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SuperKEKB and Belle II: 2nd generation “Super B Factory”

cc̄, uū, dd̄, `+`�  e+e� ! ⌥(nS) ! B(⇤)B̄(⇤)
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New positron 
damping ring

New final focus

electron (7 GeV)

positron (4 GeV)

KL and muon detector:

Resistive Plate Counter (barrel outer layers)  
Scintillator + WLSF + MPPC (end-caps, inner 2 barrel)

EM Calorimeter:

CsI(Tl), waveform sampling

Particle Identification:

Time-of-Propagation counter 
Prox. Focusing Aerogel RICH 

Beryllium beam pipe:

2 cm diameter 

Vertex detector:

2 layers DEPFET + 4 DSSD

Central Drift Chamber:

He(50%):C2H6(50%), Small cells, 
long lever arm,  fast electronics

Readout (TRG, DAQ):

Max. 30kHz L1 trigger  
~100% efficient for hadronic evts

1MB (PXD) + 100kB per evt

- over 30GB/sec to record

Offline computing: 

Distributed over the world via 
the GRID

Belle II Detector [735 collaborators, 101 institutes, 
23 nations]electrons  (7 GeV)

positrons (4 GeV)

Vertex Detector
2 layers Si Pixels (DEPFET) +  
4 layers Si double sided strip DSSD

Belle II TDR, arXiv:1011.0352

EM Calorimeter
CsI(Tl), waveform sampling electronics

Central Drift Chamber
Smaller cell size, long lever arm

Particle Identification 
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC  
(end-caps , inner 2 barrel layers)

SuperKEKB and Belle II
Upgrade to achieve 40x peak   
under 20x background  

𝓛

Belle II capabilities

• Advantages for quarkonium physics program

- World record instantaneous luminosity  

(aiming for 50x Belle integrated luminosity)

- High resolution, hermetic detector, good PID capability

- Efficient reconstruction of neutrals ( , , …)

- Reconstruct single resonance to explore recoiling system  

(e.g. )

- Using tagged events (i.e. with a fully reconstructed partner B)  

to measure absolute branching fractions

- Variety of production mechanisms accessible

π0 η

e+e− → J/ψ X

24

arXiv:1011.0352 (2011)

• World record . 
• High resolution hermetic 

detector. 
• Efficient reconstruction of 

neutrals ( ). 
• Tagged events to measure 

absolute .

ℒinst

π0, η

ℬ
2

2ϕ = 11mrad



CP Violation Measurements
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CP Violation Measurements

CPV in mixing Direct CPV in Decay CPV in the interference

between mixing and decay

P(�t, q) =
e
�|�t|/⌧

B
0

4⌧
B

0
[1 + q (ACP cos�md�t + SCP sin�md�t)]

Key ingredients:

• Vertex position

measurement.

• B meson flavor

tagging.
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Eur. Phys. J. C 82, 283(2022)Flavor tagging

ϵ = (30.0 ± 1.2 ± 0.4) %
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Determination of the  with an 
MVA technique using all particles  
not belonging to .


Dilution factor: 

Flavor tag: .


Efficiency evaluated from  in 
7  bins.


Btag

Bsig

rFBDT ≈ (1 − 2w)
q = ± 1

BB/BB̄
|q ⋅ r |

Mistag 
fraction 

https://arxiv.org/abs/2110.00790


Measurement of sin 2ϕ1

4

Belle

R.	de	Sangro	(LNF-INFN) Aug	30	-	Sep	10,	2022 ICFNP	2022	-	Kolymbari,	Crete	Greece

Time Dependent Analyses
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Dz

<Dz> ~ 130 mm at Belle II

J / y

Time dependent analyses

Flagship measurement of the B 

Factories, still very important at 

Belle II;

Quite complicated analysis, several ingredients must be in place:

1)  ability to identify the flavor (B
0
 or B

0
) of the 

unreconstructed B (flavor tagging);

2)  B-decay vertices resolution;

3)  signal side efficiency, background modeling.

Eur. Phys. J 82, 283 (2022)

S

f

 : time dependent asymmetry

A

f

 : time integrated (or direct) asymmetry

Measuring sin2φ₁: Time Dependent Analyses
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3

Why a sin2!1 measurement?

• with “tree” decays ( B0→J/ψ K0 ) ⟹ to further constrain possible non-SM physics in B0 mixing (well constrained) 

• with “penguin” decays ( B0→K0K0K0 ) ⟹ to probe non-SM in decay by comparing with tree determinations

•  Unique impact of Belle II on several penguin-dominated modes 

•  Today: sin2!1 with B0→J/ψ K0 ⟹ for precise comparison and to perfect all the tools for these measurements

φ1 = arg[-V*cb Vcd/(V*tb Vtd)] is the B0 mixing phase

• Flagship B-Factory measurement of the B⁰-mixing phase.


• B⁰-tag flavour must be accurately identified 
→ dedicated flavour tagging algorithm 
     (Eur. Phys. J. C 82, 283(2022))


• Needs precise B-decay vertex reconstruction


• Comparison between tree and penguin modes could reveal NP:

• Flagship measurement of the  mixing phase .


• Tree decays: Further constrain possible non-SM physics in mixing.  

• Penguin decays: Probe non-SM in decay by comparison with tree 
measurements.

B0 ϕ1 = arg[−V*cbVcd /(V*tbVtd)]
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• Golden mode for , almost background free.


•  and other  to be added. 


• Using resolution function developed for lifetime and 
mixing analysis on decays.  


• Validation with . 





• Challenging vertex reconstruction: only reconstructed 
 extrapolated back.  

• Two BDT classifiers: to reduce fake  and  
continuum background . 

