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1) Belle and Belle II
Will the next generation perform as well as the first?

18.9.2023 CKM 2023 10



Why B physics at the Υ(4S)?

• The process 𝑒+𝑒− → Υ 4𝑆 → 𝐵 ത𝐵 has comparable cross section to 
𝑒+𝑒− → 𝑞 ത𝑞, 𝑞 = 𝑢, 𝑑, 𝑠, 𝑐 a.k.a. continuum

• Advantages compared to proton-proton
• Low average multiplicity – neutral reconstruction
• Constrained kinematics – good missing momentum reconstruction
• Correlated 𝐵0 ത𝐵0 - high flavour-tagging efficiency
• Open trigger – 100% efficient for almost all B decays

• Disadvantages compared to proton-proton
• Cross section – 150,000 times smaller
• No Bs, Bc, or b produced
• No boost in the c.m. frame – partially overcome by the asymmetric beams
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Detectors and data samples
• Belle + BaBar collected 

0.71+0.43=1.14 ab−1  Y(4S) samples
• Many achievements: confirmation of 

KM mechanism, b→cτν, direct CPV in 
B decay

• SuperKEKB + Belle II
• nanobeam scheme to increase 

instantaneous luminosity by factor 
30 to collect multi-ab−1 sample 

• World record 4.7×1034 cm−2s −1

• Target 60×1034 cm−2s −1

• So far 362 fb−1 at Y(4S) 
• + 42 fb −1 off-resonance to 

characterize continuum
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B-factory analysis essentials 1 – 
beam constrained kinematics

18.9.2023 CKM 2023 17

From Mirco Dorigo’s talk WG5



B-factory analysis essentials 2 –
continuum suppression
• In the c.m. frame B mesons almost 

at rest when they decay  
• isotropic distribution of particles

• In the c.m. frame continuum qq 
back-to-back
• jetlike distribution of particles

• Shape variables, e.g., thrust and 
Fox-Wolfram moments, help 
distinguish topologies

• Ideal task for machine-learning

• Output oft used as a fit variable 

18.9.2023 CKM 2023 18
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B-factory analysis essentials 3: hadronic tag
• Full-reconstruction of one B decay 

in a large number of high BF modes 
on one side 
• B → D(*)0 mπ±nπ0 , where m1 n 0

• Reconstruct other B as signal with 
missing energy 

• Machine learning algorithm used to 
boost efficiency as much as possible
• Comput. Softw. Big Sci. 3 (2019) 1, 6

• Total efficiency < 1% but a powerful 
tool

• Requires calibration

18.9.2023 CKM 2023 20
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B-factory analysis essentials 4 – 
vertexing and flavour tagging 

∝ 𝑉𝑡𝑑
2𝑒2𝑖𝜙1

See Y. Uematsu’s talk in WG4
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B-factory analysis essentials 4 – 
vertexing and flavour tagging 
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Graph-neural-network 
approach has improved our 

tagging by 18%
𝝐 𝟏 − 𝟐𝝎 = 𝟑𝟕. 𝟒%

𝒆−(7 GeV) 𝒆+(4 GeV)

𝑩𝐬𝐢𝐠𝐧𝐚𝐥

𝑩𝐭𝐚𝐠

𝒍+

𝑲𝐒
𝟎

𝑫+

𝝁−

ഥ𝝂

𝜟𝒛 = 𝜟𝒕𝜸𝜷𝒄

Flavour-tagging key:
leptons, kaons, high 

momentum tracks etc

𝒍−

∝ 𝑉𝑡𝑑
2𝑒2𝑖𝜙1

See Y. Uematsu’s talk in WG4

Coherent 
evolution

𝜙1 ≡ 𝛽



2) CP violation
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Time-dependent CP violation - 𝐵0 → 𝜂′𝐾𝑆
0 

• Decay  may also have a BSM phase as it is 
a gluonic penguin 
• alter the value of φ1 from that measured in 

