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Hadronic Charmed and Charmless B Decays

b

b d,s

c

Charmed decays: B→D(*)h

• mediated through Cabibbo-favored b→c tree transitions

➢ high branching fractions of ~0.5%

➢ clean channels to test QCD predictions

➢ serve as important control modes

• B→D(*)K modes are theoretically clean modes to precisely determine γ/Φ3

Charmless decays: B→hh(h)

• mediated through Cabibbo-suppressed b→u tree or b→d, s loop transitions

➢ sensitive to non-SM loop contributions

➢ contribute to determination of all three CKM angles

• Challenges:

➢ small branching fractions ~𝑂 10−5

➢ high backgrounds: e+ e- → qq

b u

LP21 - Markus ReifJanuary 12th, 2021 2/16



Analysis Workflow

1. Reconstruction
• combine final state particles (e.g., pions and kaons) in kinematic fits to 

form the B decay of interest

2. Selection
• optimized continuum suppression and particle ID criteria

• vetoes to remove peaking backgrounds (mainly in charmless)

• determine selection efficiencies for branching fraction calculations

3. Fit
• extract models in ∆E, Mbc (or more) from simulated data                     

(+ calibrate on data) 

• fit in to data and calculate physics quantities

4. Systematic Uncertainties
• evaluated with control modes and simplified simulations (toy studies)
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Belle + Belle II
711fb-1 128fb-1

Φ3 from 𝐵 → 𝐷𝐾 decays
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Φ3 from 𝐵 → 𝐷𝐾 decays

γ, Φ3 is the phase between 𝒃 → 𝒄 and 𝒃 → 𝒖 transitions: 𝑩 → 𝑫𝑲

• interference between two decays to same final state 

gives access to phase

• D’s reconstructed from: 𝐾𝑆
0𝜋+𝜋− and 𝐾𝑆

0𝐾+𝐾−

• physics results limited by sample size, due to 

small branching fractions of involved decays 
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Φ3 from 𝐵 → 𝐷𝐾 decays

determination of Φ3 is dependent on the physics of the D-decay

• could choose a model to describe the Dalitz plot
➢ large systematic uncertainties

• here: use a binned model independent method

• independently measured D strong-phase parameters in each 

bin replace model (external input: CLEO & BESIII)

• observed yields per bin can be related to physics quantities 

of interest (Φ3, 𝛿𝐵, rB)
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Φ3 from 𝐵 → 𝐷𝐾 decays

• 2D (ΔE, C’) simultaneous fit of
𝐵 → 𝐷𝐾 and 𝐵 → 𝐷𝜋

• 𝐾 − 𝜋 misidentification rate is directly 

extracted from data

previous Belle result: PRD 85, 112014 (2012)

Improvements:
• multivariate 𝐾𝑆

0 selection

• improved background rejection

• new fitting strategy

• new strong phase inputs (BESIII)

• more data (𝐾𝑆
0𝐾𝐾 + Belle II)

• most precise B-factory result

first combined Belle and Belle II analysis

https://arxiv.org/pdf/2110.12125.pdf (accepted by JHEP)
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kaon-enhanced 𝔏(𝐾/π) > 0.6

pion-enhanced 𝔏(𝐾/π) < 0.6

https://arxiv.org/pdf/2110.12125.pdf


Belle:  ത𝐵0 → 𝐷+ℎ−
711fb-1



ത𝐵0 → 𝐷+ℎ−
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• theoretically clean modes to test factorization and SU(3) symmetry breaking in QCD

➢ cancellation of most systematic effects

• tensions in branching ratio between theory predictions and measurements, R-ratios OK
https://arxiv.org/pdf/2007.10338.pdf (Bordone et al.)
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possible explanations:

1. presence of large non-factorizable 

contributions of                       to amplitudes

2. experimental issue

3. systematic shift in input parameters

4. new physics

→ 4σ

→ 5σ

→ 2σ

→ 3σ

OK

https://arxiv.org/pdf/2007.10338.pdf


ത𝐵0 → 𝐷+ℎ−
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• reconstruct 𝐷+ → 𝐾−𝜋+𝜋+

• ΔE simultaneous fit of
ത𝐵0 → 𝐷+𝐾− and ത𝐵0 → 𝐷+𝜋−

https://arxiv.org/pdf/2111.04978.pdf (accepted by PRD)

➢ compatible with world averages
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kaon-enhanced 𝔏(𝐾/π) > 0.6pion-enhanced 𝔏(𝐾/π) < 0.6

