
/24

CP violation
Ryogo Okubo ( Nagoya University, Japan )
on behalf of Belle II collaboration

1

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo



/24

Unitarity triangle

𝑽𝑪𝑲𝑴 =

𝑽𝒖𝒅 𝑽𝒖𝒔 𝑽𝒖𝒃
𝑽𝒄𝒅 𝑽𝒄𝒔 𝑽𝒄𝒃
𝑽𝒕𝒅 𝑽𝒕𝒔 𝑽𝒕𝒃
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Unitarity triangle parameters measurement at Belle II
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BSM constraint in 𝑩 mixing

𝜙2, 𝛼

𝜙1, 𝛽
𝜙3, 𝛾

Belle II can measure all 𝜙1, 𝜙2, and 𝜙3

𝑉𝑢𝑑𝑉𝑢𝑏
∗ + 𝑉𝑐𝑑𝑉𝑐𝑏

∗ + 𝑉𝑡𝑑𝑉𝑡𝑏
∗ = 0

Unitarity triangle angles
•𝝓𝟏 = 𝜷 = 𝐚𝐫𝐠[−(𝑽𝒄𝒅𝑽𝒄𝒃

∗ )/(𝑽𝒕𝒅𝑽𝒕𝒃)]
𝐵0 → 𝐽/ΨKs

0, 𝐵0 → 𝐽/Ψ𝜋0(𝜙1eff) 𝐵
0 → 𝜂′𝐾𝑠

0(𝜙1eff)

•𝝓𝟐 = 𝜶 = 𝐚𝐫𝐠[−𝑉𝑡𝑑𝑉𝑡𝑏
∗ /𝑉𝑢𝑑𝑉𝑢𝑏

∗ ]
𝐵 → 𝜋𝜋,𝑩𝟎 → 𝝆+𝝆− NEW

•𝝓𝟑 = 𝜸 = 𝐚𝐫𝐠 −𝑽𝒖𝒅𝑽𝒖𝒃
∗ /𝑽𝒄𝒅𝑽𝒄𝒃

∗

𝐵+ → 𝐷0𝐾+ with various 𝐷0 decays

𝜙1 22.84−0.30
+0.33 °

𝜙2 86.2−3.5
+3.9 °

𝜙3 65.9−3.5
+3.3 °

World average 
( CKMFitter, 2023 summer )

𝝓𝟐 has the largest uncertainty

Global Fit to Observables 
→ Give a Constraint to the physics 
Beyond the Standard Model (BSM)!

In 𝑩𝒅
𝟎 mixing BSM / SM < 30%

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.056023
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CP violation
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𝑉𝐶𝐾𝑀 =

𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏
𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏
𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏

= 

1 − 𝜆2/2 𝜆 𝐴𝜆3(𝝆 − 𝒊𝜼)

𝜆 1 − 𝜆2/2 𝐴𝜆2

𝐴𝜆3(𝝆 − 𝒊𝜼) −𝐴𝜆2 1
CPV

CPV
|𝑉𝑢𝑑| |𝑉𝑢𝑠| |𝑉𝑢𝑏|
|𝑉𝑐𝑑| |𝑉𝑐𝑠| |𝑉𝑐𝑏|
|𝑉𝑡𝑑| |𝑉𝑡𝑠| |𝑉𝑡𝑏|

=
~1 0.2 0.003
0.2 ~1 0.04
0.008 0.04 ~1

Direct CPV Mixing-induced CPV

𝑩𝟎 − ഥ𝑩𝟎 mixing

ത𝑏

𝑑

ҧ𝑡

ҧ𝑡

ҧ𝑑

𝑏

𝑊𝑊

𝑉𝑡𝑏
∗

𝑉𝑡𝑑 𝑉𝑡𝑑
∗

𝑉𝑡𝑑 𝐵0

ത𝐵0

𝑓

Γ ത𝐵0→𝑓 −Γ(𝐵0→𝑓)

Γ ത𝐵0→𝑓 +Γ(𝐵0→𝑓)
=−𝑪𝑐𝑜𝑠 𝛥𝑚𝑑𝛥𝑡 + 𝑺 𝑠𝑖𝑛 𝛥𝑚𝑑𝛥𝑡

• Appears in 𝐵0 decays
• CPV appears in the decay-time

• Appears in both 𝐵± and 𝐵0 decays
• Interference of two amplitudes 

( for example, tree and penguin )
→ CP violation in the magnitude of the amplitudes

