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Outline and motivation

2

Goal: probe indirectly the SM via weak interactions of quarks 
Exploit our available dataset,   M (Belle II) +  M (Belle)  pairs, to accomplish 
competitive and world-best results 

387 772 BB̄

Today’s focus is on improvement of our knowledge on  decays and 
measurement of CPV parameters via CKM angles  and : 

•  

•  

• First Belle + Belle II combination of  
all  measurements 

• Measurement of :  

• CPV in  decays

B
ϕ1 ϕ3

B+ → D0ρ+

B → D(*)K−K(*)0
(s)

ϕ3

sin 2ϕ1 B0 → η′￼K0
S

B0 → K0
Sπ0γ

All results are new since last Moriond



-factory basicsB
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•  production threshold from point-like colliding 
particles, :  
kinematics well constrained 

• Hermetic detector: full event reconstruction 
• Asymmetric collider  boost of centre-of-mass: 

measurement of decay time for time-dependent CPV, 
arising from interference between decays of mixed 
and unmixed neutral  mesons 

• Good vertexing performance ( m) 

• Good flavour tagging performance ( ) :  
see YSF talk by Petros Stavroulakis

B
e+e− → Υ(4S) → BB̄

⟹

B
σ = 15 μ

ϵ = 37 %

SuperKEKB collides  GeV-  on  GeV-  in 
a submillimeter region: smaller beamspot

7 e− 4 e+
Difference between 

expected and observed 
 energyB

Invariant  mass with 
energy replaced by 

beam energy

B



Improved  and  decay 
knowledge

B D



Branching fraction of B+ → D0ρ(770)+
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•  :  test heavy-quark limit and factorisation 
models [Nucl. Phys. B 591, 313 (2000)] 

• WA BF: %; driven by old CLEO measurement 
 [CLEO, PRD 50, 43 (1994)] 

- Very large ( ) uncertainty  

• Signal extracted from fit to  

• Challenge: separate  and  
non-resonant  component 

- Fit performed in bins of helicity angle ( )

B+ → D0ρ+

(1.35 ± 0.18)

14 %
ΔE

B → D0ρ( → π+π0)
B → D0π+π0

cos θρ

Run 1 Belle II dataset

Preliminary

Preliminary

https://www.sciencedirect.com/science/article/abs/pii/S0550321300005599?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.50.43


Branching fraction of B+ → D0ρ(770)+
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• Template fit to  distribution 

- Non-uniform binning: flat  distribution for  

-  contribution of  s-wave component

cos θρ

cos θρ B → Dρ
< 2 % B → D0π+π0

ℬ(B+ → D0ρ+) = (0.939 ± 0.021 ± 0.050) %

World best result with more than  improvement in precision 

Factorisation test has been performed: in agreement with the 
prediction and improves the precision (backup)

2 ×

Systematically limited by -efficiency knowledgeπ0

Run 1 Belle II dataset

Preliminary

Preliminary



 and  decaysB → D(*)K−K(*)0
(s) B → D(*)D−

s
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Run 1 Belle II dataset

Preliminary Preliminary

Preliminary Preliminary

• : largely unexplored sector  

- few % of  branching fraction expected  

- only measured  [PLB 542, 171-182 (2002)] 

• Signal extracted from fit to   

• Challenge:  bkg from non-resonant 
 in  modes 

• Efficiency correction applied in the plane 
 

• Extraction of bkg-subtracted and efficiency-
corrected invariant mass and helicity 
angles: dominant  transitions

B → DKK

B

0.28 %

ΔE

B → DK−K+π K*

[m(D(*)K0(*)
(S) ), m(K−)K0(*)

(S) ]

JP = 1−/+
(  resonances)ρ′￼ = 1− (  resonances)a1 = 1+

https://doi.org/10.1016/S0370-2693(02)02373-0


 and  decaysB → D(*)K−K(*)0
(s) B → D(*)D−

s
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Run 1 Belle II dataset

First observation

 higher precision3 ×

 higher precision3 ×

World’s best

First observation of 3 new channels with improved precision for many



 inclusive decaysB0
s → D/DX
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• Compatible with previous Belle results 
•  measured for the first timeB0

s → D±X

fs = (21.3+1.7
−1.6) %

Uncertainty on  production fraction 
improved compared to Belle

B0
S

•  production fraction in  decays ( )  important for 
accuracy in absolute  BF 

- Dominated by the uncertainty of inclusive  BF 

•  candidates are selected in events where the other  
candidate is reconstructed from fully hadronic final state 

• Signal extraction: fit to  and 

B0
s Υ(5S) fs

B0
s

B0
s → D±

s X
B0

s B0
s

M(Bs) M(D)

