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Partial list of neutrino topics
• History of neutrino
• General Properties of Neutrinos. 
• The neutrino as the finger print of the week interaction ↔ 

violation of many sacred conservation laws.
• Neutrino mass and neutrino mixing.
• Neutrino Oscillations.
• The elusive neutrino mass scale and experiments searching 

for it (astrophysics, decay experiments double beta decay)
• Neutrinos as a means for exploring the sky.



Ia: Some important stages in the life of neutrino
• It is elusive, but it does not really escape :

           Indirect observation in neutron decay:   n  -> p+e-+(?) (Pauli 1930,1932, Fermi 1934). 

•  Bethe (1939) finds for it a role in our world. Without it our sun and the “stars cannot shine”. :

      Proton fusion (Symbolically) :              4p ->He+2νe+2e++light

• Its direct discovery (Reiness & Cowan (1953)                                       

•                             anti-νe  + p → n + e+

  The neutrino is different from its antineutrino (Davis, 1955):

                           νe+ 37Cl->37Ar+e-  (yes!),        

•                     anti-νe+ 37Cl->37Ar+e-  (No!) 

• Neutrino violates sacred laws: The fall of parity (Lie &Yang, Wu et al 1956)

• Neutrino is prejudiced (always left handed!) (Goldhaber et al 1958)

• A new neutrino is born in 1947 (νμ  since it always accompanies  μ -) 

•  Thie new  neutrino is different from the old: νμ #νe ( Brookhaven experiments 1962)

• One more neutrino, ντ , is born. it appears always together with the lepton  τ-  (SPEAR, SLAC, 

1976).  It was shown that  ντ #νe , ντ #νμ  (Fermilab 1997)

• These discoveries played a role in the formulation of the standard model (GSW, 1967-1971)
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Ib: Modern history-neutrino mediated phenomena

• The first concept of the 12
• The  idea of neutrino oscillations  (Pontecorvo 1958)

• The first hints for the deficit of solar neutrinos (Davis 1960-1970)

• Core collapse supernova neutrinos detected in SN1987 indepedently 
by  Superkamiokande and Irvine-Michigan- BNL and Baksan. 

Nobel prize (2002) , ½ to Davis and Koshiba for cosmic neutrino 
detection, ½ to Giacconi for contributions to Cosmic ray studies. A 
launching of neutrino   astronomy!

• Oscillations of atmospheric neutrinos (Super K, 1998).

• The observations of “solar neutrino oscillations” (CHOOZE 1999, 
Sudbury Neutrino Observatory (SΝΟ) 2001)) 2001)
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• The first hints for the deficit of solar neutrinos (Davis 1960-1970)

• Core collapse supernova neutrinos detected in SN1987 indepedently by  Superkamiokande 
and Irvine-Michigan- BNL and Baksan. 

Nobel prize (2002) , ½ to Davis and Koshiba for cosmic neutrino detection, ½ to Giacconi for 
contributions to Cosmic ray studies. A launching of neutrino   astronomy!

• Oscillations of atmospheric neutrinos (Super K, 1998).

• The observations of “solar neutrino oscillations” (CHOOZE 1999, Sudbury Neutrino 
Observatory (SΝΟ) 2001)) 2001)

• The further settlement of  neutrino oscillations issues with reactor neutrinos (KamLAND , 
2003).  More precise measurement of the oscillation parameters.

• Measurement of  θ13 :Τ2Κ  2011 (upper and lower limits); definite result, Daya Bay, march  

2012

• Nobel prize (2015) for establishing neutrino oscillation, McDonald and Kajita.

Detection (2013) of very energetic neutrinos 1015 eV= 104 GeV by IceCube neutino observatory 
originating from AGN galaxies, i.e. containing AGN (active galactic nuclei). Signal of new physics?
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•    να =cosθν1 - sinθ ν2   , νβ =sinθ ν1 + cosθ ν2
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Neutrino Oscillations-
 Appearance (solid curves)-disappearance (dot, dash) 
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• Θ=π/4 (thick, dashed): S-K

• Θ=π/5 (fine, dotted): solar.
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• Θ=π/4 (thick, dashed): S-K
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• The vertical line indicates the 
expected events at 

   we see a  fraction above the   

    the value at L=0 (no oscillation)
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Neutrino Oscillations-
 Appearance (solid curves)-disappearance (dot, dash) 

• Θ=π/4 (thick, dashed): S-K

• Θ=π/5 (fine, dotted): solar.

