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1.  A  Brief  History  of  P  and  CP  Symmetries
Symmetry (from Greek συμμετρία symmetria “agreement”  
In  dimensions,  due  proportion,  arrangement”,  in  Chinese
“对称性”) in  everyday  language  refers  to  a  sense  of  
harmonious  and  beautiful  proportion  and  balance.

Symmetry  in  physics  has  been  generalized  to  mean invariance—that  is,  lack  of  
change—under  certain kind  of  transformation.

This  concept  has  become  one  of  the  most  powerful  tools  of theoretical  physics,  
as  it  has  become  evident  that  practically  all  laws  of  nature  originate  in  
symmetries

Example:  A  circle  is  unchanged  under  a  rotation  around  its  center.

An  interaction  is  invariant  under  rotation transformation,  the  angular  
momentum  is  conserved  in  this  system.

In  1918,  Emmy  Noether showed  that  each  symmetry  of  a  physical  system  
corresponds  to  a  conservation  law.    
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Some  important  symmetries  in  Physics
Continuous  space  time  symmetries:  translation,  rotation  and  Lorentz  boost.

Discrete  space-time  symmetries:  space  inversion  (P-parity),  time  reversal  (T-
parity)  and  particle-antiparticle  conjugation  (C-parity).

Permutation  symmetries:  Bose-Einstein  and  Fermi-Dirac  symmetries.

Global  continuous  symmetries:  baryon  and  lepton  numbers.

Local  gauge  symmetries:  electromagnetic  U(1)em,  strong  and  electroweak  
SU(3)C  x  SU(2)L  x  U(1)Y.
Classify  and  simplify  analysis  of  problems,  lead  to  conservation  laws,  and  also  
determine  dynamics…

Symmetry  ->  Exact  symmetry,  
Broken  symmetry  (small  or  maximal)  
All  important  in  Nature!

P,  T,  and  C  symmetries  are  broken  symmetries,  our  emphasis  of  this  lecture!
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Discrete  space-time  symmetries

Spatial  reversal  P  (P-Parity):  change  space  coordinate  x ->  -x

Time  reversal  T  (T-parity):  change  time  coordinate  t  ->  -t

Charge  Conjugation  C  (C-parity):  change  a  particle  to  its  anti-particle

All  are  discrete  transformations.  Systems  do  not  change  under  these  
transformations,  exhibits  these  symmetries  and  have  corresponding  
conservation  laws.

Why  C  is  also  grouped  into  space-time  discrete  transformation?

Intuitive  view:  An  anti-particle  is  a  particle  traveling  backwords  in  time.

Negative  energy  represents  an  anti-particle  in  Dirac  and  Klein-Gorden  
equations.

Plane  wave:  e-i  E  t  =  e  –i((-E)(-t)
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For  many  years,  P,  C  and  T  symmetries  are  thought  to  be  exact  ones  in  
interactions  for  fundamental  particles.

The  believe  that  P-parity  is  a  good  symmetry  was  brought  to  an  end  by  
T-D  Lee  and  C-N.  Yang  in  1956.  Nobel  Prize  in  1957.

Weak  interaction  violates  P  and  was  V-A  form,  played  an  important  role    
in  building  Standard  electroweak  interaction  Model  in  1961  by  S.  Glashow,  
in  1968  by  S.  Weinberg  and  1969  by  A.  Salam.  Nobel  Prize  in  1979.

The  believe  that  CP  symmetry  is  a  good  symmetry  was  brought  to  an  end  
by  experiment  led  by  J.  Cronin  and  V.  Fitch  in  1964.  Nobel  Prize  in  1980.

In  1972,  Standard  Model  for  CP  violation  was  proposed  by  M.  Kobayashi  
and  T.  Maskawa.  Nobel  Prize  in  2008.

Many  experiments  provided  information  about  CP  violation  even  now.
Big  puzzles  still  exist!  What  is  the  Origin  of  CP  violation?
Why  in  our  universe  matter  dominates  over  anit-matter?
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The  downfall  of  P  symmetry
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Mirror  process  is  not  observed,  neutrino  is  left-handed.
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Discovery  of  V-A  current  of  weak  interaction

Phys.  Rev.  109,  1860(1958)
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Birth  of  the  Standard  Model
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The  downfall  of  CP  symmetry

There  are  two  neutral  Kaons,  K1 and  K2 with  K1->  ππ (shorter  lifetime) and
K2 ->  πππ (longer  lifetime). 
At  far  enough  distance,  initial  K1 has  decayed  and  should  only  see  K2->πππ. 