𝐵 𝑓 𝒜 𝐵 → 𝑓 = 𝐴1 + 𝐴2exp 𝑖(𝜙 + 𝛿)

𝒜 ത𝐵 → ҧ𝑓 = |𝐴1 + 𝐴2exp(𝒊(−𝝓 + 𝛿)) |

A2exp(𝑖𝜙 + 𝛿)

𝐴1

𝜙: Weak phase difference 
𝛿: Strong phase difference 
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Belle II experiment 
at SuperKEKB

Vertex Detector
Central Drift Chamber
TOP Counter ( Barrel PID )

ARICH (Forward endcap PID)

Electromagnetic calorimeter
KLM ( 𝐾𝐿 and 𝜇 )

Solenoid (1.5 T)

4

TOP PMT replacement during long shutdown1

Full PXD installation

Long shutdown 1

𝟓𝟑𝟏 𝐟𝐛−𝟏

• High luminosity 𝑒−𝑒+collider experiment at a 
center of mass energy of  10.58 GeV.

• Target integrated Luminosity: 𝟓𝟎 𝐚𝐛−𝟏

• Target peak luminosity: 𝟔 × 𝟏𝟎𝟑𝟓𝐜𝐦−𝟐𝐬−𝟏

• Integrated 𝟓𝟑𝟏 𝐟𝐛−𝟏

• Achieved Peak luminosity 4.7×
𝟏𝟎𝟑𝟒𝐜𝐦−𝟐𝐬−𝟏

(World-best)

Long shutdown 1 2022-2023

• Accelerator upgrade
• Full Pixel detector 

( Innermost vertex detector ) 
installation

• TOP photodetector 
replacement

• Other subdetectors upgrade

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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𝝓𝟑
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𝝓𝟑 measurement

𝝓𝟑 = 𝐚𝐫𝐠 −𝑽𝒖𝒅𝑽𝒖𝒃
∗ /𝑽𝒄𝒅𝑽𝒄𝒃

∗

appears in CPV parameter of 𝑏 → 𝑢 ҧ𝑐𝑠 and 𝑏 → 𝑐ത𝑢𝑠 tree decay interference.

6

𝑏
ത𝑢 ത𝑢

𝑐
𝑠

ത𝑢

𝑾−

𝐵− 𝐷0

𝐾−

𝑾−

𝑏

ത𝑢

𝑢
ҧ𝑐

𝑠
ത𝑢

𝐵−

ഥ𝐷0

𝐾−

𝒜 ഥ𝐷0𝐾−

𝒜(𝐷0𝐾−)
= 𝑟𝐵 exp(𝑖(𝛿𝐵 −𝜙3))

Favored

Suppressed

Methods to measure 𝝓𝟑 using different 𝑫𝟎 decays
• GLW method: 𝐷0 → 𝐾+𝐾−, 𝐾𝑠

0𝜋0 ( CP eigenstates )
• BPGGSZ method: self conjugate multibody decay, ex.) 𝐷0 → 𝐾𝑠

0ℎ+ℎ−

• GLS method: 𝐷0 → 𝐾𝑠
0𝐾±𝜋 ,∓ ( singly Cabibbo-suppressed decays )

• ADS method: 𝐷0 → 𝐾±𝜋∓

𝑟𝐵 = 𝒜 ഥ𝐷0𝐾− / 𝒜(𝐷0𝐾−) ≃ 𝑐𝑓 𝑉𝑐𝑠𝑉𝑢𝑏
∗ /𝑉𝑢𝑠𝑉𝑐𝑏

∗ ≃ 0.1 (𝑐𝑓 : Color suppression factor)

𝛿𝐵: Strong phase difference between 2 modes

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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𝑩± → 𝑫𝑪𝑷±𝑲
± using Belle + Belle  II data

7

𝐵+ → 𝐷𝐾, 𝐷 → 𝐾+𝐾− ( CP even ) , 𝑫 → 𝑲𝒔
𝟎𝝅𝟎 Unique to Belle II

Observables: Direct 𝑪𝑷𝐕 in ℬ ratio Simultaneous fit to 𝐵 → 𝐷𝜋, 𝐷𝐾, with different 𝐷 decays 

