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Outline

• Introduction

• The CKM Matrix

• Penguin pollution

• Constraining penguin using 𝑏 → 𝑐 ҧ𝑐𝑑

• Branching fraction: 𝐵0 → 𝐽/𝜓𝜋0 [JHEP 05 (2024) 065]

• CPV and branching fraction: 𝐵𝑠
0 → 𝐽/𝜓 ഥ𝐾∗ 892 0 [arXiv: 2506.22090, 

JHEP10(2025)173]

• Evidence of direct CPV: 𝐵+ → 𝐽/𝜓𝜋+ [PRL 134, 101801 (2025)]

• Evidence of direct CPV: Λ𝑏
0 → 𝐽/𝜓𝑝𝜋− [arXiv: 2509.16103]
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CKM Matrix
• The transformation between mass & weak-interaction 

eigenstates:

• Unitary triangle angles:

𝛼 ≡ arg −
𝑉𝑡𝑑𝑉𝑡𝑏

∗

𝑉𝑢𝑑𝑉𝑢𝑏
∗ , 𝜷 ≡ 𝒂𝒓𝒈(−

𝑽𝒄𝒅𝑽𝒄𝒃
∗

𝑽𝒕𝒅𝑽𝒕𝒃
∗ )

𝛾 ≡ arg(−
𝑉𝑢𝑑𝑉𝑢𝑏

∗

𝑉𝑐𝑑𝑉𝑐𝑏
∗ )
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𝜷



Precision test of the Standard Model: CKM angle 𝜷 
• Measure 𝛽 using 𝐵𝑑

0 decays to CP eigenstates with 𝑏 → 𝑐 ҧ𝑐𝑠 quark transition
• Benchmark channel: 𝐵0 → 𝐽/𝜓𝐾0

• Amplitude: 𝐴 𝐵𝑑
0 → 𝑓 = 𝐴𝑡𝑟𝑒𝑒 + 𝐴𝑝𝑒𝑛𝑔𝑢𝑖𝑛 ≡ 𝐴𝑡𝑟𝑒𝑒 × (1 − 𝑏𝑓𝑒𝑖𝜌𝑓𝑒𝑖𝛾)

• When measuring the time-dependent CP asymmetry:

• Assuming no penguin contribution: 𝑏𝑓 = 0 ⇒     𝒜𝐶𝑃
𝑚𝑖𝑥 = 𝜂𝑓 sin(2𝛽 + 𝜙𝑁𝑃)

• Penguin pollution: 𝑏𝑓 ≠ 0    ⇒ 𝒜𝐶𝑃
𝑚𝑖𝑥 = 𝜂𝑓 sin(2𝛽 + 𝜙𝑁𝑃 + Δ𝜙𝑓)

• The penguin contribution 𝒃𝒇 is hard to calculate theoretically!
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(𝜼𝒇 = ±𝟏, CP eigenvalue)

Needs experimental 
methods



Enhanced penguin diagram in 𝒃 → 𝒄ത𝒄𝒅 processes
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−𝐴𝜆3 1 + 𝜌 + 𝑖𝜂 𝐴𝜆3

Two experimental observables in 𝒃 → 𝒄ത𝒄𝒅 to constrain penguin in 𝑏 → 𝑐 ҧ𝑐𝑠 

• Branching fraction

• CP asymmetry from decay 

Gluonic penguinTree

𝑏 → 𝑐 ҧ𝑐𝑑:     

𝐴𝑓 ∼ 𝑉𝑐𝑑
∗ 𝑉𝑐𝑏 𝑇 + 𝑉𝑡𝑑

∗ 𝑉𝑡𝑏 𝑃𝑡

𝑏 → 𝑐 ҧ𝑐𝑠:     

𝐴𝑓 ∼ 𝑉𝑐𝑠
∗ 𝑉𝑐𝑏 𝑇 + 𝑉𝑢𝑠

∗ 𝑉𝑢𝑏 𝑃𝑢

𝐴𝜆2 𝜌 − 𝑖𝜂 𝐴𝜆4

Enhanced penguin contribution!