6.6σ from https://arxiv.org/pdf/2007.10338.pdf (Bordone et al.)

https://arxiv.org/pdf/2111.04978.pdf
https://arxiv.org/pdf/2007.10338.pdf


Belle:  ത𝐵0 → 𝐷∗+ℎ−
711fb-1

(preliminary)



ത𝐵0 → 𝐷∗+ℎ−
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• used signal channels: 

• 𝐷∗+ → 𝐷0[𝐾−𝜋+]𝜋+

• 𝐷∗+ → 𝐷0[𝐾−𝜋+𝜋+𝜋−]𝜋+

• background from misreconstructed D*

• ΔE simultaneous fit of ത𝐵0 → 𝐷∗+𝐾− and 
ത𝐵0 → 𝐷∗+𝜋−

• slight deviations from theory predictions
w/o brackets: https://arxiv.org/pdf/1606.02888.pdf (Huber et al.)

w/ bracket: https://arxiv.org/pdf/2007.10338.pdf (Bordone et al.)

• results compatible with earlier Belle measurement
➢ uncertainty improved by a factor of 3.5

https://arxiv.org/pdf/hep-ex/0104051.pdf
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kaon-enhanced 𝔏(𝐾/π) > 0.6 pion-enhanced 𝔏(𝐾/π) < 0.6

preliminary

https://arxiv.org/pdf/1606.02888.pdf
https://arxiv.org/pdf/2007.10338.pdf
https://arxiv.org/pdf/hep-ex/0104051.pdf


total experimental uncertainty reduced to 3.2%

• LHCb: 5.5% ( )
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.87.092001

• BaBar: 5.7% (no simultaneous fit of kaon and pion sample)
https://arxiv.org/pdf/hep-ex/0509036.pdf

ത𝐵0 → 𝐷∗+ℎ−
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Belle
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.87.092001
https://arxiv.org/pdf/hep-ex/0509036.pdf


Belle II:  𝐵0 → 𝐾0𝜋0
62.8fb-1



• limiting channel in isospin sum rule
➢ stringent null test of SM

• first branching fraction and ACP

measurement shown at Moriond 2021
https://arxiv.org/pdf/2104.14871.pdf

➢ update on branching fraction and ACP

plus time dependent CP violation

𝐵0 → 𝐾0𝜋0
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https://arxiv.org/pdf/2104.14871.pdf


Summary

• Belle still in the game, producing world leading physics 

results

• Belle II has picked up pace

➢ world leading results in charmless sector            

(i.e., 𝐵0 → 𝜋0𝜋0 and 𝐵0 → 𝐾0𝜋0) in ~1year

➢ improvements on Φ3 longer scale

• possibility to combine Belle and Belle II datasets

new/updated results to come in the near future

→ stay tuned

Belle II luminosity projection
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Backup



Belle: 𝐵+ → 𝐾+𝐾−𝜋+
711fb-1



𝐵+ → 𝐾+𝐾−𝜋+
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• BaBar and LHCb reported on an excess at low 𝑀𝐾𝐾

• split the sample into five 𝑀𝐾𝐾 bins

• large 𝐴𝐶𝑃 of −0.896 with stat. significance of 𝟒. 𝟖𝝈 in first bin

• helicity angle gives insight in nature of ‘state’

X
𝐵+

𝐾+
θ

in X rest-frame
looks like spin 1

https://minerva-access.unimelb.edu.au/handle/11343/197534

https://minerva-access.unimelb.edu.au/handle/11343/197534
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tracks

|dr| < 0.2 cm and |dz| < 5cm

binary kaonID > 0.6

or binary pionID < 0.4 

𝐁−

continuum suppression MVA > 0.88

-0.3 < ΔE < 0.3 GeV

5.24 < Mbc < 5.29 GeV/c^2

best candidate selection

average multiplicity: 1.344

select candidate with smallest χ2 of B-vertex fit

→ BCS selects the correct candidate in 92% of the cases

veto 𝑫𝟎

1.85 < 𝑀𝐾𝐾, 𝑀𝐾𝜋,𝑀K+π−, 𝑀π+K−< 1.85 (GeV/c^2)

veto 𝝌𝒄𝟎

3.375 < 𝑀𝑲𝑲 <3.475(GeV/c^2)

𝐵+ → 𝐾+𝐾−𝜋+

veto J/ψ

3.06 < 𝑀𝑒𝑒, 𝑀𝜇𝜇< 3.14 (GeV/c^2)



