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The Belle II detector
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• SuperKEKB: asymmetric 𝑒−𝑒+ collisions at 

10.58 𝐺𝑒𝑉 (𝑌(4𝑆))

• aim at 700
𝐵 ത𝐵 𝑝𝑎𝑖𝑟𝑠

𝑠
in low-background environment

• 362𝑓𝑏−1 (387 × 106 𝐵 ത𝐵 pairs) on-resonance data 

collected

• record peak luminosity: 4.7 × 1034𝑐𝑚−2𝑠−1

August 22nd, 2023

opens window to final states including multiple 𝑛𝑒𝑢𝑡𝑟𝑖𝑛𝑜𝑠 and 𝜋0/𝑝ℎ𝑜𝑡𝑜𝑛𝑠



Hadronic B decays

b

b d,s

u,c
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𝒃 → 𝒖, 𝒄 trees and 𝒃 → 𝒅, 𝒔 loops

Probe the SM:

• over-constrain CKM triangle

𝜱𝟏: via time-dependent analysis of e.g. 𝐾𝑆
0𝜋0

𝜱𝟐: via isospin analysis of 𝐵 → 𝜌𝜌 , 𝐵 → 𝜋𝜋
𝜱𝟑: via 𝐵 → 𝐷ℎ, 𝐵 → 𝐷∗𝐾

• via isospin sum rules

Belle II advantages:

➢ clean environment

➢ excellent neutral reconstruction

Today:

• observation of new 𝑩 → 𝑫(∗)𝑲𝑲𝑺
𝟎 modes

• 𝜱𝟑 measurements with two methods

• towards 𝜱𝟐 with 𝐵 → 𝜌𝜌, 𝜋𝜋 decays

• 𝑲𝝅 isospin sum rule
August 22nd, 2023



1. Reconstruction

• combine final state particle candidates in kinematic fits to form B
candidates

2. Selection

• optimize event-shape multivariate classifier + particle ID criteria

3. Modelling + Fit

• extract models from simulation (+calibrate on data)

• fit to data to extract physics quantities

4. Systematic uncertainties

• toy studies + control modes

Challenges: small BR, high backgrounds, neutrals

Analysis Workflow
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𝐵 → 𝐷(∗)𝐾−𝐾𝑆
0 decays



𝐵 → 𝐷(∗)𝐾−𝐾𝑆
0 decays
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𝑩 → 𝑫(∗)𝑲−𝑲𝑺
𝟎 make up a few % of hadronic BR, but only small fraction 

of it is measured

serves as input for simulation and tagging techniques

➢ improving our knowledge will improve other analyses

search for possible intermediate states 𝑩 → 𝑫(∗)𝑿−[𝑲−𝑲𝑺
𝟎]

➢ Fit ∆𝐸 to obtain ‘background’ free invariant mass distributions

“structures”

first observation

arXiv:2305.01321
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https://arxiv.org/abs/2305.01321


Measurement of Φ3



The CKM angle Φ3
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• weak phase between 𝒃 → 𝒄 and 𝒃 → 𝒖 tree 

transitions 

• negligible theoretical uncertainty [𝑂(10−7)]
arXiv:1308.5663

• current experimental world average

Φ3 ° = 65.9−3.5
+3.3 HFLAV

• can be compared to other measurements, 

possibly sensitive to NP
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Different methods to extract Φ3 depending on D decay mode:

➢ Cabibbo-suppressed decays, e.g. 𝑲𝑺
𝟎𝑲∓𝝅± (GLS)

➢ CP eigenstates, e.g. 𝑲+𝑲−, 𝑲𝑺
𝟎𝝅𝟎 (GLW)

➢ self-conjugated multibody decays, e.g. 𝑲𝑺
𝟎𝒉+𝒉− (BPGGSZ)

https://arxiv.org/abs/1308.5663
https://hflav-eos.web.cern.ch/hflav-eos/triangle/latest/


Φ3via Cabibbo-suppressed modes
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𝐵± → 𝐷𝐾±, 𝐷𝜋± with 𝐷 → 𝐾𝑆
0𝐾±𝜋∓ (SS: same-sign, OS: opposite-sign)

• measure 4 𝐴𝐶𝑃 and 3 𝐵𝑅 ratios

➢ in full 𝐷 phase space

➢ in 𝐷 → 𝐾∗𝐾 region (large strong phase difference)

in 𝐾∗𝐾 region 

arXiv:2306.02940

𝐵 → 𝐷𝐾 𝐵 → 𝐷𝜋

in agreement with LHCb determinations, but less precise

contributes to Φ3 determination with other Belle and Belle II results 
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preliminary

preliminary

https://arxiv.org/abs/2306.02940


Φ3via CP eigenstates
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𝐵± → 𝐷𝐾±, 𝐷𝜋± with 𝐷 → 𝐾+𝐾− (CP-even) or 𝐷 → 𝐾𝑆
0𝜋0 (CP-odd)

measure 2 𝐴𝐶𝑃 and 2 𝐵𝑅 ratios

𝐵 → 𝐷𝐾 𝐵 → 𝐷𝜋

unique to Belle(II)

3.5𝜎 evidence for 

in agreement with world average

contributes to Φ3 determination with other Belle and Belle II results 
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arXiv:2308.05048

preliminary

preliminary

https://arxiv.org/abs/2308.05048


Towards Φ2



The CKM angle Φ2
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Φ2 = arg(−
𝑉𝑡𝑑𝑉𝑡𝑏