(𝑠) (𝑠)

𝑺𝑼(𝟑) symmetry 
assumed

Wolfenstein parameter: 𝜆 ∼ 0.23



The LHCb Detector
• The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity 

range 2 < 𝜂 < 5, designed for the study of particles containing 𝑏 or 𝑐 quarks.
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LHCb Detector in Run 2. [JINST 3 (2008) S08005, Int. J. Mod. Phys. A30, 1530022 (2015)]

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1142/S0217751X15300227


Branching fraction of the 𝑩𝟎 → 𝑱/𝝍𝝅𝟎 decays 
• LHCb Run1 (2011–12) + Run2 (2015–2018)

• Results: 
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Total uncertainty: 0.14 × 10−5  

Competitive with the most precise 
single measurement!
 - Belle: (1.62 ± 0.13) × 10−5  
        [Phys.Rev.D 98 (2018) 11, 112008]

JHEP 05 (2024) 065

1232±55 𝑩𝟎 → 𝑱/𝝍𝝅𝟎 signal yields 13052±115 𝑩+ → 𝑱/𝝍𝑲∗+ signal yields

stat. sys. external
Xiaofan Hu

Hopefully CP measurements in Run 3

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.112008


CPV in the 𝑩𝒔
𝟎 → 𝑱/𝝍ഥ𝑲∗ 𝟖𝟗𝟐 𝟎(→ 𝑲−𝝅+) decay
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Helicity 𝝀 = 𝟎, ±𝟏 for ഥ𝑲∗𝟎 or 𝑱/𝝍
 
Angular momentum between 𝑲−𝝅+: 𝑳 = 𝟏 (𝒑-wave)

Amplitudes:Angular distribution:

Integrate 𝑨 𝟐 over phase-space to get
widths 𝚪

• Dataset: LHCb Run-2 data

• Method: angular analysis, 3-D fits (𝜽𝑲, 𝜽𝝁, 𝝋𝒉)

arXiv: 2506.22090 
JHEP10(2025)173

𝐾−𝜋+ decay 
plane

𝜇−𝜇+ decay 
plane

https://arxiv.org/abs/2506.22090


𝑩𝒔
𝟎 → 𝑱/𝝍ഥ𝑲∗ 𝟖𝟗𝟐 𝟎 : CPV observables
• Observables: 

𝒜𝑘
𝐶𝑃 =

തΓ𝑘 − Γ𝑘

തΓ𝑘 + Γ𝑘
,  𝑘 = 0, ||, ⊥, 𝑆

• Results:

• After combination with LHCb Run-1 results: 
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JHEP 11 (2015) 082

No evidence of CP violation found

arXiv: 2506.22090 
JHEP10(2025)173

https://arxiv.org/abs/2506.22090


𝑩𝒔
𝟎 → 𝑱/𝝍ഥ𝑲∗ 𝟖𝟗𝟐 𝟎 : Branching fraction

• Results:

• After combination with LHCb Run-1 result: (JHEP 11 (2015) 082)
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𝑵 – Signal yield   
𝜺′ – detection efficiency obtained from simulation
𝜻 – correction from data & simulation discrepancy 
and angular fraction
𝒇 – fragmentation fraction

With the best precision!
LHCb Run 1:

 