𝑏 → 𝑐 ҧ𝑐𝑠 transitions such as 𝐵0 → 𝐽/𝜓𝐾𝑆
0 

• Reconstructing 𝜂′ → 𝜂 𝛾𝛾 𝜋+𝜋− and 
𝜂′ → 𝜌 𝜋+𝜋− 𝛾 we select 829 ± 35 events 
in 362 fb-1 sample
• 3D fit to ΔE, mBC and continuum suppression 

output

• sin 2φ1 = 0.67±0.10±0.04

• Similar precision to current HFLAV and 
value from 𝑏 → 𝑐 ҧ𝑐𝑠 decays 

18.9.2023 CKM 2023 26

Y. Uematsu’s talk - WG4Belle II paper in preparation
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• 3D fit to ΔE, mBC and continuum suppression 
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• sin 2φ1 = 0.67±0.10±0.04

• Consistent with current HFLAV and that 
from 𝑏 → 𝑐 ҧ𝑐𝑠 result 
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Y. Uematsu’s talk - WG4Belle II paper in preparation



B→K isospin sum rule
• Relates these various penguin modes to give a null test of the SM 

with O(1%) SM precision – PRD 59, 113002 (1999)

• All inputs measured at Belle II including ‘no vertex’ time-dependent 
CP asymmetry for B→ K0

S
0 – 362 fb-1 sample
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M. Dorigo’s talk  – WG5

Belle II paper in preparation and arXiv:2305.07555 (accepted PRL)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.59.113002
https://arxiv.org/abs/2305.07555
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M. Dorigo’s talk  – WG5

B+ → K+0

Belle II paper in preparation and PRL 131, 111803 (2023)

B→ K0
S

0

𝐵 = (14.2 ± 0.4 ± 0.9) × 10−6

Large 0 efficiency syst.

𝐴𝐾0 = −0.01 ± 0.12 ± 0.05
Combination of time-dependent 

and  time-integrated analyses

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.59.113002
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.111803
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γ/φ3: power of Belle + Belle II
• Standard candle in the SM

• Tree-level only + no theory unc.

• LHCb leads the way: γ=(63.8±3.6)°
• LHCB-CONF-2022-003

• Several Belle (711 fb−1) + Belle II 
measurements (varying sample 
size) – total O(1 ab −1)
• D→ K0

S  - JHEP 02 (2022) 063 
• D→ K0

S K - accepted by JHEP
• D→ K0

S 
0, KK  - arXiv:2308.05048

• + Belle-only D→K and others

• A few ab −1 will give a good cross 
check of this SM parameter
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γ=(78.6±7.3)°

NB: rBs have fluctuated a 
little high – worse precision 
with WA value

K. Trabelsi’s talk  – WG5
New for CKM – paper in preparation
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https://link.springer.com/article/10.1007/JHEP02(2022)063
https://arxiv.org/abs/2306.02940
https://arxiv.org/abs/2308.05048
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3) Vxb
Inclusive vs. exclusive

Theory + Experiment

18.9.2023 CKM 2023 34
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Angular coefficients in B→D*lv and Vcb
• Measure 4D-differential distribution in 

terms of decay angles and w 
• overall proportionality to |Vcb|2

• w1 is the hadronic recoil parameter – relates 
to mom. transfer to the leptonic system

• Extract 12 angular coefficients of the 
distribution in bins of w for the first time 
using full Belle 711 fb−1 sample
• hadronically tagged

• Fit performed to coefficients in different 
form-factor parameterizations and with 
LQCD inputs to extract Vcb as well as 
parameters of the form-factor model
• WA BF also taken externally 

18.9.2023 CKM 2023 35

Belle paper in preparation
C. Schwanda talk – WG2



Angular coefficients in B→D*lv and Vcb
• Measure 4D-differential distribution in 

terms of decay angles and w 
• overall proportionality to |Vcb|2

• w1 is the hadronic recoil parameter – relates 
to mom. transfer to the leptonic system

