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CKM angle 𝝓𝟐
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𝜙!, 𝛼
𝜙", 𝛽𝜙#, 𝛾

Unitarity triangle angles
Correspond to CPV phases in 𝑏	transitions

Angle Definition World Av.

𝜙! = 𝛽 arg[−𝑉"#𝑉"$∗ /𝑉&#𝑉&$∗ ]	 [22.84'(.*(+(.**]° 

𝜙, = 𝛼 arg[−𝑉&#𝑉&$∗ /𝑉-#𝑉-$∗ ]	 86.2'*..+*./ ° 

𝜙* = 𝛾 arg −𝑉-#𝑉-$∗ /𝑉"#𝑉"$∗  65.9'*..+*.* ° 

This talk
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Numbers above from CKM Fitter UTfit reports similar values
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CKM angles provide constraints on BSM physics
Significant room for BSM contributions in 𝐵( mixing
→Mixing-related parameters (𝜙!, 𝜙,, Δ𝑚#) get shifted, others are not
→Tensions in the global fit constrain BSM

Phys. Rev. D 102, 056023

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.056023
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Belle II at SuperKEKB
- High luminosity 𝑒'𝑒+collider experiment 

at a center of mass energy of 10.58 GeV.
- Provides a low-background, kinematically constrained 

environment for studying B, D, 𝜏, …

Challenges
- Sudden beam loss (serious beam loss within O(1) µs)

→ Cannot increase luminosity as planned
- Investigation and countermeasures ongoing

16/09/2025 3
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Design Achieved

Integrated 
luminosity

𝒪 𝟏𝟎 	𝐚𝐛!𝟏 
/ ~20 years

575 fb-1

/ ~5 years

Peak 
luminosity

6×10#$ cm!%s!& 5.1×𝟏𝟎𝟑𝟒	𝐜𝐦!𝟐𝐬!𝟏
2.1×10!"	cm#$s#$ @KEKB, 
1.2×10!"cm#$s#$ @PEP−II 

Vertex detector
𝜎!' ≃ 20	µm 

Barrel PID
99%< efficiency @ <5% mis-ID
Forward endcap PID
96% efficiency @ 1% mis-ID
Electromagnetic calorimeter
𝜎(𝐸)/𝐸  = 3%/ 𝐸
𝑲𝑳 and 𝝁 detector
Δ𝜙, 𝜃~20	mrad barrel , 10	mrad(endcap) 

Central drift chamber
𝜎"(/𝑝# = 0.5%	𝑝#

Solenoid (1.5 T)
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𝝓𝟐 measurement
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Time-dependent CPV

- B
;C*→E FB(C*→E)

B ;C*→E GB(C*→E)
 = −𝑪𝑐𝑜𝑠 𝛥𝑚H𝛥𝑡	 + 𝑺 𝑠𝑖𝑛 𝛥𝑚H𝛥𝑡 

Tree only
Using 𝑏 → 𝑢 decays (𝐵I → 𝜋G𝜋F, 𝜌G𝜌F )
𝑆 = sin(2𝜙J) , 𝐶 = 0 

Enter loops…
- 5%-30% loop affect 𝐵I → 𝜌G𝜌F, 𝜋G𝜋F,	
- Interference between tree and loop shifts CPV param.
𝑆 = sin 2𝜙J→ sin(2𝜙J + 2Δ𝜙J),
𝐶 = 0	→ ≠ 0	

Isospin analysis PRL 65, 3381 (1990)

Use pure tree 𝐵 → 𝜌G𝜌I decays as reference
and combine 𝑩 → 𝝆G𝝆F, 𝝆𝟎𝝆𝟎,	and 𝝆G𝝆𝟎	to extract 𝚫𝝓𝟐

Interfere

CKM2025

https://doi.org/10.1103/PhysRevLett.65.3381
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𝑩 → 𝝆𝝆 vs 𝑩 → 𝝅𝝅
Loop contribution 
ℬ N*N*

ℬ N+N,
= 𝟐% ≪ ℬ O*O*

ℬ O+O,
= 𝟐𝟐% 

𝜌𝜌 enjoys
- Much smaller loop contribution

→ Smaller 𝚫𝝓𝟐
- 𝑆 𝜌I𝜌I result	(unlike 𝑆 𝜋I𝜋I  which is missing)

→fewer multiple solutions

16/09/2025 5

Eur. Phys. J. C 77, 574 (2017)

Polarization
- 𝐵 → 𝜌𝜌:  spin0 → spin1 spin1 effectively 3 decays
- Longitudinal: CP-even, 