Belle 

Belle II 

3.5 𝜎 evidence for 𝐴𝐶𝑃+ ≠ 𝐴𝐶𝑃−

(GLW Method )

Belle 

Belle II 

𝐷𝐶𝑃+ : CP-Even decay (𝐷 → 𝐾+𝐾−)
𝐷𝐶𝑃− : CP-odd decay (𝐷 → 𝐾𝑠

0𝜋0)

𝐷flav: Flavor specific decay (𝐷 → 𝐾±𝜋∓)

JHEP05(2024)212

𝐵 → 𝐷𝐾

𝐵 → 𝐷𝜋

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo

https://doi.org/10.1007/JHEP05(2024)212
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Recent 𝝓𝟑 measurements by LHCb
8

𝑩± → 𝑫𝑲∗± (LHCb-PAPER-2024-023)
• 𝐷 → 𝐾𝜋 𝜋𝜋 , 𝐷 → 𝜋𝜋 𝜋𝜋 , 𝐷 → 𝐾𝐾,

and 𝐷 → 𝐾𝑠
0ℎℎ

• First observation of the 
𝐵± → 𝐷(→ 𝜋±𝐾∓(𝜋𝜋))𝐾∗±

• 𝝓𝟑 = 𝟔𝟑 ± 𝟏𝟑 °

𝑩𝒔
𝟎 → 𝑫𝒔

−𝑲+ (LHCb-PAPER-2024-020)
• 𝐶𝑃𝑉 parameters depend on 𝜙3 − 2𝜙1(𝐵𝑠)
• Simultaneous fit to 𝐵𝑠

0 and 𝐷𝑠
−

• First 𝐶𝑃𝑉 measurement using decay time 
distribution

• 𝝓𝟑 = 𝟖𝟏−𝟏𝟏
+𝟏𝟐 ° ( Run1 + Run2 )

Most precise measurement in 𝐵𝑠
0 decay!

𝜙3[°]
CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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𝝓𝟑 combination 

Inputs for 𝝓𝟑 measurement

Fit results

First Belle + Belle II combined 𝝓𝟑 analysis

Belle + Belle II : 
𝝓𝟑 = (𝟕𝟓. 𝟐 ± 𝟕. 𝟔)°

LHCb: 
𝝓𝟑 = 𝟔𝟒. 𝟔 ± 𝟐. 𝟖 °

Dominated by LHCb, but Belle + Belle II 
is also improving the precision!

9

Belle II
Belle II

Belle II

Combined analysis using 4 methods

LHCb-CONF-2024-004

arXiv:2404.12817
( accepted by JHEP )

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo

(𝜙3 = 𝛾)

https://cds.cern.ch/record/2905625?ln=en
https://arxiv.org/abs/2404.12817
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𝝓𝟏

10

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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𝝓𝟏 Measurement 𝝓𝟏 = 𝐚𝐫𝐠[−(𝑽𝒄𝒅𝑽𝒄𝒃
∗ )/(𝑽𝒕𝒅𝑽𝒕𝒃)]

11

Flavor tagging

𝑩𝟎ഥ𝑩𝟎

Time-dependent CPV
Γ ത𝐵0→𝑓 −Γ(𝐵0→𝑓)

Γ ത𝐵0→𝑓 +Γ(𝐵0→𝑓)
=

−𝑪 𝑐𝑜𝑠 𝛥𝑚
𝑑
𝛥𝑡 +𝑺 𝑠𝑖𝑛 𝛥𝑚

𝑑
𝛥𝑡

𝑪 = 𝟎 (Direct CPV)
𝑺 = 𝐬𝐢𝐧𝟐𝝓𝟏 (Mixing induced CPV)

𝐵 ത𝐵 is boosted (𝛽𝛾 = 0.28 )  

Decay vertex distance 𝚫𝒛

→Decay time difference 𝚫𝒕

Category-based FBDT flavor tagger
• Kinematics, charge, PID of charged particles
𝝐𝐞𝐟𝐟 = 𝟑𝟏. 𝟔𝟖 ± 𝟎. 𝟒𝟓 %
Graph neural network flavor tagging(GFlaT)
• Improved performance by learning correlations between 
final-state particles

𝝐𝐞𝐟𝐟 = 𝟑𝟕. 𝟒𝟎 ± 𝟎. 𝟒𝟑 ± 𝟎. 𝟑𝟔 %
18% improvement!

