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Lesson II – 1st part (~ 1h): 
 
* (3ν) absolute mass observables: 
  - beta decay  
  - 0νββ decay (+ notes on  ν spinors) 
  - precision cosmology 
  - current phenomenology 
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Recap: 3ν framework in just one slide (1 digit accuracy) 

 Flavors = e µ τ  

+Δm2 

δm2 m2
ν ν2 

ν1 

ν3 

ν3 

-Δm2 

  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 ~ 0.5  
sin2θ13 ~ 0.02  

Unkowns: 
δ (CP) 
sign(Δm2)  
octant(sin2θ23)  
absolute mass scale 
Dirac/Majorana nature 
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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 à  

 √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: 
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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: 
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Beta decay: Classic kinematic search for neutrino mass.  
                     Look at high-energy endpoint Q of spectrum. 
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Tritium: low-Q, fast decays 

Need good energy resolution 
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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. 
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< 2.2 eV    

History plot for tritium 

Latest bounds at the level of ~2 eV 
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In construction: KATRIN experiment 

Magnetic Adiabatic Collimation with an Electrostatic Filter 
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Probably the 
“ultimate” 
spectrometer 
of this kind…. 
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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] 
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Weak interactions are chiral ( = not mirror-symmetric): 

RIGHT 

LEFT ν 

ν 

Neutrinos are created in  
a left-handed (LH) state 

Anti-nus are created in  
a right-handed (RH) state 

Neutrinos couldn’t see themselves in a mirror… like vampires!  

Neutrinoless double beta decay - Basics 
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RIGHT 

LEFT ν: 

ν: 

For massless neutrinos: handedness is a constant of motion  
 

2 independent d.o.f.: massless (“Weyl”) 2-spinor 
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RIGHT 

LEFT ν: 

ν: 

RIGHT 

LEFT 

⊕ O(m/E) 

⊕ O(m/E) 

But: massive ν can develop the “wrong” handedness at O(m/E) 
(the Dirac equation mixes RH and LH states for mν≠0): 

If these 4 d.o.f. are independent: massive (“Dirac”) 4-spinor 
[à Distinction between neutrinos and antineutrinos, as for  
electrically charged fermions. Can define a “lepton number”]   
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RIGHT 

LEFT ν: 

ν: 

RIGHT 

LEFT 

⊕ O(m/E) 

⊕ O(m/E) 

But, for neutral fermions, 2 components might be identical ! 

Massive (“Majorana”) 4-spinor with 2 independent d.o.f. 
[No distinction between neutrinos and antineutrinos, up to a phase: 
A *very* neutral particle: no electric charge, no leptonic number…] 
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Conjugation operator: ⇥c = C(⇥) = i�2⇥� �antiparticle = C(�particle), 

     Summary of options for neutrino spinor field: 

� = �R + �c
R = �c

or � = �L + �c
L = �c

� = �R

or � = �L

� = �R + �L �= �c

m=0, 
Weyl: 

m≠0, 
Majorana: 

m≠0, 
Dirac: 

massless field  
with 2 d.o.f. 

massive field  
with 2 d.o.f. 

massive field  
with 4 d.o.f. 

[Later: Majorana masses and “see-saw” mechanism to explain their smallness] 
Experiments: “unique” experimental handle to Majorana neutrinos à     
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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) à (A,Z+2)+2e 

A 

B 
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2 
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u     e     e     u 

W W 
ν 

Standard 

u     e     e     u 

W W 
N 

 Heavy ν  

u     e     e     u 

Kaluza-Klein 
(KK±1 Brane:a=10±1/GeV) 

W W 
ν(n) 

u     e     e     u 

WR,L 

νL,R 
   RHC λ,η 
 λ=RH had, η=LH had 

WR,L 

e     u     u     e 

u u 
g 

 SUSY g  

~ ~ 
~ 

~ 

p     e     e     p 

π 

 SUSY π  

π SUSY 

Warning: previous expression invalid for nonstandard 0νββ decays 
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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  
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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 

2

0
000

A

F
TGT g

MMMM
ν

ννν −+=
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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 
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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. 
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 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] 
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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 . 
 
à At least two relic neutrino species are nonrelativistic 
today (we can’t exclude the lightest to be ~massless) 
 
àTheir total mass contributes to the normalized energy  
density as Ων≈Σ/50 eV, where 
 
 
 
à 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 
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(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. 
 
à  Get mass-dependent suppression of small-scale structures 
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Observations: Spectra: 

LSS 

CMB 

Constraints from CMB also help removing degeneracies. 
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Spectral effect of massive neutrinos (e.g., from Y.Y.Y. Wong) 

Significant progress after WMAP and recent galaxy surveys 
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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.   
 