Correction to Belle result:
𝑪 = 𝟏. 𝟎𝟐𝟔 ± 𝟎. 𝟎𝟏𝟔

arXiv: 2506.22090 
JHEP10(2025)173

= (𝟐. 𝟗𝟗 ± 𝟎. 𝟐𝟓) × 𝟏𝟎−𝟓

https://arxiv.org/abs/2506.22090


CP asymmetry difference of 𝑩+ → 𝑱/𝝍𝝅+ 
and 𝑩+ → 𝑱/𝝍𝑲+ decays 
• LHCb Run2 data

• Δ𝒜𝐶𝑃 = Δ𝒜raw − Δ𝒜𝑑𝑒𝑡  − Δ𝒜𝑃𝐼𝐷

• Δ𝒜raw = 𝒜raw 𝐵+ → 𝐽/𝜓𝜋+         
 −𝒜raw 𝐵+ → 𝐽/𝜓𝐾+

• Run-2 result:
Δ𝒜CP = 1.29 ± 0.49 ± 0.08 %
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Combined with Run 1:
𝚫𝓐𝑪𝑷 = 𝟏. 𝟒𝟐 ± 𝟎. 𝟒𝟑 ± 𝟎. 𝟎𝟖 % 
First evidence of CP violation in  B 
hadron to charmonium decays! 

3.2 𝝈

PRL 134, 101801 (2025)

𝑩− 𝑩+

𝑩− 𝑩+

𝑩+ → 𝑱/𝝍𝝅+

𝑩+ → 𝑱/𝝍𝑲+



Branching fraction ratio
• Signal Yields:

• Efficiencies:

Important for constraining penguin contribution in 𝑏 → 𝑐 ҧ𝑐𝑠 processes!
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PRL 134, 101801 (2025)

Combined with Run 1: 𝓡𝝅/𝑲 =  (𝟑. 𝟖𝟒𝟔 ±  𝟎. 𝟎𝟏𝟖 ±  𝟎. 𝟎𝟏𝟖) × 𝟏𝟎−𝟐

= 3.852 ± 0.022 ± 0.018 × 10−2

2016 2017 2018

𝑁𝜋 15500 ± 140 15140 ± 140 18130 ± 150

𝑁𝐾 371700 ± 600 367300 ± 600 454100 ± 700

𝑁𝜋/𝑁𝐾  (%) 4.170 ± 0.038 4.121 ± 0.039 3.993 ± 0.034

2016 2017 2018

𝜖𝜋/𝜖𝐾 0.935 ± 0.004 0.936 ± 0.004 0.953 ± 0.005



Constraints to penguin parameters 𝑎 and θ

• Decay amplitudes: 

𝐴 𝐵+ → 𝐽/𝜓𝜋+ = −𝜆𝐴𝑡𝑟𝑒𝑒(1 + 𝑎𝑒𝑖𝜃𝑒𝑖𝛾), 𝐴 𝐵+ → 𝐽/𝜓𝐾+ = 1 −
𝜆2

2
𝐴𝑡𝑟𝑒𝑒

′ (1 + 𝜖𝑎′𝑒𝑖𝜃′
𝑒𝑖𝛾)

• Assuming SU(3) symmetry: 𝑎 = 𝑎′, 𝜃 = 𝜃′
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External results:
𝐴𝑡𝑟𝑒𝑒

′

𝐴𝑡𝑟𝑒𝑒
= 1.32 ± 0.07

(J. Phys. G: 48 (2021) 065002)

γ=(64.6 ± 2.8)∘ 
(LHCb-CONF-2024-004)

68% CL:

PRL 134, 101801 (2025),
supplementary

𝝀 ∼ 𝟎. 𝟐𝟑, 𝝐 ≡
𝝀𝟐

𝟏−𝝀𝟐 = 𝟎. 𝟎𝟓𝟔

𝐩𝐞𝐧𝐠𝐮𝐢𝐧

𝐭𝐫𝐞𝐞
≡ −𝒃𝒇𝒆𝒊𝝆𝒇𝒆𝒊𝜸, = 𝒂𝒆𝒊𝜽𝒆𝒊𝜸 (𝒃 → 𝒄ത𝒄𝒅);  = 𝝐𝒂′𝒆𝒊𝜽′

𝒆𝒊𝜸 (𝒃 → 𝒄ത𝒄𝒔) 



