acknowledgments

We thank the KEKB accelerator group, the Belle col-
laboration, and the Belle II collaboration for the pro-
vided data and infrastructure. This research was sup-
ported by: the Federal Ministry of Education and Re-
search of Germany (BMBF), the German Research Foun-
dation (DFG), the Doctoral School “Karlsruhe School
of Elementary and Astroparticle Physics: Science and
Technology” funded by the German Research Foun-
dation (DFG), and the DFG-funded Research Train-
ing Group “GRK 1694: Elementary Particle Physics at
Highest Energy and highest Precision”. F.B. and W.S.
are supported by DFG Emmy-Noether Grant No. BE
6075/1-1

B
±

B
0

Hadronic

FR 0.28 % 0.18 %

SER 0.4 % 0.2 %

Semileptonic

FR 0.31 % 0.34 %

SER 0.3 % 0.6 %

FEI old algorithms

8 FEI

Fig. 4: Receiver operating characteristic of charged Btag

mesons extracted from a fit of the beam-constrained
mass on converted Belle data. The FEI outperforms the
FR algorithms performance at low and high purity.

Fig. 5: Receiver operating characteristic of neutral Btag

mesons extracted from a fit of the beam-constrained
mass on converted Belle data. The FEI outperforms the
FR algorithms performance at low and intermediate pu-
rity. At high purity the tag-side efficiency cannot be
extracted reliably.

combining such with potential signal-side-candidates,
applying the completeness constraint (i.e. requiring no
additional tracks in the event), and performing the best
Btag candidate selection as the final step of the selec-
tion procedure. This procedure was successfully used
by several measurements to validate the expected im-
provements on recorded data: [10, 20, 18].

4.2 Semileptonic Tag

The performance of the semileptonic tag provided by
the FEI is studied using simulated Belle events. The

Fig. 6: Beam-constrained mass distribution of charged
Btag mesons in the low tag-side purity region on con-
verted Belle data.

Fig. 7: Beam-constrained mass distribution of charged
Btag mesons in the high tag-side purity region on con-
verted Belle data.

maximum tag-side efficiencies are summarized in Ta-
ble 2. Receiver operating characteristics extracted from
simulated events can be found in Keck [10]. The results
obtained from simulated events, and the fact that the
hadronic and semileptonic tag only share five out of
six reconstruction stages, indicate a significant increase
in the maximum tag-side efficiency. The semileptonic
tag was successfully used by Keck [10] to determine the
branching fraction of B ! ⌧ ⌫⌧ on the full ⌥(4S) dataset
recorded by the Belle experiment, with a smaller rel-
ative statistical uncertainty than obtained previously.
However, no studies with well-known calibration chan-
nels as described in Kronenbitter [21] and no signal-side
independent determination of the ROCs as described in
Kirchgessner [8], are available yet.

B±
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1.1. Analysis Strategy

In this note, first studies evaluating the hadronic tagging performance are summarised.

To this end events are reconstructed without any signal-side selection and the Btag kinematic

is studied. A sample enriched in correctly reconstructed candidates is obtained via cutting

on the FEI classifier, and the number of B-meson candidate events is obtained by fitting

the beam-constrained mass, mbc, defined as

mbc =

q
s/4 � |~p ⇤

Btag
|2 , (1)

with ~p ⇤
Btag

denoting the reconstructed three-momentum of the Btag candidate in the ⌥ (4S)
rest frame, and

p
s denotes the beam energy.

2. SELECTION

2.1. Overview

The FEI algorithms reconstructs hadronic tag candidates from over 100 explicit decay

channels, with more than 10000 distinct decay chains. The first objects are by the recon-

struction software are charged tracks, neutral clusters, and displaced vertices. In six distinct

stages, these objects are interpreted as final state particles (e±, µ±, K±, ⇡±, KL, �), com-

bined to firm intermediate particles (J/ , ⇡0, KS, D,D⇤
) and eventually combined to form

the Btag candidate. The procedure is summarised in Figure 2.

