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 1964：Indirect CP violation was discovered in 

Kaon decays （Cronin & Fitch) 

    K π π,  π π π 

   which involves only three flavors: u, d, s 

 1964: Superweak Hypothesis (Wolfenstein) 

            ε ≠ 0，  ε’/ε = 0   

 The Question: CP violation is via weak-type 

interaction or superweak-type interaction. 

Important Issue:   

  Origin/Mechanism of CP Violation  



 1973: CP violation can occur in the weak 

interaction with three families of SM 

(Kobayashi-Maskawa)  

  which must be tested via the direct CP 

violation 

   ε’/ε ≈ 0    (superweak hypothesis) 

   ε’/ε ≠ 0    (weak interaction)   

 

 

             CP Violation 

 From 3 Flavors to 3 Families 



   CP Violation Mechanism of SM 

 Explicit CP violation with complex Yukawa couplings. 

 There are in general 3 x 2x(3x3)=54 real (or 27 

complex) Yukawa coupling constants (for massless 

neutrinos),  i.e. Up-, Down-,Electron-type (3) 

complex (2) mass matrices 3x3 , but only 3x3 

(masses) +  3 (angles) +1 (phase) =13 are physical 

observables, namely 41 can be rotated away. 

 Origin of CP violation remains unknown 

 It is not big enough to explain matter-antimatter 

asymmetry in the Universe.   



CP Violation  
Via Spontaneous Symmetry Breaking 

1973:   Spontaneous CP Violation,      T.D. Lee 
              Scalars are responsible to CP violation  

              CP originates from vacuum !!! 
 

 

1975:  SU(2)_L x SU(2)_R Model,   

           Mohapatra & Pati,  Senjanovic and Mohapatra  

           Spontaneous CP violation via Higgs bi-doublet 

            

             (One Higgs bidoublet model with spontaneous CP   

              violation is likely excluded from the combining  

             constraints of K and B systems and CP violations) 



      Multi-Higgs Doublet Models 

1976:   3HDM with Discrete Symmetry  S.Weinberg 

           CP violation arise solely from Higgs Potential 

             (ruled out by CP, b s γ decay, EDM of neutron) 

1977:    NFC hypothesis,  Glashow & Weinberg 

          Discrete symmetry:  no CP violation in 2HDM  

          Type I  & Type II  2HDM 

1978:    2HDM with soft breaking of CP,  H. Georgi  

             strong CP problem, baryogenesis 

1987:    2HDM with approximate discrete symmetry 

             Smallness of FCNC ,      Liu & Wolfenstein 

             (superweak type interaction for CP violation) 



     2HDM with Spontaneous CP 

1993: 2HDM with approximate flavor  symmetry,     

         Superweak type CP violation by input Hall & Weinberg 

1994: 2HDM with approximate U(1) family symmetries        

        & spontaneous CP violation,  Wu & Wolfenstein 

          (Type III 2HDM) CP violation originates from a single           

            relative phase of  vacuum expectation values  

      Induced four types of CP violations after symmetry breaking:  

         (1) Induced KM phase in CKM matrix of SM 

         (2) New sources of CP violation via charged Higgs 

         (3) FCNC via neutral Higgs (superweak type)  

         (4) scalar-pseudoscalar mixing (boson interactions)   
  

        Atwood,Rena, Soni, et al.  General 2HDM (explicit CP violation) 

        …… 



                  Statements 
 One Higgs Doublet needed for Understanding Mass 

Generation. 
 

 Two Higgs Doublets or some others enable us to  
understand the origin of CP violation via Spontaneous 
Symmetry Breaking. 

   

   (i) Each quark and lepton get not only mass but also CP 
phase which cannot be rotated away (new sources of CP 
violation) 

 

   (ii) Rich physics phenomena  (g-2, μ→eγ，τ→μγ, Rare 
decays of bottom mesons,…… ) 

         (consistent with current experiments)   

   

 Wolfenstein & YLW,  PRL 73, 2809 (1994). 

