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OUTLINE

Simultaneous determination of the CKM angle Ɣ

A study of CP violation in the decays                                     and

Evidence for the decay        and updated measurements of the branching 
fractions of the     decays
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The CKM Matrix, the Unitary Triangle and ɣ angle

• CKM Matrix describes transition between quarks through weak 
interaction -> One of the main CP contribution to SM

• Its elements can be determined from experiment
-> Parameterization with 4 independent parameters

• Goal : Sensitivity to BSM effects if Unitarity triangle different in 
direct and indirect measurements

• The current state of ɣ measurements (CONF-2022-003-001) :

Direct : -> Tree Level = Standard Candle

Indirect : -> Loops / Pinguin diagrams

Unitary Equations and triangle :

= CKM Matrix complex phase = The parameter to access CPV !

https://cds.cern.ch/record/2836208


• CKM Matrix describes transition between quarks through weak 
interaction -> One of the main CP contribution to SM

• Its elements can be determined from experiment
-> Parameterization with 4 independent parameters

• Goal : Sensitivity to BSM effects if Unitarity triangle different in 
direct and indirect measurements

• The current state of ɣ measurements (CONF-2022-003-001) :

• According to CKMfitter group, a 1° precision on direct measurement test 

SM up to dozens of TeV energy scales

-> Only possible in association of multiple analysis
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The CKM Matrix, the Unitary Triangle and ɣ angle

Unitary Equations and triangle :

-> Test of global validity of the 
CKM formalism in tree level 
diagrams

Direct : -> Tree Level = Standard Candle

Indirect : -> Loops / Pinguin diagrams

Phys.Rev.D 89 (2014) 3, 033016

https://cds.cern.ch/record/2836208
http://ckmfitter.in2p3.fr/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.033016
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LHCb Ɣ combinationLHCb-CONF-2022-003

• A combination of measurements sensitive to the CP violation angle Ɣ including all relevant beauty and charm 
results from the LHCb detector included until October 2022

• Frequentist approach (Profile Likelihood + Plugin 
Feldman-Cousins)

+ Auxiliary inputs from HFLAV, BESIII, CLEO and LHCb

173 input observables to determine 52 free parameters

• Using two different and independent frameworks to 
crosscheck each other : gammadini & GammaCombo

• Simultaneous determination of ɣ and charm mixing 

parameters

See plenary talk by Lei Hao

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2022-003.html
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LHCb Ɣ combinationLHCb-CONF-2022-003

Bs
0 = we enter in a luminosity era enabling more precision

Moderate tension (2.2σ ) between B+ and B0 modes

Further details of the statistical procedure can be found in JHEP 12 (2021) 141

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2022-003.html
https://link.springer.com/article/10.1007/JHEP12(2021)141
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LHCb Ɣ combinationLHCb-CONF-2022-003

Compatible with the previous LHCb combination
In agreement with global CKM fit predictions

• Most precise determination of Ɣ from a single experiment
• Uncertainties still in the regime of statistical dominance -> Systematic uncertainties 

account for ~1.4°
• Biggest improvement from the new results 

arXiv:2209.03692 (submitted to PRD)-> See Lei Hao's talk

Further details of the statistical procedure can be found in JHEP 12 (2021) 141 Bs
0 = we enter in a luminosity era enabling more precision

Moderate tension (2.2σ ) between B+ and B0 modes

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2022-003.html
https://arxiv.org/abs/2110.02350
https://arxiv.org/abs/2209.03692
https://link.springer.com/article/10.1007/JHEP12(2021)141
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LHCb Ɣ combinationLHCb-CONF-2022-003

Time integrated methods dominates the measure for now :

Compatible with the previous LHCb combination
In agreement with global CKM fit predictions

Further details of the statistical procedure can be found in JHEP 12 (2021) 141

See talk by Yingrui Hou

Bs
0 = we enter in a luminosity era enabling more precision

Moderate tension (2.2σ ) between B+ and B0 modes

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2022-003.html
https://arxiv.org/abs/2110.02350
https://link.springer.com/article/10.1007/JHEP12(2021)141
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CP Violation in the decaysLHCb-PAPER-2022-037

• Aim of this analysis : Measure CP observables in decays using full Run1+2 (9fb-1)
• First study of CP violation in this channel
• Enhance sensitivity through sophisticated binning of 5D phase space
• Provide input for future model-independent measurement of
• + Measurements also performed of phase-space integrated observables

https://arxiv.org/abs/2301.10328
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CP Violation in the decaysLHCb-PAPER-2022-037

• Aim of this analysis : Measure CP observables in decays using full Run1+2 (9fb-1)
• First study of CP violation in this channel
• Enhance sensitivity through sophisticated binning of 5D phase space
• Provide input for future model-independent measurement of
• + Measurements also performed of phase-space integrated observables

BPGGSZ formalism

• Overall Amplitude of this decay :