But  still  observed  ππ final  state,  looks  like  K2  also  decays  into  ππ. 
Κ2 is  a  mixed  state  of  two  states,  each  only  decay  into  ππ or  πππ, respectively.
The  mixing  ε between  these  two  states  has  a  value    |ε| = 2.3 x 10−3 .
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Birth  of  the  SM  of  CP  violation

|    a  typo  !
cosθ3
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Importance  of  CP  violation

Played  important  roles  in  understanding  fundamental  laws  of  Nature!

One  of  the  most  crucial  elements  why  we  exist  in  the  Universe.

Sakharov  (1967):  Violation  of  CP  invariance,  C  asymmetry  and  
baryon  asymmetry  of  the  universe.

A  matter  dominating  anti-Matter  universe  resulted  from  a  symmetric  one  
in  the  Big-Bang  cosmology
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2.  P,  C,  T  and  CP  Violation,  and  CPT  Theorem

19

P  symmetry  and  violation

Observe  left  process,  but  not  right  one,  
P  is  violated!



T  symmetry  and  violation

In  classic  mechanics
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C  symmetry  and  violation

Dirac  equation  for  spin-1/2  electron  particle  
contains  negative  energy  states.  According  
to  Dirac  hole  theory,  they  corresponds  to  
anti-particle  with  opposite  charges.  These  
Are  interpreted  as  anti-particles!

Positron  was  discovered  in  1932  by  C.  Anderson
23

Hole  theory  is  completely  symmetric  Between  
negative  and  positive  charges.

Dirac  theory  is  symmetric  under  particle  and  
anti-particle  transformation.



(a)  Process  observed

(b)  Process  not  observed.  
C  symmetry  violated.

(c)  process  observed.  
CP  symmetry  is  respected.

Is  CP  symmetry  always  true?
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CP  symmetry  and  violation
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CP  symmetry  is  violated!
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What  about  CPT  symmetry?
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Phenomenology  of  neutral  Kaon  mixing
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Homework

Diagonalize  the  Hamiltonian  H  =  M  – i  Γ/2

Find  the  eigenvalues  E1,  E2,  and  the  matrix  V  
diagonalizing  H
V  H  V-1 =  diag(E1,  E2)

Note  that  H  is  not  Himitian,  V  is  not  Unitary.
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Lecture  Two
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3.  Some  Basics  of  QFT  for  CP  Violation

34



35



36



37



38



An  outline  for  CTP  theorem  proof
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Particle  and  anti-Particle  masses  and  lifetimes
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Homework

Using  the  C,  P  and  T  transformation  properties  for  
spinors  (when  exchange  two  spinors,  be  careful  
about  the  sign  changes)  and  γµ matrices  obtain  S,  
Aµ,  Tµν,  aµ,  and  P  transformation  table.
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4.  Standard  Mode  for  CP  Violation
How  to  have  P,  CP  violation,  but  CTP  conservation?
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Standard  Model  and  CP  Violation

Standard  Model  is  based  on  SU(3)CxSU(2)LxU(1)Y  gauge  interaction.

In  SM  mis-match  of  weak  and  mass  
eigen-bases,  leads  to  flavor  mixing  
and  CP  violation.  

When  going  beyond  SM,  
more  possibilities!
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Standard  Model:  CKM  and  Strong  CP  Violation
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Renormalizable  SM  Lagrangian
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Number  of  SM  generations

In  the  SM,  only  3  generations  of  quarks  and  leptons  are  allowed.

gg  ->  Higgs  ~  (number  of  heavy  quarks)2,  if  fourth  generation  
exist,  their  mass  should  be  large,  9  times  bigger  production  of  
Higgs.  LHC  data  ruled  out  more  than  3  generations  of  quarks.

LEP  already  ruled  out  more  than  3  neutrinos  with  mass  less  than  mZ/2.

Cosmology  and  astrophysics,  number  of  light  neutrinos  also  less  than  4.

SM,  triangle  anomaly  cancellation:  equal  number  of  quarks  and  leptons!

There  are  only  three  generations  of  sequential  quarks  and  leptons!

Why  3  generations?  How  do  they  mix  with  each  other?
Beyond  SM,  conclusions  may  change,  X-G  He  and  G.  Valencia,  PPLB707  (2012)   56

t/b

g

g

H

Dark matter cannot be the 
particle in the standard 
model, which has to be:

Dark Matter: 26.8%

Massive

WIMP

Non baryonic

No charge (electric or color)

Stable (τ > 1026 s, τuniverse ~ 1017 s)

Axion
Sterile neutrino
. . . . . .



