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Part Three:  
Neutrino mass 
Phenomenology 
Notice: I again strongly acknowledge Eligio Lisi for 
allowing me to use part of his presentations done in 
CHIPP PhD Winter School, Jan. 2013, Grindelwald, 
Switzerland 



Recap: 3ν framework in just one slide (1 digit accuracy) 
 Flavors = e µ τ  
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  Abs.scale  Normal hierarchy…  or… Inverted hierarchy      mass2 split   

Knowns: 
δm2 ~ 8 x 10-5 eV2 

Δm2 ~ 2 x 10-3 eV2 

sin2θ12 ~ 0.3  
sin2θ23 ~ 0.4  
sin2θ13 ~ 0.02  

Unkowns: 
δ (CP) 

sign(Δm2)  
octant(sin2θ23)  
absolute mass scale 
Dirac/Majorana nature 



Oscillations constrain neutrino mixings and mass splittings  
but not the absolute mass scale.     
E.g., can take the lightest neutrino mass as free parameter: 

However, the lightest neutrino mass is not really an “observable” 
We know three realistic observables to attack ν masses   

 √Δm2  ~ 0.05   eV 

 √δm2   ~ 0.009 eV 
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The “weapon”: 

 ν oscillations 
0ν2β decay 

β decay 

cosmology 

Three prongs: One spear: 



The three prongs of the “trident”: (mβ, mββ, Σ) 

1)  β decay: m2
i ≠ 0 can affect spectrum endpoint. Sensitive to  

      the “effective electron neutrino mass”: 

2)  0νββ decay: Can occur if  m2
i ≠ 0  and ν=ν (Majorana, not Dirac) 

 Sensitive to the “effective Majorana mass” (and phases):    

3)  Cosmology: m2
i ≠ 0 can affect large scale structures in (standard) 

      cosmology constrained by CMB + other data. Sensitive to: 



Tritium: low-Q, fast decays 

Need good energy resolution 



For just one (electron) neutrino family:  sensitivity to m2(νe)  (obsolete)  

For three neutrino families νi,  and individual masses experimentally 
unresolved in beta decay: sensitivity to the sum of m2(νi), weighted  
by squared mixings |Uei|2 with the electron neutrino. Observable:     

                 (so-called  “effective electron neutrino mass”) 
 

Note: mass state with largest electron flavor component is ν1:                           
                              ⎜Ue1⎜2 ≈ cos2θ12 ≈ 0.7 
… and we can’t exclude that ν1 is ~massless in normal hierarchy. 



< 2.2 eV    

History plot for tritium 

Latest bounds at the level of ~2 eV 



In construction: KATRIN experiment 

Magnetic Adiabatic Collimation with an Electrostatic Filter 



Probably the “ultimate” spectrometer of this kind…. 



KATRIN sensitivity 

Mainz + Troitsk: mβ < 2 eV  

KATRIN: O(10) improvement 

Examples of prospective  
results at KATRIN (±1σ, [eV]): 

mβ =    0 ±0.12   (<0.2 at 90% CL) 

mβ = 0.30±0.10   (3σ evidence) 

mβ = 0.35±0.07   (5σ discovery) 

[Need new ideas to go below ~0.2 eV] 



Can occur only for Majorana neutrinos. Intuitive picture: 
 
1) A RH antineutrino is emitted at point “A” together with an electron 
2)  If it is massive, at O(m/E) it develops a LH component (not possible if Weyl) 
3) If neutrino=antineutrino, this component is a LH neutrino (not possible if Dirac) 
4) The LH (Majorana) neutrino is absorbed at “B” where a 2nd electron is emitted 
 
 
[EW part is “simple”. Nuclear physics part is rather complicated and uncertain.] 
 

Neutrinoless double beta decay: (A,Z)  (A,Z+2)+2e 
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Warning: previous expression invalid for nonstandard 0νββ decays 



Experimentally: Look at sum energy of both electrons 
Need to see the 0νββ line emerge above bkgd, at 
endpoint of spectrum from “conventional” 2νββ decay.    