• Validated with . 

B0 → J/ψK0
S

sin 2ϕ1

KL cc̄

B0 → D(*)−h+

B+ → J/ψK+

B0 → K0
SK0

SK0
S

K0
S → π+π−

K0
S e+e− → qq̄

B+ → K+K0
SK0

S
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arXiv:2209.09547

ICHEP talk B0 → J/ψK0
S

B0 → K0
SK0

SK0
S

Both analyses still statistically limited

SCP = 0.720 ± 0.062(stat) ± 0.016(syst)
ACP = 0.094 ± 0.044(stat)+0.042

−0.017(syst)

WA (  channel): 




K0
S

ACP = 0.000 ± 0.020
SCP = 0.695 ± 0.019

SCP = − 1.86 ± 0.83(stat) ± 0.09(syst)

ACP = − 0.22 ± 0.29(stat) ± 0.04(syst)

Dominant:  
Tag-side interference 
& charge asymmetry 

Dominant:  
Size of control samples

°1.0 °0.5 0.0 0.5 1.0

S

°1.0

°0.5

0.0

0.5

1.0

A

Belle II (preliminary)R
Ldt = 189.3fb°1

68.27 %
95.45 %

99.73 %

S2 + A2 ≤ 1

SM

https://arxiv.org/abs/2209.09547
https://docs.belle2.org/record/3130/files/BELLE2-TALK-CONF-2022-080.pdf


 with  & ϕ2 B → ππ B → ρρ

@Belle II: 
•   ICHEP talk 
•   arXiv:2209.05154 
•   arXiv:2208.03554 
•   arXiv:2206.12362

B0 → π0π0

B+ → π+π0

B0 → ρ+ρ−

B+ → ρ+ρ0
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Im(A)

2�
2

2�2,e↵
2�2,e↵

1
Γ

d2Γ
d cos θρ1

d cos θρ2

∝ fL cos2 θ1 cos2 θ2 + (1 − fL)sin2 θ1 sin2 θ2

• Penguin pollution complicates extraction of 
.


• Isospin relations to disentangle tree and penguin 
contributions.

ϕeff
2 = ϕ2 + Δϕ2

For statistically limited  decays, integrate over  and fit helicity 
angles to extract :

B → VV ϕ
fL

A+0 =
1

2
A+− + A00, Ā−0 =

1

2
Ā+− + Ā00

Image credit: PRD 76 052007 (2007)

 = amplitudes of the (anti)particle decayAij( − )

PRL 65, 3381 (1990)

https://docs.belle2.org/record/3126/files/BELLE2-TALK-CONF-2022-076.pdf
https://arxiv.org/abs/2209.05154
https://arxiv.org/abs/2208.03554
https://arxiv.org/abs/2206.12362
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.052007
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.65.3381


• Limiting input in isospin analysis to determine  from 
 decays. Belle II unique reach. 


• Dedicated MVA selection to reject fake photons + optimized 
 selection. 


• Dedicated continuum suppression BDT algorithm trained on 
data sideband and signal MC.


• 3D  simultaneous fit to 7 bins of 
flavor tagging quality:

ϕ2
B → ππ

π0 (ϵBelle II = 35.5 % > ϵBelle = 22%)

(Mbc, ΔE, BDTCont.Supp.)

 B0 → π0π0
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for the fixed BB background yield, in simulations we467

refit with the expected BB yield fluctuated by one stan-468

dard deviation. To determine the systematic uncertainty469

associated with fixing the signal q · r bin fractions to the470

values obtained in simulation, the signal fraction for each471

q · r bin is fluctuated by its one-standard-deviation un-472

certainty. The systematic uncertainty is the quadrature473

sum of the change in signal yield for each bin. To ac-474

count for the systematic associated with the photon en-475

ergy corrections, two corrections with values fluctuated476

positively or negatively by their uncertainties are applied477

to the data. The correction causing the largest change478

in yield is taken as the systematic. To account for the479

assumption of independence of �E from q · r , we re-480

fit with the �E slope for each q · r bin estimated using481

large simulated samples. To account for the choice of us-482

ing a two-dimensional kernel-density estimation to model483

the signal Mbc and �E, we refit using two uncorrelated484

Crystal Ball functions. The small fit bias due to the lim-485

itations of the PDFs used to model the data is included486

as a systematic uncertainty. To account for a possible487

bias due to the choice of best candidate selection, the fit488

is repeated with the best candidate randomly selected.489

The total systematic uncertainty is taken to be the sum490

in quadrature of the individual contributions (13.3%).491

We measure the direct CP violation parameter to be492

ACP = +0.14± 0.46± 0.07. (7)