The trident… in action 

 ν oscillations 
0ν2β decay 
β decay 

cosmology 
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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 

36 



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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Footnote 2 -  Previous plots project away the  
“unobservable” lightest neutrino mass from graphs like: 

Taken from Strumia and Vissani, 2006 
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     “Moore’s law” in this field: factor of ~10 improvement every ~15 years 

2000 

2015 

2000 

2015 

2030 

 2015  2000 

  ? 

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

(Cocco, Mangano & Messina) 
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Double-beta decay: 
Progress expected from 
many experiments in the 
next decade: 
 
(from Rodejohann 2012) 

... might cover the 
whole range for 
inverted hierarchy: 
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Progress expected in cosmology:      (from Y.Y.Y. Wong)  
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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 
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         With “dreamlike” data one could, e.g.   

Check 3ν 
consistency … 

Identify the 
hierarchy … 

Probe the 
Majorana  
phase(s) … 

Determine the 
mass scale… 

mν 
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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)  
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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 
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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… 
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…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) 
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Neutrino masses are also a window to new physics... 
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End of 1st part of Lecture II 
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Lesson II – 2nd  part (~ 1h): 
 
* Oscillations - some open problems: 
  - mass hierarchy 
  - CP violation and precision frontier  
    (+ long exercise on Peµ) 
  - sterile neutrinos 
   
* Appendix for further reading:  
   Notes on statistics and data analysis 



  Hierarchy: no current hint !   How can we get sign(±Δm2) ?  
Is the state with smallest νe component (ν3) lightest or heaviest? 
 
 
 
 

The hierarchy, namely, sign(±Δm2), can be probed (in principle), via 
interference of Δm2-driven oscillations with some other Q-driven 
oscillations, where Q is a quantity with known sign. 
 

At present, the only known possibilities (barring new physics) are: 
 
 
Q = δm2                (e.g., high-precision oscillometry in vacuum) 
 
Q = Electron density  (e.g., matter effects in Earth) 
 
Q = Neutrino density (SN ν-ν interaction effects)  
 
 
Each of them is very challenging, for rather different reasons.  
  
All of them are worth revisiting in more detail for “large” θ13 !   

ν 
ν 

ν 
ν � 

ν 
e 

ν 
e � 
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Precision oscillometry with reactors 

Short baseline O(1 km): sensitive to δm2 

Long baseline O(100 km): sensitive to Δm2   

Can “medium” baselines, ~50 km, be sensitive to both? 
                     In principle, yes... (Petcov & Piai et al) 
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Full 3-neutrino oscillations at reactors : 
 
  1� Pee = 4|Ue1|2|Ue2|2 sin2

�
�m2L

4E

⇥

+ 4|Ue1|2|Ue3|2 sin2

�
±�m2 + �m2/2

4E
L

⇥

+ 4|Ue2|2|Ue3|2 sin2

�
±�m2 � �m2/2

4E
L

⇥

“slow osc.” 
(long baseline) 

“fast osc.” 
(short baseline) 

Note that the “fast oscillation” terms are not  
invariant under swap of hierarchy, having  
different amplitudes.   
 
Of course, their separation would demand very high 
statistics and resolution, and accurate energy scale 



64 



65 
Double CHOOZ 
Daya Bay, Reno 

All in one slide… 
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E.g.: Hierarchy via Fourier analysis of the fast oscillations (Learned et al.) 
For perfect resolution, should find two high frequencies 
Δm2±δm2/2 with different amplitudes:  

FFT 

NH IH 

IH NH 

For finite resolution, the two peaks 
would merge, but the lowest one 
should still survive as a “shoulder” 
on the left (NH) or on the right (IH) 
of the dominant peak. 
 
Feasibility studies focused on possible  
follow-up of Daya Bay and/or RENO. 
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A second approach to hierarchy is provided by the usual MSW 
effect (neutrino-matter forward scattering). Fractional variation 
of amplitude or phase is roughly ±2√2GF Ne E/(±Δm2), where the 
first ± refers to nu/antinu and the second to NH/IH. 
 
Variations can be up to ~30% in accelerator beams with relatively 
sharp E-spectra (off-axis) and relatively long L inside the Earth 
crust (optimal choice: ~oscillation maximum). E.g., NOvA:     

But: absolute amplitude of νμ->νe (which scales as sin2θ13) has 
strong  δ dependence. Must be lucky !     