0νββ  

2νββ  



What sets the uncertainty of mββ ? 
 
In case of positive signal, a major concern is the 
accuracy of the nuclear matrix element |M|, rather 
than the expt. uncertainty on the decay half life: 

  Half-life        Phase space       Matrix element 



Luckily, independent  
nuclear physics models  
converge better than it  
could be hoped only a few  
years ago … 

… especially when using the  
same theo. inputs for comparison  
(e.g, same description of short 
range nucleon repulsion) and  
exploiting additional data 
BUT: errors remain large 
for each candidate nucleus.  

from: Simkovic 





0νββ search: No signal observed so far, except in the most sensitive 
experiment to date (Heidelberg-Moscow): 6σ signal claimed by  
(part of) the experimental collaboration. Still hotly debated. 



 Claim versus current limits (in terms of Majorana mass) 

arXiv:1301.1587  



          Claim versus current limits (in terms of half-life) 

[Claim partly disfavored by EXO + KamLAND-Zen data] 



Standard big bang cosmology predicts a relic neutrino  
background with total number density 336/cm3 and  
temper. Tν ~ 2 K ~ 1.7 x 10-4 eV << √δm2, √Δm2 . 
 
 At least two relic neutrino species are nonrelativistic 
today (we can’t exclude the lightest to be ~massless) 
 
Their total mass contributes to the normalized energy  
density as Ων≈Σ/50 eV, where 
 
 
 
 So, if we just impose that neutrinos do not saturate 
the total matter density, Ων<Ωm≈0.25, we get 
               mi < 4 eV   -  not bad! 

       Cosmology: a “modern” probe 



(E..g., Ma 1996) 

mν = 0 eV mν = 1 eV 

mν = 7 eV mν = 4 eV 

Much better bounds can be derived from neutrino effects on 
structure formation.   
 
Massive neutrinos are difficult to cluster because of their  
relatively high velocities: they suppress matter fluctuations on  
scales smaller than their mass-dependent free-streaming scale. 
 
  Get mass-dependent suppression of small-scale structures 
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Observations: Spectra: 

LSS 

CMB 

Constraints from CMB also help removing degeneracies. 



Spectral effect of massive neutrinos (e.g., from Y.Y.Y. Wong) 

Significant progress after WMAP and recent galaxy surveys 



Just an example of recent limits on the sum of ν masses 
from various data sets (assuming the “flat ΛCDM model”): 
[from latest WMAP-9y data release, dec. 2012] 

In general, upper limits range  
from: “conservative” (only CMB data, dominated by WMAP 9y), <1.2 eV 
   to: “aggressive”   (all relevant cosmological data),                 <0.2 eV 
 
Intermediate upper limits around Σ < 0.6 eV have gained large consensus. 
More stringent limits require more “faith” in current control of syst.’s.   
 



After Planck 
(march 2013) 
arXiv:1303.5076 



The trident… in action 

 ν oscillations 
0ν2β decay 
β decay 

cosmology 



Interplay: Oscillations fix the mass2 splittings, and  
thus induce positive correlations between any pair  
of the three observables (mβ, mββ, Σ), e.g.: 

   mββ 

Σ 

i.e., if one observable increases, the other one  
(typically) must increase to match mass splitting 
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Generic expectations: In the absence of new physics  
(beyond 3ν masses and  mixing), any two data among 
(mβ, mββ, Σ) are expected to cross the oscillation band 

This requirement provides either an important consistency check or, if 
not realized, an indication for new physics (barring expt mistakes) 
       ⇒  Data accuracy/reliability/redundance are crucial  

   mββ 

Σ 



The “spear” (oscill. data) sets the “hunting direction” in the (mβ, mββ, Σ)  
parameter space: 
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Spread due  
to unknown  
Majorana phases 
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Footnote 1 -  Slightly thinner bands in recent years  
(progress in oscillation parameters). Majorana phase 
uncertainty remains dominant in sub-plots with mββ.  
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     “Moore’s law” in this field: factor of ~10 improvement every ~15 years 

2000 

2015 

2000 

2015 

2030 

 2015  2000 

  ? 