The systematic uncertainties include mistagging pa-493

rameter uncertainty (0.05), potential BB background q ·r494

asymmetry (0.03), continuum parameterization (0.02),495

fit bias (0.02), choice of signal model (0.02), fixed BB496

yield (0.01), signal q · r bin fractions (0.01) and contin-497

uum q · r asymmetry (0.01). The total systematic un-498

certainty is taken to be the sum in quadrature of the499

individual contributions (0.07). To account for possible500

bias due to the CP asymmetry in the BB background,501

in simulation we vary the ACP for the two dominant502

BB backgrounds by one sigma from their known val-503

ues. We refit the data assuming various choices for BB504

background ACP values that are within one-standard-505

deviation on their known values. The largest deviation506

from the nominal ACP is used to conservatively estimate507

the systematic uncertainty. To account for the continuum508

q · r asymmetry, the continuum q · r asymmetry is fluc-509

tuated by its one-standard-deviation uncertainty. The510

di↵erence of this fit result with respect to the nominal is511

taken as the systematic uncertainty.512

In conclusion, we measure the branching fraction and513

direct CP asymmmetry to be B(B0 ! ⇡0⇡0) = (1.36 ±514

0.26 ± 0.19) ⇥ 10�6 and ACP = +0.14 ± 0.46 ± 0.07,515

respectively. These measurements agree with the av-516

erage of previous values [4]. The uncertainties are of517

similar size to those reported by the Babar and Belle518

collaboration despite using a sample 2.4 and 3.8 times519

smaller, respectively. These improvements are due to520

a 60% larger signal e�ciency with approximately 40%521

less background [6]. This improvement is principally the522

result of the FBDT-based photon selection, additional523

signal candidate selections, and data-driven continuum524

suppression. We also average our results with previous525

measurements of B and ACP for B0 ! ⇡0⇡0 and use526

the isospin analysis in Ref. [2] along with the known527

measurements of B and time-dependent CP violation for528

B0 ! ⇡+⇡� and B and ACP for B+ ! ⇡+⇡0 [4] to529

constrain �2. The updated results for B0 ! ⇡0⇡0 ex-530

clude 8.5� < �2 < 82.0� at the 68% confidence level and531

12.5� < �2 < 78.0� at 95% confidence level. The sta-532

tistical, and systematic uncertainties, which are mostly533

data-driven, will decrease with larger sample size. These534

results demonstrate the improved precision of Belle II535

and the potential for strong constraints on �2 through536

the full exploitation of the B ! ⇡⇡ isospin relations.537

We thank the SuperKEKB group for the excellent op-538

eration of the accelerator; the KEK cryogenics group for539

the e�cient operation of the solenoid and the KEK com-540

puter group for on-site computing support.541
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FIG. 2. Distributions of Mbc (left), �E (middle), and Tc (right) for the B0 ! ⇡0⇡0 candidates with positive (top) and negative
(bottom) q tags. The result of the fit to the data is shown as a solid blue line. The fit components are shown as a red dashed line
(signal), blue dashed line (continuum background), and green dashed line (BB background). The plots are signal-enhanced,
which correspond to restricting to candidates with 5.275 < Mbc < 5.285GeV/c2, �0.10 < �E < 0.05GeV, and 0 < Tc < 3 when
the respective variable is not displayed. This rejects approximately 96% of the background, improving signal visualization. The
di↵erence between observed and fit value divided by the uncertainty from the fit (pulls) are shown below each distribution.

we determine the branching fraction to be435

B(B0 ! ⇡0⇡0) = (1.36± 0.26± 0.19)⇥ 10�6, (6)

where the first and second uncertainties are statistical436

and systematic, respectively. The change in the signal437

yield determined in simplified simulated experiments and438

data are used to evaluate systematic uncertainties. The439

systematic uncertainty combines the uncertainty from as-440

sumption of isospin symmetry in f+�/f00 (4.4%) and441

uncertainties associated with the ⇡0 reconstruction e�-442

ciency (7.6%), continuum parametrization (7.4%), con-443

tinuum discriminator e�ciency (6.5%), fixed BB back-444

ground yields (2.3%), signal q · r bin fractions (2.2%),445

knowledge of the photon energy scale (2.0%), identical446

q · r �E continuum parameterization (1.8%), number of447

BB events (1.5%), choice of signal model (1.3%), fit bias448

(1%) and choice of best candidate (0.2%). The system-449

atic uncertainties are summarised in Table I.450

The ⇡0 reconstruction e�ciency is determined using451

the decays D⇤�(! D
0
(! K+⇡�⇡0)⇡�)⇡+ and D⇤�(!452

D
0
(! K+⇡�)⇡�)⇡+, where the selection of charged par-453

ticles is identical, and the ⇡0 selection is the same as for454

the signal mode. To account for the continuum back-455

ground parametrization uncertainty, we individually fluc-456

tuate the continuum parameters by their one-standard-457

deviation uncertainties and then shift all other param-458

eters according to their correlation with the fluctuated459

parameter. The systematic uncertainty is the quadra-460

ture sum of the change in signal yield for each parameter.461

Source B (%) ACP

⇡0 reconstruction e�ciency 7.6
Continuum parametrization 7.4 0.02

continuum discriminator e�ciency 6.5
Assumption of isospin symmetry in f+�/f00 4.4

Fixed BB̄ yield 2.3 0.01
Signal q · r bin fractions 2.2 0.01

Knowledge of the photon energy scale 2.0
Assumption of independence of �E from q · r 1.8

Number of BB meson pairs 1.5
Choice of signal model 1.3 0.02
Signal q · r bin fractions 1.0 0.01

Branching Fraction Fit Bias 1.0
Best Candidate Selection 0.2
Mistagging parameter 0.05

Potential BB q · r asymmetry 0.03
ACP Fit Bias 0.02

Continuum q · r asymmetry 0.01
Total 14.1 0.07

TABLE I. The branching fraction and ACP systematic uncer-
tainties for the signal mode. The total is calculated by adding
all the systematic uncertainties in quadrature.

The continuum discriminator e�ciency systematic uncer-462

tainty is determined using B0 ! D0(! K+⇡�⇡0)⇡0 de-463

cays in data. The e�ciencies of the classifier selection in464

data and simulation are consistent within an uncertainty465

that is assigned as systematic uncertainty. To account466
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PRD 96 032007 (2017) PRD 87 052009 (2013)

ICHEP talk

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.032007
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.87.052009
https://docs.belle2.org/record/3126/files/BELLE2-TALK-CONF-2022-076.pdf


• 6D ( , , , ) fit taking 

correlations into account to extract  and .