Transverse: CP-even + CP-odd
→ angular analysis to extract longitudinal fraction

𝝓𝟐	(𝑩 → 𝝆𝝆) 𝝓𝟐	(𝑩 → 𝝅𝝅) 

𝑩 → 𝝆𝝆 is more precise, but more complicated

 

CKM2025
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Experimental status

16/09/2025 CKM2025 6

World average

𝜋$𝜋% ℬ 5.37 ± 0.20 ×10%&  

𝑆 −0.670 ± 0.030 

𝐶 0.314 ± 0.030 

𝜋'𝜋' ℬ 𝟏. 𝟓𝟓 ± 𝟎. 𝟏𝟕 ×𝟏𝟎%𝟔 

𝐶 𝟎. 𝟐𝟓 ± 𝟎. 𝟐𝟎 

𝑆 None

𝜋$𝜋' ℬ 5.31 ± 0.26 ×10%&  

𝐴)* −0.01 ± 0.04 

𝜌$𝜌% ℬ 27.7 ± 1.9 ×10%&  

𝑆 −𝟎. 𝟏𝟒 ± 𝟎. 𝟏𝟑 

𝐶 𝟎. 𝟎𝟎 ± 𝟎. 𝟎𝟗 

𝜌'𝜌' ℬ (0.96 ± 0.15)×10%& 

𝐶 𝟎. 𝟑 ± 𝟎. 𝟕 

𝑆 𝟎. 𝟐 ± 𝟎. 𝟗 

𝜌$𝜌' ℬ 5.31 ± 0.26 ×10%&  

𝐴)* −0.05 ± 0.05 

Inputs from decays in charged final-state particles are precise
- 𝜋+𝜋! TDCPV, 𝜌,𝜌, BF is very precise (LHCb leads this by high stat.)

Decays with 𝝅𝟎 final states limit 𝝓𝟐 precision
- Missing 𝑺(𝝅𝟎𝝅𝟎) (sig. vertex is missing) and imprecise 𝓑 𝝅𝟎𝝅𝟎 , 𝑪(𝝅𝟎𝝅𝟎) 

limit Δ𝜙,precision
-     𝑺(𝝆+𝝆') and 𝑆(𝜌(𝜌() limit 𝜙,precision	too 

Today’s presentation
- 𝑩𝟎 → 𝝅𝟎𝝅𝟎 BF + Time-integrated CPV
- 𝑩𝟎 → 𝝆+𝝆' BF, 𝒇𝑳, Time-dependent CPV
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Time-dependent CPV measurement at Belle II
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𝑩𝟎'𝑩𝟎

PhysRevD.110.012001Flavor tagging
- GNN-based algorithm to identify the tag-side flavor
- Input: PID and kinematics of tag-side charged particles
- Effective tagging efficiency : 𝟑𝟕. 𝟒𝟎 ± 𝟎. 𝟓𝟔 %

18% improvement from BDT-based tagger ( 31.68 ± 0.45 %	)

- Produce entangled 𝐵 c𝐵	pairs
- 𝐵 c𝐵 system is boosted (𝛽𝛾 = 0.28	)
- Decay-vertex difference Δz → Δ𝑡 measurement
- 𝜎 𝑧 ~20	µm	
→ ~1 picosecond resolution on 𝚫𝐭
(Oscillation period 12.4 ps, lifetime 1.517ps)

CKM2025

Time

(𝐵,

𝐵,

𝐵,

(𝐵, 𝐵, (𝐵, 𝐵,
Υ(4𝑆)

Δ𝑡

Tag-side

Signal-side

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.012001
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𝑩𝟎 → 𝝅𝟎𝝅𝟎 analysis: difficulties and advantages
𝒆𝒆 → 𝒒𝒒	backgrounds
- Signal branching fraction is 10'3 

→ Signal-𝑞𝑞 separation is the largest issue

Continuum suppression
- Inputs: ~30 inputs related to event shape

(𝑞𝑞:	jet-like, 𝐵𝐵: spherical)
- Algorithm: Boosted decision tree
- Training: Simulated signal + off-resonance data
- Performance: 98% background reduction 

with 64% signal retention rate

16/09/2025 8
PRD 111, L071102 (2025)

CKM2025

https://doi.org/10.1103/PhysRevD.111.L071102
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𝑩𝟎 → 𝝅𝟎𝝅𝟎 control mode analysis
𝑩o → 𝑲o𝝅𝟎 
Reconstructed using a similar selection as 𝜋(𝜋(