PhysRevD.110.012001

ത𝑏

𝑑

ҧ𝑡

ҧ𝑡

ҧ𝑑

𝑏

𝑊𝑊
𝑊

𝑠

ҧ𝑐
𝑐

ҧ𝑑

ത𝑏

𝑑

𝑊
ҧ𝑐

𝑐

ҧ𝑠
𝑑

𝐵0

𝐽/Ψ

𝐾𝑠
0

𝐵0

𝐽/Ψ

𝐾𝑠
0

Interference

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.012001
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𝑩𝟎 → 𝑱/𝚿𝐊𝐬
𝟎 using GflaT Flavor tagger

𝑆 = 0.724 ± 0.035 ± 0.009
→ 𝜙1 = (23.2 ± 1.5 ± 0.6)°

С = −0.035 ± 0.026 ± 0.029

Belle
PhysRevLett.108.171802

LHCb
PhysRevLett.132.021801

𝑆 0.670± 0.029± 0.013 0.722 ± 0.014± 0.007

𝐶 −0.015± 0.021−0.023
+0.045 0.015 ± 0.013± 0.003

PhysRevD.110.012001
Improved statistical uncertainty 8% (𝑺) and 7% (𝑪) compared to category-based FBDT flavor tagger!

Time-dependent CPV fit to 𝑩𝟎 → 𝑱/𝚿𝐊𝐬

12

Dominant systematic uncertainty on 𝐶:
𝐶𝑃 violation in tag side 𝐵 decays.
This can be reduced by combined measurement of 
𝐵0 → 𝐽/Ψ𝐾𝑠

0(𝐶𝑃 − odd) and 𝐵0 → 𝐽/Ψ𝐾𝐿
0(𝐶𝑃 − even).

𝟑𝟔𝟐𝐟𝐛−𝟏

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.171802
https://doi.org/10.1103/PhysRevLett.132.021801
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.012001
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𝑩𝟎 → 𝑱/𝚿𝝅𝟎

𝑆 = − sin 2𝜙1, 𝐶 = 0 if there is only tree amplitude
Tree is color and CKM suppressed 
→ can be used to understand the loop contribution in 𝐵0 → 𝐽/Ψ𝐾𝑠

0

• Improved sensitivity by the better 𝜋0 selection and GflaT
• Δ𝐸 −𝑚 𝑙𝑙 fit to extract signal

𝑆 = −0.88 ± 0.17 ± 0.03
𝐶 = 0.13 ± 0.12 ± 0.03
ℬ = 2.02 ± 0.12 ± 0.10 × 10−5

Belle
PhysRevD.98.112008

BaBar
PhysRevLett.101.021801

𝑆 −0.59 ± 0.19 ± 0.03 −1.23 ± 0.21 ± 0.04

𝐶 0.15 ± 0.14−0.04
+0.03 −0.2 ± 0.19 ± 0.03

ℬ(
× 10−5)

(1.62 ± 0.11 ± 0.06) (1.69 ± 0.14 ± 0.07)

Most precise, 
and comparable with previous measurement

Tree Loop

ത𝑏

𝑑

ҧ𝑑

𝑑

𝑊

𝑡
𝑔

𝑐

ҧ𝑐

𝜋0

𝐽/Ψ
𝐽/Ψ

ത𝑏

𝑑

ҧ𝑐

𝑐

ҧ𝑑

𝑑
𝜋0

𝑊

13arXiv:2410.08622
Submitted to PRD

(Δ𝐸 = 𝐸𝐵 − 𝐸beam)
CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo

https://doi.org/10.1103/PhysRevD.98.112008
https://doi.org/10.1103/PhysRevLett.101.021801
https://arxiv.org/abs/2410.08622
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𝑩𝟎 → 𝜼′𝑲𝒔