CPV difference in  𝚲𝒃
𝟎 → 𝑱/𝝍𝒑𝝅− and 

𝚲𝒃
𝟎 → 𝑱/𝝍𝒑𝑲− decays

• Measurement of the CP asymmetry difference Δ𝒜𝐶𝑃

• Δ𝒜𝐶𝑃 = 𝒜raw(Λ𝑏
0 → 𝐽/𝜓𝑝𝜋−) − 𝒜raw Λ𝑏

0 → 𝐽/𝜓𝑝𝐾− + 𝐴D(𝐾−) − 𝐴𝐷(𝜋−)

• LHCb Run2:

• Δ𝒜𝐶𝑃 = 4.03 ± 1.18(stat. ) ± 0.23(sys. ) %  
• Combined with Run 1: Δ𝒜𝐶𝑃  =  (4.31 ± 1.06 ± 0.28)%
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10853 ± 134  yields
𝒜𝑟𝑎𝑤(Λ𝑏

0 → 𝐽/𝜓𝑝𝜋−) = (5.94 ±  1.14) %

125380 ± 372  yields
𝒜𝑟𝑎𝑤(Λ𝑏

0 → 𝐽/𝜓𝑝𝐾−) = (0.98 ± 0.30) %

Λ𝑏
0 ഥΛ𝑏

0

Λ𝑏
0 ഥΛ𝑏

0

[New!]

3.3 𝝈

3.9 𝝈

Run 1 results: JHEP 07 (2014) 103
Δ𝒜𝐶𝑃 = 5.7 ± 2.4 ± 1.2 %

ℛ𝜋/𝐾 = 8.24 ± 0.25 ± 0.42 × 10−2

First evidence of CP violation in  b baryon to charmonium decays! 
Xiaofan Hu

arXiv: 2509.16103
Submitted to Sci. Bull.



Triple-product asymmetry (TPA)
of the 𝚲𝒃

𝟎 → 𝑱/𝝍𝒑𝝅− decay

• Triple product:

• Define an asymmetry

𝒜 ෠𝑇 ≡
Γ 𝐶𝑇 > 0 − Γ 𝐶𝑇 < 0

Γ 𝐶𝑇 > 0 + Γ 𝐶𝑇 < 0

• Under CP: 𝐶𝑇 → − ҧ𝐶𝑇 , 𝒜 ෠𝑇 → ҧ𝒜 ෠𝑇

• CP violation variable:

𝒜T−odd ≡
1

2
(𝒜 ෠𝑇 − ҧ𝒜 ෠𝑇)

(no evidence of TPA found)
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Λ𝑏
0 : 𝐶𝑇 ≡  Ԧ𝑝𝜇+ ⋅ ( Ԧ𝑝𝑝 × Ԧ𝑝𝜋−)

ഥΛ𝑏
0 : ҧ𝐶𝑇 ≡  Ԧ𝑝𝜇− ⋅ ( Ԧ𝑝 ҧ𝑝 × Ԧ𝑝𝜋+)

𝓐𝐓−𝐨𝐝𝐝 = (−1.37 ± 1.15 ± 0.21) %

[New!]arXiv: 2509.16103
Submitted to Sci. Bull.



Localised CP asymmetries

• Measurement of local CP asymmetry with 4 binning schemes
• 1: Split the 𝐽/𝜓𝑝𝜋− data sample evenly in Dalitz-plot (4 bins)

• 2: Split according to resonances in 𝑀(𝑝𝜋−) spectrum (4 bins)

• 3: Split binning scheme 2 further, according to boosting angle 𝜃𝑝𝜋 (8 bins)

• 4: Split evenly into 128 bins

• Both raw asymmetry 𝒜𝑟𝑎𝑤 and triple-product asymmetry 
𝒜T−odd are measured

• No significant variation of asymmetries across the phase space

2025/10/25 Xiaofan Hu
16

Scheme 1𝒜𝒓𝒂𝒘 𝓐𝐓−𝒐𝒅𝒅

Scheme 2

Scheme 3

[New!]

arXiv: 2509.16103
Submitted to Sci. Bull.