   ? 



Such “logarithmic progress” seems to be: 
 
  
- maybe slowing for β decay (after KATRIN) 
 
 - continuing for 0ν2β decay 
 
 - “accelerating” for cosmology: the only probe 
    where the ultimate goal (Σmin =√Δm2≈0.05 eV) 
    is claimed to be reachable 

You have good chances to see first successful results within your career! 



β decay: need new ideas to go beyond KATRIN  
   (calorimetry?). Very far future … a possible  
    observation  of the relic neutrino bkgd ? 

(Cocco, Mangano & Messina) 



Double-beta decay: 
Progress expected from 
many experiments in the 
next decade: 
 
(from Rodejohann 2012) 

... might cover the 
whole range for 
inverted hierarchy: 



         With “dreamlike” data one could, e.g.   

Check 3ν 
consistency … 

Identify the 
hierarchy … 

Probe the 
Majorana  
phase(s) … 

Determine the 
mass scale… 

mν 



Cosmo-“aggressive” 

But the available data do not yet lead to definite conclusions. 
Beta decay: no yet very constraining. Double beta vs cosmology:  
different possibilities. E.g.,  

The tighest cosmo bounds 
are not compatible with 
Klapdor’s claim. Then, either 
one of the two is wrong, or 
there is new physics beyond 
the standard model (of particle 
physics and/or of cosmology)  



Cosmo-“conservative” 

The safest cosmo bounds 
can be made compatible with 
Klapdor’s claim, with no new 
physics required. Then, the 
combination of data (black 
wedge) would prefer degenerate  
neutrino masses, ~few x 10-1 eV 



Let’s entertain the possibility that the “true” answer is just  
at or around the corner… For instance, that neutrinos are  
Majorana, with nearly degenerate and relatively large masses: 
 

                               
                                 m1~m2~m3~0.2 eV . 
 
Then we might reasonably hope to observe soon all three  
nonoscillation signals in current/next generation experiments, e.g., 

in which case… 



…The absolute neutrino mass would be established within ~25% 
uncertainty, and one Majorana phase (φ2) would be constrained… 

exp(iφ2) = +1 
exp(iφ2) = -1 
(disfavored) 



Progress expected in cosmology:      (from Y.Y.Y. Wong)  
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 Fundamental physics 
•  Oscillation phenomenology 
•  Direct mass searches 
•  Mass and mixing models 
•  Number of families and origin of flavor 
•  Non-standard, physics beyond SM, sterile 

states 
•  Lepton flavor violations 
•  Non hamiltonian propagation 

(decoherence) test of QM and QFT (CPT-
invariance) 

•  Neutrinos and extra- dimensions 
•  Nuclear physics, coherent scattering 

 Astrophysics and geophysics 
•  Solar and stellar neutrinos 
•  Role of neutrinos in SuperNova explosion 

and detection of SN neutrinos 
•  “Secondary” sources (atmospheric neutrinos, 

solar flares neutrinos etc.) 
•  Sources of galactic and Extragalactic High 

Energy (GRB, Blazars).neutrinos 
•  Geo-neutrinos 

 Cosmology 
•  Role of neutrinos in structure formation 
•  “Cosmological” measurements of neutrino 

masses 
•  Primordial nucleosynthesis 
•  Lepto-bariogenesys 
•  Direct and indirect detection of primordial 

(Big Bang) neutrinos 
•  Sterile neutrinos as Dark Matter 
•  Neutrinos and Dark Energy (MaVaNs) 
•  Indirect detection of Dark Matter 

(annihilation, DM decay in neutrinos…) 

 “Technological” application (SciFi???) 
•  Monitoring of power plants and nuclear 

proliferation 
•  Geological probes and earthquake 

forecast 
•  Communication (i.e. with submarines) 
•  Communication with extraterrestrial 

civilizations… 