∗

𝑉𝑢𝑑𝑉𝑢𝑏
∗ )

• least known angle of the CKM

• current experimental world average

Φ2 ° = 85.2−4.3
+4.8 HFLAV

• sin(2Φ2)~ TDCPV 𝑏 → 𝑢ത𝑢𝑑 transitions

(if only tree contributions)

• loop contributions introduce shift

• tree and loop contributions can be disentangled

exploiting 𝐵 → 𝜋𝜋, 𝜌𝜌 isospin relations

• need to measure 𝐵𝑅 and 𝐴𝐶𝑃 of all 𝐵 → 𝜋+𝜋−, 𝜋+𝜋0, 𝜋0𝜋0 modes
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unique to Belle II

→ 𝜌+𝜌−, 𝜌+𝜌0, 𝜌0𝜌0

https://hflav-eos.web.cern.ch/hflav-eos/triangle/latest/


𝐵 → 𝜋𝜋 results

13/18

First measurement of 𝑩𝟎 → 𝝅𝟎𝝅𝟎 at Belle II

• unique channel to Belle II

• 4 photons in final state

• large background

• same BR precision as Belle with 1/3 of 

data

𝑩𝟎 → 𝝅𝟎𝝅𝟎 ഥ𝑩𝟎 → 𝝅𝟎𝝅𝟎

Phys. Rev. D 107, 112009
𝑩𝟎 → 𝝅+𝝅− 𝑩+ → 𝝅+𝝅𝟎
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• compatible with world averages

• worlds best 𝐵𝑅(𝐵0 → 𝜋+𝜋−)

https://arxiv.org/abs/2303.08354
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.112009


𝐵 → 𝜌𝜌 results

• 4 final state particles, including 𝜋0

• non-negligible contribution from peaking backgrounds

• need to perform angular analysis to disentangle longitudinal from transversal polarization
𝑩𝟎 → 𝝆+𝝆− 𝑩+ → 𝝆+𝝆𝟎
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arXiv:2206.12362

arXiv:2208.03554

extension to full sample promising
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https://arxiv.org/abs/2206.12362
https://arxiv.org/abs/2208.03554


𝐾𝜋 isospin sum rule



𝐾𝜋 isospin sum rule
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• direct and precise method to test SM in hadronic B decays

• SM prediction: 0 within 1% precision (Phys. Lett. B627 (2005) 82-88)

• provides stringent null test of SM

• Belle II measures all modes in coherent way with unique access to 𝐵0 → 𝐾𝑆
0𝜋0 (limits 𝐼𝐾𝜋)

𝐵0 → 𝐾+𝜋− 𝐵+ → 𝐾+𝜋0 𝐵+ → 𝐾𝑆
0𝜋+ 𝐵0 → 𝐾𝑆

0𝜋0
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https://www.sciencedirect.com/science/article/abs/pii/S0370269305013274?via=ihub


𝐾𝜋 isospin sum rule
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𝐵0 → 𝐾+𝜋− 𝐵+ → 𝐾+𝜋0

𝐵+ → 𝐾𝑆
0𝜋+ 𝐵0 → 𝐾𝑆

0𝜋0

competitive with world averages, BRs limited by systematics (𝜋0, 𝑓+−/00)

𝑩𝟎 → 𝑲𝑺
𝟎𝝅𝟎 combined with time-dependent analysis (arXiv:2206.07453)

➢ world’s best 𝐴𝐶𝑃 𝐾𝑆
0𝜋0 = −0.01 ± 0.12 ± 0.05

𝐼𝐾𝜋 = −0.03 ± 0.13 ± 0.05 (world average: 𝐼𝐾𝜋 = 0.13 ± 0.11)

competitive with world average with 362𝑓𝑏−1
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https://arxiv.org/abs/2206.07453


Summary

• Hadronic B decays offer a large and diverse physics program

➢ Enable improvement of descriptions in generic B simulations

➢ Constrain unitarity of the weak interactions of quarks through measurements of 𝛷1, 𝛷2, 𝛷3

➢ Offer sensitive SM tests based on flavor symmetries (e.g., isospin sum rules)

• Belle II has unique / competitive reach owing to its efficient performance in reconstruction of neutral 

particles

• Today shown contributions to the determination of 𝛷3, world leading results on isospin sum rules and 

promising progress toward determination of 𝛷2

• Shutdown since July 2022 to replace pixel detector, restart in December

Thank you
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Backup



Φ3via Cabibbo-suppressed modes

𝐵± → 𝐷𝐾±, 𝐷𝜋± with 𝐷 → 𝐾𝑆
0𝐾±𝜋∓ (SS: same-sign, OS: opposite-sign)
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Φ3via CP eigenstates

𝐵± → 𝐷𝐾±, 𝐷𝜋± with 𝐷 → 𝐾+𝐾− (CP-even) or 𝐷 → 𝐾𝑆
0𝜋0 (CP-odd)

unique to Belle(II)
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Φ3via CP eigenstates

𝐵± → 𝐷𝐾±, 𝐷𝜋± with 𝐷 → 𝐾+𝐾− (CP-even) or 𝐷 → 𝐾𝑆
0𝜋0 (CP-odd)

unique to Belle(II)
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2.2𝜎 above world average

➢ large 𝑟𝐵
➢ stringent constraint Φ3