L~810 km 
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Discussion of NOvA, T2K, future LBL experiments  
often refers to bi-probability plots for electron flavor 
appearance in the neutrino and antineutrino channels: 

At fixed L, E and Ne, the ellipses are parametric curves as a function 
of the CP phase δ (à measurable in principle via ν-antiν comparison) 
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These curves are useful to address the serious problem of 
    degeneracies: one experimental point can correspond to 
different hierarchies or octants or CP phases (clone solutions)  

Large literature on degeneracy problem; solution requires 
data at different L, E and in different oscillation channels. 
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superbeam 
(pion decay) 

Beta-beam 
 ion decay 6He, 18Ne or 8Be, 8Li 

Neutrino Factory 
(muon decay) 

(from A. Blondel) 

Intense R&D on beams... 

... on sites 
  (?) and on... 



…possible big detectors, also for other purposes  
  (p-decay, SN, solar, atmospheric, geo-nu…). 
  Just one example: 

    Discussion about beams/sites/detectors is ongoing. 
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Several studies on systematic comparison of different options in  
terms of discovery potential, accuracy, physics synergies, cost etc., 
especially towards the goal of CP violation searches in neutrinos; e.g., 

(from Coloma, Huber, Kopp, Winter) 
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Slide from: Walter Winter 

Ø  Complicated, but all interesting information 
there: θ13, δCP, mass hierarchy (via A) 

(Cervera et al. 2000; Freund, Huber, Lindner, 2000; Freund, 2001) 

νµ   νe  

Such studies often refer to the following appearance probability:   



74 ... in various different versions, e.g.,     

   Note that matter effects are trivially “CP-violating” (i.e., 
  induce a difference between neutrinos and antineutrinos) 
 since ordinary matter contains electrons but not positrons. 
   Future LBL experiments seeking to measure genuine CP  
effects due to the phase δ must “disentangle” matter effects.  
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A phenomenological analysis of this equation, in the context  
of current and future oscillation searches seeking effects 
of hierarchy, octant, CP-violation, and Earth matter, 
would require dedicated lectures. 
 
There are many excellent talks/lectures/reviews devoted 
to such studies, and to the optimization of prospective 
facilities in order to observe subleading effects.  
 
However, it’s very difficult to find a pedagogical derivation 
of the previous (approximate) formula, which is at the basis  
of bi-probability plots and of various optimizations. 
 
You can find it in the next slides (longest exercise of this  
course).   
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Back to hierarchy: the second option (using MSW effect) may be 
implemented in large-volume detectors (Hyper-Kamiokande, INO...) 
via atmospheric neutrinos. With very high statistics, they might be  
sensitive to subleading hierarchy/matter effects beyond the one-
dominant-mass scale approximation discussed before.  
E.g., recent studies on PINGU in IceCube  

(Akhmedov, Razzaque, Smirnov; slides from E. Resconi) 
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Again on hierarchy: a third option may be provided by neutrino-
neutrino forward scattering in core-collapse SN. In this case, 
±Δm2 compares  with ±2√2GF E * density (nu + antinu). Maybe  
the only place to test neutrino-neutrino interactions!  
 

Burst of papers in recent years. Interesting and peculiar nonlinear 
phenomena arise (“collective effects”), such as spectral split/swap 
effects in observable spectra (for I.H.) 
 
 
 
 
 
 
 
 
 
 
 
Very interesting theoretically (coupled, nonlinear flavor histories). 
But: rather technical subject, wash-out effects under study. 
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Hamiltonian now depends on neutrino density -> use density matrix.      
Liouville equations: i∂t ρ=[H,ρ]      (for each neutrino mode) 
 

Decompose 2x2 (anti)neutrino density matrix over Pauli matrices to get a 
“polarization” (Bloch) 3-vector P=(P1,P2,P3)=(Px,Py,Pz).      [Ditto for H.]    

Bloch equations:      ∂t P = Vx P    (precession-like, |P|=const) 

Any mode P moves on a Bloch sphere 
(abstract “flavor space”). 
 

“up” direction  :   νe flavor 
“down” direct.  :   νx flavor 
 generic direct. :  mixed flavor state 
 

Probability Pee  related  to  P3=PZ 

P 

 Coupled equations of motion (for 2 flavors, e and x=µ,τ) 
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 Coupled equations of motion (cont’d) 
The problem is that there are lots of kinematical neutrino modes: 
continuous distributions over energy and angle(s) -> no less than ∞2 ! 

