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Sakharov conditions

 1- Baryonic number violation.

 2- Loss of thermal equilibrium

 3- C and  CP violation.

It is traditional to start any discussion of baryogengesis with the list of
three necessary ingredients needed to create a baryon asymmetry : 

Although these principles have come to be attributed to Sakharov, he
did not enunciate them as clearly in his three-page paper as one
might have been led to think, especially the second point. 

                                                                James M. Cline



  

Cold  Universe Expansion

Based in the Zeldovich Cold Universe: 

‘The initial stage of an expanding Universe and the appearance of a nonuniform distribution of
matter"   Soviet Physics JETP, Vol. 22, p.241.

Initial state super-dense matter at -273 0C  with a non uniform matter  distribution, with a state
equations arrive to a non-uniform mass distribution.



  

Arno Penzias and Robert Wilson

Cosmic Radiation Background

Uniform distribution of the radiation
2.7248 to 2.7252 Kelvin variation of 0.01%



  

Based in the Gamow/Zeldovich Hot Universe: 

                        ‘Violation of CP invariance, C asymmetry, and baryon asymmetry of the Universe’,
               Pisma Zh. Eksp. Teor. Fiz. 5, 32-35, 1967)

Sakharov describes a scenario where a universe which was initially contracting and with equal
and opposite baryon asymmetry to that existing today goes through a bounce at the singularity

and reverses the magnitude of its baryon asymmetry 

This scenario kept the CPT Invariance

Hot Universe Expansion

The world of Andrei Sakharov:
a Russian physicist’s path to
freedom, de Gennady Gorelik.
Oxford University Press (2005).

T<0 anti-matter Universe

T=0 Bounce with “Maximum” particles  X

 Massa 2 x10-5g or  1019  proton mass 

Possible only out of the thermodynamical
equilibrium 

Maximum: Double baryon number violation

T>0 matter Universe



  

In 1955, Lee and Yang discussed a new massless gauge feld based on the established
conservation of baryon number. 

They predicted the existence of a repulsive force between baryonic matter.

Baryonic violation problem

Grand Unify Theory
SU(5)

Big experimental efort to looking for
protons decays



  

.



  

Negative experimental results: 
Particle Data Group

.



  

1964 CP violation observed

Epigraph in a copy of his paper  to his friend
Evgeny Feinberg

In 1957 Okubo proposed that CP violation imply  in a
diferent rate between particles and anti-particles decays

Direct CP violation



  

 

>>

Direct CP violation

Anti-proton decay rate bigger than proton decay.
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  Phases  Phases  ϕϕ
ii
    change signal with charge conjugate operation: weak phase.

Phases  Phases  δδ
ii
    no change signal with charge conjugate operation: strong phase.

Directly CP violation: two amplitudes with diferent strong and weak phase. 

Real life: directly  CP violation:

)

CP Violation
Branco, Lavoura and Silva
Oxford U. Press
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          Tree                              Penguin

Weak  CKM phase Weak  CKM phase γ  γ  change signal with charge conjugate operation

Strong phase coming from the loop in the Penguin contribution.

CP  in charge meson decays:
quark graphics  contributions to  the  charmless B

decays
Myron Bander, D. Silverman, A. Soni : Phys.Rev.Lett. 43 (1979) 242

γ γ  

http://inspirehep.net/author/Bander%2C%20Myron?recid=7831&ln=en
http://inspirehep.net/author/Silverman%2C%20D.?recid=7831&ln=en
http://inspirehep.net/author/Soni%2C%20A.?recid=7831&ln=en
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Wolfenstein ( Phys.Rev. D43 (1991) 151-156) 

Simplifed formulation: P particle decay in a family of only two fnal states  α e β   

CP  in charge meson decays:
hadronic FSI contributions to  the  charmless B

decays

Weak  CKM phase Weak  CKM phase γ  γ  change signal with charge conjugate operation

Strong phase coming from hadronic fnal state interaction.
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Directly  CP violation for :
B0→ K+π- e B0

s
→ K+π- 

LHCb: Phys. Rev. Lett. 110, 221601 (2013) 

Directly CP violation: 

simple counting of events between charge conjugates fnal states. 

