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SuperKEKB & Belle II
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⚫ Asymmetric e+e- collider @ Tsukuba, Japan

⚫ Achieved luminosity: 4.7×1034 cm-2 s-1

✓ Target: 6.5×1035 cm-2 s-1

⚫ Target data sample: 50 ab-1

⚫ Belle II collects 428 fb-1 data sets

✓ ~ BaBar; ~ half of Belle



CKM matrix and unitarity triangle 
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⚫ CKM matrix: quarks mixing matrix 

⚫ Wolfenstein parametrization: A，r，h & l = |Vus|

✓ h: source of CP violation in SM

⚫ CKM unitarity ⇒ six unitarity triangle

✓ 𝐕𝐮𝐝𝐕𝐮𝐛
∗ + 𝐕𝐜𝐝𝐕𝐜𝐛

∗ + 𝐕𝐭𝐝𝐕𝐭𝐛
∗ = 𝟎

⚫ CKM unitarity test by angle & sides of CKM triangle 

✓ Angles: CP violation measurement in B decays

✓ Sides: Branching fractions or mixing frequencies

⚫ Precise measurements of Unitarity Triangle provides

an interesting test for CKM mechanics, and a searching 

for New Physics.



Time dependent CP violation
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⚫ 𝐁𝟎and ഥ𝐁𝟎 decay to a common CP eigenstate fCP

⚫ For CP eigenstate, time dependent decay rate

✓ ACP: mixing induced CPV, ACP = 0 @ SM

✓ SCP: direct CPV, SCP = -hCPsin(2f1) @ SM

✓ q = -1 for 𝐁𝟎; q = +1 for ഥ𝐁𝟎

✓ T
𝐁
𝟎 & Dmd:  𝐁𝟎 lifetime; 𝐁𝟎-ഥ𝐁𝟎 oscillation frequency

⚫ Dt measurement ←  Dz measurement 

✓ Good vertex resolution 15 mm

✓ Coherent 𝐁𝟎ഥ𝐁𝟎 pairs

✓ High B tagging efficiency 

✓ Enhanced resolution by small beam size 

CP asymmetry



CKM triangle angle f1/b @ 𝐁𝟎 → 𝐉/𝛙 𝐊𝐒
𝟎

⚫ Golden channel for sin(2f1) measurement

✓ Relatively high branching fraction

✓ Low background, ~ 99% purity

✓ Tree-level contribution dominates

✓ Small penguin pollution, SCP = sin(2f1) 

approximation better than 2%

⚫ Fit background-subtracted Dt distribution

for ACP and SCP

⚫ New flavor tagger GFlaT: ~ 8%reduction 

in statistical uncertainty

arXiv:2302.12898
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CPV @ 𝐛 ⟶ 𝐬𝐪ഥ𝐪 (𝐪 = 𝐝, 𝐬)
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⚫ Gluonic penguin modes: sensitive to interfering 

non-SM physics

⚫ CP-even state 𝟑𝐊𝐒
𝟎: 

✓ @ SM: SCP ≈ -sin(2f1) & ACP = 0 

✓ Deviation of SCP : 0.02 with uncertainty smaller 

than 0.01

⚫ The deviation indicate either large sub-leading 

amplitudes or non-SM physics



CPV @ 𝐁𝟎 → 𝐊𝐒
𝟎𝐊𝐒

𝟎𝐊𝐒
𝟎
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⚫ B vertex challenge: no prompt tracks from B

✓ Trajectories and profile of interaction point

⚫ Two BDT classifiers:

✓ Reduce fake 𝐊𝐒
𝟎 contribution

✓ Reduce continuum 𝐪ഥ𝐪 backgrouds 

⚫ The results are consistent with that of Belle & BaBar

arXiv:2209.09547



CPV @ 𝐁𝟎 ↔ 𝛟𝐊𝐒
𝟎
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⚫ Clean experimental signature

