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Matter / Antimatter Asymmetry

• BigBang : Préfou / Anti-Préfou symmetrically created
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Matter / Antimatter Asymmetry

• BigBang : Matter / Antimatter symmetrically created

• Now : No More Antimatter : WHY ?

• Sakharov Conditions (1967)

• CP Violation Observed in K mesons (1964, Cronin-Fitch)

• In B mesons (2000, B factories : BaBar, Belle)

• In D mesons (2019, LHCb)
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• BigBang : Matter / Antimatter symmetrically created

• Now : No More Antimatter : WHY ?

• Sakharov Conditions (1967)

• BUT CP violation in standard model not sufficient to explain the absence of antimatter
--> Is there a New Physics Beyond The Standard Model ?

Matter / Antimatter Asymmetry
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The CKM Matrix, the Unitary Triangle and ɣ angle

• CKM Matrix describes transition between quarks through weak 
interaction -> main CP contribution to SM in quark sector

• Its elements can be determined from experiment
 -> Parameterization with 4 independent parameters
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interaction -> main CP contribution to SM in quark sector

• 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 -> main CP contribution to SM in quark sector

• 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

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°
• Most precise measurement from a single analysis : arxiv:2010.08483
                  with

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/2010.08483
https://link.springer.com/article/10.1007/JHEP12(2021)141
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Measuring ɣ angle

• Relative weak phase ɣ  measured in the interference 
between          and          transitions by 
amplitude modulation

favoured
suppressed
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Measuring ɣ angle

• Relative weak phase ɣ  measured in the interference 
between          and          transitions by 
amplitude modulation

   -> Possible analogy with Young slits with a slit 
thinner than the other

favoured
suppressed



The Amplitude  for the decay from  to final state (at a given point in the D 

decay phase-space Ɗ ) is :

 ->  = strong-phase difference between and

 ->  (resp  ) = Amplitudes for   (resp   )

->
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(1)

Generalized GGSZ formalism

Give sensibility to Ɣ



The Amplitude  for the decay from  to final state (at a given point in the D 

decay phase-space Ɗ ) is :

 ->  = strong-phase difference between and

 ->  (resp  ) = Amplitudes for   (resp   )

->

The probability density for a decay at a point in Ɗ :

As   we obtain :

With :

Similar formalism for  with :  and
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(1)

(2)

Generalized GGSZ formalism

Give sensibility to Ɣ



ɣ measurement depends on , the strong phase differencebetween and

Varies on Phase-Space of the 4-body decay
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I use a similar method to the one in JHEP 01 (2019) 82 ( Belle, from Resmi P.K thesis)
-> Binned map of strong phase from JHEP 10 (2018) 178 (Resmi P.K, J. Libby, S. Malde, & G. Wilkinson-CLEO-c)

+ BES III measurements up to come !

Generalized GGSZ formalism

https://link.springer.com/article/10.1007/JHEP10(2019)178
https://link.springer.com/article/10.1007/JHEP01(2018)082
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• Goal of the Selection: Keep the maximum efficiency on Signal while putting aside most of the 
Combinatorialand Physical background

• Use of the reference mode that is topologically identical, statistically more interesting and less
sensible to CP asymmetry

Selection
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• Unidimensional cuts on K0s, π0 and D0 masses -> Optimized by maximizationof the significance
• Second MVA : MLP method on geometrical and topological variables from B decay
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MC
MC

ΔLL(K) ΔLL(K)

Selection

• To limit misidentification of the bachelor track, we discriminate using a PID Likelihood Difference
• ~70.7% signal efficiency / ~2.6% misidentification efficiency for
• For MC, ΔLL(K) variable corrected with PIDcorr tool



• To limit misidentification of the bachelor track, we discriminate using a PID Likelihood Difference
• ~70.7% signal efficiency / ~2.6% misidentification efficiency for
• For MC, ΔLL(K) variable corrected with PIDcorr tool

+ MVA to choose best candidates among multiple candidates (several selected candidates for a given collision)
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MC
MC

ΔLL(K) ΔLL(K)

Selection
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Selection

103 to 104 rejection 
factor on background

LHCb unofficial

LHCb unofficial

LHCb unofficial

LHCb unofficial
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A complete study of physical background has been processed, using MC samples

Here is a list of studied backgrounds. Non-negligeable ones are surrounded for and

Background Study

• Additional study has been made in Ks
0 and D0 sidebands, limiting impact of Ks-less and charm-less

backgrounds to less than 0.15% and 0.8% on the signal respectively.
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At 2σ :
#Signal = 27191 ± 233
#CrossFeed = 381 ± 14
#Combinatorial = 4448 ± 86
#Phys. Bkg = 219 ± 15

Purity at 2σ: 84.3 %

At ±2σ :
#Signal = 1623 ± 57
#Cross-feed = 208 ± 24
#Combinatorial background= 814 ± 32
#Phys. Bkg = 95 ± 5

Belle: 815±51 events
60% purity

B± mass fit

Reminder :

Purity at 2σ: 61.4 %
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Summary & Conclusion

• CP Violation = one of the condition to explain why matter took advantage on antimatter in the universe

• CKM formalism is one of the main contribution to CP violation in the Standard Model

• A precise direct measurement of ɣ angle = standard candle of SM -> to be compared to indirect 
measurements with potential New Physics

• After Selection and Nominal Fit, next step is to extract physical parameters as ɣ angle from the Signal I 
obtained
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• Participate to an Amplitude Analysis of D0 decay

• Continuous map -> redo ɣmeasurement !

• Measure branching ratio -> Not measured since Mark III … 30 years ago !
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Summary & Conclusion

• CP Violation = one of the condition to explain why matter took advantage on antimatter in the universe

• CKM formalism is one of the main contribution to CP violation in the Standard Model

• A precise direct measurement of ɣ angle = standard candle of SM -> to be compared to indirect 
measurements with potential New Physics

• After Selection and Nominal Fit, next step is to extract physical parameters as ɣ angle from the Signal I 
obtained

• Perspectives :

• Twice the Belle statistics -> We expect a statistical error of ~16-21°

• Participate to an Amplitude Analysis of D0 decay

• Continuous map -> redo ɣmeasurement !

• Measure branching ratio -> Not measured since Mark III … 30 years ago !

+ Work on Scintillating-Fiber LHCb tracker (SciFi) for Run 3 : Temperature monitoring, Geometry description 

in reconstruction algorithm, fine time-alignment, etc
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BACKUP





SciFi Tracker at LHCb

Important contribution from
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