 YLW,  Chin. Phys. Lett. 16 339 (1999), 

 YLW & Y.F. Zhou, Phys.Rev.  D61 096001 (2000), 

 YLW & Y.F. Zhou, Phys.Rev. D64 115018 (2001). 

  YLW & C. Zhuang, Phys.Rev. D75 115006 (2007). 

 



   Origin of Both P & CP Violation  
Spontaneous P & CP Violation        

New Physics in Gauge/Higgs/Fermion Sectors 
 

 SU(2)_L x SU(2)_R x U(1)_B-L Gauge Symmetry for 
Spontaneous P Violation 

 Two Higgs Bi-doublets (2HBDM) Necessary for 
Spontaneous CP Violation Being Consistent with 
current experiments 

 Rich CP violating Sources 

 Smallness of FCNC via Mechanism of Approximate U(1) 
Family Symmetries  

 Existence of Light Higgs Particles due to decoupling of 
2HBDM to 2HDM in the limit  

 Gauge Bosons at TeV scale  
 

YLW & Y.F. Zhou, Sciences in China  81G  (2008); arXiv:0709.0042, 2007 

J.Y.Liu, L.M. Wang, YLW, Y.F. Zhou, to be published in PRD, 2012 



  CP Violation in Light Flavors  

                           &  

  Approximate Chiral Symmetry 

                           &  

        Dynamically Generated 

Spontaneous Symmetry Breaking 

                           &  

Chiral Perturbation Theory (ChPT) 



            Direct CP Violation  
 Caused by the interferences among 

different decay amplitudes 

 Nonzero relative strong phases among 

the decay amplitudes 

 Nonzero relative weak CP-violating phase  

among different decay amplitudes 

 



 Direct CP Violation in Kaon Decays  

   It arises from both nonzero relative weak 

and strong phases via the KM mechanism 

 
 

Isospin Amplitudes &  ΔI = ½ Rule 

 
 

Wilson coefficient functions & CKM matrix 



Hadronic matrix element at low energy 

THE HARD TASK IS TO CALCULATE THE HADRONIC 

MATRIX ELEMENTS AT THE LOW ENERGY DUE TO 

NONPERTUBATIVE STRONG INTERACTION OF QCD 



Chiral limit:   Taking vanishing quark masses   mq→ 0.   
  

QCD  Lagrangian  
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Strong Interaction of QCD  &  

Approximate Chiral Symmetry 



 QCD Lagrangian with massive light quarks 

 

Strong Interaction of QCD  &  

Approximate Chiral Symmetry 



                    Effective Lagrangian  

           Based on Loop Regularization 
Y.B. Dai and Y-L. Wu,  EPJC 

 After integrating out quark fields by the LORE method 



         Dynamically Generated  

    Spontaneous Symmetry Breaking 



           Dynamically Generated  

    Spontaneous Symmetry Breaking 

Quadratic Term by 

the LORE method 



Spont aneous  Symmet r y Br eaki ng

膺标介子作为
Gol dst one粒子

标量介子作为
Hi ggs粒子

自发对称破缺

Composite Higgs Fields  



    Scalars as Partner of Pseudoscalars &     

    The Lightest Composite Higgs Bosons  

 Scalar mesons: 

 Pseudoscalar mesons : 



             Mass Formula 
 Pseudoscalar mesons : 



            Mass Formula 



 Predictions for Mass Spectra & Mixings 



           Predictions 



The Chiral Lagrangian and Chiral Perturbation Theory 

for characterizing the QCD nonperturbative effects 



The chiral representation of four quark operators 



The chiral loop contribution of QCD nonperturbative 

effects was found to be significant. It is important to 

keep quadratic terms as proposed by BBG (1986) 



Importance of matching between ChPT & QCD  

Scale independence condition    

Matching between anomalous dimensions    



Algebraic Relations of Chiral Operators    
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    Inputs and Theoretical Uncertainties 



