
May 14, 2015 Keung, 姜偉宜 (UIC) at PPP 11 

Matter-anti-Matter-Asymmetry 

CP  Violation and Beyond the Standard Model  

 
  Wai-Yee Keung (姜偉宜) 
 
  University of  Illinois at Chicago  
 
    



May 14, 2015 Keung, 姜偉宜 (UIC) at PPP 11 

PHYSICAL REVIEW D VOLUME 26, NUMBER 1 1 JULY 1982

CP-violating effects in heavy-meson systems

Hai- Yang Cheng
Physics Department, Purdue University, West Lafayette, Indiana 47907

(Received 15 December 1981)

We calculate the dilepton charge asymmetry in the neutral-conjugate-heavy-meson sys-
tems produced in e e annihilation. This asymmetry, which is a measure of the intrin-
sic CP violation in the mass matrix, is calculated in the Kobayashi-Maskawa (KM) model
as well as the Higgs-boson model of CP nonconservation. While the charge asymmetry is
small for the D -D and B -B systems in both models, it is predicted to be quite large
(10 '—10 ) in the T -T system in the Higgs-boson scheme. Thus if experiments to
measure the dilepton asymmetry are feasible (but could be considerably difficult in prac-
tice), only the T -T system can distinguish between the Higgs-boson-exchange model and
the KM model. A T-violating polarization of the lepton in the semileptonic decay of a
meson cannot arise in the KM model. However, even in the Higgs-boson model the
transverse polarization of the muon normal to the decay plane in the semileptonic kaon
decay although nonzero is still quite small (at the level —10 ) unless the ratio of the two
vacuum expectation values u2'/u3' is unexpectedly large. The T-odd ~-lepton polarization
in B-meson decay is expected to be —10, thus conceivably measurable.

I. INTRODUCTION

To date CP violation has be.n experimentally
observed only in the neutral-kaon system, and
theoretically a number of different models have
been proposed to explain the phenomenon of CP
nonconservation. Current models can be cataloged
into two classes. In one class of models the break-
down of CP invariance arises from the exchange of
a gauge boson, as in the Kobayashi-Maskawa
(KM) model' and the left-right-symmetric gauge
model. In another class of models CP violation
originates in the Higgs-boson interaction, and two
or three Higgs doublets are needed to spontaneous-
ly break the CP symmetry. In this paper we con-
fine our attention to the KM model and the
Higgs-boson model with natural flavor conserva-
tion, as originally stressed by Weinberg. These
two schemes are in some sense orthogonal.
Recently, the Weinberg model of CP nonconser-

vation has been criticized on the ground that in the
context of this model the magnitude of the ratio of
two CP-violating parameter e' and e in the E -E
system is unacceptably large. However, there
are sizable theoretical uncertainties associated with
these calculations, having to do with penguin dia-
grams and long-distance effects (i.e., contributions
from low-mass intermediate states) which may

have important consequences for CP violation.
In fact, long-distance effects may reduce (e'/e) by
a factor of —,, using an estimate given by Hill. It
is, therefore, too early to conclude that a serious
problem exists in the Weinberg model. Yet, it is
important to have some tests to distinguish the
Higgs-boson model from the KM model. Among
such tests, in which the predictions of these two
schemes could differ substantially, are the dilepton
charge asymmetry of conjugate heavy-neutral-
meson pairs in e+e annihilation, CP-odd lepton
polarization in the semileptonic decay of a meson,
the neutron electric dipole moment, the decay-rate
difference in semileptonic decays (for example, in
D +Ktrlv decay ),—and P and T-violating-effects
in f' or f decay. ' Among these possible tests,
only the first two CP-violating effects will be con-
sidered in this paper because the charge asymmetry
is a quantity which is less sensitive to the change
of the Higgs-boson mixing parameters, while the
T-odd polarization is predicted to be zero in the
KM model (except for possible final-state elec-
tromagnetic interactions).
In Sec. II the CP phenomenology in the neutral-

meson systems is briefly reviewed. For complete-
ness the main features of the Weinberg model of
CP violation are also reviewed in Sec. III, and
several constraints on the Higgs-boson mixing
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Review: the phenomenology of Matter-Anti-
Matter Asymmetry, or CP 
Non-conservation,  
 
Pathway: to understand subnuclear physics, 
within or beyond the standard model of 
fundamental interactions of the strong 
and the electroweak forces.   
 