✓ Similar Dt resolution as 𝐁𝟎 → 𝐉/𝛙 𝐊𝐒
𝟎

⚫ A BDT classifier for continuum 𝐪ഥ𝐪 backgrouds

⚫ Dilution from non-resonant decays with opposite CP

✓ Non-resonant 𝐁𝟎 → 𝐊+𝐊−𝐊𝐒
𝟎 disentangled in cosqH

⚫ 162±17 𝐁𝟎 → 𝛟𝐊𝐒
𝟎 events

N(𝐁ഥ𝐁) SCP ACP

Belle II 387 M 𝟎. 𝟓𝟒 ±𝟎. 𝟐𝟔−𝟎.𝟎𝟖
+𝟎.𝟎𝟔 𝟎. 𝟑𝟏 ± 𝟎. 𝟐𝟎 ± 𝟎. 𝟎𝟓

Belle 657 M 𝟎. 𝟗𝟎−𝟎.𝟏𝟗
+𝟎.𝟎𝟗 𝟎. 𝟎𝟒 ± 𝟎. 𝟐𝟎 ± 𝟎. 𝟏𝟎 ± 𝟎. 𝟎𝟐

BaBar 470 M 𝟎. 𝟔𝟔 ± 𝟎. 𝟏𝟕 ± 𝟎. 𝟎𝟕 𝟎. 𝟎𝟓 ± 𝟎. 𝟏𝟖 ± 𝟎. 𝟎𝟓

HFLAV 𝟎. 𝟕𝟒−𝟎.𝟏𝟑
+𝟎.𝟏𝟏 𝟎. 𝟎𝟏 ± 𝟎. 𝟏𝟒

⚫ Similar ACP uncertainty with smaller data set

PRD 108 072012 (2023)



PRL 131 111803 (2023)

CPV @ 𝐁𝟎 → 𝐊𝐒
𝟎𝛑𝟎
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N(𝐁ഥ𝐁) SCP ACP

Belle II 387 M 𝟎. 𝟕𝟓−𝟎.𝟐𝟑
+𝟎.𝟐𝟎 ± 𝟎. 𝟎𝟒 𝟎. 𝟎𝟒−𝟎.𝟏𝟓

+𝟎.𝟏𝟒 ± 𝟎. 𝟎𝟓

Belle 657 M 𝟎. 𝟔𝟕 ± 𝟎. 𝟑𝟏 ± 𝟎. 𝟎𝟖 𝟎. 𝟏𝟒 ± 𝟎. 𝟏𝟑 ± 𝟎. 𝟎𝟔

BaBar 467 M 𝟎. 𝟓𝟓 ± 𝟎. 𝟐𝟎 ± 𝟎. 𝟎𝟑 𝟎. 𝟏𝟑 ± 𝟎. 𝟏𝟑 ± 𝟎. 𝟎𝟑

HFLAV 𝟎. 𝟓𝟕 ± 𝟎. 𝟏𝟕 𝟎. 𝟎𝟏 ± 𝟎. 𝟏𝟎

⚫ Isospin symmetry, SM null test with O(1%) theory uncertainty

✓ IKp: 10% experimental uncertainty dominant 𝐁𝟎 → 𝐊𝐒
𝟎𝛑𝟎

⚫ 𝐛 → 𝐬𝐝 ҧ𝐝 with color & CKM-suppressed 𝐛 → 𝐬𝐮ഥ𝐮
✓ Introduce an extra weak phase, shift sCP from sin(2f1) 

⚫ Challenge: Decay vertex reconstruction

✓ 𝐊𝐒
𝟎 reconstruction & vertexing

✓ High purity & efficient p0 selection

⚫ 𝐁𝟎 → 𝐊𝐒
𝟎𝛑𝟎 accessible at e+e- B factories

⚫ Consistent results with less (60%-80%) luminosity



CPV @ 𝐁𝟎 → 𝛈′𝐊𝐒
𝟎
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⚫ b → s penguin process