• Extract 12 angular coefficients of the 
distribution in bins of w for the first time 
using full Belle 711 fb−1 sample
• hadronically tagged

• Fit performed to coefficients in different 
form-factor parameterizations and with 
LQCD inputs to extract Vcb as well as 
parameters of the form-factor model
• WA BF also taken externally 

18.9.2023 CKM 2023 36

Belle paper in preparation
C. Schwanda talk – WG2



Angular coefficients in B→D*lv and Vcb
• Measure 4D-differential distribution in 

terms of decay angles and w 
• overall proportionality to |Vcb|2

• w1 is the hadronic recoil parameter – relates 
to mom. transfer to the leptonic system

• Extract 12 angular coefficients of the 
distribution in bins of w for the first time 
using full Belle 711 fb−1 sample
• hadronically tagged

• Fit performed to coefficients in different 
form-factor parameterizations and with 
LQCD inputs to extract Vcb as well as 
parameters of the form-factor model
• WA BF also taken externally 

18.9.2023 CKM 2023 37

Belle paper in preparation
C. Schwanda talk – WG2

LQCD



18.9.2023 CKM 2023 38



Commercial break
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C. Schwanda (exclusive) WG2
M. Prim (inclusive) WG1+2

https://indico.belle2.org/event/9402/

https://indico.belle2.org/event/9402/


4) Lepton flavour/universality violation 
and rare decays

Beyond CKM

18.9.2023 CKM 2023 40



Measurement of R(X)

• Inclusive ratio 𝑅 𝑋 =
𝐵𝐹(𝐵→𝑋τν)

𝐵𝐹(𝐵→𝑋𝑙ν)
• A complementary alternative to 

R(D(*))

• Hadronic-tagging method with a  
189 fb−1 Belle II sample

• Use missing-mass squared and 
lepton momentum to isolate 
signal above B→Xlv background

• Background templates 
calibrated to control samples 
and sidebands

18.9.2023 CKM 2023 41
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R(X)=0.228±0.016 (stat) ±0.036 (syst)
Systematics dominated by control sample reweighting procedures

First at B factories
Agrees with SM prediction and the WA R(D(*)) values



Belle search for 𝑩+ → 𝑲+𝝉±𝒍∓

• Lower bounds on branching 
fractions in U(1) leptoquark models 
at O(10−7) 
• PRD 104, 055017 (2021) 

• Belle 711 fb−1 data sample

• Hadronic tagging – then use tag, 
kaon and lepton four momentum 
to workout recoil mass

18.9.2023 CKM 2023 44

PRL 130, 261802 (2023)G. Mohanty WG3

World
leading

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.055017
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.261802
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Recoil

PRL 130, 261802 (2023)G. Mohanty WG3

World
leading
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• Well known in SM but very sensitive to BSM enhancements
• B(B→K+νν)=(5.6±0.4) × 10−6  [arXiv:2207.13371]

• Challenging experimentally
• Low branching fraction with large background

• No peak – two neutrinos leads to no food kinematic constraint

𝑩+ → 𝑲+𝝂ഥ𝝂: Motivation
S. Stefkova WG3
Belle II paper in preparation

https://arxiv.org/pdf/2207.13371.pdf
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𝑩+ → 𝑲+𝝂ഥ𝝂 ∶ Analysis strategy
• Two methods: an inclusive tag (8% efficiency) and 

conventional hadronic tag (0.4% efficiency) 
• many common features except tag

• Use event variables to suppress background
• Inclusive: 

1. preselect events where missing momentum and signal kaon 
well reconstructed

2. First boosted decision tree (BDT1): 12 variables

3. Second BDT2: 35 variables – x3 sensitivity 

4. BDT2 fit extraction variable in bins of 𝜈 ҧ𝜈 mass-squared – q2

• Hadronic tag: single BDT for fit 
•  key variable any additional calorimeter energy other than K+tag

