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Motivation

The flavour sector

Nature chose three copies
of matter: ψ → ψi

Identical except for..

L = ψiλijψjh + h.c .

This leads to a wide range
of flavour phenomenology
and puzzles:

I CP violation
I quark mixing
I quark and lepton

masses

A
AU
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Motivation

Why semileptonic / missing energy decays?

Precision measurements of the SM:

I Semileptonic decays are used to
determine CKM matrix elements
which are essential in global fits for
the CKM parameters.

Excellent probe of new physics:

I Potential NP in B → D∗τντ .
I NP hints in b → sll should be seen

in b → sνν̄

R
(
D

(∗)
)

=
B(B → D

(∗)
τ
−
ν̄τ )

B(B → D
(∗)
µ
−
ν̄µ)

3
φ

2
φ

2
φ

dm∆ K
ε

sm∆ & dm∆

ubV

1
φsin 2

(excl. at CL > 0.95)

 < 0
1

φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ

0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

η

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

e
x
c
lu

d
e
d

 a
re

a
 h

a
s 

C
L
 >

 0
.9

5

Summer 19

CKM
f i t t e r

∣∣∣V∗
ubVud

V
∗
cbVcd

∣∣∣
∣∣∣ V∗

tbVtd

V
∗
cbVcd

∣∣∣

William Sutcliffe Full Event Interpretation at Belle II 5 November 2020 5 / 48



Motivation

Why semileptonic / missing energy decays?

Precision measurements of the SM:

I Semileptonic decays are used to
determine CKM matrix elements
which are essential in global fits for
the CKM parameters.

Excellent probe of new physics:

I Potential NP in B → D∗τντ .
I NP hints in b → sll should be seen

in b → sνν̄

R
(
D

(∗)
)

=
B(B → D

(∗)
τ
−
ν̄τ )

B(B → D
(∗)
µ
−
ν̄µ)

3
φ

2
φ

2
φ

dm∆ K
ε

sm∆ & dm∆

ubV

1
φsin 2

(excl. at CL > 0.95)

 < 0
1

φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ

0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

η

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

e
x
c
lu

d
e
d

 a
re

a
 h

a
s 

C
L
 >

 0
.9

5

Summer 19

CKM
f i t t e r

∣∣∣V∗
ubVud

V
∗
cbVcd

∣∣∣
∣∣∣ V∗

tbVtd

V
∗
cbVcd

∣∣∣

William Sutcliffe Full Event Interpretation at Belle II 5 November 2020 5 / 48



Motivation

Why semileptonic / missing energy decays?

Precision measurements of the SM:

I Semileptonic decays are used to
determine CKM matrix elements
which are essential in global fits for
the CKM parameters.

Excellent probe of new physics:

I Potential NP in B → D∗τντ .
I NP hints in b → sll should be seen

in b → sνν̄

R
(
D

(∗)
)

=
B(B → D

(∗)
τ
−
ν̄τ )

B(B → D
(∗)
µ
−
ν̄µ)

3
φ

2
φ

2
φ

dm∆ K
ε

sm∆ & dm∆

ubV

1
φsin 2

(excl. at CL > 0.95)

 < 0
1

φsol. w/ cos 2

2
φ

1
φ

3
φ

ρ

0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

η

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

e
x
c
lu

d
e
d

 a
re

a
 h

a
s 

C
L
 >

 0
.9

5

Summer 19

CKM
f i t t e r

∣∣∣V∗
ubVud

V
∗
cbVcd

∣∣∣
∣∣∣ V∗

tbVtd

V
∗
cbVcd

∣∣∣

William Sutcliffe Full Event Interpretation at Belle II 5 November 2020 5 / 48



Belle 2

Overview

1 Motivation

2 Belle 2

3 B Tagging

4 The Full Event Interpretation

5 Performance

6 First Belle II tagged analyses

7 Future of the FEI

8 Conclusion

9 Backup

William Sutcliffe Full Event Interpretation at Belle II 5 November 2020 6 / 48



Belle 2

The B experiments of today
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Belle 2

Belle II experiment
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Aim to collect 50 ab−1 of e+e−

collisions at
√
s = mΥ(4S).

Wide range of physics: precision CKM
measurements, CP violation to new
physics searches.