   Theoretical Prediction &    

  Experimental Measurements 
   Theoretical Prediction：  

 ε
′
/ε ＝（20±4±5）×10

-4
  

 (Y.L. Wu  Phys. Rev. D64: 016001,2001) 

    Experimental Results: 

 ε
′
/ε ＝（19.2±2.1）×10

-4
    

(KTeV Collab. Phys. Rev. D 83, 092001, 2011 )  

 ε
′
/ε ＝（20.7±2.8）×10

-4
    

(KTeV Collab.  Phys. Rev. D67: 012005,2003) 

 ε
′
/ε ＝（14.7±2.2）×10

-4
   

  (NA48 Collab.  Phys. Lett. B544: 97,2002) 

 



S. Bertolini,  Theory Status of ’/ FrascatiPhys.Ser.28  275 (2002)  

Direct CP violation ’/  in kaon decays can be well 

explained by the KM CP-violating mechanism in SM 



 Consistency of Prediction 
 The consistency of our theoretical prediction 

is strongly supported from a simultaneous 

prediction for the ΔI = ½ isospin selection 

rule of decay amplitudes (|A0/A2|= 22.5 (exp.) 

|A0/A2 |≈ 1.4 (naïve fac.),  differs by a factor of 16 )  
 

  Theoretical Prediction 
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Experimental Results 



    CP Violation in Heavy Flavors  

                           &  

    Approx. Spin-Flavor Symmetry 

                           &  

Heavy Quark Effective Field Theory    
 

Effective Hamiltonian of Six Quark Operators  

                            & 

    Approx. SU(3) Flavor Symmetry 

F.Su, YLW,  C. Zhuang, Y.B. Yang,   Eur. Phys. J. C72  (2012) 1914 ;  

J.Phys.G38:015006,2011;   Int.J.Mod.Phys.A25:69-111,2010; 



Heavy Quark Symmetry 

SU(2N) heavy quark spin-flavor symmetry 

With N-the number of heavy flavor 



Motivation of Effective Six Quark Operators 



Effective Hamiltonian of Four Quark Operator 



Six Quark Diagrams and Operators 



Possible Six Quark Diagrams at One Loop 



Effective Hamiltonian of Six Quark Operators 

                           are six quark operators which can effectively 

be obtained from the corresponding four quark operators                                 

                         are four quark operators at the scale  µ,  from 

which nonlocal six quark operators are obtained via the 

effective gluon exchanging interactions between one of the 

external quark lines of four quark operators and a spectator 

quark line at the same scale in the leading approximation. 



Hadronic Matrix Element of Six Quark Operators  

For illustration, consider the hadronic matrix elements of  

a typical six-quark operator for  



The advantage of Six Quark Operator for the evaluation 

of hadronic matrix elements of  two body decays is: 

Applicable of Naïve QCD Factorization  



Four Kinds of Hadronic Matrix Elements for each 

Six Quark Operator with Naïve QCD Factorization 

Four different ways of reducing the hadronic matrix 

element of six quark operator via the naïve QCDF 

Factorizable  

Non-factorizable   

color suppressed 

Factorizable  

annihilation   

Non-factorizable 

Annihilation  or 

W-exchange 

Six Quark 

Operator  



                         are obtained by performing the trace of matrices 

and determined by the distribution amplitudes. 

Four Kinds of Hadronic Matrix Elements for each 

Six Quark Operator with Naïve QCD Factorization 



Hadronic Matrix Elements 

Four Quark Operator vs Six Quark Operator  

For each four quark 

operator, it induces 4 

kinds of effective six 

quark operators which 

lead to 16 types of 

diagrams for hadronic 

two body decays of 

heavy meson via naïve 

QCD factorization 

There are 4 types of diagrams 

corresponding  to each four 

quark operator, which contribute 

to the hadronic matrix element 

of two body hadronic decays    



There are two additional vertex operators due to pinguin 

Sixteen Types of Hadronic Matrix Elements 

Induced From  Each four Quark Operator 

3x16=48 kinds of hadronic matrix elements with relations 



        Treatment of Singularities 



Use dynamics masses as infrared cut-off  for both gluon and light quark 

to treat the infrared divergence and investigate the cut-off dependence. 