18.9.2023 CKM 2023 49
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• Use event variables to suppress background
• Inclusive: 

1. preselect events where missing momentum and signal kaon 
well reconstructed

2. First boosted decision tree (BDT1): 12 variables

3. Second BDT2: 35 variables – 3 times sensitivity 

4. BDT2 fit extraction variable in bins of 𝜈 ҧ𝜈 mass-squared – q2
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𝑩+ → 𝑲+𝝂ഥ𝝂: Inclusive signal extraction 

• 1 signal and 7 
background templates 
from simulation
• corrected using control 

samples

• Profile maximum 
likelihood fit inc. 
systematic uncertainties

• Continuum template 
constrained by off-
resonance   
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2.Is the B background understood?
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𝑩+ → 𝑲+𝝂ഥ𝝂 : Efficiency validation

Ratio between selection on data and 
simulation for the control sample 1 
with 3% uncertainty
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𝑩+ → 𝑲+𝝂ഥ𝝂: Background validation example 

• An example of a difficult background is 
charmless 𝐵+ → 𝐾+𝐾𝐿

0𝐾𝐿
0, where 

𝐾𝐿
0 mesons escape detection
• has an order of magnitude larger BF than 

signal

• Dedicated studies 𝐵+ → 𝐾+𝐾𝑆
0𝐾𝑆

0 show 
good modelling
• generous systematics assigned

• Similar studies for𝐵+ → 𝐾+𝑛 ത𝑛, 𝐵+ →
𝐾+𝐾𝐿

0𝐾𝑆
0, pion-enriched sideband, and 

so on
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𝑩+ → 𝑲+𝝂ഥ𝝂: Results

BFinc = 2.8 ± 0.5(stat) ± 0.5(syst) × 10−5 

BFhad = 1.1−0.8
+0.9(stat)−0.5

+0.8 syst × 10−5

BFcomb = 2.4 ± 0.5(stat)−0.4 
+0.5 (syst) × 10−5

18.9.2023 CKM 2023 60

S. Stefkova WG3
Belle II paper in preparation



𝑩+ → 𝑲+𝝂ഥ𝝂: Results

BFinc = 2.8 ± 0.5(stat) ± 0.5(syst) × 10−5 

BFhad = 1.1−0.8
+0.9(stat)−0.5

+0.8 syst × 10−5

BFcomb = 2.4 ± 0.5(stat)−0.4 
+0.5 (syst) × 10−5

18.9.2023 CKM 2023 61

Combined result
• Evidence @ 3.6σ
• Tension with SM 

(0.6×10−5) @ 2.8σ
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Team sheet
• 13 parallel talks Belle/Belle II
1. WG1: Charmed meson lifetimes and 
prospects for future determinations of Vcs, Vcd 
at Belle / Belle II: Alan Schwarz 

2. WG1+WG2: Recent measurements of inclusive 
SL decays at the beauty and charm factories 
(including BESIII): Markus Prim 

3. WG2: Exclusive SL B-decays at Belle/Belle II: 
Christoph Schwanda 

4. WG2: LFU tests at Belle / Belle II: Bob 
Kowalewski 

5. WG2+WG3: Recent results on leptonic/rare 
decays at Belle/Belle II: Justine Serrano

6. WG3: b → s/d γ at Belle/Belle II : Rahul 
Tiwary

7. WG3: B → K + invisible at Belle/Belle II: 
Slavomira Stefkova 

8. WG3: LFV B decays (inc. LHCb): Gagan 
Mohanty

9. WG4: Measurement of sin2φ1 and sin2φ1 
effective at Belle/Belle IIYuma Uematsu 

10.WG4+WG5: New results of the CKM angle 
γ/φ3 at Belle/Belle II: Karim Trabelsi

11.WG5: Measurement of branching ratios in 
hadronic B to charm decays at Belle/Belle II: 
Vidya Sagar Vobbilisetti 

