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CP violation in SM
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SM charged current interaction

•The unitary CKM matrix VCKM introduces tree-level couplings 
between up and down-type quarks
• 3 free parameters + CP violating phase δ
• VCKM unitarity tested by over-constraining CKM parameters



CP violation in SM
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In the Wolfenstein parameterization

Two phenomenon 
triangle from  unitarity

Source of CPV



Neutral B meson mixing
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•Mixing and decay can be described by time evolution equation

•Solving the equation  will give us 

•The wave function could be represented using
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CPV in Neutral B meson 
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Opportunities for probing for new physics
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[PRD.86.033008]

[PRD.89.033016]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.033008
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.89.033016


The LHCb detector
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A single-arm spectrometer with a forward angular coverage 2< η<5
      •Excellent   resolution  in vertex locator,  decay time recostruction and Energy   
measurement               
      •Particle identification  with high precision

[LHCb Performance]

https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04013
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Less than 1% penguin 
contribution in sin2β

[CKMFitter]
In the  SM prediction
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http://ckmfitter.in2p3.fr/www/results/plots_spring21/num/ckmEval_results_spring21.pdf


CP violation in B0→ ψKS decays
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The decay channel B 0→ ψKS offers a theoretically clean access to the CKM  angle β.

Three main channels are used to determine ACP(t)

From mass fits, sWeights are obtained for 
effective background subtraction in
CP fit

[LHCb-Paper-2023-013 In 
preparation]

[sFit]

https://arxiv.org/pdf/0905.0724.pdf


CP violation in B0→ ψKS decays
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Decay time fit to the Run2 data sample, and the time dependent asymmetry obtained in 
Run2 data

[LHCb-Paper-2023-013 In 
preparation]



CP violation in B0→ ψKS decays
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[HFLAV]

https://hflav-eos.web.cern.ch/hflav-eos/triangle/pdg2021/index.shtml
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[HFLAV]

https://hflav-eos.web.cern.ch/hflav-eos/triangle/pdg2021/index.shtml
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[HFLAV]

https://hflav-eos.web.cern.ch/hflav-eos/triangle/pdg2021/index.shtml


CP violation in B0→ ψKS decays
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[HFLAV]

This measurement is the most
 precise   single measurement
 of sin(2β) to date

https://hflav-eos.web.cern.ch/hflav-eos/triangle/pdg2021/index.shtml


CP violation in Bs→ J/ψKK decays
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In the  SM prediction



CP violation in Bs→ J/ψKK decays
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In the  SM prediction

• Golden channel: 

                                                        • CP eigenvalue of the final state  �� = (−1)�
                                                        • A mixture of CP-even & CP-odd components → angular analysis



CP violation in Bs→ J/ψKK decays
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In the  SM prediction

• Golden channel: 

sizable modification to Φs in BSM

                                                        • CP eigenvalue of the final state  �� = (−1)�
                                                        • A mixture of CP-even & CP-odd components → angular analysis



CP violation in Bs→ J/ψKK decays
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[arxiv.1306.1911]

A0 (0)  CP even 
A|| (0)  CP even 
A (0)  CP odd 

......

q ��
� → �/���

q ��
�

→ �/��� �������� ���� �� ������� & �������

���� ��������� ��
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Limited sinsitivity 
on  ��,  �� ��



CP violation in Bs→ J/ψKK decays
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Experimental:

• Key  steps  to extract Φs  
Ø Modelling of angular acceptance and decay time acceptance 

Ø Flavour tagging and time resolution calibration 

(The �� in Bs→ J/ψKK decay is found to be ~ 42 fs, 
and   ����(1 − 2�)2 is found to be  ~4.2% )  

Splot technique is used for 
effective background  subtraction
[sFit] 

signal candidates:  349000

[LHCb-Paper-2023-016 In 
preparation]
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https://arxiv.org/pdf/0905.0724.pdf


CP violation in Bs→ J/ψKK decays
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Flavor Tagging in LHCb



CP violation in Bs→ J/ψKK decays

16

Flavor Tagging in LHCb

Algorithm output:
Tagging decision d
Mistag estimate η
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Flavor Tagging in LHCb

Algorithm output:
Tagging decision d
Mistag estimate η

Control Channel for 
calibration:

SS tagging: �� → ��
−�+

OS tagging:�+ → �/��+
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16

Flavor Tagging in LHCb

Algorithm output:
Tagging decision d
Mistag estimate η

The estimated  mistag is calibrated 
using linear equation:

Control Channel for 
calibration:

SS tagging: �� → ��
−�+

OS tagging:�+ → �/��+

[LHCb-Paper-2023-016
 In preparation]



CP violation in Bs→ J/ψKK decays
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Decay-time resolution 

•Calibrated using prompt J/ψKK events with all 
tracks coming from pp collision (PV)

• Effective Gaussian resolution, with width parameterised as

• Small bias (~5 fs) in VELO is corrected by adding as mean μ of the Gaussian resolution 
model
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Decay-time   efficiency obtained in data

Angular   efficiency obtained in data
[LHCb-Paper-2023-016 In 
preparation]
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CP violation in Bs→ J/ψKK decays
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CP violation in Bs→ J/ψKK decays

19



CP violation in Bs→ J/ψKK decays
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CP violation in Bs→ J/ψKK decays
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CP violation in Bs→ J/ψKK decays
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[LHCb-Paper-2023-016 In 
preparation]

CP even
CP odd
S wave



CP violation in Bs→ J/ψKK decays
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[LHCb-Paper-2023-016 In 
preparation]



CP violation in Bs→ J/ψKK decays
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Polarisation-dependent fit

New physics effects can vary in different polarisation states
• Allow |λ| and ϕs differ in polarisation states
• Shows no evidence for any polarisation dependence

[LHCb-Paper-2023-016 In 
preparation]



CP violation in Bs→ ΦΦ decays 

• ��
0 → �� is a golden channel to study CP violation in � → � decays
Ø Tiny CP violation expected in the SM (uplimit: 0.02 rad)
Ø Sensitive to NP in ��

0 mixing and � → � decay
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•   The polarization dependence  in  ��
0 → �� is tested for the first time.       



CP violation in Bs→ ΦΦ decays
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Very similar analysis strategy as ��
0→ J/ψK+K−

→     1. Flavor-tagged time-dependent angular analysis
         2.Very small S-wave contribution thus negaligible

[arxiv.2304.06198]
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https://arxiv.org/abs/2304.06198


CP violation in Bs→ ΦΦ decays
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��
��� =− �. ��� ± �. ��� ± �. ��� rad

|�|   =   �. ���  ± �. ��� ± �. ���  

• Consistent with SM expectation 

• No sign of polarisation-dependence observed 

Fitting Result

[arxiv.2304.06198]

https://arxiv.org/abs/2304.06198


Summary
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• Time-dependent measurements of CP violation are peformed  with the full LHCb Run2 
data sample

• B0 → ψKS
0 :

• Bs→J/ψKK : 

• Bs→ ΦΦ :

• Still statistics limited, Upgrade I and II needed to further test the SM and
search for NP indirectly

arxiv.1812.07638

• LHCb dominates the world average of many CPV measurements

https://arxiv.org/pdf/1812.07638.pdf


Backup
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Backup
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2.Polarization dependent test of Bs→ ΦΦ 

3.CKM matrix representation in phase convention.


