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Big questions for flavour physics
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Big questions for flavour physics
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• There is an asymmetry in the matter 
and anti-matter in the observed universe

• CP violation means that matter and 
anti-matter can behave differently

• Belle’s main goal was to search for CP 
violation in 𝐵-decays

“Reality”



The Belle experiment
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KEKB 𝑒+𝑒− collider • Was located at the 
KEK facility in 
Tsukuba, Japan 
(Belle II operations 
commenced in 2018)

• Also scanned through the 1𝑆-3𝑆 resonances

Process Luminosity (fb−𝟏) No. of pairs

𝑒+𝑒− → Υ(4𝑆) 711 772 × 106 𝐵 ത𝐵

𝑒+𝑒− → Υ(5𝑆) 121.4 7.1 × 106 𝐵𝑠 ത𝐵𝑠



Lepton flavour violation

5DANIEL FERLEWICZ, THE UNIVERSITY OF MELBOURNE, LLWI 2023

No flavour changing 
neutral currents

In the Standard Model: Lepton number is conserved 
without neutrino oscillations

LFV possible in principle with neutrino mixing:

• SM rate is significantly below any current 
experimental sensitivity.

• New physics models such as Higgs-mediation 
[1] can predict higher rates at ℬ ≈ 10−9

[1] Dedes, et al. Phys.Lett.B 549 (2002)



Tagging
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• Fully reconstruct one of the 𝐵-mesons, “Full Event 
Interpretation”, which can be used to determine 
missing momentum 

• Tag-side can be reconstructed from one of 𝒪(103)
hadronic modes in a neural network [2,3]

• Efficiency between 0.1 − 0.3% depending on 
desired purity (confidence score)

• Also useful for determining 𝐵-meson flavour for 
CP-violation measurements

𝑒− 𝑒+Υ(4𝑆)

𝜋

𝐾
𝐽/𝜓

𝜇−𝜇+

ത𝐵

𝐵

𝑒−
𝜏+

ҧ𝜈𝜏
𝜋+

Tag-side

Signal-side

Hypothetical rare 
LFU-violating decay

Long-lived charged 
particle with 
detector hits

Not detected 
directly Hadronic decay with 

ℬ 𝐵0 → 𝐽/𝜓𝐾+𝜋− = 10−3
[2] Feindt, et al. NIM A 654, 432 (2011)
[3] Keck, et al. Comput. Softw. Big Sci. 3 (2019) 1, 6



𝐵(𝑠)
0 → 𝜏±ℓ∓
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BaBar CLEO LHCb Belle

𝐵𝑠
0 → 𝜏∓𝑒± - - - < 14.1 × 10−4

arXiv:2301.10989

𝐵𝑠
0 → 𝜏∓𝜇± - - < 3.4 × 10−5

PRL 123, 211801 (2019)

< 7.3 × 10−4

arXiv:2301.10989

𝐵𝑑
0 → 𝜏∓𝑒± < 2.8 × 10−5

PRD 77, 091104R (2008)

< 1.3 × 10−4

PRL 93, 241802 (2004)

- < 1.6 × 10−5

PRD 104, L091105 (2021)

𝐵𝑑
0 → 𝜏∓𝜇± < 2.2 × 10−5

PRD 77, 091104R (2008)

< 3.8 × 10−5

PRL 93, 241802 (2004)

< 1.2 × 10−5

PRL 123, 211801 (2019)

< 1.6 × 10−5

PRD 104, L091105 (2021)

• 𝐵0 → 𝜏±ℓ∓:
• Hadronic tagging algorithm threshold determined with Punzi Figure of Merit

• Only the light lepton on the signal-side is reconstructed

• Fit to the missing mass

• 𝐵𝑠
0→ 𝜏±ℓ∓:

• Measured using 𝑒+𝑒− → Υ 5𝑆 → 𝐵𝑠
∗ 0 ത𝐵𝑠

∗ 0
, 𝐵𝑠

∗0 → 𝐵𝑠
0𝛾 (~16.6 × 106 𝐵𝑠 mesons)