Idea  of  quark  mixing  and  source  for  CP  violation
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The  GIM  mechanism              
The  Kobayashi-Maskawa  

Model  in  1973!      

The  Cabbibo angle
Application  of  KM  model  for  ε



Birth  of  the  SM  of  CP  violation

58

|    a  
typo  !
cosθ3

Yet,  another  CP  violation  source  possible:  under  P  and  CP,  εµναβ ->  - εµναβ ,

− term  violates  P  and  CP

This  term  θ-term gives  too  large  neutron  EDM  and  cause  problem,  
Strong  CP  problem.  Later

Mechanism  for  CP  violation  in  SM.  Predicted  the  existence  of  the  third  generation!



KM  matrix  parametrizations
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L.Maiani,  1976;;  L.L.  Chau  and  W.  Y.  Keung,  1984
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Quark  and  Lepton  mixing  patterns  
The  mis-match  of  weak  and  mass  eigen-state  bases  lead  quark  and        
lepton  mix  within  generations.                                            
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Status  of  Quark  and  Lepton  
Quark  Mixing                                                                                        Neutrino  MixingPDGPDG

Why  they  mix  the  pattern  shown  above?  Some  understanding.



The  Unitarity  Triangle

62

The    Jarlskog  parameter  J  (1985)

The  area  of  the  triangle  =  J/2
CPV  in  SM  is  always  proportional  to  J

J    =      s12c12s23c23s13c132sinδ
=      (3.04+0.21-0.20)x10-5



Calculation  of  Im(M12)
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Successful  explain  CP  violation  in  Neutral  Kaon  Mixing!
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CP  violation  for  ε and  consistency  with  a  heavy  top
To  produce  the  right  e,  a  large  top  is  need  and  have  many  implications.
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Homework

Show  that  for  VKM,  the  identify  is  true

Calculate  ΔmS-L  using  the  result  from  Box  
diagram  and  compare  with  data.
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Lecture  Three
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5.  Tests  for  Standard  Model  of  CV  Violation

SM  can  explain  CPV  in  neutral  Kaon  mixing.  Only  doing  that  
job  is  not  enough  to  become  part  of  a  SM  and  being  awarded  
Nobel  prize.  

Predictions  made  and  confirmed.  
Many  predictions  been  confirmed!

Observables:  ε’,  time  dependent  ACP and  independent  rate  
asymmetry  Sf and  Cf,  unitarity  triangle,  electric  dipole  moment  
d  of  fundamental  particle,  …
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5.1  CP  violating  observable

70

ε’/ε in K ->  ππ
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SM  calculation  for  ε’/ε

75

Tree  and  penguin  contributions



Buchalla  et  al.,  Rev.  Mod.  Phys.  68,  1125(1996) 76



(Buras  e  t  al.,  arXiv:1507.06345)

Lattice  calculation
(Z.  Bai  et  al.,  arXiv:1505.07863)                        Needs  further  confirmed!

Room  for  new  Physics  beyond  SM!?
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Time  dependent  and  independent  Rate  asymmetry
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Uncorrelated                            production
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More  later
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The  need  of  asymmetric  e+e- collider  for  B  factories
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This  is  the  principle  for  Belle  and  Babar  to  measure  CP  violation



Homework
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The  EDM  of  a  fundamental  particle
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First  fundamental  particle  EMD  measurement:  neutron  EDM  in  1950  by  
Purcell  and  Ramsey.

Landau  first  pointed  out  that  EDM  violates  P  and  T  symmetry.

No  measurement  of  a  fundamental  particle  EDM,  yet!

Current  90%  C.L.  limits  on  EDM:

Neutron  |Dn|  <  3  x10-27 ecm,          electron  |De|  <0.87  x10-28 ecm  
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EDM  of  neutron  and  electron  in  KM  model
Quark  EDM  Dq and  neutron  EDM  Dn,    Dn =  (4Dd-Du)/3

In  KM  model,  quark  EDM  only  generated  at  two  electroweak  and  one  strong  
loop  level  (3  loop  effects)l,  very  small  ~  10-33 e.cm.  (Shabalin,  1978,  1980)

In  fact  with  two  weak  and  one  strong  interaction  vertices,  EDM  can  also  be  
generated!  
(He,  McKellar  and  Pakvasa,  PLB197,  556(1987),  J.  Mod.  Phys.  A4,  5011(1989)

Electron  EDM  is  even  smaller,  generated  at  fourth  loop  level,  De  <    10-38ecm
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The  strong  CP  problem  and  neutron  EDM
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Why  θ is  small  is  the  strong  CP  problem.
102

Crewther,  Di  Vecchia,  Veneziano  and  Witten,  PLB88,  13,(1979)

He,  McKellar  and  Pakvasa,  IJMP  A4,  5011  (1989))



Solutions  to  the  strong  CP  problems

1. One of the quark mass is zero, since Dn is proportional to
mumdms. But all quarks have non-zero masses!

2. Spontaneous CP violation, making θ equal to zero first.
Need to check whether after symmetry breaking, θ is not
generated.

