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• Standard Model of particle interactions is very successful

• Agrees remarkably well with experiments

Effective theory - at least gravity at MPl

Origin of mass of fundamental particles

Hierarchy problem

Neutrino mass - scale, inverted or normal,
Dirac or Majorana?

Fermion mass hierarchy <1eV to 175 GeV

Dark matter

Matter anti-matter asymmetry

Dark energy ……

Collider Experiments (and others) will shed light on these questions
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Outline

•   Neutrinos - what we know and don’t know

•   Motivation and survey

•   Searches for neutrinos

•   Laboratory searches

•   Collider searches

•   Lepton number violating processes

•   Summary
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* Kayser
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Type I Seesaw
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Type II Seesaw
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Type III Seesaw
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Testing Neutrino Physics

Cosmology
Pulsar kicks, dark matter
Structure formation, supernova, etc

Experiment
Laboratory, collide
Precision, oscillation

Theory
Seesaw, SUSY, ED, new ideas,
Phenomenological considerations, etc
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* ** *** The fine print * ** ***

•   non-oscillation experiments
•   samples only
•   reference omission - see fine print
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Laboratory Constraints

The search for heavy Majorana neutrinos depends on mass

Thanks to s.pascoli for graphic
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Laboratory Constraints

Beta decay:
Searches for kinks in electron beta decay spectra

Sensitive for masses of 10 eV to 1 MeV
Sensitive to mixing with electron neutrino

Peak Searches:
If heavy neutrino mixes with light ones it would modify the
spectrum of leptons in meson decays
For example, in pion and kaon decays a peak would appear
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Laboratory Constraints

Decays
Heavy neutrino that mix with active ones are produced in
colliders, beams, etc ~
The heavy neutrinos decay ~
Look for SM decay products
Example:

These bounds less reliable than peak searches. If non-SM decays
exist the bounds can be weakened or evaded.

Present and future neutrino facilities can improve on these bounds
due to large neutrino flux
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AA, Han, Pascoli, Zhang 09
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AA, Han, Pascoli, Zhang 09
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Other constraints

Precision electroweak tests ~
Fermi constant measured in muon decays, lepton universality,
invisible Z decay width, etc

Lepton Flavor Violation, muon-electron conversion, mu to 3e
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Searches for Majorana Neutrinos
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* U Seljak et al., (2005), (2006), AA et al. (2005).
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Rare decays of tau and mesons
Mass ~ 100 MeV - 5 GeV
Real particle, propagates before
decaying
May exit the detector before
decaying

Limits weakened to
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The branching ratios
can be approximated as

Lepton Number Violating Meson Decays
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Collider Searches of Heavy Neutrinos
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Phenomenological considerations
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AA, Han, Pascoli,
Zhang (2009)
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Tevatron
Main backgrounds: 

Current Sensitivity

Future
Sensitivity

AA, Han,
Pascoli,
Zhang 09
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LHC

Main backgrounds: 

AA, Han, Pascoli, Zhang 09, A-Saavedra et al.

Sensitivity
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Production Decay

Han, Mukhopadhyay, Si, Wang 07
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Perez, Han, Si, Wang, Huang, Li 08
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Ahrib, Bajc, Ghosh, Han, Huang, Puljak, Senjanovic 09
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Thanks to T.Han
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Summary
•   Important to test the Dirac or Majorana nature of neutrinos

Need lepton number violating processes
•   For light neutrinos, neutrinoless double beta decay may be the
only hope  if
•   For a heavy neutrino, sensitivity at

Tevatron
LHC

•   For scalar triplets (Type II seesaw)
LHC reach
Distinguish normal/inverted hierarchy, Probe Majorana phases

•   For lepton triplets(Type III seesaw)
LHC reach
Probe normal/inverted hierarchy
Many places to look, many things to discover - exciting times!!