• Yields of measured peaking backgrounds fixed in fit 
(similar final state ). 


•  measurement limited by systematic uncertainty. 
Largest systematic associated to  reconstruction.


• TDCPV analysis underway. 

ΔE mπ±π0 cos θρ± BDTCont.Supp.

ℬ fL

2π0, π+, h+

ℬ
π0

 B0 → ρ+ρ−

8

5 Systematic uncertainties

We evaluate the systematic uncertainties associated with particle detection e�ciencies,
selections, physics parameters, peaking background, modeling of signal and background
PDFs, fitter bias, and MC simulation sample size. The systematic uncertainties are listed
in Table 3.

We assign a systematic uncertainty of 0.3% for each charged-particle track in the fi-
nal state. The e�ciencies for longitudinal and transverse signals are determined from
simulation. The di↵erences in e�ciencies between data and simulation, and their uncer-
tainties, are evaluated with various control samples. The ⇡

0 e�ciency is studied using
D

0
! K

�
⇡
+
⇡
0, D0

! K
�
⇡
+, and B

�
! ⇡

�
D

⇤0(D⇤0
! ⇡

0
D

0
, D

0
! K

�
⇡
+) where

the selection of charged particles is identical, and the total uncertainty on the e�ciencies
for the two ⇡

0s is estimated to be 7.7%. We assess a systematic uncertainty associ-
ated with the ⇡

+ identification e�ciency using the D
⇤+

! D
0(! K

�
⇡
+)⇡+ decay. The

data-simulation PID e�ciency ratio is R = 0.962 ± 0.001 per ⇡
+. A correction factor

R = 1.051 ± 0.022 for the continuum suppression e�ciency due to data-simulation dis-
crepancies is determined from control samples of B

0
! D

⇤�(! D̄
0(! K

+
⇡
�)⇡�)⇡+

decays. The total number of BB̄ pairs produced, (198 ± 3) ⇥ 106, is obtained from a
fit to an event shape variable, the second Fox-Wolfram moment R2, where uncertainties
associated with o↵-resonance subtraction, beam energy shift and spread, and selection
e�ciency are included. A systematic uncertainty on the single-candidate selection is eval-
uated by re-doing the analysis by randomly selecting one B

0 candidate per event. The
di↵erence between the two analysis results is taken as a systematic uncertainty.

In order to estimate systematic uncertainties due to signal or background mismodel-
ings, we fit the data by changing the PDF parameters including the yields of B0

! a
+
1 ⇡

�,
B

0
! K

⇤+
⇢
�, and B

0
! K

⇤+
0 ⇢

� within their 1� uncertainties, and then, the uncer-
tainties of the self cross-feed fractions are set to 15%. In the systematic uncertainty,
we include statistical biases observed in fits to ensembles of simplified simulated experi-
ments. Slight data-simulation discrepancies are observed in the cos ✓⇢± distributions for
candidates populating the signal Mbc sideband that cannot be conclusively attributed to
shape or acceptance mismodelings or poorly simulated sample composition. A systematic
uncertainty based on the deviation of results in fits to simulated ensembles that mirror
the observed discrepancies covers a broad range of e↵ects in cos ✓⇢± .

6 Results and summary

We report measurements of the branching fraction and the longitudinal polarization in
B

0
! ⇢

+
⇢
� decays based on a 189 fb�1 data sample containing (198± 3)⇥ 106BB̄ pairs.

The distributions in data with fit results overlaid are shown in Figure 3. The resulting
branching fraction and longitudinal polarization are

B(B0
! ⇢

+
⇢
�) = [2.67± 0.28 (stat) ± 0.28 (syst)]⇥ 10�5

,

fL = 0.956± 0.035 (stat) ± 0.033 (syst),

with a correlation coe�cient of �0.28. The signal yields determined by the fit are summa-
rized in Table 4. We confirm longitudinal polarization dominance in B

0
! ⇢

+
⇢
� decays,

7

arXiv:2208.03554

Nlong = 235+24
−23

Ntrans = 21+19
−17

WA:  ℬ = (2.77 ± 0.19) ⋅ 10−5, fL = 0.990+0.021
−0.019

https://arxiv.org/abs/2208.03554
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ϕ3
• Measured from interference of 

 and  tree 
amplitudes in  meson decays 
to open-charm final states.

b → cūs b → uc̄s
B±

First combined Belle and Belle II analysis 

•  


• Simultaneous analysis of both final states.


• BPGGSZ technique: model-independent Dalitz plot 

B+ → D0(K0
Sh+h−)h+

JHEP 02, 063 (2022)

J
H
E
P
0
2
(
2
0
2
2
)
0
6
3

2 Analysis overview and formalism

The analysis proceeds by selecting samples of B+ → Dh+ decays in the Belle and Belle II
data sets. The B+ → Dπ+ decay is selected along with the B+ → DK+ decay because
it is a more abundant and topologically identical control sample. An unbinned maximum
likelihood fit to the combined sample of B+ → Dh+ candidates is used to determine
CP-violating observables. In addition, nuisance parameters are determined, which limits
dependence upon simulated data. The fit is to data categorised in several ways, including
by the bin in which they are reconstructed in the D-decay Dalitz plot. To be model-
independent, the fit relies upon the strong-phase parameters of the D decay measured
in each of these bins, which are taken as external inputs. The CP-violating observables
are then interpreted as constraints on φ3 and hadronic parameters related to the B-decay
amplitude. To avoid experimental bias analysis procedures are devised and validated on
simulated samples before being applied to data. The remainder of this section describes the
model-independent formalism used.