• Strong-phase difference of and decays inaccessible at LHCb (OK at BESIII and Cleo-C)

• D-decay phase-space split into bins -> yields of in each bin i :

• CP observables :

•           

•         

• Amplitude averaged strong phases :

•

•

• Fractional bin yield :

•

• Floated in the fit, mostly 
constrained by

Phys. Rev. D (2003) 68, 054018

Eur.Phys.J.C (2008) 55:51-56

https://arxiv.org/abs/2301.10328
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.68.054018
https://link.springer.com/article/10.1140/epjc/s10052-008-0600-z
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CP Violation in the decaysLHCb-PAPER-2022-037

• Aim of this analysis : Measure CP observables in                      decays using full Run1+2 (9fb-1)
• First study of CP violation in this channel
• Enhance sensitivity through sophisticated binning of 5D phase space
• Provide input for future model-independent measurement of
• + Measurements also performed of phase-space integrated observables

BPGGSZ formalism

• Overall Amplitude of this decay :

• Strong-phase difference of and decays inaccessible at LHCb (OK at BESIII and Cleo-C)

• D-decay phase-space split into bins -> yields of in each bin i :

• CP observables :

•           

•         

• Amplitude averaged strong phases :

•

•

• Fractional bin yield :

•

• Floated in the fit, mostly 
constrained by

Taken from an 
amplitude model
JHEP 02 (2019) 126

Phys. Rev. D (2003) 68, 054018

Eur.Phys.J.C (2008) 55:51-56

https://arxiv.org/abs/2301.10328
https://link.springer.com/article/10.1007/JHEP02(2019)126
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.68.054018
https://link.springer.com/article/10.1140/epjc/s10052-008-0600-z
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CP Violation in the decaysLHCb-PAPER-2022-037

• Here are the invariant-mass distributions integrated over phase-space :

• Gives possibility to also do the measurements of phase-space integrated 

observables ---> Another statistically independent analysis

•

where

•

with

CP-even fraction of the decay, taken from
Phys. Rev. D 107, 032009 (BES III)
Phys. Rev. D 106, 092004 (BES III)

from arXiv:2209.03692(submitted to PRD)

Consistent with
Phys.Let.B 760 
(2016),117-131

B+

B+

B+

B+

B-

B-

B-

B-

CPV!

CPV!

https://arxiv.org/abs/2301.10328
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.032009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092004
https://arxiv.org/abs/2209.03692
https://www.sciencedirect.com/science/article/pii/S0370269316302751?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269316302751?via%3Dihub
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CP Violation in the decaysLHCb-PAPER-2022-037

• The binning scheme is defined in a 2D surface defined by :
Bins are chosen to be symmetric around and
Enhance sensibility to , following the procedure described in JHEP 01 (2018), 144 , by maximizing the Q-value :

Calculated from the amplitude model + input of physical parameters

https://arxiv.org/abs/2301.10328
https://link.springer.com/article/10.1007/JHEP01(2018)144
https://link.springer.com/article/10.1007/JHEP02(2019)126
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CP Violation in the decaysLHCb-PAPER-2022-037

• The binning scheme is defined in a 2D surface defined by :
Bins are chosen to be symmetric around and
Enhance sensibility to , following the procedure described in JHEP 01 (2018), 144 , by maximizing the Q-value :

Calculated from the amplitude model + input of physical parameters

• CP Fit Results from binned analysis :

-> The distinct contours indicate CPV while the mode
has very low sensitivity to CPV

https://arxiv.org/abs/2301.10328
https://link.springer.com/article/10.1007/JHEP01(2018)144
https://link.springer.com/article/10.1007/JHEP02(2019)126
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CP Violation in the decaysLHCb-PAPER-2022-037

• The binning scheme is defined in a 2D surface defined by :
Bins are chosen to be symmetric around and
Enhance sensibility to , following the procedure described in JHEP 01 (2018), 144 , by maximizing the Q-value :

Calculated from the amplitude model + input of physical parameters

• CP Fit Results from binned analysis :

-> The distinct contours indicate CPV while the mode
has very low sensitivity to CPV

• Useful crosscheck to compare measured bin asymmetries 
against prediction by the fitted CP observables

• The mode shows non-zero bin asymmetries !

• Non-trivial distribution driven by strong phase variations

No CPV prediction No CPV prediction

https://arxiv.org/abs/2301.10328
https://link.springer.com/article/10.1007/JHEP01(2018)144
https://link.springer.com/article/10.1007/JHEP02(2019)126
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CP Violation in the decaysLHCb-PAPER-2022-037

• Those results can then be interpreted in term of the underlying physics parameters :

Numerical results for the 
binned analysis :

• Values of ɣ from binned analysis high, but falls within the 3σ asymmetric contours

• Phase-space inclusive measurement are compatible with expectation

• This publication is model dependent BUT strong phases will be available from BESIII soon
-> This paper allows a model independent update when c i and si become available

https://arxiv.org/abs/2301.10328


• Aim of this analysis : 

• First evidence for the decay ( Suppressed by the Okubo-Zweig-Iizuka rules)

• Such mode not been observed in b-hadron yet !

