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• : isospin sum rule 

 

• Exactly zero in the limit of isospin symmetry and no EW penguins 

- O(1%) theoretical precision; O(10%) experimental precision, driven by  

• Sensitive probe of non-SM physics entering the decay amplitudes in the gluonic 
penguin loop 

• All final states are measured: ,  ,  ,   

• : towards CKM angle  

      Least precisely known angle 

• Combined information of  to reduce 
hadronic uncertainties exploiting isospin symmetry

B → Kπ

IKπ = 𝒜K+π− + 𝒜K0π+ ⋅
ℬK0π+

ℬK+π−

τB0

τB+
− 2𝒜K+π0 ⋅

ℬK+π0

ℬK+π−

τB0

τB+
− 2𝒜K0π0 ⋅

ℬK0π0

ℬK+π−
≈ 0

𝒜K0π0

B0 → K+π− B+ → K0
Sπ+ B+ → K+π0 B0 → K0

Sπ0

B → ππ α /ϕ2

ϕ2 = arg (−
VtdV*tb
VudV*ub )

B0 → π+π−, B+ → π+π0, B0 → π0π0

Motivation
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Ideal for Belle II

 ℬX = Γ(B → X)/ΓB

𝒜X
CP =

Γ(B̄ → X̄) − Γ(B → X)
Γ(B̄ → X̄) + Γ(B → X)



Continuum

• Reconstruct the decays in  with similar selections 

• Continuum suppression (CS) for each channel 

• Suppress  ( ) 

• MVA trained with event shape variables 

• 2D fit  to measure the BF and  asymmetries 

• Difference in the reconstructed and expected  energy 

 

• Transformed CS output classifier   
(probability integral transformation) 

• Determine  by measuring  yields using the 
charge of  or a flavour-tagging algorithm [Eur. Phys. 
J. C 82, 283 (2022)] 

• Correct for data-simulation discrepancy using abundant 
control channels

362 −1

e+e− → qq̄ q = u, d, s, c

(ΔE, C′ ) CP

B

ΔE = E*B − s /2

C′ 

𝒜CP B/B̄
B

Analysis Strategy
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Expected ΔE ≈ 0

BB̄

https://link.springer.com/article/10.1140/epjc/s10052-022-10180-9
https://link.springer.com/article/10.1140/epjc/s10052-022-10180-9
https://link.springer.com/article/10.1140/epjc/s10052-022-10180-9
https://link.springer.com/article/10.1140/epjc/s10052-022-10180-9


Result —  fitsΔE
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362 −1

3900 B0 → K+π−

1200 B0 → π+π− 800 B+ → π+π0

2000 B+ → K+π0 1500 B+ → K0
Sπ+

500 B0 → K0
Sπ0

Phys. Rev. D 109, 012001 (2024)

Simultaneous fit Simultaneous fit

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.012001


•  result from a combined analysis with Phys. Rev. Lett. 131, 111803 (2023) 

• Branching fractions are limited by systematic uncertainties except for  and 
 

Major systematic uncertainties:  efficiency,  production ratio, ,  efficiency 

• Asymmetries limited by statistical uncertainties 

•       (world average: )

B0 → K0
Sπ0

B0 → K0
Sπ0

B → ππ

π0 B+/B0 NBB̄ K0
S

IKπ = − 0.03 ± 0.13 ± 0.04 0.13 ± 0.11

Result
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362 −1

Phys. Rev. D 109, 012001 (2024)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.111803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.012001


• Measured branching fractions and  asymmetries for the rare decays: , 
, , , ,  

• Obtained a sum rule test for  decays compatible with SM expectation 

• Results competitive and in agreement with world best measurements 

• The sum rule test is limited by the statistical uncertainty of   asymmetry

CP B0 → K+π−

B0 → π+π− B+ → K+π0 B+ → π+π0 B+ → K0
Sπ+ B → K0

Sπ0

B → Kπ

B0 → K0π0 CP

Summary
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arXiv:2207.06307

https://arxiv.org/pdf/2207.06307.pdf


Backup



Result —  fitsC′ 
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IKπ

PDG − 0.13 ± 0.11

Belle − 0.270 ± 0.132 ± 0.060

Belle II − 0.03 ± 0.13 ± 0.04

362 −1

 ℬ : 76 %

𝒜CP : 21 %
correlation 

with TD analysis
K0

Sπ0



Systematic Uncertainties
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[%]



Flavour Tagger (category-based)
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• Multivariate methods to determine the 
flavour of the tag-side  meson in events 
with a pair of neutral  mesons. 

• One of the neutral  decays to a CP 
eigenstate and the other to a flavour-
specific channel. 

• Determine the flavour at the time of its 
decay. 

• The different signatures can be grouped 
into 13 categories. 

• Assign flavour  and flavour-tagger 
quality  for each event.

B
B

B

q = ± 1
r



Time-Dependent  AnalysisB0 → K0
Sπ0
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• Time-dependent  asymmetries 

   

• Fit  in bins of the flavour tagging quality to 
extract the  asymmetries  and  

• Validated on  reconstructed without the  vertex 

• Precision competitive with world’s best

CP

𝒜CP(t) = 𝒮CP sin(Δmt)−𝒞CP cos(Δmt)

(Mbc, ΔE, C′ , Δt)
CP 𝒮CP 𝒞CP

B0 → J/ψK0
S J/ψ

Phys. Rev. Lett. 131, 111803 (2023)

Mixing-induced asymmetry Direct asymmetry

distribution is modeled with an exponential function con-
volved withRsig. We float the yield of BB background and
fix its shape parameters from a fit to the simulated sample.
We correct the common mean and core width of

the signal M0
bc, ΔE, and C0

BDT PDF shapes for possi-
ble differences between data and simulation according
to values obtained from a control sample of Bþ →
D0ð→ K0