The two interfering decays sensitive to φ3 are B+ → D̄0K+ and B+ → D0K+, where
the latter is both CKM- and colour-suppressed compared to the former. Thus, we write the
total B+ → D

(
K0

Sh
+h−)K+, amplitude as

AB+

(
m2

−,m
2
+
)
∝ AD̄

(
m2

−,m
2
+
)
+ rDK

B ei(δDK
B −φ3)AD

(
m2

−,m
2
+
)
, (2.1)

where AD̄

(
m2

−,m
2
+
) [

AD
(
m2

−,m
2
+
)]

is the D̄0 → K0
Sh

+h− [
D0 → K0

Sh
+h−] decay ampli-

tude at a point in the Dalitz plot described by m2
− and m2

+, which are the squared invariant
masses of the K0

Sh
− and K0

Sh
+ particle combinations, respectively. Here rDK

B and δDK
B are

the ratio of the magnitudes of the suppressed to favoured B+ → DK+ amplitudes and the
relative strong-phase difference between them, respectively. The world-average value of rDK

B

is 0.0996±0.0026 [5],2 which means that the direct CP-violating effects are of the order 10%.
The expression for the B− → D

(
K0

Sh
+h−)K− amplitude AB− is obtained from eq. (2.1) by

substituting φ3 → −φ3 and AD
(
m2

−,m
2
+
)
←→ AD̄

(
m2

−,m
2
+
)
. In this paper CP violation

in D decays is considered to be negligible, such that AD̄

(
m2

−,m
2
+
)
= AD

(
m2

+,m
2
−
)
.

In the model-independent method, the D-decay Dalitz plot is divided into 2×N bins
that are indexed from i = −N to i = N , with i = 0 excluded. The bins are defined
symmetrically about the line m2

+ = m2
− such that if the point

(
m2

−,m
2
+
)
lies within bin i

then point
(
m2

+,m
2
−
)
lies within bin −i; bins in which m2

− > m2
+ are labelled with i > 0.

The strong phase of the D0-decay amplitude at a point
(
m2

−,m
2
+
)
is written as δD

(
m2

−,m
2
+
)
,

from which the D-amplitude-weighted average of the cosine of the strong-phase difference
between D0 and D̄0 decays within bin i is defined as [8]

ci=
∫
i dm

2
−dm2

+
∣∣AD

(
m2

−,m
2
+
)∣∣ ∣∣AD

(
m2

+,m
2
−
)∣∣cos

[
δD
(
m2

−,m
2
+
)
−δD

(
m2

+,m
2
−
)]

√∫
i dm

2
−dm2

+
∣∣AD

(
m2

−,m
2
+
)∣∣2 ∫

i dm
2
−dm2

+
∣∣AD

(
m2

+,m
2
−
)∣∣2

, (2.2)

where the integral is over the i-th bin. The D-amplitude-weighted average of the sine of the
strong-phase difference within a bin si is defined in an analogous manner. These definitions
result in the conditions ci = c−i and si = −s−i. Further, the AB+ (AB−) amplitudes can

– 3 –
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17.8.1 Introduction

While �1 and �2 have been determined to a good level
of precision, knowledge of �3 = � ⌘ arg [�VudV ⇤

ub/VcdV ⇤

cb]
(see Section 16.4) is still limited by the small branching
fractions of the processes used in its measurement. The
most powerful methods for measuring this angle in a the-
oretically clean way are based on the interference between
b ! cus and b ! ucs tree amplitudes in the charged-B
meson decays to open-charm final states, B� ! D(⇤)K(⇤)�

(charge-conjugate modes are implied here and through-
out the text unless otherwise specified). The interference
is between B� ! DK� followed by a D ! f decay and
B� ! DK� followed by a D ! f decay, where f is any
common final state of D and D mesons (Fig. 17.8.1).

W�

W�

ū

B�

K�
ū

u
c̄
s

b
D̄0

B�
ū
b

ū
c
ū
s

K�

D0

Figure 17.8.1. Dominant Feynman diagrams contributing
to the B� ! DK� decay. The top diagram proceeds via a
b! ucs transition, and is suppressed by both the small value
of |Vub|, and color considerations; the bottom diagram pro-
ceeds via a b ! cus transition, and is only singly Cabibbo-
suppressed.

Since there is no penguin contribution for these decays
and consequently no theoretical uncertainty involved, all
the hadronic unknowns are obtainable from experiment.
They are rB , the magnitude of the ratio of the amplitudes
for the processes B� ! D0K� and B� ! D0K�, and �B ,
the relative strong phase between these two amplitudes.

For charged B decays, rB ⇠ cf |VcsV ⇤

ub/VusV ⇤

cb| ⇠ 0.1,
where cf is a color suppression factor (⇠ 0.3). There is no
theoretical guidance for the strong phase di↵erence �B .
Typically, e↵ects due to neutral D mixing and CP vio-
lation are neglected, since these are expected (and mea-
sured) to be small (see the text on D-mixing and CP
violation in Section 19.2). In general however, such ef-
fects can also be taken into account (Grossman, So↵er,
and Zupan, 2005). There is also an irreducible error com-
ing from electroweak corrections estimated to be ��3/�3

⇠ 10�6 (Zupan, 2011).
The possibility of observing direct CP violation in

B� ! DK� was first discussed by Bigi, Carter, and
Sanda (Bigi and Sanda, 1988; Carter and Sanda, 1980). It
was suggested to use charged B decays to final states with
D0/D0 ! K0

S
plus pion(s), where the presence of the K0

S

generated by K0 � K0 mixing was the essential element
for making the interference. Since then, several methods
have been proposed which can be grouped according to
the choice of the final state: the “GLW” method (Gronau
and London, 1991; Gronau and Wyler, 1991), based on
Cabibbo-suppressed D decays to CP eigenstates, such as
K+K� or K0