• 𝐵𝑠
0 → 𝐷𝑠

+ℓ− 𝑋 ҧ𝜈ℓ used as a tag, reconstructed ℓ from 𝜏+ → ℓ+ ҧ𝜈𝜏𝜈ℓ
• Classifier trained for signal against continuum and combinatorial background

• Fit to the primary light lepton momentum

*scaled to ℬ = 10−4

*scaled to ℬ = 10−3

Leading systematic uncertainties

𝐵0 → 𝜏±𝑒∓ 𝐵𝑠
0→ 𝜏±𝑒∓

Tagging (4.5%) 𝑁𝐵𝑠 ത𝐵𝑠 (16.1%)

Lepton ID (1.6%) Tagging (15%)

𝑁𝐵 ത𝐵 (1.4%) Lepton ID (4.3%)

𝑒

New result!



Electroweak penguin decays
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+=

• Rarity of the 𝑏 → 𝑠 loop transition means these decays are an 
excellent probe for physics beyond the Standard Model

• Tensions in lepton flavour universality tests have reduced [4], but 
tension from angular analyses remains

[4] LHCb, arXiv:2212.09152 (2022)

Belle, PRL 118 (2017) 11, 111801



Effective theories
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Electromagnetic penguin operator

Semileptonic operators

Right-handed contribution 
(suppressed in SM)

Wilson coefficients

Operators

New Physics scenarios:
𝒞pseudo/scalar ≠ 0

𝒞′ ≠ 0



𝐵 → 𝐾(∗)ℓℓ
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• Tests of lepton flavour universality:

𝑅𝐾(∗) =
ℬ(𝐵 → 𝐾 ∗ 𝜇+𝜇−)

ℬ(𝐵 → 𝐾 ∗ 𝑒+𝑒−)

• Results found away from 𝑐 ҧ𝑐 resonances are 
consistent with SM predictions

• In both studies lepton ID is dominant 
of the few remaining uncertainties

• Lepton flavour violation study also performed:

Wehle, et al, PRL 126 (2021) 161801

Choudhury, et al, JHEP 03 (2021) 105

Decay BaBar
PRD 73, 092001 (2006)

Belle
JHEP 03 (2021) 105

𝐵+ → 𝐾+𝜇+𝑒− < 1.3 × 10−7 < 8.5 × 10−8

𝐵+ → 𝐾+𝜇−𝑒+ < 9.1 × 10−8 < 3.0 × 10−8

𝐵0 → 𝐾+𝜇±𝑒∓ < 2.7 × 10−7 < 3.8 × 10−8

Very fine 𝑞2

binning
Inclusive 
low 𝑞2

Inclusive 
bin, except 
for 𝑐 ҧ𝑐
resonance



𝐵+ → 𝐾+𝜏±ℓ∓
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• Translate Belle data into the Belle II analysis 
software framework [5] so that the newer 
hadronic tag FEI can be used

• Trained machine learning classifiers for 𝐵 ത𝐵
and continuum suppression

• Fit to the recoil mass
Decay Collaboration BR 90% upper C.L.

𝐵+ → 𝐾+𝜏±ℓ∓ BaBar
PRD 86, 012004 (2012)

< 4.5 × 10−5

𝐵+ → 𝐾+𝜏±𝜇∓ LHCb
JHEP 06 129 (2020)

< 3.9 × 10−5

𝐵+ → 𝐾+𝜏+𝜇−

Belle
arXiv:2212.04128 

(2022)

< 0.59 × 10−5

𝐵+ → 𝐾+𝜏−𝜇+ < 2.45 × 10−5

𝐵+ → 𝐾+𝜏+𝑒− < 1.51 × 10−5

𝐵+ → 𝐾+𝜏−𝑒+ < 1.53 × 10−5

Leading systematic uncertainties

𝐵+ → 𝐾+𝜏+𝑒−

𝐵 ത𝐵 BDT selection (10.0%)

𝑞ത𝑞 BDT selection (8.6%)

Tagging (5.9%)

