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Many decay processes for B
mesons→ Many opportunities
for SM tests and searches

CKM Matrix |Vub|and |Vcb|:
Tension (≈ 3.3σ) between
determination from

inclusive (all B → X`ν`)
and

exclusive (one b → x
process)

Differences both in theory and
experiment 36 38 40 42 44
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B-Physics and Semileptonic Decays



CKM matrix element |Vub| from B → ρ`ν` shows
tension with

|Vub| from B → π`ν`
|Vub| from B → Xu`ν` (inclusive)

Slight tension in last two published
measurements of branching fraction of

. . . B+ → ρ0`+ν`:
Belle (2013): 1.83± 0.10± 0.10
BaBar (2011): 0.94± 0.08± 0.14

. . . B0 → ρ−`+ν`:
Belle (2013): 3.22± 0.27± 0.24
BaBar (2011): 1.75± 0.15± 0.27

1 2 3 4 5
(103) |Vub|

Belle |Vub| = 3.35± 0.32

BaBar |Vub| = 2.58± 0.31

Average |Vub| = 2.96± 0.29 B
(

)

Belle |Vub| = 2.85± 0.40

BaBar |Vub| = 3.01± 0.36

Average |Vub| = 2.99± 0.35

B
(

3
)

B , HFLAV
B Xu , arXiv:2102.00020

Determination by Bernlochner, Prim, and Robinson

4 29. 03. 2023 Moritz Bauer: B → ρ`ν` with Hadronic Full Event Interpretation Tag at Belle II Institute for Experimental Particle Physics

B → ρ`ν` decays



Asymmetric 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: ≈ 428 fb−1

≈ 1/2 Belle, ≈ BaBar
Aiming for 50x of Belle’s dataset (50 ab−1)
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World record luminosity: SuperKEKB accelerator
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World record luminosity: SuperKEKB accelerator
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The Belle II detector



e−e+ collisions “clean” compared to pp and initial state well known.
→ knowing the second B gives you complete knowledge on kinematics

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

  ρ

7 29. 03. 2023 Moritz Bauer: B → ρ`ν` with Hadronic Full Event Interpretation Tag at Belle II Institute for Experimental Particle Physics

Experimental Techniques

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


FEI: Use ≈ 200 BDT classifiers in 7 stages to
reconstruct B mesons in O(10000) decay
channels

Cut on final classifier Ptag used to set working
point

arXiv:2008.06096

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

Tracks Displaced Vertices Neutral Clusters

⇡
0

K
0
L

K
0
S

⇡
+

e
+

µ
+

K
+ �

D
⇤0

D
⇤+

D
⇤
s

B
0

B
+

D
0

D
+

Ds

J/ 

K
0
S

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

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

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

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: FEI

https://arxiv.org/pdf/2008.06096.pdf


Use track & particle ID selections to determine
track quality & particle species
Create a ρ candidate from two pion-like
tracks/clusters
Combine ρ candidate with lepton-like track to Bsig

Combine Bsig with Btag from FEI to Υ(4S)
candidate
Enhance purity using remaining tracks & clusters

  ρ
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Event Reconstruction and Selection



Suppress e−e+ → qq with BDT:
Sphericity & thrust variables
Only use most-discriminating
variables as determined by
re-training without each variable
Cut at 0.8 rejects 95% of qq
background and retains 93% of
signal4.2. 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

Illustration by M. Röhrken
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MVA Event Selection



Signal extraction in di-pion
mass Mππ and missing mass

M2
miss = (pCMS − ptag − pρ − p`)2

Two-dimensional binned
template fit with three
components:

B → ρ`ν` signal
Non-resonant B → ππ`ν`
Other backgrounds (mostly
B → Xc`ν`)

Large post-fit uncertainties
from negative yield in
non-resonant model
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ICHEP 2022: Preliminary Result (arXiv:2211.15270)



Signal extraction in di-pion
mass Mππ and missing mass

M2
miss = (pCMS − ptag − pρ − p`)2

Two-dimensional binned
template fit with three
components:

B → ρ`ν` signal
Non-resonant B → ππ`ν`
Other backgrounds (mostly
B → Xc`ν`)

Large post-fit uncertainties
from negative yield in
non-resonant model

Source % of % of
- B(B0 → ρ−`+ν`) B(B+ → ρ0`+ν`)
f+0 1.2 1.2
FEI calibration 2.7 6.1
NBB̄ 1.5 1.5
Reco. efficiency ε 0.5 0.3
Tracking 0.6 0.9
Lepton ID 0.7 0.5
Hadron ID 0.3 0.6
π0 efficiency 4.4 —
B → f2/f0`ν` BF – 12.1
B → Xu`ν` BFs 2.8 4.8
B → Xc`ν` BFs 0.5 0.5
B → ρ`+ν` form factor 2.7 0.7
B → ππ`ν` model 27.3 14.4
Total 28.2 20.5
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ICHEP 2022: Preliminary Result (arXiv:2211.15270)



Complex backgrounds from other decays to
two pions

f0(500), f0(980), f2(1270), ρ0(1450)
Maybe non-resonant B → ππ`ν`

These are not measured
→ extract in-situ using di-pion mass

Constrain sum of all backgrounds and signal
using input from Belle’s 2021 inclusive
measurement (Belle 2021) of B → ππ`ν`
Phys. Rev. D 103, 112001 (2021)
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Constraining the B → ππ`ν` Background in B+ → ρ0`+ν`

https://doi.org/10.1103/PhysRevD.103.112001


Two-dimensional fit with 8
templates:

6 for resonant and
non-resonant B → Xu`ν`
1 for all BB backgrounds
(dominated by B → Xc`ν`)
1 for qq backgrounds
(constrained from non-Υ(4S)
data)

Larger bins at edges of M2
miss

Mππ bins matching Belle 2021
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Fit Setup (Asimov Data)



Contributions from resonant,
di-pion Xu backgrounds
expected to be tiny but are
unmeasured

⇒ Float individual yields Yi and
constrain with Belle 2021 by
adding term to −lnL:(
BBelle 2021 −

∑6
i εi × Yi

σBBelle 2021

)2

εi from simulation but allowed
to vary within Gaussian prior
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Fit Setup with Constraint (Asimov Data)



ICHEP2022: Uncertainty from fit with two model
variants

Now: Reweight distribution to halve the effect and
allow fit to modify the shape
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Systematic Uncertainties: Non-resonant shape



Main sources:
MC sample statistics
Analysis methods: Particle ID and FEI
B → X`ν` branching fractions and form factors
Non-resonant B → ππ`ν` decay model

Procedure:
For each source, determine covariance matrix in
bins of fit
In each template, sum covariance matrices
assuming no correlation between sources

→ Nbins × Ntemplate nuisance parameters
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Example: Correlation matrix for the background template
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Systematic Uncertainties in the Fit



|Vub|from B → ρ`ν`
BF in bins of momentum transfer + theory input gives access to |Vub|
At least three bins needed→ challenging with Belle II’s statistics

Average and fit by
Bernlochner, Prim,
Robinson→
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