3. Dynamic solution driving θ small by imposing an additional
chiral symmetry, the Peccei-Quinn symmetry. This solution
leads to Axion which has not been discovered.
Not yet discovered!
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Strong  CP  problem  and  Axion
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One  then  needs  to  show  that  the  corresponding  potentials  are  minimal  to  
have  a  stable  solution.
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A  lot  of  interestgin  physics  related  to  Axion:  find  the  Axion,  applicatin  to  
astrophysics,  cosmology  and  etc.!!!
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CP  violation  with  polarization  measurement

a.  spin-1/2  ->  spin-0  +  spin-1/2      

111



CP  violation  in  Hyperons

AΞΛ=AΞ +  AΛ    HyperCP (Femilab E871):  
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CP  violation  in  Higgs  h  decays  into    τ+τ−

113

(Hayreter,  He,  Valencia,  arXiv:1603.06326,  arXiv:1606.00951)

(He,  Ma,  McKellar,  Mod.  Phys  Lett.  A9,  205(1994);;  
Berge,  Bereuther,  Kirchner,  PRD92,096012(2015))
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Br(h  ->ττ)  ~  5x10-2  ,  
Br(τ −> π ν)  ~  0.1  

106 Higgs  bosons,  
sensitivity  to  Aτ can  be  
10%  at  CEPC.

Data  still  allow  A  to  be  as  
large  as  π/8.  Experiments  
should  look  such  CPV.

In  the  SM  Aτ =  0



CP  violation  in  neutrino  oscillation

n 未命名拷貝
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Neutrino oscillation and anon-zero neutrino masses

B.  Pontecorvo (1957.  Zh.  Eksp.  Teor.  
Fiz.  33:  549–551.  Zh.  Eksp.  Teor.  Fiz.  53:  1717

Z.  Maki,  M.  Nakagawa,  and  S.  Sakata  
(1962).  Progress  of  Theoretical  Physics  28  
(5):  870.  

9/28/2015 Bruno Pontecorvo 1950s3 - Bruno Pontecorvo - Wikipedia, the free encyclopedia

https://en.wikipedia.org/wiki/Bruno_Pontecorvo#/media/File:Bruno_Pontecorvo_1950s3.jpg 1/2

S.#Sakata#
1911H1970�

Z.#Maki#
1929H2005#

M.#Nakagawa#
1932H2001#

Courtesy#of#Sakata#Memorial#Archival#Library�

=



Compare  neutrino  and  anti-neutrino  oscillation  information  on  CP  
violation  can  be  extracted

With  three  generations  of  neutrinos

T2K  already  starting  to  see  differences.
Be  careful:  on  earth,  neutrino  interacts  with  matter,  not  anti-matter.  
Needs  to  properly  normalize  the  data.
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Lecture  Four
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5.2  Test  SM  in  B  Decays
SM for CPV has many interesting predictions:
small EDM, Zero Aτ, CPV in Hyperon decay of order A ~ 10-4 ….
Anything bigger a sign of new physics…
It would nice to have some positive ones to veryfiy SM CPV!

One of the most prominent feature is that CP violation comes from the KM
matrix. The unitary conditions: Σi Vij Vik* = δjk;; Σi VjiVki * = δjk.
can be represented by 6 unitarity triangles. The most experimentally
accessible one is by the following

If the angles α, β and γ
can be independently measured,
whether α+β+γ =180o can test the model.

This relation indeed holds!
Have been tested from B decays.

119



Hadronic  B  decays  – The  effective  Hamiltonian
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Determination  of  α
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123

Gronau and  London,  PRL65,  3381(1990)
Snyder  and  Quinn,  PRD48,  2139(1993)



Determination  of  β
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Gronau and  Wyler,  PLB256,  172(1991)
Atwood    et  al.,  PRL  78,  3257(1997)

Determination  of  γ



Unitarity  triangle  confirmed!

α+β+γ=  182.6o   +- 8o
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Effective  Hamiltonian  for  B  to  PP  decays  in  the  SM

(Wise&Gillman;;  Haglin;;Buchalla et  al;;  Ciuchini et  al…..)  