The Belle II Physics Book [arxiv1808.10567]

Belle II Collaboration: 1050 members, 120 institutes, 26 countries
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Belle 2

SuperKEKB

Upgrade of KEKB with original aim x40L

beam current, I
e

+/− ×1.5

Reduction in beam size, βy , by factor 20

New aim x30L
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Belle 2

The Belle II Detector

Inner vertex detector:

I PXD: 2 layers of DEPFET
pixels

I SVD: 4 layers of DSSD

Central Drift Chamber for tracking.

1.5 T Superconducting solenoid

Excellent tracking and vertexing down
to pT∼100 MeV

Impact parameter resolution in z ∼20
µm

PID provided by Time of propagation
(TOP) counter and a aerogel RICH

Outer muon and KL detector
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Belle 2

Unique B factory topology

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

Υ(4S) decays to B+B− and B0B̄0

96% of the time.

Background from e+ e− → qq̄,
q = u, d , c , s
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B Tagging

Tag-side B reconstruction

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

Υ(4S) decays to B+B− and
B0B̄0 over 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 = p

e
+
e
− − p

`
− − pB+

B+

B−

π+

D0

K−
π+

l− ν̄l

e+e−
Υ(4S)
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B Tagging

Which tag-side reconstruction?

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

Inclusive
B → anything
ε ≈ O(100%)

Υ(4S)

B+
tag

B−
sig

K− ν`

ν̄`

e+e−

Semileptonic
B → D(∗)`ν`
ε ≈ O(1%)

Υ(4S)

B+
tag

B−
sig

ν` `+

D̄0

K+

π−

K− ν`

ν̄`

e+e−

Hadronic
B → hadrons
ε ≈ O(0.1%)

Υ(4S)

B+
tag

B−
sig

π+

D̄0

K+

π−

K− ν`

ν̄`

e+e−

Tagging techniques
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B Tagging

Previous tagging alogrithms

Full Reconstruction
I The Belle tagging algorithm

and predecessor of the FEI.
I Hierarchal approach.
I Neurobayes Neural Network

used for classifiers.

Semi-exclusive-reconstruction
I The BaBar tagging algorithm
I Uses D and D∗ mesons as a

seed.
I Combines these with up to 5

charmless mesons.
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The Full Event Interpretation

The Task
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The Full Event Interpretation

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 a classifiers trained for each.

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

Baryonic decays recently added.

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

Role of the tag-side B classifier.

B classifier value, Ptag,
discriminates correctly
reconstructed tag-sides from
background.

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Ca
nd

id
at

es
 / 

(0
.0

5 
) ×105

B+
tag

dt = 34.6 fb 1

Belle II preliminary
(4S) BB

Continuum
MC stat. unc.
Data

1.4 1.2 1.0 0.8 0.6 0.4 0.2 0.0
log( tag)

1

0

1

(D
at

a-
M

C)
/M

C

Select a high purity sample by
cutting on Ptag.

Determine the correctly reconstructed tag-side
yield by fitting Mbc .

5.250 5.255 5.260 5.265 5.270 5.275 5.280 5.285
Mbc (GeV/c2)

0.0

0.5

1.0

1.5

2.0

2.5

Ev
en

ts
 / 

(0
.0

01
0 

Ge
V/

c2 )

×104

NB+
tag =84907 ± 734

tag > 0.1

dt = 34.6 fb 1

Belle II preliminary
Correctly reconstructed
Continuum & mis-reconstructed
Data

5.250 5.255 5.260 5.265 5.270 5.275 5.280 5.285
Mbc (GeV/c2)

0.0

0.2

0.4

0.6

0.8

1.0

Ev
en

ts
 / 

(0
.0

01
0 

Ge
V/

c2 )

×104

NB+
tag =38545 ± 1161

tag > 0.5

dt = 34.6 fb 1

Belle II preliminary
Correctly reconstructed
Continuum & mis-reconstructed
Data

5.250 5.255 5.260 5.265 5.270 5.275 5.280 5.285
Mbc (GeV/c2)

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75
Ev

en
ts

 / 
(0

.0
01

0 
Ge

V/
c2 )

×104

NB0
tag =65855 ± 590

tag > 0.1

dt = 34.6 fb 1

Belle II preliminary
Correctly reconstructed
Continuum & mis-reconstructed
Data

5.250 5.255 5.260 5.265 5.270 5.275 5.280 5.285
Mbc (GeV/c2)

0

1000

2000

3000

4000

5000

6000

7000

8000

Ev
en

ts
 / 

(0
.0

01
0 

Ge
V/

c2 )

NB0
tag =35401 ± 297

tag > 0.5

dt = 34.6 fb 1

Belle II preliminary
Correctly reconstructed
Continuum & mis-reconstructed
Data

Mbc =
√

E 2
beam/4− (pcm

Btag
)2

William Sutcliffe Full Event Interpretation at Belle II 5 November 2020 21 / 48



The Full Event Interpretation

Hadronic tag-sides by decay mode

29 and 26 hadronic B+ and B0 tag-side decay modes are reconstructed.