16/09/2025 CKM2025 9

Belle II World average

ℬ 1.43 ± 0.05 ×10!$ 1.32 ± 0.04 ×10!$ 

𝐴./ 0.078 ± 0.076 0.027 ± 0.012 

Definition Target

𝑀01  B invariant mass 
using beam energy 

Signal vs qq

Δ𝐸 Difference between expected 
and observed energy

Signal vs BB

𝑤2 Transformed wrong flavor 
tagging probability

Correctly tagged signal vs 
wrongly tagged signal

𝐶2 Transformed continuum 
suppression MVA output

Signal vs qq

Analysis is validated 
→ Move to 𝝅𝟎𝝅𝟎	measurement

PRD 111, L071102 (2025)

https://doi.org/10.1103/PhysRevD.111.L071102
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𝑩𝟎 → 𝝅𝟎𝝅𝟎 signal extraction

ℬ(×𝟏𝟎'𝟔) 𝑪 𝑵𝚼(𝟒𝐒) 

Belle II 𝟏. 𝟐𝟓 ± 𝟎. 𝟐𝟎 ± 𝟎. 𝟏𝟏 −𝟎. 𝟎𝟑 ± 𝟎. 𝟑𝟎 ± 𝟎. 𝟎𝟒 𝟑𝟖𝟕×𝟏𝟎𝟔 

Belle 1.31 ± 0.19 ± 0.19 −0.14 ± 0.36 ± 0.10 772×10& 

BABAR 1.83 ± 0.21 ± 0.13 −0.43 ± 0.26 ± 0.05 383.6×10& 

Observed signal yield
125 ± 20, (Efficiency 𝜖 = 27.3%)

Major systematic uncertainties
ℬ: Dominated by 𝜋( efficiency calibrated by 
𝐷∗' → x𝐷( 𝐾+𝜋'𝜋( 𝜋' 
→will improve soon

World-leading or nearly so, despite 50% smaller sample size

PRD 111, L071102 (2025)

https://doi.org/10.1103/PhysRevD.111.L071102
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𝝓𝟐 extraction using 𝝅𝟎𝝅𝟎

16/09/2025 CKM2025 11

Improves 𝜙B precision by reducing
 Δ𝜙B uncertainty

30%	fractional improvement 
on the 68%	CL exclusion interval

w/o Belle II 𝑩𝟎 → 𝝅𝟎𝝅𝟎
w/ Belle II 𝑩𝟎 → 𝝅𝟎𝝅𝟎

PRD 111, L071102 (2025)

https://doi.org/10.1103/PhysRevD.111.L071102
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𝑩𝟎 → 𝝆#𝝆$: Difficulties and advantages
Large background in 𝝆 → 𝝅𝝅𝟎
- 𝝅𝟎 background

Same as 𝐵, → 𝜋,𝜋,, but energy is lower.
Beam background and split-off is more serious.
→ A new MVA optimized for 𝝆+𝝆!

- Large 𝝆 width
Accept a lot of background under the signal
TabNet (Neural network architecture specialized for tabular-type data, 
arXiv:1908.07442) based 𝑞𝑞 suppression. 20% more BG reduction from BDT

Complicated analysis
- Need to measure 4 physical quantities
- ℬ: Δ𝐸,𝑚33,	
- 𝑓4: cos 𝜃,	
- 𝑆, 𝐶: Δ𝑡, 𝑞𝑟

→ Multi-dimensional PDF including dependencies

16/09/2025 12CKM2025

𝝅𝟎 → 𝜸𝜸 

Charged
track

Split-off 
cluster

Beam
background

calorim
eter

IP
×

PRD 111, 092001 (2025)

https://arxiv.org/abs/1908.07442
https://link.aps.org/doi/10.1103/PhysRevD.111.092001
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𝑩𝟎 → 𝝆#𝝆$: 𝓑 and 𝒇𝑳 results

ℬ 𝟏𝟎%𝟔  𝒇𝑳 𝑵𝚼(𝟒𝐒) 

Belle II 𝟐𝟗. 𝟎0𝟐.𝟐3𝟐.𝟑	 0𝟑.𝟎3𝟑.𝟏 𝟎. 𝟗𝟐𝟏0𝟎.𝟎𝟐𝟓3𝟎.𝟎𝟐𝟒	 0𝟎.𝟎𝟏𝟓3𝟎.𝟎𝟏𝟕 𝟑𝟖𝟕×𝟏𝟎𝟔 

Belle 28.3 ± 1.5 ± 1.5 0.988 ± 0.012 ± 0.006 772×10: 