12.WG5: Direct CP violation measurements with 
charmless B decays at Belle/Belle II: Mirco 
Dorigo

13.WG7: CPV in D meson decays at Belle/Belle II: 
Michel Bertemes
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Team sheet
• 13 parallel talks Belle/Belle II
1. WG1: Charmed meson lifetimes and 
prospects for future determinations of Vcs, Vcd 
at Belle / Belle II: Alan Schwarz 

2. WG1+WG2: Recent measurements of inclusive 
SL decays at the beauty and charm factories 
(including BESIII): Markus Prim 

3. WG2: Exclusive SL B-decays at Belle/Belle II: 
Christoph Schwanda 

4. WG2: LFU tests at Belle / Belle II: Bob 
Kowalewski 

5. WG2+WG3: Recent results on leptonic/rare 
decays at Belle/Belle II: Justine Serrano

6. WG3: b -> s/d gamma at Belle/Belle II : Rahul 
Tiwary

7. WG3: B -> K + invisible at Belle/Belle II: 
Slavomira Stefkova 

8. WG3: LFV B decays (including LHCb): Gagan 
Mohanty

9. WG4: Measurement of sin2phi and sin2phieff 
at Belle/Belle II (including lifetime and oscillation 
frequency): Yuma Uematsu 

10.WG4+WG5: New results of the CKM angle 
gamma/phi3 at Belle/Belle II: Karim Trabelsi

11.WG5: Measurement of branching ratios in 
hadronic B to charm decays at Belle/Belle II: 
Vidya Sagar Vobbilisetti 

12.WG5: Direct CP violation measurements with 
charmless B decays at Belle/Belle II: Mirco 
Dorigo

13.WG7: CPV in D meson decays at Belle/Belle II: 
still unfilled: Michel Bertemes
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5) Prospects and conclusion
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Belle II: after current shutdown

• We have not collected the sample size planned to 
date
• Beam conditions

• Since summer 2022 shutdown for accelerator 
upgrades to mitigate background and increase 
luminosity

• Detector upgrades too
• two-layer pixel detector installed

• On target to restart SuperKEKB in December

• Path to 2 × 1035 cm −2s−1 but new final focus to go 
beyond

• Proposed upgrade from 2027
•  J. Baudot FPCP 2023
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https://indico.cern.ch/event/1166059/contributions/5305534/attachments/2657551/4603517/futureBelleII-JBaudot-fpcp23.pdf


Far future: FCC-ee
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Far future: FCC-ee
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Far future: FCC-ee
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Far future: FCC-ee
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X 30 Belle II @ 50/ab
𝐵+ → 𝐾+𝜏+𝜏−

Eur. Phys. J. Plus 136 (2021) 837

https://arxiv.org/abs/2106.01259
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CKM 2023 CKM 2045-if I’m lucky

Another use of 
ML in HEP



Conclusion

• e+e− has an important role to play and a bright future
• Belle legacy continues
• Even while Belle II is catching up, we are producing 

competitive and exciting results
• Sometimes world leading with less data

• Time-dependent CP violation in B→K00γ – Y. Uematsu WG4

• A lot more to come once we enter the “1035 era”

•Upgrade plans for reaching the 10s of ab−1
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Backup
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Belle II upgrade
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• Many plans and 
possibilities

• Work on a 
Conceptual Design 
Report begun to be 
delivered in 2023

• Followed by a 
Technical Design 
Report in 2024

• Shutdown end of 
2027 for installation

• Accumulate 10s of 
ab-1 into the 2030s

Belle III + ChiralSuperKEKB > 2030+

J. Baudot FPCP 2023

https://indico.cern.ch/event/1166059/contributions/5305534/attachments/2657551/4603517/futureBelleII-JBaudot-fpcp23.pdf
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