ത𝑏

𝑑

ҧ𝑠

𝑑

𝑊

𝑡
𝑔

𝑞

ത𝑞

𝐾𝑠

𝜂′
• Dominated by the Loop process
• In SM,
|sin 2𝜙1 - 𝑆 𝜂′𝐾𝑠 | = 0.01 ± 0.01

• BSM could shift 𝑺 and C!
• Used 𝜂′ → 𝜂 → 𝛾𝛾 𝜋𝜋

and 𝜂′ → 𝜌0 → 𝜋𝜋 𝛾

Belle BaBar

𝑆 0.68 ± 0.07 ± 0.03 0.57 ± 0.08 ± 0.02

𝐶 −0.03 ± 0.05 ± 0.04 −0.08 ± 0.06 ± 0.02

𝑺 = 𝟎. 𝟔𝟕 ± 𝟎. 𝟏𝟎 ± 𝟎. 𝟎𝟒
𝑪 = −𝟎. 𝟏𝟗 ± 𝟎. 𝟎𝟖 ± 𝟎. 𝟎𝟑

𝑪𝑩𝑫𝑻 : 𝒒ഥ𝒒 suppression output
Consistent, and compatible precision with previous experiments!

14

World average of 𝑺 (𝑱/𝚿𝐊𝐬
𝟎): 𝟎. 𝟕𝟎𝟗 ± 𝟎. 𝟎𝟏𝟏

BSM contribution?

arXiv:2402.03713
Submitted to PRD

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo

https://arxiv.org/abs/2402.03713
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𝝓𝟐

15

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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𝝓𝟐 Measurement

𝝓𝟐 = 𝐚𝐫𝐠[−𝑉𝑡𝑑𝑉𝑡𝑏
∗ /𝑉𝑢𝑑𝑉𝑢𝑏

∗ ]

Γ ത𝐵0→𝑓 −Γ(𝐵0→𝑓)

Γ ത𝐵0→𝑓 +Γ(𝐵0→𝑓)
= −𝑪 𝑐𝑜𝑠 𝛥𝑚𝑑𝛥𝑡 +𝑺 𝑠𝑖𝑛 𝛥𝑚𝑑𝛥𝑡

Using 𝒃 → 𝒖 tree decays ( ex. 𝑩𝟎 → 𝝅+𝝅−, 𝝆+𝝆− ),𝑆 = sin(2𝜙2) , 𝐶 = 0

Due to the interference between and tree and loop (𝑏 → 𝑑), 𝑺 = 𝐬𝐢𝐧(𝟐𝝓𝟐 + 𝟐𝚫𝝓𝟐) , 𝑪 ≠ 𝟎

16

𝜋+, 𝜌+

𝜋−, 𝜌−

𝑊

ത𝑏

𝑑

ҧ𝑑

𝑑
ത𝑢

𝑢

Loop

𝐵0

𝜋+, 𝜌+

𝜋−, 𝜌−

Need to extract the effect from the loop amplitude

ത𝑏

𝑑

𝑊

ത𝑢

ҧ𝑑

𝑢

𝑑

Tree

𝐵0 𝑉𝑢𝑏

𝑉𝑢𝑑

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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Isospin analysis
17

Granou-London isospin relations
1

2
𝐴 𝐵0 → 𝜋+𝜋− − 𝐴 𝐵0 → 𝜋0𝜋0 = 𝐴 𝐵+ → 𝜋+𝜋0

1

2
ҧ𝐴 𝐵0 → 𝜋+𝜋− − ҧ𝐴 𝐵0 → 𝜋0𝜋0 = ҧ𝐴 𝐵+ → 𝜋+𝜋0

Observables to measure 𝝓𝟐

𝜋+𝜋−, 𝜌+𝜌− BF, S,C

𝜋+𝜋0, 𝜌+𝜌0 BF, 𝐴cp

𝜋0𝜋0, 𝜌0𝜌0 BF, 𝐴cp or C, 

S(only 𝜌0𝜌0)

𝚫𝝓𝟐 can be extracted using this relationship

• 𝜋0𝜋0, 𝜌+𝜌0, and 𝜌+𝜌− analyses need 𝝅𝟎 reconstruction
→ Belle II has an advantage

• 𝜌𝜌 has much smaller loop contribution
→ Dominates 𝜙2 precision.

• 𝐵 → 𝜌𝜌 is 𝑃 → 𝑉𝑉 decay 
Longitudinal has CP-even, and transverse is a mixture of 
CP-even and CP-odd.
Angular analysis is needed to extract polarization.