U-spin  CP  violating  relations  in  B  ->  PP  decays



Theoretical  calculations  of  B  ->  PP
A(B  ->  PP)  =  <PP|Heff|B>

Not  completely  understood  QCD  at  low  energies  and  therefore  not  possible  to  
have  a    first  principle  QCD  calculation,  Lattice  QCD  always  gives  promises.  

On  the  market,  several  main  approaches  of  model  calculations

Naïve  Factorization  calculations:  factorize  four  quark  into  products  of  two  
quark  operators  and  decay  constants,  form  factors  to  fix  decay  amplitudes.  
(Bauer,Stech&Wirbel;;  Ali,Kramer&C-D  Lu;;  H-Y  Cheng  et  al.;;  Deshpande&Trampetic….)

QCD  improved  calculations.  (Beneke,Buchalla,Neubert&  Sachrajda….)
pQCD  calculations.  (Keum,Li&Sanda;;  Lu;;  Yang&Yang;;….)
SCET  calculations.  (Bauer,Fleming,Pirjol&Stewart;;…)  

Have  some  understanding  of  the  decays.  
But  Non-factorizeable  contributions….  Still  a  lot  of  parameters,  wave  
functions,  form  factors  …
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Flavor  SU(3)  Symmetry

QCD  poses  an  approximate  global  flavor  SU(3)  symmetry  because  the  
u,  d,  s  quarks  are  light  compared  with  QCD  scale.  
Under  this  SU(3),  (u,  d,  s)  transform  as  fundamental  representation.

It  worked  well  for  light  mesons  and  baryons,  the  quark  model  (Gell-
Mann;;  Ne’eman…)

Application  to  B  decays:  Also  works  well!
Algebraic  Way:  Zepenfeld;;  Savage&Wise;;Deshapnde&He;;Gronau,Pirojl&T.M.Yuan…
Diagramatic  Way:  Chau&Cheng;;  Gronau,Lodon,Hernadez&Rosner;;Cheng&Chiang…  
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Gronau et  al.

Electroweak  
penguin  important
Deshpande&He;; Fleischer;;…1994

Diagram  approach  relate  them  by  SU(3)  symmetry  



A  complete  SU(3)  analysis    



Ai-annihilation  amplitude,  small.  
C6-A6  appear  together,  just  use  C6.
Smilar  structure  for  penguin  amplitude,



SU(3)  decay  amplitudes  for  B  èPP



Test  for  SU(3)  flavor  symmetry,  and  also  SM  with  3  generations!

U-spin  symmetry  d  <->  s  channels,  Td=Ts =T,  Pd=Ps=P
Example Deshpande&X-G He(1995),  X-G  He(1999),  Gronau&Rosner (2000)…

He,  Li,  Ren  and  Yuan,  arXiv:1704.05788                              

SU(3)/U  symmetric,  rc =  1



Test  U  relations  with  several  other  B  decays

For  P1 ~  P6,  theoretical  calculations  1  ~  2
rc for  P1 experimental  data:  1.11  +- 0.22  (expected  with  SU(3)  breaking)

Why  for  P5,  rc =  4.67+- 1.88,  so  much  different?

135

X-G  He,  S-F  Li,  H-H  Li,  JHEP,  2013;;  He,  Li,  Ren  and  Yuan,  arXiv:1704.05788  



Violation  of  U  relation      

LHCb-CONF-2016-018

136

SU(3)  or  U-spin  symmetric:  rc =  1

LHCb data:  

SU(3)/U-spin  relation  violation!



Large  FSI  phases?!
For  P1,  both  B0 → K+π− and  Bs0 → π+K−,  the  final  states  are  K± π ± and  are  CP  
conjugate  of  each  other.  Their  final  state  phase  spaces  are  the  same  and  also  
FSI  should  be  similar.  
But  for  B0 → π+π− and  Bs0 → K+K− decays,   Support  from  D  ->  KK,  Kπ, ππ 
data
the  final  state  π+π− are  very  much  different  
than  the  final  state  K+K−.  

The  phases  of  T  and  P  caused  the  difference!
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Further  tests:  pattern  of  U  relation  breaking
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Lecture  Five
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6.  Beyond  SM  CP  Violation

What  is  the  origin  of  CPV?  Is  there  other  ways  CPV  can  present  in  a  model?

There  are  many  ways  CPV  can  show  up  when  going  beyond  SM:

Superweak model,  CP  is  only  violated  in  ΔS=2  current-current  interactions.  
Too  small  ε’/ε. Ruled  out  by  data.