S
⇡0 (Section 17.8.2); the “ADS” method (At-

wood, Dunietz, and Soni, 1997, 2001), where the neu-
tral D is reconstructed in Cabibbo-favored (CF) and dou-
bly Cabibbo-suppressed (DCS) final states such as K±⇡⌥

(Section 17.8.3); and the “GGSZ” method (Giri, Gross-
man, So↵er, and Zupan, 2003b), which uses the Dalitz-
plot distribution of the products of D decays to multi-
body self-conjugate final states, such as K0

S
⇡+⇡� (Sec-

tion 17.8.4). The main issue with these methods is the
small overall branching fractions of the decays involved,
which range from 5⇥10�6 to 5⇥10�9. Therefore a precise
determination of �3 requires a very large data sample. The
various methods are combined in Section 17.8.6 to provide
a determination of �3 from B Factory data. The study of
the time-dependent decay rates of B ! D(⇤)⌥h±, provid-
ing a measure of sin(2�1 + �3), is discussed separately in
Section 17.8.5.

17.8.2 GLW method

In the method proposed by Gronau and London (1991)
and Gronau and Wyler (1991), the neutral D meson is
reconstructed in decays to CP -even eigenstates such as
K+K� (denoted as DCP+) or CP -odd eigenstates such as
K0

S
⇡0 (DCP�). Although a B0 may decay weakly to either

a D0 or to a D0, when looking for a CP -even decay product
one is actually selecting the CP -even superposition (D0 +
D0)/

p
2. The measurements are of the ratio

RCP± = 2
� (B�!DCP±K�) + � (B+!DCP±K+)
� (B�!DfavK�) + � (B+!DfavK+)

,

(17.8.1)

where Dfav indicates that the neutral D meson is re-
constructed in a favored hadronic decay mode such as

Vub
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17.8.1 Introduction

While �1 and �2 have been determined to a good level
of precision, knowledge of �3 = � ⌘ arg [�VudV ⇤

ub/VcdV ⇤

cb]
(see Section 16.4) is still limited by the small branching
fractions of the processes used in its measurement. The
most powerful methods for measuring this angle in a the-
oretically clean way are based on the interference between
b ! cus and b ! ucs tree amplitudes in the charged-B
meson decays to open-charm final states, B� ! D(⇤)K(⇤)�

(charge-conjugate modes are implied here and through-
out the text unless otherwise specified). The interference
is between B� ! DK� followed by a D ! f decay and
B� ! DK� followed by a D ! f decay, where f is any
common final state of D and D mesons (Fig. 17.8.1).
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ū

B�

K�
ū
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Figure 17.8.1. Dominant Feynman diagrams contributing
to the B� ! DK� decay. The top diagram proceeds via a
b! ucs transition, and is suppressed by both the small value
of |Vub|, and color considerations; the bottom diagram pro-
ceeds via a b ! cus transition, and is only singly Cabibbo-
suppressed.

Since there is no penguin contribution for these decays
and consequently no theoretical uncertainty involved, all
the hadronic unknowns are obtainable from experiment.
They are rB , the magnitude of the ratio of the amplitudes
for the processes B� ! D0K� and B� ! D0K�, and �B ,
the relative strong phase between these two amplitudes.

For charged B decays, rB ⇠ cf |VcsV ⇤

ub/VusV ⇤

cb| ⇠ 0.1,
where cf is a color suppression factor (⇠ 0.3). There is no
theoretical guidance for the strong phase di↵erence �B .
Typically, e↵ects due to neutral D mixing and CP vio-
lation are neglected, since these are expected (and mea-
sured) to be small (see the text on D-mixing and CP
violation in Section 19.2). In general however, such ef-
fects can also be taken into account (Grossman, So↵er,
and Zupan, 2005). There is also an irreducible error com-
ing from electroweak corrections estimated to be ��3/�3

⇠ 10�6 (Zupan, 2011).
The possibility of observing direct CP violation in

B� ! DK� was first discussed by Bigi, Carter, and
Sanda (Bigi and Sanda, 1988; Carter and Sanda, 1980). It
was suggested to use charged B decays to final states with
D0/D0 ! K0

S
plus pion(s), where the presence of the K0

S

generated by K0 � K0 mixing was the essential element
for making the interference. Since then, several methods
have been proposed which can be grouped according to
the choice of the final state: the “GLW” method (Gronau
and London, 1991; Gronau and Wyler, 1991), based on
Cabibbo-suppressed D decays to CP eigenstates, such as
K+K� or K0

S
⇡0 (Section 17.8.2); the “ADS” method (At-

wood, Dunietz, and Soni, 1997, 2001), where the neu-
tral D is reconstructed in Cabibbo-favored (CF) and dou-
bly Cabibbo-suppressed (DCS) final states such as K±⇡⌥

(Section 17.8.3); and the “GGSZ” method (Giri, Gross-
man, So↵er, and Zupan, 2003b), which uses the Dalitz-
plot distribution of the products of D decays to multi-
body self-conjugate final states, such as K0

S
⇡+⇡� (Sec-

tion 17.8.4). The main issue with these methods is the
small overall branching fractions of the decays involved,
which range from 5⇥10�6 to 5⇥10�9. Therefore a precise
determination of �3 requires a very large data sample. The
various methods are combined in Section 17.8.6 to provide
a determination of �3 from B Factory data. The study of
the time-dependent decay rates of B ! D(⇤)⌥h±, provid-
ing a measure of sin(2�1 + �3), is discussed separately in
Section 17.8.5.