[5] Gelb, et al. Comput. Softw. Big Sci. 2 (2018) 1, 9



𝐵 → 𝐾∗𝜏+𝜏−
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• Can be used with 𝑅(𝐾∗) results for more LFU 
tests

• Signal reconstructed with 𝜏+ → 𝑒+𝜈𝑒 ҧ𝜈𝜏, 𝜏+ →
𝜇+𝜈𝜇 ҧ𝜈𝜏 and 𝜏+ → 𝜋+ ҧ𝜈𝜏; 6 unique combinations

• Further continuum suppression with thresholds 
on event-shape variables

• Binned fit to the extra energy in the ECL

• First ever measurement of this mode!
Decay BR 90% C.L.

𝐵+ → 𝐾+𝜏+𝜏−

BaBar, PRL 118, 031802 (2017)

< 2.25 × 10−3

𝐵0 → 𝐾∗0𝜏+𝜏−

Belle, arXiv:2110.03871 (2017)

< 2.0 × 10−3

(Preliminary)

Preliminary

Leading systematic uncertainties

Tagging (4.6%)

Electron ID (2.48%)

Muon ID (2.03%)



Improving lepton identification

13DANIEL FERLEWICZ, THE UNIVERSITY OF MELBOURNE, LLWI 2023

• Modern machine learning techniques can be used to boost 
performance

BDT input variables

Ratio of ECL energy between 3 × 3 and
5 × 5 crystal grid

Ratio of energy deposited and 
momentum

Measurement of lateral shower shape

Number of crystals hit in the ECL

Total ECL energy of the particle

Binary likelihood of each particle 
hypothesis from CDC, TOF, ACC

 Tight leptonID selection criteria

 Only apply phase space cut to ensure
there is no bias

 Fit invariant mass before and after a
leptonID cut to determine efficiency

• By matching the efficiency of different algorithms, the mis-identification 
rate is measured to be a factor ~0.7 smaller



Angular analysis of 𝐵 → 𝐾∗𝑒+𝑒− at low 𝑞2
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• Reconstruct with 𝐾∗0 → 𝐾+𝜋− and 𝐾∗+ → 𝐾𝑆
0𝜋+ channels

• Fit the differential decay rate as a function of angular observables

Forward-backward asymmetry

Longitudinal polarisation of 𝐾∗

Expected to be zero unless there is some 
complex phase being introduced

Expected to be zero unless there is a right-
handed current contribution

• Independent check of LHCb result [6] 
with improved lepton ID

• 0.0008 < 𝑞2 < 1.12 GeV2/𝑐4 used to 
match upper threshold from 2015 LHCb
analysis [7]

[6] LHCb, JHEP 12 (2020) 081
[7] LHCb, JHEP 04 (2015) 064



Signal selection
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• BDTs developed for continuum suppression and signal 
selection

• Vertexing and 𝑞2 threshold used

to remove 𝐵 → 𝐾∗𝛾 → 𝑒+𝑒−

events

Preliminary
Control mode

Preliminary
Control mode

Preliminary
MC

• 22 expected events using the BDT compared to 12 when 
using the old lepton ID

Preliminary
MC Radius of the dilepton vertex in 

the 𝑥𝑦-plane



Expected sensitivity to new physics
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• Fit to the differential decay rate and 

use results to constrain 𝒞7
(′)

• Ready for unblinding soon

• Potential future inclusion of 𝐵 →
𝐾∗𝛾(→ 𝑒+𝑒−) for additional 
constraint on photon polarisation 
looks viable

Preliminary 
Belle expected 
sensitivity

Preliminary 
Belle expected 
sensitivity

Setting 𝒞7
SM = −0.304



Summary
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• Lots of recent results of rare 𝐵 decays!