BABAR 25.5 ± 2.1	0;.<3;.: 0.992 ± 0.024	 0%.%=;3%.%>: 383.6×10: 

16/09/2025 13

6 fit variables:
Δ𝐸,𝑚OO×2, cos 𝜃×2,	
𝑇  (Transformed TabNet output )

Observed signal yield:
𝑁abcd = 436.3Fee.fGeg.J (𝜖 = 4.1%)

Major systematic uncertainties
- ℬ: Dominated by 𝜋I efficiency

(same as 𝜋I𝜋I) 
- 𝑓-: cos 𝜃	calibration in data, potential fit bias

Comparable precision to previous experiments 
(𝑓h 2.0	𝜎	from	world average) 

PRD 111, 092001 (2025)

CKM2025

https://link.aps.org/doi/10.1103/PhysRevD.111.092001
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𝑩𝟎 → 𝝆#𝝆$: 𝑪𝑷 violation results

Major systematic uncertainties
- Δ𝑡 PDF and resolution calibration on data,

→will improve by sample size increase
- Unknown CPV and interference of
𝐵( → 𝜋𝜋𝜋(𝜋(	(4𝜋, 𝜌𝜋𝜋(, 𝑎!( → 𝜌𝜋 𝜋()
→ Not critical for now

20% better 𝑪 precision than BaBar 
(similar sample size)

16/09/2025 14

𝑺 𝑪 𝑵𝚼(𝟒𝐒) 

Belle II −𝟎. 𝟐𝟔 ± 𝟎. 𝟏𝟗 ± 𝟎. 𝟎𝟖 −𝟎. 𝟎𝟐 ± 𝟎. 𝟏𝟐2𝟎.𝟎𝟓5𝟎.𝟎𝟔 𝟑𝟖𝟕×𝟏𝟎𝟔 

Belle −0.13 ± 0.15 ± 0.05 0.00 ± 0.10 ± 0.06 772×107 

BABAR −0.17 ± 0.2028.8758.89 0.01 ± 0.15 ± 0.06	 383.6×107 

PRD 111, 092001 (2025)

CKM2025

https://link.aps.org/doi/10.1103/PhysRevD.111.092001
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𝝓𝟐 extraction 
𝑩 → 𝝆𝝆 world average 
𝜙, = 91.5'..N+N.. ° 

𝑩 → 𝝆𝝆 world average 
+ Belle II 𝝆P𝝆Q results
→ 𝜙, = 92.6'N.O+N.. ° 

10% improvement from Belle II results!
Dominated by 𝑆 of 𝜌P𝜌Q and 𝜌R𝜌R. 

16/09/2025 15

PRD 111, 092001 (2025)

World average (2024)
World average 
+ Belle II (2024)

CKM2025

https://link.aps.org/doi/10.1103/PhysRevD.111.092001
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Summary
It is important to constrain BSM effects through precise measurement of the unitarity triangle
Current precision on 𝜙, is 

Limited by decays into  𝜋(P𝑠 such as 𝝅𝟎𝝅𝟎 and 𝝆+𝝆'

→ Belle II is the best place to measure them

We measured
- ℬ and time integrated CPV of	𝜋(𝜋(

- ℬ, 𝑓Q ,	time-dependent CPV of 𝜌+𝜌'

with world leading precision or nearly so

𝝓𝟐 impact
- 30% improvement from 𝜋𝜋
- 10% improvement from 𝜌𝜌 

16/09/2025 16CKM2025



/1616/09/2025 17CKM2025



/16

Isospin analysis (PRL 65, 3381 (1990))

16/09/2025

  

 

  

ℬ+!, 𝐶+!

ℬ+,

ℬ,,, 𝐶,,𝑆+! = sin(2𝜙% + 2Δ𝜙%) 
𝑆,,	 = sin(2𝜙% + 2Δ𝜙%(,,)) 

- Loop contributions of amplitude 𝐴RS
(𝐴RS: 	𝐴(𝐵 → ℎRℎS, ℎ = 𝜋, 𝜌) )
𝐴+': Tree + Loop
𝐴+(: Pure tree (constraint from isospin) → 𝐴+( = 𝐴̅+(
𝐴((	: Tree + Loop, but tree color-suppressed

- Relation of these amplitude:
!
,
𝐴+' − 𝐴(( = 𝐴+(	,	

!
,
𝐴̅+' − 𝐴̅(( = 𝐴̅+(

(Observables: CPV parameters and BF)

𝚫𝝓𝟐	can be extracted using this relationship

18CKM2025

https://doi.org/10.1103/PhysRevLett.65.3381