17.8.2 GLW method

In the method proposed by Gronau and London (1991)
and Gronau and Wyler (1991), the neutral D meson is
reconstructed in decays to CP -even eigenstates such as
K+K� (denoted as DCP+) or CP -odd eigenstates such as
K0

S
⇡0 (DCP�). Although a B0 may decay weakly to either

a D0 or to a D0, when looking for a CP -even decay product
one is actually selecting the CP -even superposition (D0 +
D0)/

p
2. The measurements are of the ratio

RCP± = 2
� (B�!DCP±K�) + � (B+!DCP±K+)
� (B�!DfavK�) + � (B+!DfavK+)

,

(17.8.1)

where Dfav indicates that the neutral D meson is re-
constructed in a favored hadronic decay mode such as

Vcb

Ratio: Suppressed to favored Relative strong-phase difference

Decay amplitude in the point of the Dalitz plotInvariant mass m± = m(K0
Sh±)

https://link.springer.com/content/pdf/10.1007/JHEP02(2022)063.pdf


• Improvement wrt previous Belle analysis (PRD85, 
112014 (2012):


‣ NN-based MVA for  reconstruction; 


‣ Increased statistics from , in addition 
to ;


‣ Improved background rejection method.
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Towards Belle II IKπ

@Belle II: 
•   arXiv:2206.07453 

•   arXiv:2209.05154 
•   arXiv:2106.03766

B0 → K0
Sπ0

B+ → K+π0

B → K+π−, KSπ+

11

B ! K⇡: Well motivated by test-of-sum rule

Asymmetry rule for NP nearly free of theoretical uncertainties, where the SM can be tested

by measuring all observables: [PLB 627, 82(2005), PRD 58, 036005(1998)]
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[@NNLO] PLB 750(2015)348-355

Requires B and ACP measurements for all 4 final states. Most demanding is K
0
⇡
0

Belle II arXiv:2104.14871
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Color-allowed penguin

EPJC 78 (2018) 11, 943
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Direct CP violation in B0 → K0
s π0

CIPANP 2022  |   30 August 2022  |  Radek Žlebčík

● From the iso-spin symmetry in the SM holds:

● The ACP(K0π0) is the most imprecise ACP term in the equation

A(K0π0) from iso-spin

A(K0π0) from Belle & BaBar

Color-suppressed tree Color-allowed penguin

Eur.Phys.J.C 78 (2018) 11, 943

Phys.Lett.B 627 (2005) 82

BSM
enhanced

Color-suppressed tree

BSM enhanced
 has a 10% experimental 

uncertainty dominated by 
IKπ

ACP(K0
Sπ0)

https://arxiv.org/abs/2206.07453
https://arxiv.org/abs/2209.05154
https://arxiv.org/abs/2106.03766
https://inspirehep.net/literature/1679298


• Measurement is unique to Belle II.


• Main challenge: Decay vertex resolution from  
and IP constraint. 


• Control channel:                                      
(with  excluded for vertexing).


• Time-dependent CPV fit to  and 
, with , , and  fixed.

K0
S → π+π−

B0 → J/ψK0
S

J/ψ

Mbc, ΔE, Δt
BDTCont.Supp. SCP Δmd τB0

page 19

Direct CP violation in B0 → K0
s π0

CIPANP 2022  |   30 August 2022  |  Radek Žlebčík

● The B0→K0
s π0 only accessible at e+e-  B factories

● Main challenge is the decay vertex reconstruction
● BR and ACP obtained from 4D fit in Mbc, ΔE, Δt, OCS

→ SCP fixed to 0.67, i.e. average from Belle

arXiv:2206.07453

135 +- 16 signal events

Beam spot

A(K0π0) from iso-spin

 B0 → K0
Sπ0

12

sample and background events are generated according to their PDF shapes. We calcu-
late the mean shift of the signal yield from the input value and assign it as a systematic
uncertainty. Tag-side interference can arise due to the presence of both CKM-favored and
-suppressed tree amplitudes. The systematic uncertainty in ACP assigned to this interference
is taken from Ref. [6]. A possible systematic uncertainty related to VXD misalignment is
neglected in this study.

TABLE I. List of systematic uncertainties contributing to the branching fraction and direct CP
asymmetry.

Source �B (%) �ACP

Tracking e�ciency 0.6 –

K0
S reconstruction e�ciency 4.2 –

⇡0 reconstruction e�ciency 7.5 –

Continuum suppression e�ciency 1.6 –

Number of BB pairs 3.2 –

Flavor tagging – 0.040

Resolution function – 0.050

External inputs 0.4 0.021

BB background asymmetry – 0.002

Signal modelling 1.0 0.015

Background modelling 0.9 0.004

Possible fit bias 2.0 0.010

Tag-side interference – 0.038

Total 9.6 0.086

6. SUMMARY

We report measurements of the branching fraction and direct CP asymmetry in B0 !
K0⇡0 decays using a data sample, corresponding to 189.8 fb�1 of integrated luminosity,
recorded by Belle II at the ⌥ (4S) resonance. The observed signal yield is 135+16

�15. We measure
B(B0 ! K0⇡0) = [11.0±1.2(stat)±1.0(syst)]⇥10�6 andACP = �0.41+0.30

�0.32(stat)±0.09(syst).
This is the first measurement of ACP in B0 ! K0⇡0 performed at Belle II using a decay-
time-dependent analysis. The results agree with previous determinations [3, 22].

11

sample and background events are generated according to their PDF shapes. We calcu-
late the mean shift of the signal yield from the input value and assign it as a systematic
uncertainty. Tag-side interference can arise due to the presence of both CKM-favored and
-suppressed tree amplitudes. The systematic uncertainty in ACP assigned to this interference
is taken from Ref. [6]. A possible systematic uncertainty related to VXD misalignment is
neglected in this study.