In  left-right  SU(3)CxSU(2)LxSU(2)RxU(1)B-L symmetric  model,  there  are  
similar  mixngmatrix  VRKM charged  current  for  right-handed  fermions  by  
exchanging  WR.  More  phases,  only  two  generations  can  have  CPV.

Seesaw  Model,  there  are  new  phases  in  Right-handed  neutrino  mass  matrix.
…

CP  violated  by  vacuum?  Not  explicitly  violated  as  that  in  SM,  T-D  Lee,  
spontaneous  CP  violation.
…
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Spontaenous  CP  violation
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Spontaneous  CP  violation  in  two  Higgs  doublet  model

144



145



146



147



148



149



150



A  practice  model  solving  all  the  problems

S-L.  Chen,  Deshpand,  X-G  He,  J.  Jiang  and  L-H  Tsai,  Eur.  Phys.  J.  C53,    607(2008)

Solve  strong  CP  problem,  implement  PQ  symmetry,

Identify  spontaneous  CP  breaking  phase  as  KM  phase,

Making  Axion  invisible,

Three  doublets  and  a  singlet.
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Is  there  any  solution  exist!  Yes!
Work  with  Md is  diagonal  example.

VR =  I                

There  is  solution  to  identify  KM  phase  with  spontaneous  CP  violating  phase!
152



Consequence？ large  fermion EDMs

One  loop                                                              Weinberg  operator                    Barr-Zee,  Gunion-Wyler
Review,  He  et  al.                                                              PRL63,  2333,  (1989)                                BZ,  PRL  65,  21(1990)
IJMPA,  A4,  5011(1989)                                            Braaten,  C-S  Li,  T-C  Yuan                    GW,  PLB  248,  170(1990)

PRL  64,  1709(1990)
Correct  CD  running

Neutron  and  electron  EDMs  can  be  as  large  as  experimental  bounds.
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Homework

Work  out  the  masses  (mass  matrices)  for
h+,  h,  H  and  A  for  the  two  Higgs  doublet  
potential  given  in  the  lecture.
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Theoretical  Models  for  Neutrinos                

I. INTRODUCTION

Dirac neutrino mass term

L = �L̄
L

Y
⌫

H̃⌫
R

+H.C ,! �⌫̄
L

m
⌫

⌫
R

,! m
⌫

= vp
2
Y
⌫

m
⌫

e

< 0.3 eV, ! Y
⌫

e

/Y
e

< 10�5, very much fine tuned!

Assuming neutrinos are Majorana particles,

L = �1

2
⌫̄
L

m
⌫

⌫C

L

m
⌫

= V
PMNS

m̂
⌫

V T

PMNS

, .

m̂
⌫

= diag(m1,m2,m3) with m
i

= |m
i

|exp(i↵
i

).

With � = �⇡/2 and ✓23 = ⇡/4,

m
⌫

has the following form

m
⌫

=

0

@
a c+ i� �(c� i�)

c+ i� d+ i� b̃

�(c� i�) b̃ d� i�

1

A , (1)

Note that in the most general case, because non-zero Majorana

phases, the parameters a, b̃, c, d, � and � are all complex.

a = m1c
2
12c

2
13 +m2s

2
12c

2
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2
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2
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2
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2
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2
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,

� = �(m1 �m2)s12c12s13 .

One has the degrees of freedom to redefine the neutrino fields phases

the most general form of the above mass matrix can be rewritten as

m
⌫

=

0

@
eip1 0 0
0 eip2 0
0 0 eip3

1

A

0

@
a c+ i� �(c� i�)

c+ i� d+ i� b̃

�(c� i�) b̃ d� i�

1

A

0

@
eip1 0 0
0 eip2 0
0 0 eip3

1

A , (2)

where the phases p
i

are arbitrary. One can choose some particular values for p
i

to obtain forms
of m

⌫

for convenience of analysis. For example the “-” sign for the “13” and “31” entries can be

2

To  have  Dirac  mass,  need  to  introduce  right  handed  neutrinos  νR:  (1,1)(0)



Some  theoretical  models  for  neutrino  masses

Loop  generated  neutrino  masses:
The  Zee  Model(1980);;  Zee-Babu  Model  (zee  1980;;  Babu,  1988)
Other  loop  models:  Babu&He;;  E.  Ma;;  Mohapatra  et  al;;  Geng  et  al

Seesaw  Models:

Type  I  Introduce  singlet  neutrinos
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As the general model is expected to be able to fit data, it may be more instructive to analyse
some simplified versions than just providing with numbers. We provide more details of Model A
and Model B discussed earlier next to see how additional assumptions restrict the level of model
agreement with data.