• The vertical line indicates the 
expected events at 

   we see a  fraction above the   

    the value at L=0 (no oscillation)

• Can we see the full wave? Not so 
easy! It will not fit the detector!

•  For  Δmm2=10-3 eV2, Eν=1 ΜeV  eV  -> 

• The detector size ought to be      

        d=2.5 km !
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Aspects of neutrino mass:I Dirac mass
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Aspects of neutrino mass II: Majorana mass  
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Weinberg’s extension of the SM:  two I=1/2Higgs -> 
Violates lepton number by two units-> Majorana Mass 
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Majorana mass: I=1 Higgs trplet->
Majorana mass (violates lepton number)
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The Lagranigan takes the form (each entry is 3x3 matrix):



The standard see-saw mechanism 
Isosinglet ΜeV  ajorana mass (with right handed νR)
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The leptonic mixing matrix: UPNMS 
(Pontecorvo-Maki-Nakagawa-Sakata)

Including the mjorana phases, which  do not contribute to ν- oscilations
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Three generation ν-osillations 

• It so happens that the two oscillation lengths are very different. So 
the two generation treatment used initially was reasonable
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Neutrino Oscillation Experiments

• Atmospheric Neutrinos, originating from cosmic rays (of 
moderately high energies).

• Reactor neutrinos, following nuclear decay. Low energy of 
the order of a few MeV* (only disappearance of electron 
antineutrinos. The energy is below threshold for muon 
production)

• Accelerator neutrinos. Produced in accelerators. In the multi 
GeV range (both appearance and disappearance).

• *These experiments confirmed the solar neutrino deficit. 
Solar neutrino deficit originated the idea of  oscillations. 
Such oscillations, however, could not be seen explicitly as 
such.
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The Daya Bay reactor experiment
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The Daya Bay reactor experiment

• Recall: 

• |νe (0)>=cosθ13(cosθ12|ν1> + sinθ12 |ν2>)+ sinθ13|ν3>
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Information  extracted from the standard 
neutrino oscillation experiments

• The three mixing angles: θ12 , θ13  , θ23

• The absolute value of the mass squared differences, e.g.

• One sign, e.g. the first, can  arbitrarily be chosen positive. 

• The other* can only be determined from the difference 
between neutrinos and antineutrinos. Not yet achieved

• So two scenarios emerged: Normal Hierarchy (NI) and 
Inverted Hierarchy (IH)

* The third difference is not independent: Δm
13

 =Δm
12

+Δm
23



Lepton mixing matrix is established.
It is accurately known. Aproximately:

Quark mixing matrix Lepton mixing matrix PNMS
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One of the needed signs of Δmm2 is not known

->Two scenarios: Normal Hierarchy (NH) 
on the left and Inverted (IH) on the right.
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E1:The main needed experiments for ν’s 
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E1:The main needed experiments for ν’s 
• To determine the mass hierarchy:

--Neutrino ocillations in matter
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--CP volation in the leptonic sector (hints (2017) in T2K Exp):

   Neutrino oscillationasymmetry between neutrinos and antineutrinos
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E1:The main needed experiments for ν’s 
• To determine the mass hierarchy:

--Neutrino ocillations in matter

--CP volation in the leptonic sector (hints (2017) in T2K Exp):

   Neutrino oscillationasymmetry between neutrinos and antineutrinos

                               Δm
13

 =Δm
12

+Δm
23
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E2: The main needed experiments for ν’s 
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E2: The main needed experiments for ν’s 
• To determine the absolute mass scale:

--Decay experiments: Sensitivity 0.2 eV (KATRIN)

--Astrophysical and cosmological observations: Sensitivity sub 
eV

--Neutrinoless  (0ν) ββ- decay :  Sensitivity meV

• To determine the CP violating phase :

-  Neutrino oscillations involving both neutrinos and 
antineutrinos.  Limts on δ exist, but they depend on the 

hierarchy. δ/π about 1.45 at 1σ. 