[JHEP 08, 131 (2023)]

Preliminary

https://doi.org/10.1007/JHEP08(2023)131


CPV via CKM 



: Belle + Belle II combinationϕ3/γ
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ϕ3(∘) = 78.6+7.2
−7.3

• SM benchmark — very reliably predicted (  relative) 
• Tree level decays — no (large) BSM 
• First combination of all Belle and Belle II -measurements 
• Total 60 input observables and 16 auxiliary -decay inputs

10−7

ϕ3

D

rBei(δB−ϕ3)

[JHEP 02 063 (2022)]
[JHEP 10 178 (2019)]
[arxiv:2308.05048]
[PRL 106 231803 (2011)]

[JHEP 09 (2023) 146]

[PRD 81 112002 (2010)]
[PRD 73 051106 (2006)]

ϕWA
3 (∘) = 66.2+3.4

−3.6

[HFLAV]



e+e− → Υ(4S) → BB̄ e+e− → qq̄

 from suppressed penguinsϕeff
1 /βeff
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• Gluonic penguin modes suppressed in SM, BR:  
• BSM sensitive if any deviation from reference channel observed 
• Reliable theory prediction ( ) [PLB 620, 143 (2005)]

10−5 − 10−6

< 1 %

• Experimentally challenging: 
- Fully hadronic final state with neutrals: unique to Belle II 
- Large background from continuum production: exploit 

event-topology to boost classification via machine learning

𝒜CP(Δt) =
Γ(B̄0 → fCP) − Γ(B0 → fCP)
Γ(B̄0 → fCP) + Γ(B0 → fCP)

(Δt) = S sin(ΔmΔt)−C cos(ΔmΔt)

  in SMC ≃ 0, S ≃ sin 2ϕ1

https://www.sciencedirect.com/science/article/pii/S0370269305008403?via=ihub


Gluonic penguin: B0 → η′￼K0
S
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Signal extraction via fit to  and 
continuum suppression output 
• Bkg  shape from sideband 
• Bkg asymmetry included in the fit 
• Validation on control sample 

ΔE, Mbc

Δt

B+ → η′￼K+

S = 0.67 ± 0.10 ± 0.04
C = − 0.19 ± 0.08 ± 0.03

Precision comparable with Belle/BaBar 
in spite of smaller sample

[arXiv:2402:03713]

η′￼→ η(γγ)π+π− η′￼→ ρ(π+π−)γ

Run 1 Belle II dataset

HFLAV: S = 0.63 ± 0.06, C = − 0.05 ± 0.04

Preliminary Preliminary

Preliminary Preliminary

https://arxiv.org/abs/2402.03713


Radiative penguin: B0 → K0
Sπ0γ
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• In SM, photons from  ( ) decays are predominantly right-
handed (left-handed) as weak interaction is chiral in nature 
- Limited interference between mixed and unmixed  

decays:  in SM 

- Flipping of photon polarisation suppressed by  
- Large CPV suggests right-handed non-SM contribution 

• Main challenge:  vertex without prompt tracks 

- Use  information + beamspot constraint 

• Channels:  (resonant) , and  (non-resonant) 
                                                               

• Signal extraction: fit to  followed by fit to 

B0 B̄0

B
S ≃ 0

ms/mb

B0

K0
S → π+π−

K*0(892)γ K0
Sπ0γ

m(Kπ) ∈ [0.8,1] [0.6,0.8] ∪ [1.0,1.8]

(ΔE, Mbc) Δt

Run 1 Belle II dataset

resonant

non-resonant

paper in progress



Radiative penguin: B0 → K0
Sπ0γ
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World’s best result in spite of smaller sample: attributed to 
better bkg suppression, vertexing and  acceptanceK0

S

S = 0.00+0.27+0.03
−0.26−0.04

C = 0.10 ± 0.13 ± 0.03
S = 0.04+0.45

−0.44 ± 0.10
C = − 0.06 ± 0.25 ± 0.07

Run 1 Belle II datasetresonant non-resonant

HFLAV: S = − 0.16 ± 0.22, C = − 0.07 ± 0.12 S = − 0.15 ± 0.20, C = − 0.07 ± 0.12



Summary
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Fully exploiting Run 1 Belle II dataset with its unique capabilities along with Belle dataset 

• Improve  decay knowledge (  and  production fraction) and observe 
new decay channels ( ,  and more in backup) 

• Refine our -measurement strategies by combining Belle and Belle II measurements 

• CPV parameters from gluonic ( ) and radiative penguins ( ) 
produces unique and competitive results

B B+ → D0ρ+ B0
s

B → D(*)K−K(*)0
(s) B0

s → D±X

ϕ3

B0 → η′￼K0
S B0 → K0

Sπ0γ

Unique and competitive and results with smaller dataset.  
Run 2 started, more luminosity is coming!