Discretize over energy spectrum (NE bins), and over angular distribution 
in multi-angle simulations (NΘ bins) -> Get discrete index (indices), Pi . 
Evolution governed by 6xNExNΘ coupled Bloch equations of the form: 

vacuum 
matter 

self-interaction 

ij couplings 

  Large, “stiff” set of (strongly) coupled differential equations. 
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Strong couplings between polarization vectors make the problem  
difficult, but also make an analytical understanding possible after all !     
Key tool of “near-alignment” or “strong polarization”, e.g.: 

(global polarization vector) 

Neutrino “flavor polarizations” align at high density! 
Recent wave of numerical+analytical papers, very surprising 
“collective” behavior found, significant dependence on hierarchy  
and on nonzero theta(13) (as well as on new interactions)  
Warning: effects may be washed out by many complications in SN...     
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Lesson II – 2nd  part (~ 1h): 
 
* Oscillations - some open problems: 
  - mass hierarchy 
  - CP violation and precision frontier  
    (+ long exercise on Peµ) 
 - sterile neutrinos 
   
* Appendix for further reading:  
   Notes on statistics and data analysis 

... and now, the last topic of this course: 
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Reminder: sterile neutrinos are not forbidden by LEP (N=3 active!) 
One sterile neutrino at eV scale might lead to further flavor 
appearance/disappearance phenomena, as previously worked out:  
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One short-baseline accelerator experiment (LSND) claimed  
in the 90’s flavor oscillation appearance at the O(eV) scale:    
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Unfortunately, after >20 years, this result has not 
been either confirmed or ruled out conclusively, even 
by dedicated appearance experiments (e.g., MiniBoone).  
 
You may or may not see an oscillation pattern here... 

... especially if you exclude the two rightmost data points 
    at lowest energy and highest background. 

MiniBoone 
LSND 
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Moreover, if there is a new νµ à νe appearance signal, 
there must be larger  νµ à νµ  and νe à νe disappearance  
signals at the same scale, ΔM2~O(eV2): 
 
 
 
  
 
However, no unambiguous disappearance signal has been 
seen, especially in νµ à νµ mode. 
 
 
This fact makes it difficult to reconcile positive LSND  
results with (mainly) negative results from other epts., 
not only in models with 1 additional sterile neutrino (3+1) 
but even with 2 steriles (3+2) à  
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Sterile neutrinos

3+1 global fit
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� despite relaxed constraints on Ue4 no improvement of global 3+1 fit
� LSND+MB�̄ versus rest: ⇥2

PG = 21.5(24.2) for new (old) flux
� compatibility of less than 10�5

T. Schwetz (MPIK) LP2011 Mumbai, 25 Aug 2011 25 / 31

Kopp, Maltoni, Schwetz 2011 

3+2: Persisting Tension

3+1 3+2
! 2

PG 21 5 19 9
NDFPG 2 5
PGoF 2 10 5 1 3 10 3

[Kopp, Maltoni, Schwetz, arXiv:1103.4570]

3+1 3+2
! 2

PG 24 1 22 2
NDFPG 2 5
PGoF 6 10 6 5 10 4

[Giunti, Laveder, arXiv:1107.1452]
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! 3+2 improvement of PGoF is mainly a statistical e"ect!

! 3+2 is preferred to 3+1 only for CP-violating MiniBooNE neutrino
antineutrino di"erence.

C. Giunti Phenomenology of Sterile Neutrinos 3 August 2011 26/35

Giunti and Laveder 2011 

Appearance/disappearance tension in 3+1 and 3+2 
                        recent fits: 
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Recently, a possible hint for νe à νe disappearance due to sterile 
ν has been claimed (“reactor neutrino anomaly”), by a reanalysis of 
new fluxes and old reactor experiments at L<O(100) m. 
In addition to the known disappearance due to 3ν oscillations at 
L>O(100 m), there seems to be an extra deficit at small L:  

Mueller et al. 
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Also, recent data from precision cosmology (which constrain not only  
the total mass S but also the effective number of ν species Neff ) 
seem to show a preference for  Neff ~ 4 rather Neff ~ 3... 

2

2. Scenarios

We take the number of thermally excited ster-
ile neutrinos, Ns, to be an adjustable cosmological
fit parameter, while the active neutrinos are as-
sumed to have a fixed abundance corresponding
to N� = 3.046 so that the total e⇤ective number
of neutrinos Ne� = 3.046 + Ns. For the neu-
trino masses, we consider two schematic scenar-
ios. In the first scenario, the ordinary neutrinos
are taken to be massless, while the sterile states
have a common mass scale ms which is free to
vary. We dub this the “3 + Ns” scenario. The
second scenario, the “Ns +3” scenario, consists of
massless sterile states (ms = 0) and active neu-
trinos that have an adjustable common mass m� ,
i.e., all active species are treated as degenerate in
mass.