B. Model A predictions

Type-III: Introduce triplet lepton representations ⌃: (1,3,0) )

(Foot, Lew, He and Joshi, 1989).

L = ⌫̄
L

(Y
⌫

/
p
2)⌫

R

+ ⌫̄c

R

M⌫
R

The predictions for � and ✓23 are ±⇡/2 and ✓23 = ⇡/4,

Additional information for fixing the sign of �
CP

. Since � should be close to �⇡/2, should take
c2 > s2.

s13 = (1� 2cs)1/2/
p
3 is not predicted.

Fix cs = 0.497± 0.018 to predict s212 = 0.334± 0.004 for both NH and IH cases.

Note that V 2
e2 = (s12c13)2 = 1/3.

The s13 and |V
e2| agree with data within 1�.

But s23 outside 1�, can be consistent with data at 2 � level.

It is remarkable that neutrino mixing matrix in this model with just one free parameter can be
in reasonable agreement with data. This may be a hint that it is the form for mixing matrix, at
least as the lowest order approximation, that a underlying theory is producing. One should take
this mass matrix seriously in theoretical model buildings.

If the parameters in the set P are complex,

therefore a new phase ⇢ appears in the model.

⇢ can be used to improve agreement of the model with data.

In both NH and IH cases,

fixing cs and cos ⇢ to be 0.468 and 0.992, respectively.

s23 and � are determined to:

0.534 and 1.426⇡, respectively.

These values are in agreement with data at 1� level.

For the case with c = s, the model is more restrictive. In this case sin � = 0. With more precise
data on the CP violating angle �, this may rule out this simple case with high confidence level. If
⇢ = 0, the model is already ruled out at high precision from s13 measurement. However, with a
non-zero ⇢, the mixing angles can still be made to in agreement at 2� level. In Figure.(??) we show
s12, s23, s13 as functions of ⇢. When chose cos⇢ = 0.93, we can get s12 = 0.58, s23 = 0.78, s13 = 0.15
which agree with the experimental data within 2� range.

More precise experimental data are required to distinguish the model with complex model pa-
rameters from that with the real parameters and other models, or to rule out the above simples
completely.
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Type  I  Seesaw  model  for  neutrino  mass
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Seesaw  model,  originally,  proposed  to  explain  why  neutrino  masses  are  so  much  
smaller  than  their  charged  partners,  e, µ, τ. Later  pepole  found  that  this  model  
also  provide  a  natural  solution  to  the  baryon  asymmetry  of  our  universe.



Thermal  History  of  Our  Universe
In  early  universe,  all  energy  forms  existed  in  form  of  elementary  particles,  or  ….  
Temperature  is  high  and  were  in  thermal  equilibrium  
Criteria  for  thermal  equilibrium:  particle  interaction  length  1/Γ (Γ interaction rate) is  
smaller  than  Hubble  length  1/H0  
?beginning?Planck  mass    T  ~  1019GeV

Inflation

Big  Bang  ~  T>  1016 GeV(Not  in  thermal  
Equilibrium  by  SM  for  particle  physics)

Grand  Unification  ~  1016 GeV
EW  symmetry  breaking  300GeV

Color  confinement  ~300  MeV  ->Decoupling  
of  baryons

BBN  ~  1  MeV  ->  CMB  ~0.3  eV

Large  structure  formation  ->  Today  ~2.7K
163

7.  Baryon  Asymmetry  of  Our  Universe
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SNe Ia

LSS

CMB

Concordance region:

Cosmological scale Galaxy cluster scale Galactic scaleObservations 
support Dark 
Matter at

☞



Baryon  Asymmetry  of  Our  Universe

Possible,  but  certain  conditions  need  to  be  satisfied.
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Dark matter cannot be the 
particle in the standard 
model, which has to be:

Dark Matter: 26.8%

Massive

WIMP

Non baryonic

No charge (electric or color)

Stable (τ > 1026 s, τuniverse ~ 1017 s)

Axion
Sterile neutrino
. . . . . .

Cosmic Microwave Background (CMB)     
very cold (-270.275 C, 2.725 K) and nearly uniform relic 

radiation left over from the hot big bang 

1992 2003 2013

1965

Physics Nobel Prize 1978

Physics Nobel Prize 2006

In our Universe, matter dominates over anti-matter

- Why this is so is the problem of Baryon Asymmetry of our Universe (BAU)

In cosmological terms, the problem is as follows

If initially, the universe is matter and anti-matter symmetric

n
B

/n
�

= n
B̄

)/n
�

⇠ 10�20

n
B

(n
B̄

) - baryon (anti-baryon) number density, n
�

- photon number density

However observation, BBN and CMB, show that

⌘ = (n
B

� n
B̄

)/n
�

⇠ 6⇥ 10�10

There is a 1010 order of magnitude di↵erence.