Localised CP asymmetries – multiple bins in PHSP

• Scheme 4: Split the phase space evenly into 128 bins (~90 candidates each bin)

• No significant variation of asymmetries across the phase space
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Scheme 4𝓐𝒓𝒂𝒘 𝓐𝐓−𝒐𝒅𝒅

arXiv: 2509.16103
Submitted to 
Sci. Bull.



Summary
• Conclusion

• Branching fraction of 𝐵0 → 𝐽/𝜓𝜋0 : a first step towards its CPV analysis at LHCb

• Branching fraction and CPV of 𝐵𝑠
0 → 𝐽/𝜓 ഥ𝐾∗ 892 0: most precise values to date

• Branching ratio and CPV of 𝐵+ → 𝐽/𝜓𝜋+ : first evidence of CPV, constraints to 
penguin parameters

• CPV of Λ𝑏
0 → 𝐽/𝜓𝑝𝜋−: first evidence of CPV

• Prospects

• LHCb Run3 (started in 2023)
• Higher integrated luminosity (25–30 fb-1), significantly larger dataset

• CP violation in pentaquarks?
• Both statistical method and amplitude analysis can be used
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Thanks for your attention!



BACKUPS
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Wolfenstein parametrization
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CKM angle gamma
• Take 𝐵0 → 𝐽/𝜓𝐾0 as example (𝑏 → 𝑐 ҧ𝑐𝑠):

2025/10/25 Xiaofan Hu 21

arXiv:hep-ph/9903455 
CERN-TH/99-78

• For 𝐵𝑠
0 → 𝐽/𝜓 ഥ𝐾0 (𝑏 → 𝑐 ҧ𝑐𝑑):

• For 𝐵+ → 𝐽/𝜓𝜋+ or 𝐽/𝜓𝐾+:

• 𝑎 = 𝑎′,  𝜃 = 𝜃′

• Normalization factors
𝒜′

𝒜
= 𝑓𝐵𝑑→𝐾/𝑓𝐵𝑑→𝜋 = 1.32 ± 0.07

Form factors:

https://arxiv.org/abs/hep-ph/9903455
https://arxiv.org/abs/hep-ph/9903455
https://arxiv.org/abs/hep-ph/9903455
https://arxiv.org/abs/hep-ph/9903455


Precision test of 𝜷𝒔

• Measure 𝛽𝑠 using 𝐵𝑠
0 decays to CP eigenstates with 𝑏 → 𝑐 ҧ𝑐𝑠 quark transition

• Benchmark channel: 𝐵𝑠
0 → 𝐽/𝜓𝜙

• When measuring the time-dependent CP asymmetry:

𝒜𝐶𝑃 𝑡 =
𝒜𝐶𝑃

𝑑𝑖𝑟 cos Δ𝑚𝑡 + 𝓐𝑪𝑷
𝒎𝒊𝒙 sin(Δ𝑚𝑡)

cosh ΔΓ𝑡/2 + 𝒜ΔΓ sinh ΔΓ𝑡/2

• Amplitude: 𝐴 𝐵𝑠
0 → 𝑓 = 𝐴𝑡𝑟𝑒𝑒 + 𝐴𝑝𝑒𝑛𝑔𝑢𝑖𝑛 ≡ 𝐴𝑡𝑟𝑒𝑒 × (1 − 𝑏𝑓𝑒𝑖𝜌𝑓𝑒𝑖𝛾)

• Assuming no penguin contribution: 𝑏𝑓 = 0 ⇒     𝒜𝐶𝑃
𝑚𝑖𝑥 = 𝜂𝑓 sin(2𝛽𝑠 + 𝜙𝑁𝑃)

• Penguin pollution: 𝑏𝑓 ≠ 0    ⇒ 𝒜𝐶𝑃
𝑚𝑖𝑥 = 𝜂𝑓 sin(2𝛽𝑠 + 𝜙𝑁𝑃 + Δ𝜙𝑓)

• Constrain penguin using 𝑩𝒔 decays with 𝒃 → 𝒄ത𝒄𝒅 transition!
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(𝜼𝒇 = ±𝟏), CP eigenvalue

