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Introduction

Why we need Full Event Interpretation

Interesting physics can be obtained from several challenging modes
with missing neutrinos (B → D(∗)τν, B → lν, B → Xu lν, B → hνν̄ )
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Tag-side B reconstruction

Tag-side B reconstruction

Collide e+ and e− at the energy
to make Υ(4S) particles

Υ(4S) decays to B+B− and
B0B̄0 96% of the time.

Reconstruct one B meson as
tag-side (Btag) hadronic or SL

Study remaining B meson as
signal (Bsig)

Flavour constraints:
B+
tag =⇒ B−

sig

Kinematic constraints:
pν = pe+e− − pµ− − pB+

B+
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Tag-side B reconstruction

Which tag-side reconstruction?

Purity−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Efficiency

Inclusive
B → anything
ε ≈ O(100%)

Very large statistics;
Also very large background

Semileptonic
B → D(∗)`ν`
ε ≈ O(1%)

Mid-range reconstruction
efficiency;
Less information about Btag

due to neutrino

Hadronic
B → hadrons
ε ≈ O(0.1%)

Cleaner sample
Knowledge of p(Bsig);
Lower tag-side efficiency

Tagging techniques
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Tag-side B reconstruction

The Task

Must reconstruct a substantial number of modes (e.g O(50) hadronic
modes of B mesons )
Face combinatorics which scale as the factorial of the number of
tracks =⇒ Require selections early on
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Tag-side B reconstruction

Combinatorics

∼10 tracks in this event

Let’s assume 5 positively
charged and 5 negatively
charged.

Now lets reconstruct
D0 → K−π+π+π−(5

2

)2
= 100 possible

combinations

Reconstructing
B+ → (D0 → K−π+π+π−)π+

introduces
(3

1

)
× 100 = 300

combinations.
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The Full Event Interpretation

The Full Event Interpretation

Utilises O(200) decay channels with classifiers (BDTs) trained for
each.

Reconstructs O(10000) unique decays chains in six stages.

arxiv1807.08680, Keck, T. et al. Keck, T., PhD Thesis
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The Full Event Interpretation

Classifiers

Describe decay channels
with features xi .

Labelled training datasets
obtained from simulation.

Train classfiers for each
channel, P(xi )

The FEI by default uses
Boosted Decision Trees.

x < 0

y < 0 x < 4

x < −5 y < 3 y < 0 x < 8

0.1 0.2 0.3 0.8 0.4 0.7 0.5 0.9

x = 2
y = 5
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The Full Event Interpretation

The Algorithm

Particle candidates assigned from
tracks and clusters after a precuts +
Best Candidate Selection (BCS).

For each particle a pre-trained BDT
is applied and post cuts + BCS are
made.

Stable particles are combined to
reconstruct decays of intermediate
particles. After precuts + BCS a
vertex fit is performed.

Intermediate classifiers use daughter
kinematics and classifiers.

Intermediates and stable particles
are combined into a B candidate.

B classifier takes daughter classifiers
and kinematics as inputs.

B−

π−

D0

π+

K−

precuts + BCS

postcuts + BCS

precuts + BCS

postcuts + BCS

precuts + BCS

postcuts + BCS

vertex fit
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The Full Event Interpretation

The Algorithm

B+

π+

D0

π0

γ

γ

K 0
s

π+

π−

Same B+ → D0π+

classifier.

Different decay chain as
D0 → K 0

s π
0.

D0 → K 0
s π

0 has its own
classifier.
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The Full Event Interpretation

The Algorithm

B+

π0

γ

γ

π+

D0

π+

K−

Different B+ → D0π+π0 decay
with its own classifier.

Original D decay chain as
D0 → K−π+.
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The Full Event Interpretation

Training the FEI

Both training and application phases
can be distributed via a map reduce
approach.

For training:
I O(100M) simulated Υ(4S)→ BB̄

events
I Monte carlo is partitioned and

processed at different nodes.
I At each of the reconstruction phases

training data is generated.
I Training data of each stage is

subsquently merged and classifiers
trained.
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The Full Event Interpretation

Need for speed

Utilise FastBDT:
I Computes cumulative

probability histograms (CPH)
of nodes in the same level
simultaneously.

I Stores data as an array of
structs.

arxiv1609.06119, Keck, T.

Utilise FastFit (GitHub link):
I Uses eigen libraries to gain

from vectorisation.
I Overall factor of 2.7 speed up

in the FEI

In application 38% of the time is spent on vertex fitting, 27% on
particle combination and 15% on classifier inference.
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The Full Event Interpretation

Specific vs Generic FEI

Generic FEI - Reconstruct signal after reconstructing a tag-side B
candidate.

Specific FEI - Reconstruct a tag-side B candidate after
reconstructing signal

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.
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Performance

How does one quantify tagging performance?

NΥ(4S)

Ntag
Ncorrect

tagging efficiency = Ntag/NΥ(4S)

tag-side efficiency = Ncorrect/NΥ(4S)

purity = Ncorrect/Ntag
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Performance

Tagging performance in Belle data

mbc =
√

E 2
B − p2

B

EB =
√
s/2
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Performance

Tagging performance

Tag-side efficiency again purity in Belle data
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Maximum tag-side efficiency
Tag FR SER FEI Belle MC FEI Belle II MC

Hadronic B+ 0.28% 0.4% 0.76% 0.66%

Hadronic B0 0.18% 0.2% 0.46% 0.38%

SL B+ 0.31% 0.3% 1.80% 1.45%

SL B0 0.34% 0.6% 2.04% 1.94%

FR = Full Reconstruction (Belle Algorithm), SER = Semi-Exclusive Reconstuction (BaBar Algorithm)

William Sutcliffe Full Event Interpretation at Belle II 19 June 2019 17 / 20



Conclusion

Conclusion

The Full Event Interpretation (FEI) is an algorithm for tag-side B
reconstruction at Belle 2.

It trains O(200) decay channel classifiers which are used in the
reconstruction of O(10000) decay chains.

The FEI outperforms its predecessors with a higher tag-side efficiency.

The FEI is an essential to the Belle II physics program and resolving
the B physics anomalies.
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Conclusion
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Tutorial

Tutorial

Log in to kekcc with port forwarding:
ssh username@login.cc.kek.jp -L 8300:localhost:8300

Note that you should choose a different port.

Clone repository at https://stash.desy.de/users/sutclw/repos/feitutorial/browse:
git clone ssh://git@stash.desy.de:7999/∼sutclw/feitutorial.git

Within the tutorial directory run: source setup basf2 rel3.sh

Run jupyter note book with the following command:
jupyter-notebook --port 8300 --no-browser

If problems see:
https://confluence.desy.de/display/BI/Running+Jupyter+Notebook+on+KEKCC
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