• Lepton flavour violation studies:
• ℬ(𝐵 𝑠

0 → 𝜏±ℓ∓) – first search for 𝐵𝑠
0 → 𝜏±𝑒∓

• ℬ(𝐵+ → 𝐾+𝜏±ℓ∓) – broken down into all 𝜏±ℓ∓ combinations

• ℬ(𝐵 → 𝐾𝜇±𝑒∓) – best constraints to date

• Lepton flavour universality
• 𝑅(𝐾(∗)) has remained consistent with the Standard Model

• ℬ(𝐵 → 𝐾∗𝜏±𝜏∓) – first constraint for this decay mode

• 𝐵 → 𝐾∗𝑒+𝑒− angular analysis for low 𝑞2 - unblinding soon

• Upgraded Belle lepton ID will help push Belle + Belle II studies in the future
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Back up



B0 → 𝜏∓ℓ±
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𝐵𝑠
0→ 𝜏±ℓ∓
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*scaled to ℬ = 10−2

*scaled to ℬ = 10−2

Pre-signal 
selection 
BDT:

ℓ1

ℓ2

ℓ2

Tag-side:



𝐵𝑠
0→ 𝜏±ℓ∓
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• BDT inputs:
• Non-primary lepton momenta
• Extra energy from non-reconstructed 

tracks and clusters
• Sum of energy of tracks and clusters
• Missing energy
• Absolute missing invariant mass 

squared
• Cosine of angle between ℓ1 and ℓ2
• 𝐷𝑠

+ mass
• Modified Fox-Wolfram moments

Post-signal selection BDT:



𝐵+ → 𝐾+𝜏±ℓ∓
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• 𝐵 ത𝐵 BDT inputs:
• Kaon-track invariant mass
• No. ECL clusters and energy 

in rest of event
• Extended Fox-wolfram 

moments
• Decay vertex distances
• Distance between kaon and 

each other signal track

• 𝑞ത𝑞 BDT inputs:
• 𝑅2
• CLEO cones
• Thrust axis angle
• Other event shape variables



𝐵+ → 𝐾+𝜏±ℓ∓
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𝐵 → 𝐾ℓℓ
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Muon mode

Electron mode

Continuum and 𝐵 ത𝐵 suppression with a 
neural net, 𝒪′. Included event-shape 
variables, decay vertex information and 
flavour-tagging confidence



𝐵 → 𝐾ℓℓ
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𝐵 → 𝐾∗ℓℓ
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𝐵 → 𝐾∗𝜏+𝜏−
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Preliminary

Preliminary

Preliminary

Preliminary

Preliminary



 Made up of 8736 CsI(Tl) ∼ 30cm crystals, equivalent 

to 16 radiation lengths (𝑋0) for electrons and photons

The Belle (II) electromagnetic calorimeter

Daniel Ferlewicz, School of Physics, The University of Melbourne

Compared to 2.5𝑋0 before LHCB’s ECAL

Material before 

ECL

Belle II: 
𝐸

𝐸0
= 𝑒−𝑋/𝑋0 ≈ 𝑒−0.3 = 74%

LHCb: 
𝐸

𝐸0
= 𝑒−2.5 = 8%

Better timing resolution at Belle (II) also 

allows for better bremsstrahlung recovery



Particle separation in detectors

Daniel Ferlewicz, School of Physics, The University of Melbourne

ECL

CDC

ARICH

TOP

KLM



Verifying Lepton ID

Daniel Ferlewicz, School of Physics, The University of Melbourne

 Test the BDT using standard candles

𝐽/Ψ → ℓ+ℓ− and 𝐾𝑆
0 → 𝜋+𝜋−

 LFUV tests require high precision (with 

uncertainty < 1%)

 Tight leptonID selection criteria

 Only apply phase space cut to ensure
there is no bias

 Fit invariant mass before and after a
leptonID cut to determine efficiency



Continuum suppression BDT
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Continuum suppression BDT input variables

Fox-Wolfram R1-R4

Harmonic Moment Thrust 0-4

Sphericity

Aplanarity

Thrust axis cos theta

Missing mass2 of event

Visible energy of event

Total photon energy of event



Signal event classifier
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Signal selection BDT input variables

Δ𝐸

Continuum suppression BDT

Δz0 of the two electrons

Δ𝑑0 of the two electrons

Distance of dilepton vertex

Significance of distance of dilepton vertex

Missing mass2 and visible energy of event

Log of dilepton vertex radius
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