At each level, a probability in the form of a multivariate classifier is constructed. This

classifier is built from a set of input features (e.g. four-momentum, vertex information) and

was trained using simulated Phase II ⌥ (4S) ! BB̄ MC events. At the final stage, each

B-meson candidate has an associated signal probability built from the preceding features

and classifiers, which can be used to discriminate correctly identified Btag candidate events

from random combinations. In each event, the candidate with the highest probability is

kept.
4 FEI
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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.

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-

FIG. 2: Schematic overview of the FEI algorithm.
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Hadronic tagging and B ! Xl⌫

Hadronic tag-sides by decay mode

29 and 26 hadronic B+
and B0

tag-side decay modes are reconstructed.

Contribution of di↵erent categories of modes are shown for data below.

William Sutcli↵e SL and missing energy results from Belle II 12 July 2019 7 / 12

29 and 26 decay modes, respectively, contribute to the  
B+tag and B0tag reconstruction
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Rediscovering                    with the FEIB → X ℓν̄ℓ ℬ ≈ 20 %

Hadronic tagging and B ! Xl⌫

First look at B ! Xl⌫ decays using hadronic tagging

Perform first Belle II signal side

reconstruction with tagging.

Study B ! Xl⌫ given the large

branching fraction (⇠20%)
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B+
tag

B�
sig

X
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D̄0
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⇡�
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e+e�

Highest p⇤
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p⇤
` > 0.6 GeV/c, Mtag

bc > 5.27GeV /c

m2
miss = (p⇤

e+e� � p⇤
Btag � p⇤

` � p⇤
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2
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B → X ℓν̄ℓ B → X ℓν̄ℓ

Lepton Momentum p2
ν ≈ m2

miss = (pe+e− − pBtag
− pℓ − pX)
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Rediscovery of B → D(*)π±, ρ±
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FIG. 2: Distribution of Mbc for all B+/0 ! D(⇤)h+ candidates reconstructed in 2.62 fb�1 of collision
data. Events are required to contain at least three good-quality tracks to enrich the sample in
e+e� ! hadrons processes while suppressing beam-induced background, Bhabha scattering, and
other low-multiplicity processes. The charged-kaon and -pion candidate tracks are required to have
transverse (longitudinal) displacement from the interaction point |d0| < 0.5 cm (|z0| < 3.0 cm).
A requirement on the (binary) particle- identification likelihood ratio of > 0.6 is applied to K
candidates. Candidate ⇢ and K0

S decays are restricted to |M(⇡+⇡0) � m⇢| < 100 MeV/c2 and
0.45 < M(⇡+⇡+) < 0.55 GeV/c2, respectively. A cos ✓⇢ > -0.8 requirements is applied for
B ! D⇢ candidates to further suppress combinatorial backgrounds. The invariant masses of D0

and D+ candidates are restricted to 1.84 < M(K�⇡+,K�⇡+⇡0,K�⇡+⇡�⇡+) < 1.89 GeV/c2

and 1.844 < M(K�⇡+⇡+) < 1.894 GeV/c2, respectively. Candidate D⇤+ decays are required
to meet 0.143 < M(D0⇡+) � MD0 < 0.147 GeV/c2 and D⇤0 candidates are required to have
0.14 < M(D0⇡0) � MD0 < 0.144 GeV/c2, where MD0 is the known D0 mass. Contributions
from continuum qq background are suppressed with the following requirements on the second
(normalized) Fox-Wolfram moment, R2 < 0.3 and 0.25 for B ! D(⇤)⇡ and B ! D⇢ modes,
respectively. Events shown are restricted to the signal region |�E| < 0.05 GeV.