𝜷𝒔 ≡ 𝒂𝒓𝒈(−
𝑽𝒕𝒔𝑽𝒕𝒃

∗

𝑽𝒄𝒔𝑽𝒄𝒃
∗ )

𝐬𝐢𝐧 𝟐𝜷 𝐬𝐢𝐧 𝟐𝜷𝒔

Global fit result 0.7155−0.0071
+0.0079 (CKMFitter) 0.03757−0.00054

+0.00057 (CKMFitter)

Average from 𝒜𝐶𝑃
𝑚𝑖𝑥 0.699 ± 0.015 (UTfit 2025) 0.052 ± 0.013 (HFLAV Winter 2024)

https://arxiv.org/pdf/2505.06102



B to Jpsi pi0
• Measurement by Belle, Babar, and global average

• Global fit of B+ -> Jpsi K*+
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Angular correction to 𝑩𝒔
𝟎 → 𝑱/𝝍ഥ𝑲∗ 𝟖𝟗𝟐 𝟎

• Angular correlation factor
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acceptance correction

P-wave

P-wave



𝑩𝒔
𝟎 → 𝑱/𝝍ഥ𝑲∗ 𝟖𝟗𝟐 𝟎: correction for Belle results
• Belle uses B mesons from Υ 4𝑆 → 𝐵0 ത𝐵0 to measure

• In that analysis, the production ratio 𝑅+/0 ≡ Γ(Υ 4𝑆 → 𝐵+𝐵−)/Γ(Υ 4𝑆 → 𝐵0 ത𝐵0) was 
assumed to be 1.

• Measured ratio: 𝑅+/0 = 1.052 ± 0.031

• Correction factor: 𝐶 = 1 + 𝑅+/0 /2 = 1.026 ± 0.016
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Phys. Lett. B538 (2002) 11

HFLAV 2023



Detection asymmetries

• Methods from LHCb-PUB-2018-004

• Using D meson decays

• Calibration dataset from LHCb during 2016–2018 
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𝑩+ → 𝑱/𝝍𝝅+: CP asymmetry of each year
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• Significance level from Wilks’s theorem: −2Δ ln ℒ = 𝟑. 𝟑𝝈

• Results in different years/polarities compatible with overall results, as well as run-1 result

• Combined with the LHCb Run1 results with the Best Linear Unbiased Estimate (BLUE) method

•  Δ𝒜𝐶𝑃  =  (4.31 ± 1.06 ± 0.28)%

28
2025/10/25 Xiaofan Hu

𝟑. 𝟗𝝈 First evidence of CP violation in  b-baryon to charmonium 
decays! 

CPV difference in  𝚲𝒃
𝟎 → 𝑱/𝝍𝒑𝝅− and 

𝚲𝒃
𝟎 → 𝑱/𝝍𝒑𝑲− [New!][LHCb-PAPER-2025-021], 

in preparation



Combination with Run-1 results
• Combination of Δ𝒜𝐶𝑃 

• Run-1 result (JHEP 07 (2014) 103):  (5.7 ± 2.4 ± 1.2)%

• Best Linear Unbiased Estimation (BLUE) method is used for sys. uncertainty

2025/10/25 Xiaofan Hu 29

Combined result:   𝚫𝓐𝑪𝑷 = (4.31 ± 1.06(stat.) ± 0.28(sys.))% 𝟑. 𝟗 𝝈



The BLUE method

• Total result ො𝑎 and total variance ො𝜎2:

• The total covariance matrix is 
calculated as

• Weights: 
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Binning schemes

• Scheme 1 • Scheme 2
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bin_0

bin_3
bin_2

bin_1

𝑚2(J/Ψ𝑝)

𝑚2 𝑝𝜋−



Significance
• Look-elsewhere effects for 128 bins: 
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Global significance 3𝝈 5𝝈

Local significance requirement 4.3𝝈 5.9𝝈
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