Research programs on the B meson 
physics, on the neutrino oscillations, and on 
the electric dipole moments of the electron 
and the neutron.  
 
 
 

Abstract 

 
Relation of the CP non-conservation in subnuclear physics to the matter dominated 
structure of our universe. 
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1st generation:  e,p,n 

Nucleus: 
protons and neutrons  (1932) 
bound thru Yukawa’s (1935) 
pions (theory) 

10
-14

 m 
 N.B. ν proposed (Pauli), but “latent” 
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Protons  contain uud:  charge = +e 
Neutrons contain udd: charge =   0 

quarks electron 

2 
3 

e + 

1 
3 

e - -e 

charge 

u 

d e 

質⼦子 

夸克 

 ?  

Elementary? 

The Modern View 
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Prediction and Discovery of Antimatter 

Paul Dirac predicted existence 
of the positron in 1928 by 
incorporating Special Relativity 
with Quantum Mechanics 

Dirac Equation implies: 

   positron mass    =     electron mass 

   positron charge =  - electron charge 

Carl Anderson’s Plate 
Simplified:   
  

                 E2 = p2c2 + m2c4 
  

Has   E > 0 & E < 0  Solutions 
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Weak decay 
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s: the “Strange” 

  

 • Long Lifetime:  τK/τπ ~ 0.5, but mK2/mπ2 ~ 13,  
                                   Strange, should be shorter. 

Mixing: 
dc = d cosθc + s sinθc  with  sinθc ~ 0.22 

Strangeness:  Repeat of µ in Meson/Baryons 

 •       Cabibbo Proposal: 
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 CP    +         + 

00 K-K Not eigenstate of full Hamiltonian (e.g. Weak Interaction) 

s 

s 

.. .. 
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Discrete symmetry, P, C, CP 
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Discovery of CP Violation 
•   Phys. Rev. Lett.  13, 138 (1964) 

3102 −×≅Kε“K 20” → ππ  ~  1/500 ! 
CP     -             +
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Swings 



May 14, 2015 Keung, 姜偉宜 (UIC) at PPP 11 

 
  

  • Long Lifetime:   Cabibbo 
  

  •            Mixing: 
  • Rare SCNC:     GIM Mechanism                Charm! 
 
 
 
 
  

  • CP Violation:    Discovered Experimentally 1964 

00 K-K

2x2 Rotation! 

Charm Flavor 
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2x2 Rotation! 

CPV  at  2 x 10-3 level 

Kobayashi-Maskawa (1973): CPV Emerge by generalizing 
2x2 → 3x3 

3 Generations ! 
小林‧益川


3X3 
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Discovered 1974-1995:  3 Generation Completed 
  

  • c :  GIM Mechanism (1970) and mc from            Mixing 
           Discovery  ―  J/ψ (1974);  D meson (1975)  
   

  • τ :  KM (1973) predicts 3rd Generation from CP Violation 
 Discovery (1975)  

  

  • b :  Discovery,   following  c/τ  
          “Repeat” J/ψ history ― 𝜰 (1977);  B meson (1983)  (1977);  B meson (1983) 
  

  • t :   Long awaited, ... 
           Finally appeared 1995  (20th anniversary) 

 ―  Much Heavier than  expected ! 

00 K-K

Why b physics is interesting ? 

c/τ/b/t 
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The Fundamental Fermions 

u 

d 

t c 

s b 

six quarks 

1947 

1974 1995 

1977 
e µ

νµ 

τ 

ντ νe 

six leptons 

1956 

1895 

1962 

1936 1975 

2000 

Flavor 
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  Pattern of Flavor (CP V) Not Understood ! 
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Sides and Phases 
CKM Unitarity Triangle 
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ElectroMagnetism:  
                                 Charge  e  is  Real. 
  

“We” Understand:   Gauge  Charge is Real.  

How CP Violation Appears 

Imagine a Complex Coupling : 
  

   True, or, Possible, for Yukawa Coupling of  
                quarks/leptons to Higgs boson(s)... 
  