• To settle the controversy of Dirac vs Majorana : 
Neutrinoless double beta decay
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•         PART IV 

• THE ELUSIVE SCALE OF 
NEUTRINO MASS
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I: Cosmological bound (CMB, etc):mν≤ 0.71 

Photοmetric  red shift survey: mmetric  red shift survey: mν ≤0.28 eV
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II: Triton beta decay: <mν>≤2.3eV

The elusive neutrino, Corfu, Sep. 15, 2019



II: Triton beta decay: <mν>≤2.3eV

Mass in the two scenarios

N-H (N-S, upper) &

 I-H (I-S) lower)

The elusive neutrino, Corfu, Sep. 15, 2019



II: Triton beta decay: <mν>≤2.3eV

Mass in the two scenarios

N-H (N-S, upper) &

 I-H (I-S) lower)

The elusive neutrino, Corfu, Sep. 15, 2019



II: Triton beta decay: <mν>≤2.3eV
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Measured mass as a function of 
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Mass in the two scenarios

N-H (N-S, upper) &
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Measured mass as a function of 
m0

The elusive neutrino, Corfu, Sep. 15, 2019



III: Neutrino mass in 0ν-double beta decay:
fempto (10-15 m) laboratory!
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III: Neutrino mass in 0ν-double beta decay:
fempto (10-15 m) laboratory!

Ordinary Beta Decay of A(N,Z) is Forbidden
2ν Double Beta Decay of A(N,Z) is allowed and seen.

N(A,Z)->N(A,Z+2)+e- +e-  (0ν ββ-decay)  Δm=Q
Not oberved ; violates lepton number
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Diagrammatic Representation of 0ν-ββ 
decay (at q-level) 
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Diagrammatic Representation of 0ν-ββ decay (at q-level) 
It proceeds only if the neutrino is a Majorana fermion: 

For light neutrino the amplitude is proportional to:  Σk(Uek)2 mk
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lower neutrino mass  bound from 0ν ββ-decay:  |<mν>|             

              (JDV, Ejiri,Simkovic, IJMPE;  arXiv:1205.0649)
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Outstanding issues for elusive neutrinos 
(after 70 years)

-Experiments are under way:
• To measure the absolute scale of their mass and settle the 

hierarchy problem. 

To measure he CP violation in the leptonic sector. Limts on δ 
exist, but they depend on the hierarchy. δ/π about 1.45 at 1σ. 

• To determine the nature of the mass eigenstates, i.e. 
whether they are of Majorana type (particle=antiparticle ) 
or Dirac type (particle # antiparticle)

• Whether sterile neutrinos can be the source of dark matter
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Speculation: Neutrino  mass in the era 
of gravitational waves?
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In all these cases we have neutrino mixing

 Then we can  distinguish between two types of 
neutrino states

• The weak eigenstates        proproduced in 
weak interactions   

• And the eigenstates             of the Hamiltonian, 
which are stationary states.

They are connected by a unitary transformation
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Issues involving neutrinos (after 70 years)

--We do not know:

• The absolute scale of their mass 

• The value of the CP violating phase.

• The nature of the mass eigenstates, i.e. whether 
they are of Majorana type (particle=antiparticle ) or 
Dirac type (particle # antiparticle)

The elusive neutrino, Corfu, Sep. 15, 2019



 

The elusive neutrino, Corfu, Sep. 15, 2019

0ν Double Beta decay lifetime
For light neutrino, nuclear and particle physics separate!



 

The elusive neutrino, Corfu, Sep. 15, 2019

0ν Double Beta decay lifetime
For light neutrino, nuclear and particle physics separate!



 

The elusive neutrino, Corfu, Sep. 15, 2019

0ν Double Beta decay lifetime
For light neutrino, nuclear and particle physics separate!