N(B0 →K+ π-) - N(B0 →K- π+ ) 
A

CP
 (B0 →K+ π-) =

N(B0 →K+ π-) + N(B0 →K- π+ ) 



  



  

Search of CP violation in  Search of CP violation in  

three body Beauty decays.three body Beauty decays.

Ignacio Bediaga:  Centro Brasileiro de Pesquisas Físicas. 

Mário Novello's 70th Anniversary Symposium

August 15 to 17 Centro Brasileiro de Pesquisas Físicas.

General questions about CP Violation.

CP Violation in heavy meson three body decays. 

Experimental evidence of CP Violation in
B±  >̶K ± π + π -   B±  >̶K ± K+ K – decays.

CPT constraint for direct CP asymmetry.

Perspectives



  

 Charmless three body B  charge
decays

B±  >̶K ± π + π -

B±  >̶π ± π + π ---

B±  >̶π ± K + K -

B±  >̶K ± K + K -

 

Study the B decays   and  their  intermediary states:



  

Dalitz Plot  

ρ)770)
f0)980)

K*)890)

 | M |2  ⇒ resonances

Flat phase space where it is write the dynamics.  

With one constraint



  

Phases in amplitude analysis
Signature of the phase diference 
between two interfering resonances



  



  

LHCb Recorded  Luminosity
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B+ - B-  Dalitz diferences
M2

K + K -  Vs  M2
K + K -  

phase space distribution

Dalitz Map of the CP violation 

B++ B- 

entries

91

Simetrical Dalitz 

If M2
K + K 1- > M2

K + K 2-

M2
K + K1 - = M

2
K + K -high 

and 

M2
K + K1 - = M

2
K + K -low

Otherwise ....... B∓ →K∓ K+ K- 
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 CP Dalitz distribution for the four 
B∓ →h∓ h+ h- channels 

B∓ → π∓  π+π- 

B∓ →K∓ K+ π- 

B∓ →K∓ K+ K- 

B∓ → K∓  π+π- 

The CKM weak phase The CKM weak phase γ  γ  is a constantis a constant

Hadronic fnal state interaction phase changing in the phase
space
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Wolfenstein ( Phys.Rev. D43 (1991) 151-156) 

Simplifed formulation: P particle decay in a family of only two fnal states  α e β   

CP  in charge meson decays:
hadronic FSI contributions to  the  charmless B

decays

Weak  CKM phase Weak  CKM phase γ  γ  change signal with charge conjugate operation

Strong phase coming from hadronic fnal state interaction.
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Sakharov model keep the CPT Invariance

CPT invariance  ⇒ Same lifetime and same mass to particle and anti-particle. 
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Lifetime     τ = 1 / Г
total

 = 1 / Г
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 CP violation  ⇒ Г
1 
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1
.

 CPT conservation:
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In a exact proportion. 

 This imply a necessary communication between CP violation channels. 

 In strong interaction it can be produced by re-scattering.

 _         _         _        _       _ 



  

 

>>

Direct CP violation

Anti-proton decay rate bigger than proton decay.

It is necessary another proton
decay  channel, where the CP
violation of the  anti-proton is
bigger  than the proton

The Sakharov proposed apparently is non-feasible if one keep CPT



  

Apparent solution
James Claine lectures at Les Houches Summer School 

arXiv:hep-ph/0609145

Channel with direct CP

violation 

Channel with direct CP

violation 

Y with a diferent baryon number than qq

 In a exact proportion. 

 This imply a necessary communication between CP violation channels.

                       So,  Y must couple  with qq



  

Marshak et al, 
Theory of Weak interactions in particles physics:

Wiley & Sons, 1969.



  

Simplifed version of the Marshak et al,
demonstration

I.B., T. Frederico and O. Lourenço PRD 89, 094013 (2014)
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B ∓  →  K ∓ π + π – 

B ∓  →  π ∓ π + π – B ∓  →  K ∓ K + π  

B ∓  →  K ∓ K + K 

     CP violation from  re-scattering : 
         fnal state interaction π+ π - → K+ K-

  positivepositive  CP in B∓⇾K∓ π+ π-   and  B∓ ⇾ π∓π+ π-  

     

  negativenegative in   B∓⇾ π∓ K+ K-  and B∓ ⇾ K∓ K+ K-  .

 Same invariant mass: between 1 to 1.6GeV

Cohen, D et al PRD 22 (1980) 2595  
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