3

mbc = E2
beam − p*2

B ≃ m2
B

ℬ ≈ several 0.1 %
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Rediscovering of B-Mixing with B0 → D* −ℓ+νℓ

1. INTRODUCTION65

This note documents the search for the first glimpses of the finite B0 lifetime and B0B0
66

mixing in the Early Phase3 dataset. By selecting a sample of partially reconstructed B0 !67

D⇤�`+⌫ (` = e, µ) decays, we obtain a sample enriched in neutral B mesons.68

The candidate B meson selected with the partial reconstruction technique will be indi-69

cated as signal side B (Bsig), and its flavor is determined by the charge of the lepton. Of70

the other (tag side, or Btag) B meson in the event, we only select a high momentum lepton.71

Figure 1 shows a schematic cartoon of the analysis strategy. Only three charged particles72

are explicitly required in the analysis: the (⇡s, `) that is used to partially reconstruct the Bsig73

candidate, and another lepton that is used to tag the flavor of the Btag candidate. Ideally,74

all tag-side leptons would originate from a semileptonic decay of the Btag; in practice there75

will be contributions from decays of charmed mesons that originate from decays of either76

Bsig or Btag (more details will be given in the following).77

Dz

B
sig

B
tag

l
sig l

tag

l‘
tag

l”
tag

p
soft

FIG. 1: Cartoon of the analysis strategy, showing the most important particles from the decay of
the signal side B candidate (red circle) and of the tag side B (blue circle).

A general introduction of the partial reconstruction technique has been given already78

in [1], here we will give only a brief summary of it.79

1.1. Partial reconstruction of B0 ! D⇤�`+⌫ decays80

The partial reconstruction technique has been already successfully employed at previous81

experiments, such as ARGUS, CLEO, DELPHI, OPAL, BaBar, and Belle (in particular at82

BaBar this was used for a simultaneous measurement of ⌧B0 and �m, the present work is83

largely inspired from [2]). This approach exploits the reduced phase space of the D⇤� !84

D0⇡� decay. Given that the mass of the D⇤� is only slightly larger than the sum of the85

masses of D0 and ⇡�, in the laboratory (and CMS) frame the D0 and ⇡+ fly roughly along86

the same direction of the mother D⇤� from which they originated, and there is a strong87

correlation between the momentum of the ⇡� (which in the following will be referred to as88

the soft pion, or ⇡�
s ) and the momentum of the mother D⇤�.89

5

Tag-Side

D

⌥(4S)
B0

B0

hbd̄ihb̄dihbb̄i

Δ z = c β γ Δt ≈ 130 μm

χd =
Nℓ+ℓ− × ϵ

Nℓ+ℓ+ + Nℓ+ℓ− × ϵ

time-integrated mixing probability: 

χd = 0.174 ± 0.009

ratio of efficiencies
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Rediscovering of B-Mixing with B0 → D* −ℓ+νℓ

m2
miss = ((

1
2

Ebeam,0,0,0) − p*D*ℓ)
2

≈ p2
ν = 0 GeV2

p(D⇤�) = 0.195 + 15.95 p(⇡�
s )� 51.50 p2(⇡�

s ) + 101.5 p3(⇡�
s ) .

spin configuration
hc̄diD⇤�

D̄0 ⇡� D� ⇡0
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Assuming that the D⇤� flies along the same flight direction of the ⇡�
s , one makes an90

error of less than 20o, and the correlation between the D⇤� and ⇡�
s momenta is such that91

one can attempt to approximate p(D⇤�) from the measurement of p(⇡�
s ), without the need92

of actually reconstructing the D⇤� candidate. This is the fundamental idea of the partial93

reconstruction technique: at the price of accepting a degradation of the resolution on the94

D⇤� momentum, we can gain an order of magnitude in terms of reconstruction e�ciency.95

In Figure 2, the average of p(D⇤�) calculated in many bins of p(⇡�
s ) is fitted as a function96

of p(⇡�
s ) with a third degree polynomial. This is the fitting function that will be used97

throughout the analysis to estimate the magnitude of the momentum of the D⇤� from the98

momentum of the ⇡�
s . In the CMS frame, this takes the expression:99

p(D⇤�) = 0.195 + 15.95 p(⇡�
s )� 51.50 p2(⇡�

s ) + 101.5 p3(⇡�
s ) . (1)
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FIG. 2: Fit of the average of p(D⇤�) (in several bins of p(⇡�
s )) as a function of p(⇡�

s ) with a third
order polynomial. The shaded scatter plot shows the distribution of p(D⇤�) vs p(⇡�

s ), while the
red data points represent the average p(D⇤�) in each p(⇡�

s ) bin. The blue curve is the polynomial
fitting the points.