3. Cosmological analysis

Besides the new parameters Ns and ms or m� ,
we consider a cosmological parameter space con-
sisting of the standard “vanilla” �CDM parame-
ters: The baryon density ⇥b = ⇥bh2, cold dark
matter density ⇥cdm = ⇥cdmh2, Hubble param-
eter H0, scalar fluctuation amplitude As, scalar
spectral index ns, and the optical depth to reion-
isation � . We use either m� or ms as a fit param-
eter, depending on the scenario under considera-
tion, from which we calculate the contribution to
the matter density as (i) ⇥�h2 = Ns�ms/(93 eV)
in the 3 + Ns scheme, and (ii) ⇥�h2 = 3.046 �
m�/(93 eV) in the Ns + 3 case. We use CMB
data from the WMAP [10], ACBAR [11], BI-
CEP [12], and QuAD [13] experiments. In ad-
dition, we use the halo power spectrum extracted
from the SDSS-DR7 LRG sample [14]. Finally, we
impose a prior on the Hubble parameter based on
the Hubble Space Telescope observations [15].

In Figure 1, we show 2D confidence contours
for the 3 + Ns and Ns + 3 cases. We also provide
1D confidence intervals for Ns and m� or ms for
di⇤erent scenarios in Table 1. For Ns+3 (massless
radiation and ordinary neutrinos with mass m�),
the evidence for Ns > 0 is beyond 95%, although
it is weaker in the opposite scenario 3+Ns where
the new states are carrying mass.

Figure 1. 2D marginalised 68%-, 95%- and 99%-
credible regions for the neutrino mass and ther-
mally excited number of degrees of freedom Ns.
Top: The 3 + Ns scheme Bottom: The Ns + 3
scheme.

4. BBN

The relatively large Ns values compatible with
the above analysis are somewhat restricted by the
primordial light-element abundances. We sum-
marise current BBN constraints on Ns in Table 2.
For the 4He abundance we consider both the value
found by Izotov and Thuan [16], Y IT

p = 0.2565±
0.001 (stat)±0.005 (syst) and the value derived by
Aver et al. [17], Y A

p = 0.2561± 0.011. We adopt
the deuterium abundance of Pettini et al. [18],
log(D/H)p = 4.56 ± 0.04 and the baryon den-
sity inferred from our CMB+SDSS+HST analy-
sis, ⇥CMB

b = 0.02239± 0.00048.

... but with masses somewhat smaller than those required by  
oscillation mass differences... Situation clearly needs clarification  
from both cosmology (Planck 2013?) and from new (dis)appearance  
oscillation experiments. 

E.g., 
Hamann et al. 



101 E.g., try to test both disappearance and appearance in one and 
the same experiment, using near/far comparison and good flavor 
identification. A recent proposal: ICARUS/NESSiE at CERN: 

From: D. Gibin 

Mid position 
(1100 m) 

Near position 
(300 m) 

Far position 
(1600 m) 

Near	  position	  (330m)	  
150t	  LAr-‐TPC	  detector	  
To	  be	  build	  anew	  +	  
magnetic	  spectrometer	  

Far	  position	  (1600	  m)	  
ICARUS-‐T600	  detector	  +	  
magnetic	  spectrometer	  
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Sensitivity in disappearance: Sensitivity in appearance: 

ICARUS/NESSiE estimated potential 
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Another idea: test sterile neutrino oscillations with a  
strong radioactive source inside or just outside Borexino: 
might observe the oscillation pattern at scale of meters   

Many other ideas being discussed. Time will tell ! 
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   Finally, we should never forget that there are 
still vast lands to be explored in the neutrino world... 

(from ASPERA roadmap) 



105 Conclusions and Open Problems 
Neutrino mass & mixing: established fact 
Determination of (δm2,θ12) and (Δm2,θ23)    
Determination of θ13  at reactors (+ accel.) 
Observation of (half)-period of oscillations 
Direct evidence for solar ν flavor change 
Evidence for matter effects in the Sun 
Upper bounds on ν masses in (sub)eV range 
………… 

Further νe, ντ appearance data at accelerators 
Leptonic CP violation 
Absolute mν from β-decay and cosmology 
Test of 0ν2β claim and of Dirac/Majorana ν 
Matter effects in the Earth, Supernovae… 
Normal vs inverted hierarchy 
Octant of θ23 
Sterile neutrinos in oscillations and cosmology 
New neutrino interactions 
Deeper theoretical understanding  
………… 

  Great  
progress 
in recent  
  years … 

… and great  
  challenges 
    for the 
    future!  
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   After 83 years…  (W. Pauli, Letter from Zurich, 1930) 

… the neutrino continues to surprise us! 



APPENDIX FOR FURTHER READING 




















