Contribution of different categories of modes are shown for data below.
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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 / data is partitioned and

processed at different nodes.
I A prereconstruction stage aggregates

statistics on MC particles present.
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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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 Monte Carlo

The table below summarises maximum tag-side efficiency.

The FEI has over a factor two higher hadronic maximum tag-side
efficiency then previous methods (FR and SER).

Tag FR SER FEI Belle MC FEI Belle II MC

Hadronic B+ 0.28% 0.4% 0.76% 0.66%

SL B+ 0.31% 0.3% 1.80% 1.45%

Hadronic B0 0.18% 0.2% 0.46% 0.38%

SL B0 0.34% 0.6% 2.04% 1.94%
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Performance

Tagging performance in Belle data

mbc =

√
E 2
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Performance

Tagging performance in Belle data

Compare the tag-side efficiency vs purity for charged and neutral tags
between the FEI and FR.

0 10 20 30 40 50 60 70 80 90 100
Purity in %

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

Ta
g-

Si
de

 E
ffi

cie
nc

y 
in

 %

FEI
FR

B+

0 10 20 30 40 50 60 70 80 90 100
Purity in %

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

Ta
g-

Si
de

 E
ffi

cie
nc

y 
in

 %

FEI
FR

B0

William Sutcliffe Full Event Interpretation at Belle II 5 November 2020 28 / 48



Performance

Calibration of FEI with Belle data

A calibration is required due to signifcant differences in the efficiency
in MC and Data.

Use the FEI on Belle data to reconstruct several well known
B → D(∗)`ν semileptonic decays.

ε = NDATA/NMC

Υ(4S)

B0
tag

B̄0

D0

K−
π+

D∗+
π+

`−

ν̄l

e+e−

0.4 0.6 0.8 1.0 1.2 1.4 1.6

ε = Ndata/Nmc

B− → D0(K−π+)`−ν

B− → D0(K−π+π+π−)`−ν

B− → D0(K−π+π0)`−ν

B− → D∗0(D0(K−π+)π0)`−ν

B− → D∗0(D0(K−π+)γ)`−ν

B0 → D−(K+π−π−)`+ν

B0 → D−(K+π−π−π−π+)`+ν

B0 → D−(K+π−π−π0)`+ν

B0 → D∗−(D
0
(K+π−)π−)`+ν

B0 → D∗−(D−(K+π−π−)π0)`+ν

εcharged = 0.74± 0.05 εneutral = 0.86± 0.07
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Performance

Calibrating the FEI at Belle II data

Can calibrate the FEI by measuring a
signal-side (arxiv2008.06096)

Use B → Xlν given the large
branching fraction (∼20%).

Υ(4S)

B+
tag

B−
sig

X

π+

D̄0

K+

π−

`− ν̄`

e+e−

Mbc > 5.27 GeV/c2, Ptag > 0.001,
0.01, 0.1, Lepton ID, p∗` > 1 GeV/c

* =⇒ B Rest Frame

Calibration factor, εcal = NX`ν
Data/N

X`ν
MC

0
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dt = 34.6 fb 1
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Performance

Calibrating the FEI at Belle II data

Can calibrate the FEI by measuring a
signal-side (arxiv2008.06096)

Use B → Xlν given the large
branching fraction (∼20%).
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Performance

Calibration results

B+e B+ B+ B0e B0 B0

Channel

0.60

0.65

0.70

0.75

0.80

0.85

ca
l=

(N
Da

ta
X

/N
M

C
X

)

dt = 34.6 fb 1

Belle II preliminary
tag > 0.001
tag > 0.01
tag > 0.1
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Performance