Thank you!
Questions?



B0 → ωω
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• Rare and never observed decay 
• Polarisation ( ) and direct-CPV parameter  

useful for  decays 

• BF,  and  extraction in full Belle dataset 
• Bkg suppressed using event-topology information 
• Signal extraction from fit to: , continuum 

suppression output,  invariant masses and cosine of 
helicity angles of both the ’s

fL ACP

B → VV
fL ACP

ΔE, Mbc

ω
ω
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modeled by histograms from MC simulation. To ac-
count for differences between data and MC simulation,
the PDFs for Mbc, ∆E, C

′

and M1,2 are adjusted with
calibration factors determined from a control sample of
B0 → D0(→ K+π−π0)ω decays.
For continuum background, correlations among ob-

servables are negligible. The Mbc distribution is modeled
by a threshold ARGUS [40] function, ∆E is modeled by a
second-order polynomial, and C′ is modeled by the sum
of two Gaussian functions. The PDFs for M1,2, cos θ1,2,
are divided into two parts to account for true and falsely
reconstructed (denoted “non-ω”) ω → π+π−π0 decays:

Pqq̄(M, cos θ) = fω Pω(M)Pω(cos θ) +

(1 − fω)Pnon-ω(M)Pnon-ω(cos θ) . (6)

The fraction of qq̄ background containing true ω decays
(fω) is floated in the fit. For these decays, M1 and M2

are modeled by a histogram from MC simulation, and the
cos θ1,2 distributions are modeled by polynomials. The
PDFs for the non-ω component are taken to be poly-
nomials. All shape parameters except those for C′ are
floated in the fit; the shape for C′ is fixed to that from
MC simulation. The PDFs for C′ and M1,2 for true ω’s
are adjusted with small calibration factors determined
from the B0 → D0(→ K+π−π0)ω control sample.
For non-peaking BB background, Mbc is modeled by a

threshold ARGUS function, ∆E is modeled by a second-
order polynomial, C′ is modeled by the sum of two Gaus-
sian functions, and M1,2 and cos θ1,2 are modeled by his-
tograms from MC simulation. For peaking BB back-
ground, all PDF shapes are obtained from histograms
from MC simulation.
There are a total of 16 floated parameters in the fit:

the yields of signal, continuum, peaking BB, and non-
peaking BB backgrounds, the parameters fL and ACP ,
and PDF parameters (except that for C′) for qq̄ back-
ground. We fit directly for the branching fraction (B)
using the relation between B and the signal yields:

NL = 2×NB0B0 × B × Bω × fL × εL

NT = 2×NB0B0 × B × Bω × (1− fL)× εT .
(7)

where NL (NT ) is the yield of longitudinally (trans-
versely) polarized signal and NL + NT = Nsig, NB0B0

is the number of B0B0 pairs, Bω = [B(ω → π+π−π0) ×
B(π0 → γγ)]2, and εL and εT are the signal reconstruc-
tion efficiencies. We take NB0B0 to be NBB̄ × f00, where
f00 = 0.484 ± 0.012 is the fraction of B0B0 production
at the Υ(4S) [41]. The efficiencies εL and εT are ob-
tained from MC simulation as the ratio of the number of
events that pass all selection criteria to the total number
of simulated events. We find εL = 8.82 ± 0.02 (%) and
εT = 6.54± 0.02 (%), respectively, for longitudinally and
transversely polarized signal decays.
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FIG. 1. Projections of the fit for (a) Mbc (b) ∆E (c) C′

(d) M1(π+π−π0) (e) M2(π+π−π0) (f) cos θ1, and (g) cos θ2.
Events plotted are in a signal-enhanced region (except for
the variable plotted) of Mbc ∈ [5.274, 5.290] GeV/c2, ∆E ∈

[−0.080, 0.080] GeV, and C′
∈ [2, 10]. The red-dashed line

shows longitudinally polarized signal; the red-shaded area
shows transversely polarized signal; the blue-dash-dotted line
shows the qq̄ background; the cyan-dotted line shows the BB
background, and the blue-solid curve shows the overall fit re-
sult.