Initially, there is a baryon asymmetry?

But inflation will dilute any asymmetry to zero.

Possible to generate a ⌘ which fits observtion

from an, initially, matter anti-matter symmetry universe?
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The  Sakharov  Conditions  for  Baryogenesis  (1967)

The  need  of  baryon  number  violation  is  obvious,  without  this,  B  will  not  change.  If  start  
with  total  baryon  number  =  0,  it  will  remain.

C  changes  Γ(  X  ->  q…)  to  Γ(  anit-X  ->  anti-q…),  if  C  is  conserved,  X  and  anti-X  decay  
will  counterbalanced.  C  needs  to  be  violated.

CP  changes  Γ(  X  ->  q(L,R)…)  to  Γ(  anit-X  ->  anti-q(L,R)…),  if  CP  conserved,  again  no  net  
baryon  generated.
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Baryon  Number  B    Violation
C  and  CP  Violation
Interactions  Out  Of  Thermal  Equilibrium



Standard  Model  has  allingradients
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Baryon  number  violation:  Sphelaron effects-tunneling  effects  from  different  vacuum  
states  with  non-zero  baryon  number  differences.  Violated  B+L,  but  conserves  B-L.

C  and  CP  violation:  Electroweak  interaction  violates  C,  and  phase  in  Kobayashi-Maskawa
mixing  matrix  violates  CP.

Out  of  thermal  equilibrium:  Electroweak  symmetry  breaking

But,  CP  violation  rate  too  small,  out  of  thermal  equilibrium  too  weak.  Not  enough  to  
generate  a  large  enough  Baryon  Asymmetry.

If  Higgs  mass  is  less  than  70  GeV,  second  order  phase  transition  at  electroweak  
symmetry  breaking,  too  weak.  

η ∼ 10−20 Too  small.      Needs  to  go  beyond  SM!

Electroweak  baryogenesis,  Leptogenesis,  Gut  baryogenesis….



Leptogenesis
Fukugita  and  Yanagida,  PLB174,  45(1986)

Translate  lepton  number  asymmetry  generated  in  the  early  universe  to  
baryon  number  asymmetry!

Requires  lepton  asymmetry  generated  before  Sphelaron  effects  to  be  in  
effective  (  T  ~  1012 – a  few  TeV).      Initial  aL(i)=a,  aB(i)=0.

Sphelaron  effect:  Conserve  B-L,  but  violates  B+L
After:  aL(f)+aB(f)  =  0,  aL(i)  – aB(i)  =  aL(f)  – aB(f)

aL(f)  =  a/2;;    aB(f)  =  -a/2    

half  of  initial  lepton  asymmetry  will  be  translated  into  baryon  asymmetry  if  
complete.

SM  Sphelaron  effect:    aB =  - (28/79)aL
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Seesaw  model  plays  the  right  role

The  last  term  violates  lepton  number  L  by  two  units!
Out  of  thermal  equilibrium  decay,  new  CP  violation  in  N  ->  L  h(φ)

N  decays  into  L  and  anti-L  differently
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Needs  to  consider  washout  effects  due  to  L  conserving  interactions  in  a  
expanding  universe
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MN and  mν masses  are  correlated  to  obtain  the  right  number  for  η,
mν of  order  0.0.5  eV,  MN ~  1012  – 1015  GeV.

Seesaw  model  is  a  viable  model  for  Baryon  Asymmetry  of  our  Universe  

Nielsen  and  Takanishi,  PLB507,  241(2001)



LHCb-CONF-2016-018
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CPT  sum  rule

LHCb data

Sum  rule  violated!

8.  A  Final  Comment:  CPT  violation?

CPT  sum  rule  in  time  dependent  B  decays



Further  tests  of  CPT  sum  rule  

CPT  symmetry  tested  to  great  precision.
Not  attempt  to  build  a  theoretical  model  to  explain  violation  of  CPT  rum  rule.

If  there  is  a  mixing  with  some  other  sector  (or  sectors)  with  the  correct  
quantum  numbers,  the  sum  rule  may  change.  
Do  not  have  a  good  candidate  to  choose  from  because  the  mass  of  the  
candidate  system  should  have  a  mass  very  close  to  BsL and  BsH.  

Further  tests  time-dependent  CP  violation
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Thank  you  all  for  listen  to  my  lectures

173