Tree Loop

𝜋+𝜋− ○ ○

𝜋+𝜋0 ○ ×

𝜋0𝜋0 △
(color suppressed)

○

Isospin relations

○: Large contribution
×: No contribution
△: Smaller contribution

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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𝑩𝟎 → 𝝅+𝝅− and 𝑩+ → 𝝅+𝝅𝟎 PhysRevD.109.012001

𝝅+𝝅−

𝝅+𝝅𝟎

𝐶′: Transformed continuum suppression output

ℬ(× 𝟏𝟎−𝟔) 𝑨𝒄𝒑 𝑵𝑩𝑩

Belle II 𝟓. 𝟏𝟎± 𝟎. 𝟐𝟗± 𝟎. 𝟐𝟕 −𝟎. 𝟎𝟖𝟏 ± 𝟎. 𝟎𝟓𝟒 ± 𝟎. 𝟎𝟎𝟖 𝟑𝟖𝟖 × 𝟏𝟎𝟔

Belle 5.86 ± 0.26 ± 0.38 0.025 ± 0.043 ± 0.007 772 × 106

BABAR 5.02 ± 0.46 ± 0.29 0.03 ± 0.08 ± 0.01 383.6 × 106

ℬ(× 𝟏𝟎−𝟔) 𝑵𝑩𝑩

Belle II 𝟓. 𝟖𝟑± 𝟎. 𝟐𝟐± 𝟎. 𝟏𝟕 𝟑𝟖𝟖 × 𝟏𝟎𝟔

Belle 𝟓. 𝟎𝟒± 𝟎. 𝟐𝟏± 𝟎. 𝟏𝟖 772 × 106

BABAR 5.5 ± 0.4 ± 0.3 383.6 × 106

Good agreement with previous measurements
Sensitivity is comparable with Belle using only half of Belle's data!

18

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.012001
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𝑩𝟎 → 𝝅𝟎𝝅𝟎

Transformed continuum 
suppression output

Transformed 
wrong flavor tag probability

• Require 4𝛾 reconstruction ( Unique to 
Belle II) from a large background due to 
hadronic clusters, beam background
→ Developed an MVA for 𝛾 selection

• Improved sensitivity by GFlaT.

ℬ(× 𝟏𝟎−𝟔) 𝑪 𝑵𝑩𝑩

Belle II 𝟏. 𝟐𝟔± 𝟎. 𝟐𝟎± 𝟎. 𝟏𝟐 −𝟎. 𝟎𝟔± 𝟎. 𝟑𝟎± 𝟎. 𝟎𝟓 𝟑𝟖𝟖 × 𝟏𝟎𝟔

Belle 1.31 ± 0.19 ± 0.19 −0.14 ± 0.36 ± 0.10 772 × 106

BABAR 1.83 ± 0.21 ± 0.13 −0.43 ± 0.26 ± 0.05 383.6 × 106

Consistent with previous experiments and 
Comparable sensitivity with small statistics.

19

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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𝑩𝟎 → 𝝆+𝝆− ℬ and 𝒇𝑳 =
ℬ(Long.)

ℬ Long. +ℬ(Trans.)

6D Fit for signal Extraction

ℬ 𝟏𝟎−𝟔 𝒇𝑳
Belle II 𝟐𝟗. 𝟎−𝟐.𝟐

+𝟐.𝟑
−𝟑.𝟎
+𝟑.𝟏 𝟎. 𝟗𝟐𝟏−𝟎.𝟎𝟐𝟓

+𝟎.𝟎𝟐𝟒
−𝟎.𝟎𝟏𝟓
+𝟎.𝟎𝟏𝟕

Belle 28.3 ± 1.5 ± 1.5 0.988 ± 0.012 ± 0.006

BABAR 25.5 ± 2.1 −3.9
+3.6 0.992 ± 0.024 −0.013

+0.026

Consistent with previous experiments → Extract CPV parameters

20

NEW

Analysis challenge
• 𝐵 → 𝜌𝜌 is 𝑃 → 𝑉𝑉 decay 

→ Angular analysis is needed for polarization extraction.

