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NEUTRINOS 

Thanks to V. Hedberg , S. Euler,  S. Ricciardi 
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TODAY: 

 Neutrinos and their discovery 

 Atmospheric neutrinos 

 Solar neutrinos 

 Neutrino oscillations 

 Neutrino mass 

 The nature of neutrinos 

 Searches for exotic neutrinos 

 Long baseline experiments 
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NEUTRINOS 

 In the Standard Model neutrinos have no charge 

and no mass  only interacts weakly 

 In recent years we know they do have a mass  

gravitational interaction as well 

 

 From Z lineshape at LEP:  

’s come in  

three (active)  

flavors 
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DISCOVERY OF (ANTI) E  1956 

4 

 At nuclear reactor in Savannah 

 Decays of neutrons from the  

reactor 

 n → p + e− + νe  

 And then detect the ’s via 
 νe +   p ⟼ n + e+ 

 

 They got 2 𝜐𝑒  and 1 backgrd. 

event / hour , on average 
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DISCOVERY OF   (1962) 
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 Secondary beam of pions from the AGS accelerator 

 π− → μ− + νμ   (10-8 s) 

                   e− + νe + νμ    (10-6 s) 
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DISCOVERY OF  (2000) 
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Dedicated experiment DONUT  at Fermilab 
High E protons hit target :  p + p  Ds + X 

 -  +  anti-
 

With 𝜏 → 𝜐𝜏+ ℓ + 𝜐ℓ  
 
Identify  from  
reaction with n 
 
It took 6M events to  
select 4  candidates 
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EVENT FROM SUPER-K 
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NEUTRINOS OSCILLATE! 

No oscillations 

With Oscillations 
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NEUTRINO OSCILLATONS 
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SOLAR NEUTRINOS 
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SOLAR NEUTRINO PROBLEM 

 We see too few! 

 

 

 

 

 

 

 

 

 

Also this could be explained by nu oscillations  
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SNO EXPERIMENT 
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SNO EXPERIMENT 
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NEUTRINO MASS   
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Neutrinos oscillate  they must have non-zero ( different ) masses 
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PMNS MATRIX  (PONTECORVO-MAKI-

NAKAGAWA-SAKATA) 
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DIRAC OR  MAJORANA PARTICLE? 
 

 Dirac particles: (SM) The known spin ½ fermions 

 Fulfills Dirac eqn  𝒊ℏ𝜸𝝁𝝏𝝁𝝍 −𝒎𝒄𝝍 = 𝟎 

 Lepton number would be conserved 

 Majorana particles:  

 Particle = anti-particle (ex: , Z0, 0 . But not n, K0)  

 Lepton number would not be conserved 

 How come we don’t know?!  

 We observe only L and anti-R so cannot compare 

same polarization directly.  

 For inst:  

 𝜋+ → 𝜇+ + 𝜈𝜇   𝜋− → 𝜇− + 𝜈𝜇  

 Is the different interaction due to different 

polarization, or real 𝜈 − 𝜈  difference? 

 If 𝑚𝜈  ≡ 0 we wouldn’t care 
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Right-handed  
always 

Left-handed  
always 



GENERATING NEUTRINO MASS  

23 23 

 Dirac mass term: ℒ =  𝑚𝐷 ( 𝜓𝐿𝜓𝑅 + 𝜓𝑅𝜓𝐿) i.e. 

need both L and R fields!  Thus, 𝑚𝜈 ≡ 0 in the SM 

 Majorana :  and anti- different states of same 

particle  Both Dirac and Majorana mass terms: 

 (𝜓𝐿  𝜓𝐿)
𝑚𝐿 𝑚𝐷

𝑚𝐷 𝑚𝑅

𝜓𝑅

𝜓𝑅
 

See-saw mechanism: mL=0, mR » mD ie     
0 𝑚𝜐

𝑚𝜐 𝑀𝑅
 

Diagonalization of matrix gives 2 mass eigenstates/ 

flavor: 

 Mlight = 𝑚𝜈2 / M , mostly L-handed 

 Mheavy = M , mostly R-handed (not yet observed due to 

     its large mass) 
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c 
c 

Standard Higgs  
mechanism! 



SEARCHES FOR MAJORANA NEUTRINOS @ 

THE LHC AND HEAVY NETURINOS 

24 24 24 

Reconstruct in cascade with WR    or   Effective lagrangian operators  

(N = heavy neutrino) 

Signature is same-sign dileptons 
and jets 
(if the nature of N is Dirac, 
instead opposite-sign leptons 
 
Current mass limit on N is ~2 TeV 



SEARCHES FOR NEUTRINO-LESS DOUBLE 

BETA DECAY 
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Several dedicated experiments: NEMO, SNO, EXO, KamLAND etc 

Several sensitive to lepton flavor violation in general 

Certain radioactive isotopes: single  decay forbidden 
Should then be possible to see double decay 

The neutrino-less version would  
Indicate Majorana neutrinos! 
(and lepton flavor violation) 
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OPERA 
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OPERA 
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ICECUBE 
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Strings of optical modules in 
holes drilled in the South pole 
ice 
The clear ice acts as  
Cherenkov medium  
 
 
 
 Measurements of neutrino 

oscillations 
 Astrophysical fluxes 
 Searches for dark matter 

and extra galactic neutrinos 

Digital 
Optical 
Module 
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ICECUBE 
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SOME ICECUBE RESULTS 

 Astrophysical neutrinos 

 No point sources found, limits on 

gramma ray bursts 
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NEUTRINO OSCILLATIONS 

 Precision similar to the dedicated oscillations 

experiments 

35 



CONCLUSIONS 

 Neutrinos have (had) many surprises in store for 

us 

 We already have evidence for physics beyond the 

SM in the neutrino sector! 

 Measurements often requires dedicated 

experiments 

 - but the neutrino experiments can tell us about 

much more than just neutrinos (such as dark matter, 

astrophysics, proton decay etc) 

 Many unanswered questions, for instance:  

 Are there more neutrinos? Right-handed neutrinos, 

Majorana or sterile neutrinos.  

 What is the mass hierarchy? 
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