TABLE I. List of systematic uncertainties contributing to the branching fraction and direct CP
asymmetry.

Source �B (%) �ACP

Tracking e�ciency 0.6 –

K0
S reconstruction e�ciency 4.2 –

⇡0 reconstruction e�ciency 7.5 –

Continuum suppression e�ciency 1.6 –

Number of BB pairs 3.2 –

Flavor tagging – 0.040

Resolution function – 0.050

External inputs 0.4 0.021

BB background asymmetry – 0.002

Signal modelling 1.0 0.015

Background modelling 0.9 0.004

Possible fit bias 2.0 0.010

Tag-side interference – 0.038

Total 9.6 0.086

6. SUMMARY

We report measurements of the branching fraction and direct CP asymmetry in B0 !
K0⇡0 decays using a data sample, corresponding to 189.8 fb�1 of integrated luminosity,
recorded by Belle II at the ⌥ (4S) resonance. The observed signal yield is 135+16

�15. We measure
B(B0 ! K0⇡0) = [11.0±1.2(stat)±1.0(syst)]⇥10�6 andACP = �0.41+0.30

�0.32(stat)±0.09(syst).
This is the first measurement of ACP in B0 ! K0⇡0 performed at Belle II using a decay-
time-dependent analysis. The results agree with previous determinations [3, 22].

11
10− 8− 6− 4− 2− 0 2 4 6 8 10

 [ps]tΔ

0

10

20

30

40

50

60

70

C
an

di
da

te
s 

pe
r 0

.5
 p

s

Belle II (preliminary)
-1Ldt = 189.8 fb∫

Data
Fit

0π 0
S K→ 0B

 backgroundBB
Continuum background

5.24 5.25 5.26 5.27 5.28 5.29
]2 [Gev/c /

bcM

0

10

20

30

40

50

60

2
C

an
di

da
te

s 
pe

r 0
.0

01
G

eV
/c

Belle II (preliminary)
-1Ldt = 189.8 fb∫

Data
Fit

0π 0
S K→ 0B

 backgroundBB
Continuum background

From isospin  
ACP = − 0.14 ± 0.03

arXiv:2206.07453

https://arxiv.org/abs/2206.07453


Outlook
• Robust program to measure all angles of the Unitarity Triangle. 


• Moving towards penguin decays ( , …) after measuring 
the golden mode.


• Exploiting the full potential of                                                                  
Belle + Belle II analyses.  

ϕK0
S , η′ K0

S
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Observable 2022
Belle(II),
BaBar

Belle-II
5 ab�1

Belle-II
50 ab�1

Belle-II
250 ab�1

sin 2�/�1 0.03 0.012 0.005 0.002
�/�3 (Belle+BelleII) 11� 4.7� 1.5� 0.8�

↵/�2 (WA) 4� 2� 0.6� 0.3�

|Vub| (Exclusive) 4.5% 2% 1% < 1%
SCP (B ! ⌘

0
K

0
S) 0.08 0.03 0.015 0.007

ACP (B ! ⇡
0
K

0
S) 0.15 0.07 0.025 0.018

SCP (B ! K
⇤0
�) 0.32 0.11 0.035 0.015

R(B ! K
⇤
`
+
`
�)† 0.26 0.09 0.03 0.01

R(B ! D
⇤
⌧⌫) 0.018 0.009 0.0045 <0.003

R(B ! D⌧⌫) 0.034 0.016 0.008 <0.003
B(B ! ⌧⌫) 24% 9% 4% 2%
B(B ! K

⇤
⌫⌫̄) � 25% 9% 4%

B(⌧ ! µ�) UL 42⇥ 10�9 22⇥ 10�9 6.9⇥ 10�9 3.1⇥ 10�9

B(⌧ ! µµµ) UL 21⇥ 10�9 3.6⇥ 10�9 0.36⇥ 10�9 0.073 ⇥

10�9

Table 2: Projected precision (total uncertainties, or 90% CL upper limits) of selected
flavour physics measurements at Belle II.(The † symbol denotes the measurement in the
momentum transfer squared bin 1 < q

2
< 6 GeV/c

2.)

robustness against tracking e�ciency and resolution losses from beam background.
This implies improved tracking e�ciencies with pT < 200 MeV/c.

• CDC: The proposed electronics upgrades improve the quality of tracking through
cross-talk reduction, and faster more reliable triggering. This a↵ects general track-
ing e�ciencies, as well as dE/dx measurements.

• TOP: The TOP detector’s sensitivity to single photons, i.e. the quantum e�ciency,
will degrade under irradiation without sensor replacement and upgrade. This di-
rectly impacts overall e�cacy of the TOP system, as well as time resolution, which
is critical for particle ID PDFs.

• ECL: Three upgrade options include new pure CsI crystals with APDs, a pre-
shower detector in front of the ECL, and an option where the existing CsI(Tl)
are read-out with APDs. The performance of the ECL will degrade with higher
background rates without future upgrades. At nominal luminosity, the e�ciency
may decrease by around 50% for ⇡0 reconstruction, while extra energy (EECL) and
pulse shape discrimination techniques will degrade in performance.

• KLM: The RPCs will be replaced with new scintillator layers to handle high rates,
and an overall upgrade to read-out will be considered with better timing resolution.
The inner RPC layers of the KLM may su↵er hit e�ciency losses of order 10-30%.
While this can have 2-5% e�ciency losses for muons at momenta below 1 GeV/c, it
may lead to much larger losses in K

0
L detection, due to the much lower penetration
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