Calibration results

P
B

+ > ε % uncertainty

0.001 0.653± 0.020 3.02
0.01 0.605± 0.019 3.13
0.1 0.644± 0.021 3.30

P
B

0 > ε % uncertainty

0.001 0.830± 0.029 3.44
0.01 0.777± 0.027 3.51
0.1 0.719± 0.028 3.87

Sources of uncertainty in %

Channel Fit Model B(B
0/+ → X`ν) Lepton ID Fit Stat. Tracking MC Stat. D

∗
`ν FF D`ν FF

B
+
e
−

2.67 2.09 0.76 0.93 0.91 0.39 0.41 0.06

B
+
µ
−

2.93 2.1 2.13 0.86 0.91 0.37 0.38 0.06

B
0
e
−

3.72 2.1 0.73 1.22 0.91 0.62 0.43 0.07

B
0
µ
−

3.17 2.09 2.13 1.19 0.91 0.6 0.41 0.06

Tag-side efficiency in simulation against
purity corrected by εcal.

Tag-side efficiency = No. of events with a
correctly reconstructed tag-side (Ncorr) /
No. of Υ(4S)→ BB̄

Purity = Ncorr / No. of events with a
tag-side 20 30 40 50 60

Purity (%)
0.00
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dt = 34.6 fb 1

Belle II preliminary
B+

B0
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First Belle II tagged analyses

Overview
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2 Belle 2
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4 The Full Event Interpretation
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First Belle II tagged analyses

Rediscovering B → π`ν and B → D∗`ν with tagging

Υ(4S)

B0
tag

B̄0

π+

`−

ν̄l

e+e−

m2
miss = (p

e
+
e
− − pBtag

− p` − pπ/D∗)
2

Υ(4S)

B0
tag

B̄0

D0

K−
π+

D∗+
π+

`−

ν̄l

e+e−

π`ν: arxiv2008.08819 D
∗
`ν: arxiv2008.10299

Data-simulation comparisons with the
calibration applied.
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First Belle II tagged analyses

Rediscovering B → π`ν and B → D∗`ν with tagging

Υ(4S)

B0
tag

B̄0

π+

`−

ν̄l

e+e−

m2
miss = (p

e
+
e
− − pBtag

− p` − pπ/D∗)
2

Υ(4S)

B0
tag

B̄0

D0

K−
π+

D∗+
π+

`−

ν̄l

e+e−

π`ν: arxiv2008.08819 D
∗
`ν: arxiv2008.10299

5.94σ! |Vub| soon

B(B → π`ν) = (1.62± 0.42(stat)± 0.07(sys))× 10
−4
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|Vcb| soon

B(B
0 → D

∗+
`ν) = (4.45± 0.41(stat)± 0.27(sys)± 0.45(πs))× 10

−2
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First Belle II tagged analyses

First physics: MX moments of B → X `ν decays.

Measurement of the MX moments
[arxiv2009.04493]

Υ(4S)

B+
tag

B−
sig

X

π+

D̄0

K+

π−

`− ν̄`

e+e−

Plan to perform the first measurement
of the q2 moments in the near future.

Fit MX functional form after a background
subtraction.

Determine MX moments after correcting for
detector and resolution effects.
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Future of the FEI

FEI in Belle 2

By 2031 2-3×108 B+ and 1-2×108 B0

tags.

Eventually systematically limited by
tagging calibration

stat. sys.

LHCb and Belle II will resolve R(D∗)
anomaly.
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Future of the FEI

FEI Developments and the Future

Algorithm has been successfully applied to
the Υ(5S) resonance.

Graph networks naturally suit particle
decays.

Exploring deep extensions of the FEI.