 

The elusive neutrino, Corfu, Sep. 15, 2019

0ν Double Beta decay lifetime
For light neutrino, nuclear and particle physics separate!

G
01

  kinematical function fairly well known.
M0νββ nuclear matrix element. Not very well determined since:



 

The elusive neutrino, Corfu, Sep. 15, 2019

0ν Double Beta decay lifetime
For light neutrino, nuclear and particle physics separate!

G
01

  kinematical function fairly well known.
M0νββ nuclear matrix element. Not very well determined since:
1) The nuclei involved have complicated structure
2) There exist cancellations in its evaluation



 

The elusive neutrino, Corfu, Sep. 15, 2019

0ν Double Beta decay lifetime
For light neutrino, nuclear and particle physics separate!

G
01

  kinematical function fairly well known.
M0νββ nuclear matrix element. Not very well determined since:
1) The nuclei involved have complicated structure
2) There exist cancellations in its evaluation
 η

ν
 the elementary particle parameter, <m

ν
 >=Σ

j
 (U

ej
)2  m

νj

 
to be extracted from the data.



 

The elusive neutrino, Corfu, Sep. 15, 2019

0ν Double Beta decay lifetime
For light neutrino, nuclear and particle physics separate!

G
01

  kinematical function fairly well known.
M0νββ nuclear matrix element. Not very well determined since:
1) The nuclei involved have complicated structure
2) There exist cancellations in its evaluation
 η

ν
 the elementary particle parameter, <m

ν
 >=Σ

j
 (U

ej
)2  m

νj

 
to be extracted from the data.

          Experimental detection very difficult: 
 1) Terrible unavoidable backgrounds 2) Very low counting rates.



 

The elusive neutrino, Corfu, Sep. 15, 2019

0ν Double Beta decay lifetime
For light neutrino, nuclear and particle physics separate!

G
01

  kinematical function fairly well known.
M0νββ nuclear matrix element. Not very well determined since:
1) The nuclei involved have complicated structure
2) There exist cancellations in its evaluation
 η

ν
 the elementary particle parameter, <m

ν
 >=Σ

j
 (U

ej
)2  m

νj

 
to be extracted from the data.

          Experimental detection very difficult: 
 1) Terrible unavoidable backgrounds 2) Very low counting rates.
Still an elusive process  80 years after it has been proposed!



 

The elusive neutrino, Corfu, Sep. 15, 2019

0ν Double Beta decay lifetime
For light neutrino, nuclear and particle physics separate!

G
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  kinematical function fairly well known.
M0νββ nuclear matrix element. Not very well determined since:
1) The nuclei involved have complicated structure
2) There exist cancellations in its evaluation
 η

ν
 the elementary particle parameter, <m
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 (U

ej
)2  m

νj

 
to be extracted from the data.

          Experimental detection very difficult: 
 1) Terrible unavoidable backgrounds 2) Very low counting rates.
Still an elusive process  80 years after it has been proposed!
We are now going to discuss bounds on <m

ν
 >
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The best fit values of all neutrino oscillation data, solar, 
atmospheric and reactor (KamLAND , CHOOZE, K2K, Daya 

Bay); From Forero,Tortola & Valle  (2014).
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The leptonic mixing matrix: UPNMS (Pontecorvo-
Maki-Nakagawa-Sakata)
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 The   best fit to the mixing matrix, 3σ. The best fit for δ
CP

  is  2150  

→ sin(δ
CP

)=-0.574    
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 Summary: Facts about neutrinos (after 70 years) 

--We know for some time that:

• There exist three distinct families of left handed 

neutrinos: (ν0)L =(νe,νμ,ντ)L 

• These neutrinos are distinct from the associated 
antineutrinos

• How these neutrinos interact

-- We have learned from neutrino oscillations that:

•  the neutrinos are massive. We know  mass squared 
differences, except for a sign.

• The neutrinos  are admixed. We know all three  mixing 
angles.
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II: After many  attempts (V-A theory etc.) there  came 

The Standard Model: Symmetry and particle content  
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The fermions of the Standard model
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