Quantum Interference in Amplitude  More Interesting 

i  in Dynamics:  CP V 
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Two phases 
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Efficient 3x3 complex matrix 
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Each term in 3X3 matrix is  
given by one leading term. 
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(empirical) 

Wolfenstein 
  
parameterization 

Ex. Use the upper right 3 elements as definition, and using 
      unitarity of CKM matrix, verify Wolfenstein parametrization 
      to O(λ4) [memorize it !], and derive to O(λ6). 

Vus 

Vcb  à  A 
Vub  à  ρ, η
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Unitarity Triangle and CKM Phases 

Sides 

Phases 
γφ
αφ
βφ

    
    
    

3
2
1

↔
↔
↔

“Normalized” |Vub|, |Vtd| 

Remarkable that we can !  [varying difficulty] 
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 B  Decays: “Tree” View 
Inclusive (quark level) 

b 

c , u 

u , c ; ν

d , s ; l 

Leading Decays: 
  

λ suppressed: 
  

Vub suppressed: 
  

λVub suppressed: 

vcvcvcesccducb τµ      , ,  ; , →
dccsucb    , →

vuvuvuescuduub τµ      , ,  ; , →
dcusuub    , →

Dressed 
by QCD 

hadronic semileptonic 

CP V Phase ! 

∝ Vcb 
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the Physics … 

 A:     Decay Amplitude  

M12 :  Mixing Amplitude 

A 

M12 Ā 

CPV in Mixing-Decay Interference 

Double Slit 
Experiment B 

B 



May 14, 2015 Keung, 姜偉宜 (UIC) at PPP 11 

B0 

B0 B0 

Vcb 

 
 

Vtb 
 

V* 

V* 
Vtb 

J/ψ

J/ψ

KS 

KS 

∝V*2
 td 

+ 
td 

td 

No CPV in  B → J/ψKS  Decay 

M12 

     CPV in  B0
 → B0 Mixing 
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The Duel of the B Factories 
SLAC 

BaBar 

KEK 

Belle 
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140 fb-1 ≅ 152M B  pairs  Time graphs 
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Current Belle and BaBar Results for sin(2φ1) 

sin2φ1  (Belle 2003,140 fb1) 
=0.733±0.057±0.028 

sin2φ1  (BaBar 2002, 81 fb-1) 

=0.741±0.067±0.033 

sin2φ1  (New 2003 World Av.) 

      =0.736±0.049 

Precision Measurement 
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Two decades of CKM
[LEP, KTeV, NA48, Babar, Belle, CDF, DØ, LHCb, CMS. . . ]
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EDM? 
The size is given by two standard 
charges times their separation. 

d 

What do we know so far? 

e 
electron: 
< 1.6 × 10-27 e•cm 
(from Tl atom) 

µ 
muon: 

< 10-18 e•cm 
(from g-2 exp.) 

n neutron: 
< 6 × 10-26 e•cm 

Hg mercury atom: 
< 2 × 10-28 e•cm 

history of 
the neutron 
and electron 
(atom) 
searches 

“size” of neutron ~ 10-13 cm, 
EDM’s down another 10-12 ! 

units of 
e•cm 

spin 
axis 



May 14, 2015 Keung, 姜偉宜 (UIC) at PPP 11 



May 14, 2015 Keung, 姜偉宜 (UIC) at PPP 11 



May 14, 2015 Keung, 姜偉宜 (UIC) at PPP 11 



May 14, 2015 Keung, 姜偉宜 (UIC) at PPP 11 



May 14, 2015 Keung, 姜偉宜 (UIC) at PPP 11 

Chang, Chang, Keung 
Phys.Rev. D71 (2005) 076006  
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Phys.Rev. D46 (1992) 2270-2271 
With Chang, Kephert, and Yuen 
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Angular	
  correla,on	
  in	
  Z’	
  to	
  ZZ	
  
With Low and Shu, 
 arXiv:0806.2864 



Amplitudes 



Universal Angular dependence 



Amp. Squared 
sum 



Ang.	
  Integrated	
  Oscilla,on	
  

if	
  we	
  require	
  the	
  	
  	
  

we	
  need	
  	
  a	
  σ(ZZ)	
  about	
  70	
  ?	
  for	
  a	
  240	
  GeV	
  Z’.	
  	
  	
  

In	
  the	
  LiElest	
  Higgs	
  Model	
  with	
  T-­‐parity,	
  	
  the	
  predicted	
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Conclusion 