        Treatment of Singularities 

Applying the Cutkosky rule to deal with a physical-region singularity 

for the propagators with following formula: 

It is known as the principal integration method, and the integration with 

the notation of capital letter P is the so-called principal integration 

             energy scale play  the role of infrared cut-off with preserving gauge 

symmetry and translational symmetry of original theory. Use of this effective 

gluon propagator is supported by the lattice and the field theoretical studies. 



For illustration, applying the prescription to 

the previously examined amplitude, we have  



For example, the hadronic matrix element of factorizable 

emission diagram with (V-A) x (V-A) vertex is given by 

The nonlocal effect from the propagators of gluon and quark 



Vertex Corrections 

Leading-twist for a pseudoscalar meson 

Twist-3 distribution amplitudes for a pseudoscalar meson 

The vertex corrections are proposed to improve the scale dependence of 

Wilson coecient functions of factorizable emission amplitudes in QCDF 



Non-perturbative non-local effects 

They depend on properties of  mesons and could be caused 

from the higher order non-perturbative non-local effects.  

Both the branching ratios and CP 

asymmetries of  B  PP; PV; VV 

decay modes are improved. 

(V-A) x (V-A) structure  (V-A) x (V+A) structure  



Strong Phase Effects 

The calculation of strong phase from nonperturbative 

QCD effects is a hard task, there exist no efficient 

approaches to evaluate reliably the strong phases 

caused from nonperturbative QCD effects, so we set 

strong phases of              and              as input parameter. 

Taking different strong phases for annihilation processes 

in B  PP; PV; VV decay modes to get reasonable results. 

When the virtual particles in the Feynman diagram 

become on mass-shell, it will lead to an imaginary 

part for the decay amplitudes, which generates 

the strong phase of the process. 



Nonperturbative Corrections via Annihilation  

Annihilation contributions are mainly from factorizable annihilation 

diagrams with  (S- P) x (S + P) effective four-quark vertex 



Input Parameters  

B meson wave function 
H. Y. Cheng and K. C. Yang, Phys. Lett. B 511, 

40 (2001);  Phys. Rev. D 64, 074004 (2001) 

Light-cone distribution amplitudes for light mesons 

Twist-2 

Cn(x) the Gegenbauer  polynomials 



Input Parameters 

Light-cone distribution amplitudes for light mesons 

Twist-3 

Values of 

Gegenbauer 

moments at 

the scale μ=1 

GeV and at 

μ=1.5GeV via 

a running 

Pn(x) the Legendre  

polynomials 



CKM matrix elements with Wolfenstein parametrization  

Input Parameters 

Running scale 

Cut-off scale 

The infrared cut-off scale for gluon and light quarks are the 

basic scale to determine annihilation diagram contributions  



The hadronic input parameters:  

Life-time, masses and decay constants  

Input Parameters 



Numerical Results: Form Factors 
The method developed based on the six quark effective 

Hamiltonian allows us to calculate the relevant transition 

form factors BM  via a simple factorization approach. 



Numerical Results: Form Factors 

Relevant transition form factors B_sM  



The B  P,  V  form factors at q^2 = 0.  In comparison with QCD 

Sum Rules, HQEFT QCD Sum Rules, Light Cone QCD Sum Rules. 

Numerical Results: Form Factors 



The B_s  P,  V  form factors at q^2 = 0.  In comparison with QCD 

Sum Rules,, Light Cone QCD Sum Rules (HQEFT). 