⚫ Relatively high BF w.r.t. other gluonic penguins

⚫ High background form continuum 𝐪ഥ𝐪
⚫ h’ modes: h(2g)p+p- & g r(p+p-)

✓ h’→hp+p- mode: 358 ± 20 event

✓ h’→gr mode: 471 ± 29 event

⚫ Consistent results with Belle & BaBar

h’→hp+p- h’→gr

N(𝐁ഥ𝐁) SCP ACP

Belle II 387 M 𝟎. 𝟔𝟕 ± 𝟎. 𝟏𝟎 ± 𝟎. 𝟎𝟒 𝟎. 𝟏𝟗 ± 𝟎. 𝟎𝟖 ± 𝟎. 𝟎𝟑

Belle 657 M 𝟎. 𝟔𝟖 ± 𝟎. 𝟎𝟕 ± 𝟎. 𝟎𝟑 𝟎. 𝟎𝟑 ± 𝟎. 𝟎𝟓 ± 𝟎. 𝟎𝟑

BaBar 467 M 𝟎. 𝟓𝟕 ± 𝟎. 𝟎𝟖 ± 𝟎. 𝟎𝟐 𝟎. 𝟎𝟖 ± 𝟎. 𝟎𝟔 ± 𝟎. 𝟎𝟐

HFLAV 𝟎. 𝟔𝟑 ± 𝟎. 𝟎𝟔 𝟎. 𝟎𝟓 ± 𝟎. 𝟎𝟒



Radiative penguins @ 𝐁𝟎 → 𝐊𝐒
𝟎𝛑𝟎𝛄

⚫ SM: b → s g forbidden @ tree level, loop contribution

⚫ Polarization of photon constrains flavor

✓ @ SM: SCP helicity suppressed, SCP = 0.035 ± 0.017

⚫ New physics could contribute into SCP significantly 

⚫ Challenge: no prompt tracks, reconstruct decay vertex 

✓ from 𝐊𝐒
𝟎 using beam spot constraint

⚫ 𝐁𝟎 → 𝐊𝐒
𝟎𝝅𝟎𝜸 accessible at e+e- B factories

⚫ Two M(Kp) region: 

✓ K*(892) [0.8, 1.0]GeV, and rest of [0.6, 1.8]GeV

⚫ Most precise results to date

N(𝐁ഥ𝐁) Mode SCP ACP

Belle II 387 M 𝐊∗(𝟖𝟗𝟐)𝟎𝛄 𝟎. 𝟎𝟎−𝟎.𝟐𝟔
+𝟎.𝟐𝟕 ± 𝟎. 𝟎𝟑 𝟎. 𝟏𝟎 ± 𝟎. 𝟏𝟑 ± 𝟎. 𝟎𝟑

HFLAV 𝐊∗(𝟖𝟗𝟐)𝟎𝛄 −𝟎. 𝟏𝟔 ± 𝟎. 𝟐𝟐 −𝟎. 𝟎𝟒 ± 𝟎. 𝟏𝟒

Belle II 387 M 𝐊𝐒
𝟎𝛑𝟎𝛄 𝟎. 𝟎𝟒−𝟎.𝟒𝟒

+𝟎.𝟒𝟓 ± 𝟎. 𝟏𝟎 −𝟎. 𝟎𝟔 ± 𝟎. 𝟐𝟓 ± 𝟎. 𝟎𝟖

Belle 657 M 𝐊𝐒
𝟎𝛑𝟎𝛄 𝟎. 𝟓𝟎 ± 𝟎. 𝟔𝟖 𝟎. 𝟐𝟎 ± 𝟎. 𝟑𝟗

𝐊∗(𝟖𝟗𝟐)𝟎𝛄 𝐊𝐒
𝟎𝛑𝟎𝛄
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CKM angle f2/a @ 𝐛 ⟶ 𝐝𝐮ഥ𝐮
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⚫ CKM angle f2/a with most poor precision