We can look forward to exciting physics
results from the growing number of B
tags at Belle II!
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<latexit sha1_base64="dQAtC1z3AZ0KFvT86UGxOCb/Iwc=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR5LvXisYD+gXUs2zbahSTYkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbChnEnassxy2lWaYhFx2okmt3O/80S1YYl8sFNFQ4FHksWMYOukTuMx6ysxG5QrftVfAK2TICcVyNEclL/6w4SkgkpLODamF/jKhhnWlhFOZ6V+aqjCZIJHtOeoxIKaMFucO0MXThmiONGupEUL9fdEhoUxUxG5ToHt2Kx6c/E/r5fa+CbMmFSppZIsF8UpRzZB89/RkGlKLJ86golm7lZExlhjYl1CJRdCsPryOmlfVQO/GtxfV+qNPI4inME5XEIANajDHTShBQQm8Ayv8OYp78V79z6WrQUvnzmFP/A+fwBajY+R</latexit><latexit sha1_base64="dQAtC1z3AZ0KFvT86UGxOCb/Iwc=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR5LvXisYD+gXUs2zbahSTYkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbChnEnassxy2lWaYhFx2okmt3O/80S1YYl8sFNFQ4FHksWMYOukTuMx6ysxG5QrftVfAK2TICcVyNEclL/6w4SkgkpLODamF/jKhhnWlhFOZ6V+aqjCZIJHtOeoxIKaMFucO0MXThmiONGupEUL9fdEhoUxUxG5ToHt2Kx6c/E/r5fa+CbMmFSppZIsF8UpRzZB89/RkGlKLJ86golm7lZExlhjYl1CJRdCsPryOmlfVQO/GtxfV+qNPI4inME5XEIANajDHTShBQQm8Ayv8OYp78V79z6WrQUvnzmFP/A+fwBajY+R</latexit><latexit sha1_base64="dQAtC1z3AZ0KFvT86UGxOCb/Iwc=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR5LvXisYD+gXUs2zbahSTYkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbChnEnassxy2lWaYhFx2okmt3O/80S1YYl8sFNFQ4FHksWMYOukTuMx6ysxG5QrftVfAK2TICcVyNEclL/6w4SkgkpLODamF/jKhhnWlhFOZ6V+aqjCZIJHtOeoxIKaMFucO0MXThmiONGupEUL9fdEhoUxUxG5ToHt2Kx6c/E/r5fa+CbMmFSppZIsF8UpRzZB89/RkGlKLJ86golm7lZExlhjYl1CJRdCsPryOmlfVQO/GtxfV+qNPI4inME5XEIANajDHTShBQQm8Ayv8OYp78V79z6WrQUvnzmFP/A+fwBajY+R</latexit><latexit sha1_base64="dQAtC1z3AZ0KFvT86UGxOCb/Iwc=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR5LvXisYD+gXUs2zbahSTYkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbChnEnassxy2lWaYhFx2okmt3O/80S1YYl8sFNFQ4FHksWMYOukTuMx6ysxG5QrftVfAK2TICcVyNEclL/6w4SkgkpLODamF/jKhhnWlhFOZ6V+aqjCZIJHtOeoxIKaMFucO0MXThmiONGupEUL9fdEhoUxUxG5ToHt2Kx6c/E/r5fa+CbMmFSppZIsF8UpRzZB89/RkGlKLJ86golm7lZExlhjYl1CJRdCsPryOmlfVQO/GtxfV+qNPI4inME5XEIANajDHTShBQQm8Ayv8OYp78V79z6WrQUvnzmFP/A+fwBajY+R</latexit>hadronic tag

Z
dt L = 0.5 fb�1

<latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit><latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit><latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit><latexit sha1_base64="cRFPo1XdBD/hGCisHeeSwP54BNM=">AAACH3icbVDLSsNAFJ34rPVVdelmsAgutCTiayMU3bhwUcE+oIllMp20QycPZm7EEvInbvwVNy4UEXf9G6dpFtp6YOBwzrnMvceNBFdgmiNjbn5hcWm5sFJcXVvf2CxtbTdUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXY7/5yKTiYXAPw4g5PukF3OOUgJY6pTObB4BtYE+QdFOs6SG2fQJ9SkRym+JLbFZOMzGLeG76kBxZaadUNitmBjxLrJyUUY5ap/Rtd0Ma+ywAKohSbcuMwEmIBE4FS4t2rFhE6ID0WFvTgPhMOUl2X4r3tdLFXij109tm6u+JhPhKDX1XJ8erq2lvLP7ntWPwLpyEB1EMLKCTj7xYYAjxuCzc5ZJREENNCJVc74ppn0hCQVda1CVY0yfPksZxxTIr1t1JuXqV11FAu2gPHSALnaMqukE1VEcUPaNX9I4+jBfjzfg0vibROSOf2UF/YIx+AGQZoU4=</latexit>

Belle II preliminary

NB± = 389 ± 43
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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 has been used to measure B → X `ν, B → D∗`ν and
B → π`ν decays in early Belle II data.

The FEI is an essential to the Belle II physics program and resolving
the B physics anomalies.
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Flavour anomalies
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Flavour anomalies
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Need for speed

Utilise FastBDT:
I Computes cumulative

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

I Stores data as an array of
structs.

I BDT cut decisions optimised
based on equal frequency bins.

Utilise FastFit:
I Uses eigen libraries to gain

from vectorisation.
I Overall factor of 2.7 speed up

in the FEI
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Time break down

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