Numerical Results: Form Factors 

The errors stem mainly from the uncertainties in the global parameters 



 Amplitudes of Hadronic Two Body Decays 



 Amplitudes of Hadronic Two Body Decays 

All the mesons are expressed in terms of  SU(3) 

flavor symmetry into a vector or matrix form 



 Amplitudes of Hadronic Two Body Decays 

There are totally 12 types of amplitudes 



The 12 types of  two-body hadronic decays of heavy mesons can 

be expressed in terms of the distinct topological diagrams       

 Amplitudes of Hadronic Two Body Decays 

T (tree) C (color-suppressed) E (W-exchange) A (W-annihilation) 

P, Pc
EW S, PEW PE, PEEW PA, PAEW 

HYC, Oh (’11) 

[Chau (’80); Chau, HYC(’86)] 

All quark graphs are topological with all strong interactions 

encoded and the SU(3) flavor symmetry assumed  !!! 



 Amplitudes of Hadronic Two Body Decays 

6 amplitudes for the so-called emission diagrams 



 Amplitudes of Hadronic Two Body Decays 

6 amplitudes for the so-called annihilation diagrams 



 Amplitudes of Hadronic Two Body Decays 

The factorizable emission contributions for the  (V-A)x(V-A) 

The factorizable annihilation contributions for the  (V-A)x(V-A) 

There are in general 24 amplitude contributions.  Here for an example   



Amplitudes for B  ππ  

Take B  ππ decay as example, the decay amplitudes can be 

expressed as follows: 



Totally, it involves 11 amplitudes, which are defined as follows: 

Amplitudes for B  ππ  



Numerical Results:  

Branch Ratio & CP Violation  for B PP 

“NLO correction +  effective Wilson coefficients” 

“NLO correction + effective Wilson coefficients + 

annihilation with strong phase” 



Numerical Results:  

Branch Ratio & CP Violation  for B PP 



QCDF:      H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114008 (2009). 

pQCD:      H. N. Li, S. Mishima, A. I. Sanda, Phys.Rev. D72, 114005 (2005). 



From the naive power-counting based on factorization theory predicts 

From the experimental data 

Experimental data 

Our Theory Predictions 

Numerical Results:  

Branch Ratio & CP Violation  for B PP 

Two ratios 



Numerical Results:  

Branch Ratio & CP Violation  for B PV 



Numerical Results:  

Branch Ratio & CP Violation  for B PV 



Numerical Results:  

Branch Ratio & CP Violation  for B PV 



QCDF:      H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114008 (2009). 

pQCD:    H. N. Li and S. Mishima, Phys. Rev. D 74, 094020 (2006). 

               C. D. Lu and M. Z. Yang, Eur. Phys. J. C 23, 275 (2002). 



QCDF:      H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114008 (2009). 

pQCD:    H. N. Li and S. Mishima, Phys. Rev. D 74, 094020 (2006). 



QCDF:      H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114008 (2009). 

pQCD:    H. N. Li and S. Mishima, Phys. Rev. D 74, 094020 (2006). 



Numerical Results:  

Branch Ratio & CP Violation  for B VV 



Numerical Results:  

Branch Ratio & CP Violation  for B VV 



Numerical Results:  

Branch Ratio & CP Violation  for B VV 

The longitudinal polarization fraction 



QCDF:      H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114008 (2009). 

pQCD:      H. W. Huang, C. D. Lu, et. al. Phys. Rev. D 73, 014011  (2006). 

                  H. n. Li and S. Mishima, Phys. Rev. D 73, 114014 (2006). 



Numerical Results:  

Branch Ratio & CP Violation  for B_s PP 

SU(3)  symmetry 

M. Gronau, PLB 492, 297 (2000). X. G. He, J. Y. Leou and C. Y. Wu, PRD 62, 114015 (2000). 



Numerical Results:  

Branch Ratio & CP Violation  for B_s PP 

 QCDF:   H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114026 (2009). 

pQCD:     A. Ali, G. Kramer, Y. Li, C. D. Lu, et. Al. Phys. Rev. D76,  074018(2007). 