✓ HFLAV: 𝛟𝟐 = (𝟖𝟓. 𝟐−𝟒.𝟑
+𝟒.𝟖)𝐨

⚫ Tree & penguin amplitudes have similar magnitudes

⚫ Penguin pollution complicates extraction

✓ 𝛟𝟐
𝐞𝐟𝐟 = 𝛟𝟐 + 𝟐𝚫𝛟𝟐

✓ Introduce hadronic uncertainty

⚫ Isospin relation to disentangle tree and penguin contributions

✓ Using Br and CP asymmetry A

PRL 65 3381 (1990)



𝑩 → 𝝅𝝅 results 
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⚫ 𝐁𝟎 → 𝛑𝟎𝛑𝟎 mode 

✓ constrain penguin component

⚫ A BDT classifier to suppress non-signal photon 

⚫ A BDT classifier for continuum 𝐪ഥ𝐪 backgrouds

⚫ Br & CP asymmetry by fitting 

✓ achieve Belle Br precision, using only 1/3 of dataset

⚫ 𝐁𝟎 → 𝛑+𝛑− & 𝐁+ → 𝛑+𝛑𝟎 modes

✓ Updated with 362 fb-1 data 

⚫ World best Br of 𝐁𝟎 → 𝛑+𝛑−

A new constraint to f2/a from pp analysis ? 

PRD 107 112009 (2023)



JHEP 02 (2022) 063

𝐃𝟎 → 𝐊𝐒
𝟎𝐡+𝐡−

CKM angle f3/g
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⚫ f3/g: using interference 𝐛 → 𝐜ഥ𝐮𝐬 & 𝐛 → 𝐮 ҧ𝐜𝐬

⚫ Only tree contributions, theoretically clean

⚫ Direct measurement 𝛟𝟑 = (𝟔𝟔. 𝟐−𝟑.𝟐
+𝟑.𝟒)𝐨

✓ indirect measurement 𝛟𝟑 = (𝟔𝟑. 𝟒 ± 𝟎. 𝟗)𝐨

⚫ Amplitude ratio rB and strong phase dB are 

mode dependent

✓ Sensitivity depend on modes

⚫ Approaches: different D final states

✓ Self-conjugate final states 𝐃 → 𝐊𝐒
𝟎𝐡+𝐡−

Belle + Belle II: f3 = (78.4±11.4±0.5±1.0)o

✓ Cabibbo suppressed decays 𝐃 → 𝐊𝐒
𝟎𝑲±𝛑∓

✓ CP eigenstates 𝐃 → 𝐊+𝐊−，𝐊𝐒
𝟎𝛑𝟎



CKM angle f3/g @ 𝐃 → 𝐊𝐒
𝟎𝐊±𝛑∓
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⚫ B± → Dh± (h = K, p) with 𝐃 → 𝐊𝐒
𝟎𝑲±𝛑∓

✓ Decay type m = SS: B & K @ D, same sign

✓ Decay type m = OS: B & K @ D, opposite sign

⚫ Four CP asymmetries and three Br ratios

✓ Model-independent information on f3/g

⚫ First Belle & Belle II result from this channel 

⚫ Consistent with LHCb, but not competitive  

JHEP 09 (2023) 146

B→ DK

B→ Dp



CKM angle f3/g @ 𝐃 → 𝐊+𝐊− & 𝐊𝐒
𝟎𝛑𝟎

⚫ B± → DK± decay 

✓ D → K+K- (CP even) & D → 𝐊𝐒
𝟎𝛑𝟎 (CP odd) 