The momentum of the D⇤� thus computed is combined with the measured momentum100

of the lepton candidate p(`+) to check their compatibility with the assumption that they101

originate from a B0 ! D⇤�`+⌫ decay. Given that we cannot measure the momentum of the102

undetected neutrino, we further assume that the candidate B is at rest in the CMS frame.103

The following relation among the four-momenta (P) of the particles hold:104

P(⌫) = P(B0)� P(`)� P(D⇤�) . (2)

In case of correctly reconstructed events, the invariant mass of the neutrino, computed from105

P(⌫), should be compatible with 0.106

6

Calibration function from fit to MC:

1. INTRODUCTION65

This note documents the search for the first glimpses of the finite B0 lifetime and B0B0
66

mixing in the Early Phase3 dataset. By selecting a sample of partially reconstructed B0 !67

D⇤�`+⌫ (` = e, µ) decays, we obtain a sample enriched in neutral B mesons.68

The candidate B meson selected with the partial reconstruction technique will be indi-69

cated as signal side B (Bsig), and its flavor is determined by the charge of the lepton. Of70

the other (tag side, or Btag) B meson in the event, we only select a high momentum lepton.71

Figure 1 shows a schematic cartoon of the analysis strategy. Only three charged particles72

are explicitly required in the analysis: the (⇡s, `) that is used to partially reconstruct the Bsig73

candidate, and another lepton that is used to tag the flavor of the Btag candidate. Ideally,74

all tag-side leptons would originate from a semileptonic decay of the Btag; in practice there75

will be contributions from decays of charmed mesons that originate from decays of either76

Bsig or Btag (more details will be given in the following).77

Dz

B
sig

B
tag

l
sig l

tag

l‘
tag

l”
tag

p
soft

FIG. 1: Cartoon of the analysis strategy, showing the most important particles from the decay of
the signal side B candidate (red circle) and of the tag side B (blue circle).

A general introduction of the partial reconstruction technique has been given already78

in [1], here we will give only a brief summary of it.79

1.1. Partial reconstruction of B0 ! D⇤�`+⌫ decays80

The partial reconstruction technique has been already successfully employed at previous81

experiments, such as ARGUS, CLEO, DELPHI, OPAL, BaBar, and Belle (in particular at82

BaBar this was used for a simultaneous measurement of ⌧B0 and �m, the present work is83

largely inspired from [2]). This approach exploits the reduced phase space of the D⇤� !84

D0⇡� decay. Given that the mass of the D⇤� is only slightly larger than the sum of the85

masses of D0 and ⇡�, in the laboratory (and CMS) frame the D0 and ⇡+ fly roughly along86

the same direction of the mother D⇤� from which they originated, and there is a strong87

correlation between the momentum of the ⇡� (which in the following will be referred to as88

the soft pion, or ⇡�
s ) and the momentum of the mother D⇤�.89
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Signal-side

Partial reconstruction  
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FIG. 2: M2
⌫ distributions for events in the lepton tagged unmixed (left plot) and mixed (right)

samples in the proc9 dataset. The points with error bars represent the data, the dark green
histogram is the continuum component, the red histogram is the BB combinatorial background.
The following peaking components are also shown: B± ! D⇤⇤`⌫ events (light green), events in
which the candidate tag-side lepton originate from the decay of the signal side D0 (dark blue), and
events in which the candidate tag-side lepton comes from the b ! c ! ` decay chain.