SCET:      A. R. Williamson and J. Zupan, Phys. Rev. D 74, 014003 (2006). 

Pure annihilation processes 



Numerical Results:  

Branch Ratio & CP Violation  for B_s PV 
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Numerical Results:  

Branch Ratio & CP Violation  for B_s PV 



Numerical Results:  

Branch Ratio & CP Violation  for B_s PV 

 QCDF:   H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114026 (2009). 

pQCD:     A. Ali, G. Kramer, Y. Li, C. D. Lu, et. Al. Phys. Rev. D76,  074018(2007). 

Tree 

dominated 

Color 

suppressed 

Penguin 

dominated, 

annihilation 

contributions 



Numerical Results:  

Branch Ratio & CP Violation  for B_s PV 

 QCDF:   H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114026 (2009). 

pQCD:     A. Ali, G. Kramer, Y. Li, C. D. Lu, et. Al. Phys. Rev. D76,  074018(2007). 



Numerical Results:  

Branch Ratio & CP Violation  for B_s VV 

Penguin 

dominated 

Tree 

dominated 

Color 

suppressed 



Numerical Results:  

Branch Ratio & CP Violation  for B_s VV 

understand from approx. 

SU(3) flavor  symmetry  



Numerical Results:  

Branch Ratio & CP Violation  for B_s VV 

 QCDF:   H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114026 (2009). 

pQCD:     A. Ali, G. Kramer, Y. Li, C. D. Lu, et. Al. Phys. Rev. D76,  074018(2007). 



SU(3)  symmetry relations  

M. Gronau, PLB 492, 297 (2000). X. G. He, J. Y. Leou and C. Y. Wu, PRD 62, 114015 (2000). 

Approximate SU(3) Flavor Symmetry 

Our Theoretical Predictions  



SU(3)  symmetry relations 

Our Theoretical Predictions  

Approximate SU(3) Flavor Symmetry 

Important to be tested  



The six-quark operator effective Hamiltonian approach 

based on the perturbative QCD, naïve QCD factorization 

and nonperturbative-nonlocal twist wave functions has 

been established to compute the amplitudes and CP 

violations in charmless two body B-meson decays. 
 

 With annihilation contribution and extra strong phase,                            

               for B PP and                     for B VV,   our 

framework provides a simple way to evaluate the 

hadronic matrix elements of two body decays. 

In the six-quark operator effective Hamiltonian approach, 

the factorization is a natural result and it is also more 

clear to see what approximation is made (such as the 

Type III diagrams), which makes the physics of long-

distance contribution much understandable. 

             SUMMARY 



   It is different from the QCDF  as our method allows us to 

calculate the transition form factors from QCD calculation. 

     It is different from pQCD as our method includes both 

the perturbative QCD effects via the running coupling 

constant and the nonperturbative QCD effects via the 

dynamical infrared mass scale of gluon and quark in the 

nonlocal effective six quark operators.  

     It is different from the SCET as our method involves 

only the well-understood three physical mass scales:  

The heavy quark mass, the perturbative-nonperturbative 

QCD matching scale around 1.5 GeV, the basic 

nonperturnbative QCD scale around 0.4~0.5 GeV.  

             CONCLUSION 

Our method should be applicable to the Charm 

meson  two body decays by considering higher 

order mass correction of charm quark in HQEFT  



THANKS 



     Explicit CP Violation in SM 

1973:  3 Generation Quarks in SM        

Kobayashi-Maskawa Complex Yukawa Couplings       

Direct CP violation in kaon decays     

    ε’/ε ＝（20±4±5）×10-4  

(YL. Wu, Phys. Rev. D64: 016001,2001) 



     Explicit CP Violation in SM 

 Direct CP violation in B decays  

 

    

       

CP violation in B decays 

 YL.Wu & YF. Zhou, PRD71,   

 021701 (2005) 


