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Quantum mechanics of a two-state system

• Schroedinger’s cat (an illustration): 
Observation – Alive(undecayed) or Dead(decayed)

• Non-simultaneous observables: 

• Hamiltonian: energy operator of the system

• Alive or Dead at t?



• Energy eigenstates:

Superposition of  A & D: to be or not to be?

• The poor cat state after some time:

• Probability to be found dead at t:



Weak interaction & 
neutrino oscillation
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From beta decay to two neutrinos

Electron 
neutrino Muon

neutrino



Weak interaction & Higgs mechanism

Higgs mechanism



Standard Model 



Neutrino Oscillation

Two neutrinos

Oscillation probability:



Three Neutrino Oscillation

atmospheric solarreactor



Revolution in 1998 – 2002



θ13 in 2012 



Origin of neutrino mass & 
triplet-antitripet oscillation at LHC

Quantum OscillatiOn PhenOmena

EJC & Sharma, arXiv:1206.6278; 1309.6888



Neutrino mass from triplet boson

• Higgs doublet boson:

• Triplet boson:

• Neutrino/Higgs-triplet interactions:

EJC, Lee, Park, 0304069



Triplet boson production & decays
Doubly charged boson search at LHC:  

same-sign di-leptons (l+l+ or l-l-)



Triplet-antitriplet mixing



Triplet-antitriplet oscillation

• Initial                           evolves as

• Probabilities of     going to      or      :



Same-Sign Tetra-Lepton Signature

• Oscillation leads to same-sign doubly-charged pair production:

• Production cross-section for SS4L:



SS4L production rate

• SS4L production including the oscillation factor:

• Benchmark point:



Conclusion
• Oscillation – a novel quantum phenomenon.
• Neutrinos exhibit a simple realization of quantum oscillation 
through which their mass differences and mixing have been 
measured.

• The origin of neutrino masses is a second “Higgs mechanism” 
by a triplet boson.

• Another novel phenomenon of triplet-antitriplet oscillation 
may be revealed by same-sign tetra-lepton signals – stay 
tuned for next results from LHC14! 
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