Belle II:  𝐵0 → 𝜋0𝜋0
62.8fb-1



𝐵0 → 𝜋0𝜋0
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• unique Belle II capability to study all 𝐵 → 𝜋𝜋 channels in consistent manner to extract α/Φ2

• very challenging: two π0

• first branching fraction measurement shown at Moriond 2021 https://arxiv.org/pdf/2107.02373.pdf

• 3D-fit in ∆E, Mbc and transformed continuum suppression variable Tc

➢ update on branching fraction plus direct CP violation

15/18

𝔅(𝐵0 → 𝜋0𝜋0) = [1.09−0.41
+0.50 (stat) ± 0.27 (sys)] x 10-6

https://arxiv.org/pdf/2107.02373.pdf
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Φ3 from 𝐵 → 𝐷𝐾 decays

tracks

|dr| < 0.2 cm and |dz| < 1cm

fast kaon (pion) binary ID > 0.6 (<0.6)

fast kaon or pion: cosθ > -0.6 (Belle II)

slow kaons or pions: binary ID 

𝑲𝑺
𝟎

0.487 < InvM < 0.508 GeV/c^2

BDT: ‘good’ 𝐾𝑆
0

fast kaon or pion: cosθ > -0.6 (Belle II)

slow kaons or pions: binary ID 

𝑫𝟎

1.85 < InvM < 1.88 GeV/c^2

mass constrained fit

𝑩+

-0.13 < ΔE < 0.18 GeV

Mbc > 5.27 GeV/c^2

continuum suppression

Belle: C > 0.15

Belle II: C > 0.2

veto 𝒆+𝒆− → 𝒄𝒄

𝐷∗+ → 𝐷0𝜋+:  0.143 < InvM(𝐷∗) – InvM(𝐷0)<  0.149 GeV/c^2

best candidate selection

average multiplicity: 1.02

select candidate with smallest χ2 of B-vertex fit

→ BCS selects the correct candidate in 65% of the cases
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Φ3 from 𝐵 → 𝐷𝐾 decays
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Φ3 from 𝐵 → 𝐷𝐾 decays
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Φ3 from 𝐵 → 𝐷𝐾 decays



ത𝐵0 → 𝐷+ℎ−
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tracks

|dr| < 0.2 cm and |dz| < 1.5cm

binary kaonID > 0.6

or binary pionID < 0.6

ഥ𝑩𝟎

continuum suppression MVA > 0.88

-0.13 < ΔE < 0.13 GeV

5.27 < Mbc < 5.29 GeV/c^2

best candidate selection

average multiplicity: 1.007

select candidate with smallest 𝑀𝑏𝑐 −𝑚 ത𝐵0

→ BCS selects the correct candidate in 92% of the cases

𝑫+

mass within ±2.5σ of nominal D+ mass 

mass constrained fit

veto 𝑩𝟎 → 𝑲∗𝟎 𝑲+𝝅− 𝑱/ψ[𝒍+𝒍−]

𝑀𝝅𝝅 within ±3σ of nominal 𝐽/ψ mass



ത𝐵0 → 𝐷+ℎ−
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ത𝐵0 → 𝐷∗+ℎ− decays
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ത𝐵0 → 𝐷∗+ℎ− decays
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Belle: 𝐵0 → 𝜋0𝜋0 and 𝐵0 → 𝐾0𝜋0
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𝑩𝟎 → 𝝅𝟎𝝅𝟎 (𝟓𝟑𝟓 × 𝟏𝟎𝟔 𝑩ഥ𝑩 𝐩𝐚𝐢𝐫𝐬) 𝑩𝟎 → 𝑲𝟎𝝅𝟎 (𝟔𝟓𝟕 × 𝟏𝟎𝟔 𝑩ഥ𝑩 𝐩𝐚𝐢𝐫𝐬)
https://arxiv.org/pdf/hep-ex/0610065.pdf

histogram: data

solid: total fit

dotted: signal

dashed: continuum

dot-dashed: off-time

hatched: 𝐵+ → 𝜌+𝜋0

https://arxiv.org/pdf/0809.4366.pdf

histogram: data

solid: total fit

dashed: continuum + 𝐵 ത𝐵
hatched: 𝐵 ത𝐵

https://arxiv.org/pdf/hep-ex/0610065.pdf
https://arxiv.org/pdf/0809.4366.pdf