• 𝝅𝟎 selection
Needs two soft 𝜋0 reconstruction from 𝜌

→ Suppressed backgrounds using machine learning 
technique

• Continuum suppression
Large 𝑞𝑞 background was suppressed by TabNet
( a kind of neural network,                               )arXiv:1908.07442

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo

https://arxiv.org/abs/1908.07442
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𝑩𝟎 → 𝝆+𝝆− CPV 

𝑺 𝑪
Belle II −𝟎. 𝟐𝟔 ± 𝟎. 𝟏𝟗 ± 𝟎. 𝟎𝟖 −𝟎. 𝟎𝟐 ± 𝟎. 𝟏𝟐−𝟎.𝟎𝟓

+𝟎.𝟎𝟔

Belle −0.13 ± 0.15 ± 0.05 0.00 ± 0.10 ± 0.06

BABAR −0.17 ± 0.20−0.06
+0.05 0.01 ± 0.15 ± 0.06

• Consistent with previous experiments
• Improved precision by GFlaT flavor tagger and 

better selection criteria
→ Extract 𝜙2 using the new result.

21

NEW

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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𝝓𝟐 extraction 
22

𝑩 → 𝝆𝝆 world average 

𝝓𝟐 = 𝟗𝟏. 𝟓−𝟓.𝟒
+𝟒.𝟓 °

𝑩 → 𝝆𝝆 world average 
+ Belle II 𝝆+𝝆− results

→ 𝝓𝟐 = 𝟗𝟐. 𝟔−𝟒.𝟖
+𝟒.𝟓 °

6% improvement by Belle II results!
Dominated by 𝑆 of 𝜌+𝜌− and 𝜌0𝜌0. 

NEW

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo



/24

Charm CPV
23

• 𝐶𝑃𝑉 in charm is very small in SM
• LHCb found the 𝐶𝑃𝑉 in 𝐷 → 𝜋𝜋, 𝐾𝐾 → Is this witnin the SM prediction?
Charm CPV search is ongoing in both Belle II and LHCb

𝑫(𝒔)
+ → 𝑲𝒔

𝟎𝑲−𝝅−𝝅+ ( Belle + Belle II )
• CPV measurement based on triple and quadruple products 

of momenta
In 𝐶𝑇𝑃,
• 𝐴𝐶𝑃 𝐷+ = −2.3 ± 4.5 ± 1.5 × 10−3

• 𝐴𝐶𝑃(𝐷(𝑠)
+ ) = +0.2 ± 2.4 ± 0.8 × 10−3

arXiv:2409.15777
Submitted to JHEP

𝑫+ → 𝑲−𝑲+𝝅+ (LHCb)
• CPV search in Dalitz plane
• Model-independent approach
𝜒2/ndf = 31.8/22

• P-value( 𝐶𝑃 conservzation hypothesis ): 8.1%

𝐴𝐶𝑃|𝑆
𝜙𝜋+

= (0.95 ± 0.43 ± 0.26) × 10−3

𝐴𝐶𝑃|𝑆
ഥ𝐾∗0𝐾+

= (−0.26 ± 0.56 ± 0.18) × 10−3 𝑺
𝚫
𝑪
𝑷
=
𝚫
𝑨
𝒄𝒑
/𝝈
𝑨
𝒄𝒑

𝑫𝟎 → 𝑲+𝝅− (LHCb)
• Direct CPV search + mixing measurement

•No CPV was observed
• 𝑐′: 3.4𝜎 evidence

arXiv:2409.01414

arXiv:2407.18001

PhysRevLett.131.091802

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo

𝑵𝑫 = 𝟏𝟑𝟓 M

https://arxiv.org/abs/2409.15777
https://arxiv.org/abs/2409.01414
https://arxiv.org/abs/2407.18001
https://doi.org/10.1103/PhysRevLett.131.091802
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Summary
24

• Belle II is a high-luminosity 𝒆+𝒆− collider experiments that have already collected 𝟓𝟑𝟏 𝐟𝐛−𝟏 of data 
( equivalent of BaBar, half of Belle data )

• Belle II is improving the CP violation measurements improved detectors, and improved analysis technique.
• New GNN-based flavor tagger improved effective tagging efficiency by 18%.

