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Generalities on CP violation

❏ Process involving weak interactions violate the CP symmetry

❏ 1973: Cabibbo-Kobayashi-Maskawa matrix describes the probability of 
flavour transition

❏ Weak phases: CKM matrix elements
❏ Strong phases: short distance penguin contributions, final-state interactions (FSI)
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Phys. Rev. Lett. 51 (1983) 1945

Prog. Part. Nucl. Phys. 114 (2020) 103808

Wolfenstein parametrization

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.51.1945
https://www.sciencedirect.com/science/article/pii/S0146641020300557?via=ihub


Generalities on CP violation
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Introduction
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❏ Analysis motivated by large asymmetries observed in 
B± → h±h+h- decays through the phase space 
→ Measurements of CP violation with run I data

→ Amplitude analysis of B± → π±π+π- and B± → π±K+K- decays

❏ Run II data used, integrated luminosity: 5.9 fb-1

❏ Decays studied:  B± → π±π+π-, B± → K±π+π-, B± → 
π±K+K- and B± → K±K+K- 

❏ Selection based on MVA, PID and charm vetoes
❏ Efficiency obtained from simulation samples

Phys. Rev. Lett. 124 (2020) 031801

Phys. Rev. Lett. 123 (2019) 231802

Phys. Rev. D90 (2014) 112004

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.031801
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.231802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112004


Mass fit results

5

arXiv:2206.07622
Accepted by PRD

NS(B± → π±π+π-) = 100 999 ± 527  NS(B± → K±π+π-) = 499 211 ± 861  

NS(B± → π±K+K-) = 32 466 ± 296  NS(B± → K±K+K-) = 364 833 ± 979  

B- B+ 

https://arxiv.org/pdf/2206.07622.pdf


Phase space integrated asymmetries
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Phys. Rev. D90 (2014) 112004

arXiv:2206.07622
Accepted by PRD

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112004
https://arxiv.org/pdf/2206.07622.pdf


Three-body decays in the phase space

Density distribution in a three-body decay
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Prog. Theor. Exp. Phys. 2020 (2020) 083C01

The phase space distribution of events allows us to understand of the physical 
mechanisms giving rise to the integrated asymmetries

https://academic.oup.com/ptep/article/2020/8/083C01/5891211?login=false


Three-body decays in the phase space
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Scalar Vector

Tensor



CP asymmetry in the phase space
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Asymmetry in bins of phase space

Phase space distribution of events

→ Asymmetry sign changing caused by strong phases

1

2

1

2

Region 1 Region 2

1 < m2(π+π-)low < 2.25
      4 < m2(π+π-)high < 23

arXiv:2206.07622
Accepted by PRD

Selected region:

https://arxiv.org/pdf/2206.07622.pdf


CP asymmetry in the phase space
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Asymmetry in bins of phase space

Phase space distribution of events

Huge observed asymmetry 
❏ No direct CPV expected in χc0(1P) in SM

→ Interference with a non-resonant decay amplitude
→ Double-charm rescattering Phys. Rev. Lett. 74 (1995) 4984

Phys. Lett. B806 (2020) 135409

4 < m2(π+π-)low < 15
4 < m2(π+π-)high < 16

arXiv:2206.07622
Accepted by PRD

χc0(1P) 

Selected region:

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4984
https://www.sciencedirect.com/science/article/pii/S037026932030294X?via=ihub
https://arxiv.org/pdf/2206.07622.pdf


CP asymmetry in the phase space
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Asymmetry in bins of phase space

Phase space distribution of events

❏ Amplitude analysis with run I:
→ Acp(rescattering) = (-66.4 ± 3.8 ± 1.9)%
→ Relative size contribution = (16.4 ± 0.8 ± 1.0)%

Phys. Rev. Lett. 123 (2019) 231802

   1 < m2(K+K-) < 2.25
4 < m2(K+π-) < 19

arXiv:2206.07622
Accepted by PRD

Selected region:

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.231802
https://arxiv.org/pdf/2206.07622.pdf


B± → PV decays
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❏ Few B± → h±(V → h+h-) measurements in the literature and huge 
theoretical interest

❏ Total amplitudes for B+ and B-

❏ Asymmetry ∝ square modulus of amplitude difference 

❏ Quadratic function to get amplitude parameters
→ f(x) = p0 + p1x + p2x2

Vector resonance 
distribution of events

arXiv:2206.02038
Accepted by PRD

https://arxiv.org/pdf/2206.02038.pdf


B± → PV decays
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❏ Phase space selected region: 
0.49 < m2(π+π-) < 0.72

  5 < m2(K+π-) < 22

❏ Asymmetry in the region dominated 
by B± → ρ(770)K± decays for the 
first time observed

BaBar

Belle

Phys. Rev. D78 (2008) 012004

Phys. Rev. Lett. 96 (2006) 251803

arXiv:2206.02038
Accepted by PRD

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.78.012004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.251803
https://arxiv.org/pdf/2206.02038.pdf


B± → PV decays
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Final results, full run II data

arXiv:2206.02038
Accepted by PRD

https://arxiv.org/pdf/2206.02038.pdf


Conclusion
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❏ Non-uniform asymmetries observed in the phase space
❏ Significant CPV in the ππ ↔ KK rescattering region
❏ Indication of CPV in the region of the χc0(1P) resonance

❏ Observation for the first time of CPV in the region dominated 
by the B± → ρ(770)K± decays

❏ Significant improvement compared to Belle and BaBar 

B± → h±h+h-

B± → PV

CERN news, 18/03/2022 FOLHA DE SÃO PAULO, 17/03/2022

https://home.cern/news/news/physics/largest-matter-
antimatter-asymmetry-observed

https://www1.folha.uol.com.br/ciencia/2022/03/assi
metria-em-acelerador-de-particulas-pode-apontar-por-q
ue-universo-e-feito-de-materia.shtml

https://home.cern/news/news/physics/largest-matter-antimatter-asymmetry-observed
https://home.cern/news/news/physics/largest-matter-antimatter-asymmetry-observed
https://www1.folha.uol.com.br/ciencia/2022/03/assimetria-em-acelerador-de-particulas-pode-apontar-por-que-universo-e-feito-de-materia.shtml
https://www1.folha.uol.com.br/ciencia/2022/03/assimetria-em-acelerador-de-particulas-pode-apontar-por-que-universo-e-feito-de-materia.shtml
https://www1.folha.uol.com.br/ciencia/2022/03/assimetria-em-acelerador-de-particulas-pode-apontar-por-que-universo-e-feito-de-materia.shtml
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The LHCb detector
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JINST 3 (2008) S08005

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta


Relevant diagrams
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Relevant diagrams
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https://www.sciencedirect.com/science/article/pii/S0146641020300557?via=ihub


Efficiency correction
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Dalitz plots
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Asymmetry in bins of phase space
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CP asymmetry in the phase space
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