Sπ
0Þπþ decays. To select these events, we apply

the sameK0
S and π

0 criteria as used for the signal channel. To
ensure the similar π0momentum range for signal and control
channels, we require a minimum π0 momentum of 1.5 GeV.
We perform an unbinned maximum-likelihood fit to the
distributions of M0

bc, ΔE, and C0
BDT, using PDF shapes

similar to those employed to describe the signal decay.
To validate the fitting procedure, we use a control sample

of B0 → J=ψð→ μþμ−ÞK0
S decays. To mimic the signal

decay, we do not use information from the two muon tracks
to reconstruct the signal B decay vertex. We perform an

unbinned maximum-likelihood fit to the distributions of
Mbc and Δt, using PDF shapes and resolution functions
similar to those employed in the fit to the signal sample.
The measured B0 lifetime, C, and S are 1.46$ 0.05 ps,
0.10$ 0.07, and 0.76$ 0.12, respectively, where the
quoted uncertainties are statistical. These results are con-
sistent with their world-average values [4], thus validating
our B0 → K0

Sπ
0 fitting procedure. The above sample is also

used to correct the common mean and core width of the
resolution function for possible differences between data
and simulation.
Figure 1 shows the M0

bc, ΔE, C0
BDT, and Δt distributions

in the data along with the fit projections overlaid. For these
plots, the seven r bins have been combined, and for all plots
except Δt, both data subsamples (described earlier) are
included. In addition, for each plot, the signal-enhancing
criteria 5.27<M0

bc<5.29GeV, −0.15<ΔE<0.10GeV,
jΔtj < 10.0 ps, and C0

BDT > 0.0 have been applied except
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FIG. 1. Distributions of (a) M0
bc, (b) ΔE, and (c) C0

BDT with fit projections overlaid for both B0 and B0 candidates satisfying the
criteria 5.27 < M0

bc < 5.29 GeV, −0.15 < ΔE < 0.10 GeV, jΔtj < 10.0 ps, and C0
BDT > 0.0 (except for the variable displayed).

The solid curve shows the fit projection, while various fit components are explained in the legends. Distribution of (d) Δt for
tagged B0 and B0 candidates after subtracting background with the sPlot method [37]. The asymmetry, defined as
½NðB0

tagÞ − NðB0
tagÞ&=½NðB0

tagÞ þ NðB0
tagÞ&, is displayed underneath along with the fit projection.

PHYSICAL REVIEW LETTERS 131, 111803 (2023)
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 𝒮CP = 0.75+0.20
−0.23 ± 0.04

𝒞CP = − 0.04+0.14
−0.15 ± 0.05

distribution is modeled with an exponential function con-
volved withRsig. We float the yield of BB background and
fix its shape parameters from a fit to the simulated sample.
We correct the common mean and core width of

the signal M0
bc, ΔE, and C0

BDT PDF shapes for possi-
ble differences between data and simulation according
to values obtained from a control sample of Bþ →
D0ð→ K0

Sπ
0Þπþ decays. To select these events, we apply

the sameK0
S and π

0 criteria as used for the signal channel. To
ensure the similar π0momentum range for signal and control
channels, we require a minimum π0 momentum of 1.5 GeV.
We perform an unbinned maximum-likelihood fit to the
distributions of M0

bc, ΔE, and C0
BDT, using PDF shapes

similar to those employed to describe the signal decay.
To validate the fitting procedure, we use a control sample

of B0 → J=ψð→ μþμ−ÞK0
S decays. To mimic the signal

decay, we do not use information from the two muon tracks
to reconstruct the signal B decay vertex. We perform an

unbinned maximum-likelihood fit to the distributions of
Mbc and Δt, using PDF shapes and resolution functions
similar to those employed in the fit to the signal sample.
The measured B0 lifetime, C, and S are 1.46$ 0.05 ps,
0.10$ 0.07, and 0.76$ 0.12, respectively, where the
quoted uncertainties are statistical. These results are con-
sistent with their world-average values [4], thus validating
our B0 → K0

Sπ
0 fitting procedure. The above sample is also

used to correct the common mean and core width of the
resolution function for possible differences between data
and simulation.
Figure 1 shows the M0

bc, ΔE, C0
BDT, and Δt distributions

in the data along with the fit projections overlaid. For these
plots, the seven r bins have been combined, and for all plots
except Δt, both data subsamples (described earlier) are
included. In addition, for each plot, the signal-enhancing
criteria 5.27<M0

bc<5.29GeV, −0.15<ΔE<0.10GeV,
jΔtj < 10.0 ps, and C0

BDT > 0.0 have been applied except
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FIG. 1. Distributions of (a) M0
bc, (b) ΔE, and (c) C0

BDT with fit projections overlaid for both B0 and B0 candidates satisfying the
criteria 5.27 < M0

bc < 5.29 GeV, −0.15 < ΔE < 0.10 GeV, jΔtj < 10.0 ps, and C0
BDT > 0.0 (except for the variable displayed).

The solid curve shows the fit projection, while various fit components are explained in the legends. Distribution of (d) Δt for
tagged B0 and B0 candidates after subtracting background with the sPlot method [37]. The asymmetry, defined as
½NðB0

tagÞ − NðB0
tagÞ&=½NðB0

tagÞ þ NðB0
tagÞ&, is displayed underneath along with the fit projection.

PHYSICAL REVIEW LETTERS 131, 111803 (2023)
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Δz ≈ Δt ⋅ βγ

Btag

Bsig

e− e+

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.111803