⚫ Neglect small effects of D0-ഥD0 mixing and CP violation 

in D0 decay

arXiv:2308.05048

B→ DK B→ Dp

⚫ ACP+ ≠ ACP-: 3.5s evidence

⚫ Consistent results, but no

competitive

⚫ Combined f3 @ Belle & Belle II

f3 = (𝟔𝟔. 𝟐−𝟑.𝟔
+𝟑.𝟒)o

f3 = (𝟕𝟖. 𝟔 ± 𝟕. 𝟑)o



Rare 𝐁+ → 𝐊+𝛎ത𝛎 @ SM

17

⚫ 𝐁+ → 𝐊+𝛖ത𝛎: flavor-changing neutral current

✓ suppressed by GIM mechanism 

✓ @ SM: Br(𝐁+ → 𝐊+𝛖ത𝛎) = (5.58±0.37)×10-6

⚫ extensions beyond SM: substantially rate increase

⚫ Very challenging experimentally

✓ Low Br, high background contributions

✓ 3-body kinematics, no good kinematic variable to fit

⚫ Unique for e+e- colliders

⚫ Hadronic B-tagging vs. inclusive B-tagging

✓ Reconstruct signal B final state



m = Br/BrSM

Inclusive tagging
Hadronic tagging

𝐁+ → 𝐊+𝛎ത𝛎 @ SM

18
⚫ First evidence for 𝐁+ → 𝐊+𝛖ത𝛎: 3.5s from null, 2.6s from SM



arXiv:2203.11349

Summary and outlook
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⚫ Belle II collects 428 fb-1 data, comparable to BaBar data,  about half of Belle data

⚫ Robust program to measure CKM angle f1/f2/f3 @ B decays

✓ Unique/competitive @ performance of neutral particles

✓ CPV @ rare(penguin) decay, profiting from clean event topology

⚫ Belle II prospects

✓ More data: restart data taking this winter

✓ Better control: software (GFlaT) & hardware (new pixel vertex detector modules) 



B-factory variables 
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⚫ Beam-constrained mass Mbc & energy discrepancy DE

separating signal from backgrounds, with knowledge of 

beam energy

⚫ Dominant background from 𝐞+𝐞− → 𝐪ഥ𝐪(𝐪 = 𝐮, 𝐝, 𝐜, 𝐬)
✓ Jet-like vs. spherically symmetric event topology

✓ A BDT-classifier to reduce continuum 𝐪ഥ𝐪 background

Process @ Y(4S) s (nb)

𝐞+𝐞− → 𝐛 ҧ𝐛 1.1

𝐞+𝐞− → 𝐜 ҧ𝐜 1.3

𝐞+𝐞− → 𝐪ഥ𝐪(𝐪 = 𝐮, 𝐝, 𝐬) 2.1

𝐞+𝐞− → 𝛕ത𝛕 0.93



GNN flavor tagger (GFLat) 
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⚫ New flavor tagger based on graph neural network

⚫ Use interrelation between particles

⚫ Gain 18% relative tagging efficiency compared to

Category-based flavor tagger (CB FT)

Eur.Phys.J.C82(2022)283



Comp. Soft. Big Sci 3 6 (2019)

B-tagging: Full event interpretation (FEI) 

⚫ Hadronic  vs. semi-leptonic tagging

⚫ FEI algorithm for B-tagging 

✓ Hierarchical reconstruction of 104 B decay chains

✓ Machine learning: ~ 200 BDTs trained with MC

⚫ FEI output

✓ List of tag candidates

✓ A probability to have correct reconstruction

22



CKM angle f2/a @ 𝑩 → 𝝆𝝆
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⚫ Smaller Br of 𝐁𝟎 → 𝛑𝟎𝛑𝟎

✓ Smaller penguin pollution

✓ Smaller Df2 → improved f2 precision

⚫ Polarization of P → VV decay

✓ Longitudinal: Cp-even; Transversal: CP-even + CP-odd

✓ Only longitudinal polarization fL for f2 measurement

⚫ Angular analysis to disentangle longitudinal & Transversal polarization 

⚫ Complicated rr analysis has better sensitivity to f2



𝑩 → 𝝆𝝆 results 

24

⚫ Broad width doesn’t provide good signal-background separation

⚫ Non-negligible contribution from peaking backgrounds

⚫ Extract Br, fL and CP asymmetry

arXiv:2208.03554 arXiv:2206.12362

extension to full sample promising

extension to full sample promising
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