3

ℓ+ℓ−

B0 → D* −ℓ+νℓ

15− 10− 5− 0 5

]4/c2 [GeV2
νM

0

500

1000

)4
/c2

ev
en

ts
 / 

(G
eV

Belle II 2019, preliminary

-1 L dt = 2.66 fb∫
data

tag l→ c →b 

sig
0 from Dtagl
ν D** l → +B

combinatorial
continuum

15− 10− 5− 0 5

]4/c2 [GeV2
νM

0

100

200)4
/c2

ev
en

ts
 / 

(G
eV

Belle II 2019, preliminary

-1 L dt = 2.66 fb∫
data

tag l→ c →b 

sig
0 from Dtagl
ν D** l → +B

combinatorial
continuum

FIG. 2: M2
⌫ distributions for events in the lepton tagged unmixed (left plot) and mixed (right)

samples in the proc9 dataset. The points with error bars represent the data, the dark green
histogram is the continuum component, the red histogram is the BB combinatorial background.
The following peaking components are also shown: B± ! D⇤⇤`⌫ events (light green), events in
which the candidate tag-side lepton originate from the decay of the signal side D0 (dark blue), and
events in which the candidate tag-side lepton comes from the b ! c ! ` decay chain.
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And there was more!
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FIG. 4: The beam-constrained mass (mbc) distribution of B+ → K∗+γ decay candidates in a
window −0.2GeV < ∆E < 0.08GeV. The fit contains the following components: an ARGUS
function to model background from the continuum and combinatorial B decays (dashed blue line);
a Crystal Ball summed with a second ARGUS function to describe peaking backgrounds and
higher-mass resonance feed-down (dashed red line); and a Crystal Ball for the signal. The total fit
with the signal component is the solid blue line and the data are overlaid as black markers. The
signal component has a significance of 4.4 σ, and the yield of signal events is found to be 17.0±4.5
(error is statistical only).
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FIG. 5: Stacked histograms of the beam-constrained mass (mbc) distributions for all B → K∗γ
decay candidates, in a window of −0.2GeV < ∆E < 0.08GeV. The red histogram contains
B0 → K∗0γ → K+π−γ decay candidates, the green is B+ → K∗+γ → K+π0γ , and the blue is
B+ → K∗+γ → K0

Sπ
+γ .
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The B ! Xs� Microscope.

The poster child of EFT-based indirect search for new physics

W

�
bR sLc,t

�
bR sL

µ ⇠ 100GeV

µ ⇠ 5GeV ⇥

(

C7

+ CNP
7 )

) Precise measurement of b ! s� rate at low scale gives access to
possible new contributions at high scales

Frank Tackmann (DESY) SIMBA. Thomas Fest, 2018-10-04 1 / 19

τD0
= (370 ± 40) fs

τPDG
D0

= (410 ± 2) fs
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Outlook — Spring 2020

Belle integrated luminosity

ℒ = 𝒪(10/fb)
 - Develop a (better) understanding of the

detector, first performance papers (Tracking, etc.)

 - More re-discoveries (e.g. SL b → u)

 - Dark Sector results (see previous talk!) 

 - First measurements of branching fractions and 
cross section 
 - Full set of particle ID calibrations and 
systematics, tracking efficiency studies.

 -  First calibration of had. FEI
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Outlook — Summer 2020

Belle integrated luminosity

ℒ = 𝒪(100/fb)
 - Develop yet a (better) understanding of the 
detector 
 - Will be very exciting Summer for us: 

 first measurements of R(D/D*), CKM parameters 
(angles and |Vub|,|Vcb|), Dark Sector, …


 - Calibration of SL FEI 
    …. 
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Outlook — Beyond 2020

Belle integrated luminosity

Resolve |Vub|/|Vcb| 

Fully establish 

or 


rule out NP in R(D/D*)

Uncertainties of

CKM �α, γ < 2 o

Discovery of

�B → K(*)νν

Discovery of
�B → μν

?


