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CP Violation in Particle Physics 

Physics Nobel Prize 2008 

Discrete symmetries in particle physics 
 

C       ς  Charge conjugation, transforms particles to antiparticles 
             violated by weak interactions 
 

P       ς  Parity, changes left-handedness to right-handedness 
             violated by weak interactions 
 

T       ς  Time reversal, changes direction of motion (forward to backward) 
 

CPT  ς  exactly conserved in quantum field theory 
 

CP    ς  conserved by all gauge interactions 
             violated by three-flavor quark mixing matrix 

M. Kobayashi T. Maskawa 

× All measured CP-violating effects derive 
      from a single phase in the quark mass matrix 
      (Kobayashi-Maskawa phase),  
      i.e. from complex Yukawa couplings 
 

× Cosmic matter-antimatter asymmetry 
      requires new ingredients 
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Measurements of CKM Unitarity Triangle 

CKMfitter Group 
http://ckmfitter.in2p3.fr 

UTfit Collaboration 
http://www.utfit.org  
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Kobayashi and Maskawa 
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The CP Problem of Strong Interactions 

Real quark 
mass 

Phase from 
Yukawa coupling 

Angle 
variable 

Remove phase of mass term by chiral transformation of quark fields 
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Neutron Electric Dipole Moment 

Violates time reversal (T) and 
space reflection (P) symmetries 

Natural scale 

Experimental limit 

Limit on coefficient 
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Dynamical Solution 
Peccei & Quinn 1977,  Wilczek 1978,  Weinberg 1978 

CP-symmetry  
dynamically 
restored 
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The Pool Table Analogy  (Pierre Sikivie 1996) 

Gravity 
Symmetric 
relative 
to gravity 

Pool table 
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The Pool Table Analogy  (Pierre Sikivie 1996) 

Gravity 
Symmetric 
relative 
to gravity 

Pool table 
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  (Peccei & Quinn 1977) 
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The Pool Table Analogy  (Pierre Sikivie 1996) 

Gravity 
Symmetric 
relative 
to gravity 

Pool table 

New degree  
of freedom 
­ Axion 
(Weinberg 1978, Wilczek 1978) 

Axis 

Symmetry 
dynamically 
restored 

  (Peccei & Quinn 1977) 
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33 Years of Axions 
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The Cleansing Axion 

Frank Wilczek 

άL ƴŀƳŜŘ ǘƘŜƳ ŀŦǘŜǊ ŀ ƭŀǳƴŘǊȅ 
 detergent, since they clean up 

 ŀ ǇǊƻōƭŜƳ ǿƛǘƘ ŀƴ ŀȄƛŀƭ ŎǳǊǊŜƴǘΦέ 
 (Nobel lecture 2004) 
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Axion Bounds 

Direct 
searches 

Too much 
cold dark matter (classic) 

Tele 
scope Experiments 

Globular clusters 
(a-g-coupling) 

Too many 
events 

Too much 
energy loss 

SN 1987A (a-N-coupling)  

Too much 
hot dark matter 
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Supernova 1987A Energy-Loss Argument 

          SN 1987A neutrino signal Neutrino 
sphere 

 Neutrino  

 diffusion  

 Volume emission 
 of novel particles 

Late-time signal most sensitive observable 

Emission of very weakly interacting 
ǇŀǊǘƛŎƭŜǎ ǿƻǳƭŘ  άǎǘŜŀƭέ ŜƴŜǊƎȅ ŦǊƻƳ ǘƘŜ 
neutrino burst and shorten it. 
(Early neutrino burst powered by accretion, 
 not sensitive to volume energy loss.) 
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Diffuse Supernova Axion Background (DSAB) 

Raffelt, Redondo & Viaux 
work in progress (2011) 

ω Neutrinos from all core-collapse SNe comparable to photons from all stars 
 

ω Diffuse Supernova Neutrino Background (DSNB) similar energy density as 
   extra-galactic background light (EBL), approx 10%  of CMB energy density  
 

ω DSNB probably next astro neutrinos to be measured 
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Do White Dwarfs Need Axion Cooling? 

Isern, Catalán,  
García-Berro & Torres 
arXiv:0812.3043 

White dwarf  
luminosity function 
(number of WDs per 
 brightness interval) No axions 
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Axion as a Nambu-Goldstone Boson 

Periodic variable (angle) 
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Creation of Cosmological Axions 

Axions are born as nonrelativistic, classical field oscillations 
Very small mass, yet cold dark matter 