The projections of the fit are shown in Fig. 1. We
obtain Nsig = 60.3 ± 10.8, fL = 0.87 ± 0.13, and
ACP = −0.44 ± 0.43. The significance of the signal is
evaluated using the difference of the likelihoods for the
nominal fit and for a fit with the signal yield set to zero.
In the later case, there are three fewer degrees of free-
dom: the signal yield, fL and ACP . Systematic uncer-
tainties are included in the significance calculation by
convolving the likelihood function with a Gaussian func-
tion whose width is equal to the total additive systematic
uncertainty (see Table I). The signal significance includ-
ing systematic uncertainties corresponds to 7.9 σ.
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modeled by histograms from MC simulation. To ac-
count for differences between data and MC simulation,
the PDFs for Mbc, ∆E, C

′

and M1,2 are adjusted with
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ground, all PDF shapes are obtained from histograms
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and PDF parameters (except that for C′) for qq̄ back-
ground. We fit directly for the branching fraction (B)
using the relation between B and the signal yields:
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(7)

where NL (NT ) is the yield of longitudinally (trans-
versely) polarized signal and NL + NT = Nsig, NB0B0

is the number of B0B0 pairs, Bω = [B(ω → π+π−π0) ×
B(π0 → γγ)]2, and εL and εT are the signal reconstruc-
tion efficiencies. We take NB0B0 to be NBB̄ × f00, where
f00 = 0.484 ± 0.012 is the fraction of B0B0 production
at the Υ(4S) [41]. The efficiencies εL and εT are ob-
tained from MC simulation as the ratio of the number of
events that pass all selection criteria to the total number
of simulated events. We find εL = 8.82 ± 0.02 (%) and
εT = 6.54± 0.02 (%), respectively, for longitudinally and
transversely polarized signal decays.
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FIG. 1. Projections of the fit for (a) Mbc (b) ∆E (c) C′

(d) M1(π+π−π0) (e) M2(π+π−π0) (f) cos θ1, and (g) cos θ2.
Events plotted are in a signal-enhanced region (except for
the variable plotted) of Mbc ∈ [5.274, 5.290] GeV/c2, ∆E ∈

[−0.080, 0.080] GeV, and C′
∈ [2, 10]. The red-dashed line

shows longitudinally polarized signal; the red-shaded area
shows transversely polarized signal; the blue-dash-dotted line
shows the qq̄ background; the cyan-dotted line shows the BB
background, and the blue-solid curve shows the overall fit re-
sult.

The projections of the fit are shown in Fig. 1. We
obtain Nsig = 60.3 ± 10.8, fL = 0.87 ± 0.13, and
ACP = −0.44 ± 0.43. The significance of the signal is
evaluated using the difference of the likelihoods for the
nominal fit and for a fit with the signal yield set to zero.
In the later case, there are three fewer degrees of free-
dom: the signal yield, fL and ACP . Systematic uncer-
tainties are included in the significance calculation by
convolving the likelihood function with a Gaussian func-
tion whose width is equal to the total additive systematic
uncertainty (see Table I). The signal significance includ-
ing systematic uncertainties corresponds to 7.9 σ.

First observation of the decay ( ), no significant 7.9σ ACP

[arXiv:2401:04646]

https://arxiv.org/abs/2401.04646


: HQL and factorisation testB+ → D0ρ
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B+ → D0ρ
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 distributioncos θρ

B+ → D0ρ+ B+ → D0π+π0



-tagging at Belle IIB
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A large part of our physics program (Missing energy 
analyses) relies on -taggingB

Step 1: reconstruction of the partner  using  
well-known channels 
Step 2: use beam constraint and infer the 
information on the second : flavour, 
charge and kinematic constraints 

B (Btag)

B (Bsig)

• Full Event Interpretation (FEI) 
• MVA based -tagging algorithm 
• Hierarchical approach to 

reconstruct  decay chains

B

𝒪(104)

Improved  and  decay knowledge helps to improve 
the simulation, hence improve -tagging

B D
B

[T. Keck et al, Comput. Soft Big Sci 3, 6 (2019)]

https://doi.org/10.1007/s41781-019-0021-8


Belle II & SuperKEKB status
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• Thanks to the dedication of people based at KEK, 
we could keep taking data even during the worst 
of the pandemic 

• Record instantaneous luminosity (of any collider): 
4.71 x 1034 cm-2 s -1 

• Recorded in total (Run I) ~424 f-1 

• Long shutdown 1 (07/2022 — 01/2024) for major 
upgrades 

- New two-layer pixel detector 

• Run 2: data taking resumed in February 2024



Performance
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High photon efficiency
Good  reconstructionπ0

Excellent  reconstructionK0
S



 and  decaysB → D(*)K−K(*)0
(s) B → D(*)D−

s
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 and  decaysB → D(*)K−K(*)0
(s) B → D(*)D−

s
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: extra infoB0 → η′￼K0
S
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: extra infoB0 → K0
Sπ0γ
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: Belle + Belle II combinationϕ3/γ
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