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo

arXiv:2407.09139

Phys. Rev. D 109, 112020 (2024)

Phys. Rev. D 108, 072012 (2023)

JHEP 09 (2023) 146

arXiv:2409.03009

Related papers:
Measurement of 𝐶𝑃 asymmetries in 𝐵0 → 𝐾𝑠

0𝜋0𝛾 decays at Belle II arXiv:2407.09139 Submitted to PRL
Measurement of 𝐶𝑃 asymmetries in 𝐵0 → 𝐾𝑠

0𝐾𝑠
0𝐾𝑠

0 decays at Belle II Phys. Rev. D 109, 112020 (2024)
Measurement of 𝐶𝑃 asymmetries in 𝐵0 → 𝜙𝐾𝑠

0with Belle II Phys. Rev. D 108, 072012 (2023)
Measurement of 𝐶𝑃 asymmetries and brancing-fraction ratios for 𝐵± → 𝐷𝐾± and 𝐷𝜋± with 𝐷 → 𝐾𝑠

0𝐾±𝜋∓ using Belle and Belle II data  JHEP 09 (2023) 146

Measurement of 𝐶𝑃 violation in 𝐵0 → 𝐷+𝐷− and 𝐵𝑠
0 → 𝐷𝑠

+𝐷𝑠
− decays ( LHCb ) arXiv:2409.03009

• 𝜙1: 𝐵
0 → 𝐽/Ψ𝐾𝑠

0, 𝐵0 → 𝜂′𝐾𝑠
0, 𝐵0 → 𝐽/Ψ𝜋0.

𝑩𝟎 → 𝑱/𝚿𝝅𝟎: Significant improvement, and obtained most precise result!
• 𝜙2: 𝐵 → 𝜋+𝜋−, 𝜋+𝜋0, 𝜋0𝜋0, 𝐵0 → 𝜌+𝜌−

𝝆+𝝆−: New result, improved precision, first 𝝓𝟐 extraction with improved precision!
• 𝝓𝟑: First Belle + Belle II combined analysis with improved sensitivity!

• Charm:𝐷(𝑠)
0 → 𝐾𝑠

0𝜋−𝜋+ ( Belle + Belle II ), 𝐷+ → 𝐾−𝐾+𝜋+ (LHCb), 𝐷0 → 𝐾+𝜋− (LHCb)

https://arxiv.org/abs/2407.09139
https://link.aps.org/doi/10.1103/PhysRevD.109.112020
https://doi.org/10.1103/PhysRevD.108.072012
https://doi.org/10.1007/JHEP09(2023)146
https://arxiv.org/abs/2409.03009
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Systematic uncertainty 
25

𝑩𝟎 → 𝑱/𝚿𝐊𝐬
𝟎 𝑩𝟎 → 𝑱/𝚿𝝅𝟎

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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Systematic uncertainty  ( 𝑩𝟎 → 𝜼′𝑲𝒔
𝟎 )

26

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo



/24

Systematic uncertainty  (𝑩 → 𝝅+𝝅−, 𝝅+𝝅𝟎)
27

Branching fraction Direct CPV

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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Systematic uncertainty  (𝑩𝟎 → 𝝅𝟎𝝅𝟎)
28

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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Systematic uncertainty  (𝑩+ → 𝝆+𝝆𝟎)
29

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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Systematic uncertainty (𝑩𝟎 → 𝝆+𝝆−)
30

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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𝑩𝟎 → 𝝆+𝝆𝟎

𝑩 → 𝝆𝝆 : Another way for 𝝓𝟐 extraction
𝐵0 → 𝜌+𝜌− has much smaller loop contribution compared to 𝜋𝜋
→ 𝝆𝝆 system has a better sensitivity to 𝝓𝟐

ℬ 𝟏𝟎−𝟔 𝒇𝑳
Belle II 𝟐𝟑. 𝟐−𝟐.𝟏

+𝟐.𝟐 ± 𝟐. 𝟕 𝟎. 𝟗𝟒𝟑−𝟎.𝟎𝟑𝟑
+𝟎.𝟎𝟑𝟓± 𝟎. 𝟎𝟐𝟕

Belle 31.7 ± 7.1−6.7
+3.8 0.948 ± 0.106 ± 0.021

BABAR 23.7 ± 1.4 ± 1.4 0.950 ± 0.015 ± 0.006

Good agreement with previous experiments.
Belle analysis was done with only 78fb-1 Data 
→ Needs to be improved by Belle II 

31

arXiv:2206.12362

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo

https://arxiv.org/abs/2206.12362
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Definition of the cosine helicity angle
32

𝑐𝑜𝑠𝜃𝜌: 

Cosine of the angle between 𝜋+ and 𝐵0

boost direction in 𝜌± CMS frame.

CP violation, 2024/10/23, 35th Rencontres de Blois, Ryogo Okubo
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