• Constrain the mixing angle (with information from )

• Updated measurement of the BF of the decays

• Two color-suppressed interfering diagrams with amplitudes similar in size

• Can be used to measure CKM angle ɣ ! Chin. Phys. C45 (2021) 023003
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Branching Fractions of and
LHCb-PAPER-2023-003

Preliminary

Really similar to

Note : The decays used for reconstruction are : ,  ,  or

https://iopscience.iop.org/article/10.1088/1674-1137/abd16d
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Branching Fractions of and

Parenthesis : The mixing angle

• The physical states and can be written as a function of the ideally states and

• The mixing angle can be determined with the branching fractions :

• Angle recently observed in charmonium resonance decays BUT still not in b-hadron decays

Integrals of the phase space factors

Input from Phys.Rev.D 98, 

071103 (2018)

From current world average

LHCb-PAPER-2023-003

Preliminary

Phys.Rev.D 99, 012015 (2019) (BESIII)

https://iopscience.iop.org/article/10.1088/1674-1137/abd16d
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.071103
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.071103
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012015
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Branching Fractions of and

• Invariant-mass fit for the decay == Normalisation mode

LHCb-PAPER-2023-003

Preliminary
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Branching Fractions of and

• Invariant-mass fit for the decay

• Fit on to remove non - background

• s-Weight method to project on

• Note that the ratio between transverse and longitudinal 
components are free parameters for both
and

LHCb-PAPER-2023-003

Preliminary
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Branching Fractions of and

• The results are :

• First evidence for

LHCb-PAPER-2023-003

Preliminary

significance

significance

statistic sytematic from normalisation mode
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Branching Fractions of and

• The results are :

• First evidence for

• A combined study of the two decay modes gives       mixing angle

consistent with theoretical prediction Phys.Lett.B 666 (2008) 185-188

LHCb-PAPER-2023-003

Preliminary

significance

significance

statistic sytematic from normalisation mode

https://www.sciencedirect.com/science/article/pii/S0370269308008423?via%3Dihub
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Branching Fractions of and

• The results are :

• First evidence for

• A combined study of the two decay modes gives       mixing angle

• Precision improved for             + consistent with previous LHCb results Phys. Rev. D 98, 071103 (2018)

consistent with theoretical prediction Phys.Lett.B 666 (2008) 185-188

The fraction of the longitudinal polarisation of    :

LHCb-PAPER-2023-003

Preliminary

significance

significance

statistic sytematic from normalisation mode

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.071103
https://www.sciencedirect.com/science/article/pii/S0370269308008423?via%3Dihub
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Branching Fractions of and

• The results are :

• First evidence for

• A combined study of the two decay modes gives       mixing angle

• Precision improved for             + consistent with previous LHCb results Phys. Rev. D 98, 071103 (2018)

significance

significance

consistent with theoretical prediction Phys.Lett.B 666 (2008) 185-188

The fraction of the longitudinal polarisation of    :

• This can be used to measure CKM angle ɣ

LHCb-PAPER-2023-003

Preliminary

statistic sytematic from normalisation mode

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.071103
https://www.sciencedirect.com/science/article/pii/S0370269308008423?via%3Dihub


from normalisation mode
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Branching Fractions of and

• The results are :

• First evidence for

• A combined study of the two decay modes gives       mixing angle

• Precision improved for            

significance

significance

The fraction of the longitudinal polarisation of    :

• This can be used to measure CKM angle ɣ

• Additional methods employing another decay !

• Notable difference with JHEP 03 (2018) 059 : No tagging and pure final state

• Expected sensitivity on ɣ with this decay is about 8° to 19° with LHCb dataset Chin. Phys. C45 (2021) 023003

Reminder : ɣ not yet accurately measured in

LHCb-PAPER-2023-003

Preliminary

statistic sytematic

https://link.springer.com/article/10.1007/JHEP03(2018)059
https://iopscience.iop.org/article/10.1088/1674-1137/abd16d


• New combination of LHCb results gives the most precise determination of ɣ

• First study of the CP violation with the channel
• Both with a D phase-space binning scheme and integrated
• To be improved after BESIII strong-phase measurements

• First evidence for

• Branching fraction precision improved for -> Possible ɣ measurement (Stay tuned !)

• Coming soon (or later) :
• Studies of new decay modes
• Updates with Run3 data set (expected 23fb-1) -> Room for improvement as all measurements are 

still limited by statistics

26

Conclusion and prospects
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Conclusion and prospects
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BACKUP
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LHCb Ɣ combinationLHCb-CONF-2022-003

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2022-003.html
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LHCb Ɣ combinationLHCb-CONF-2022-003

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2022-003.html
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