
Neutrinos  
Natalia Di Marco 

Laboratori Nazionali del Gran Sasso – INFN 

1 



Outline 
 Neutrino History 

 Neutrino Oscillation Physics 

 Sources of Neutrinos 

 Oscillation Experiments 

 Known and UnKnown 

2 



Neutrino History 
 1930 

In a letter to the attendees of a physics conference in Tübingen, Germany, Wolfgang Pauli proposes as a 

"desperate remedy" the existence of a new neutral particle to explain the apparent energy nonconservation in 

radioactive decay 

 1933 

Enrico Fermi proposes "neutrino" as the name for Pauli's postulated particle 

 1956 

Two American scientists, Frederick Reines and Clyde Cowan, report the first evidence for neutrinos. They 

use a fission reactor as a source of neutrinos and a well-shielded scintillator detector nearby to detect them. 

 1957 

An Italian physicist, Bruno Pontecorvo, living in the USSR, formulates a theory of neutrino "oscillations” 

 1958 

Maurice Goldhaber, Lee Grodzins, and Andrew Sunyar at Brookhaven National Laboratory demonstrate 

that the new neutrino has lefthanded helicity, meaning that it spins along the direction of its motion in the 

sense of a lefthanded screw.  

 1962 

A group of scientists from Columbia University and Brookhaven National Laboratory perform the first 

accelerator neutrino experiment and demonstrate the existence of two species of neutrinos, the electron 

neutrino, , and the muon neutrino, . In 1987, Jack Steinberger, Leon Lederman, and Mel Schwartz win the 

Nobel Prize for this discovery. 

 1968 

An experiment deep underground in the Homestake mine in South Dakota makes the first observation of 

neutrinos from the sun. But experimenters see far fewer neutrinos than solar models had predicted. 
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Neutrinos in the SM 
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 Neutrinos are neutral, massless fermions. They interact with quarks 

and leptons via weak interactions: 

Charged currents (CC) 

nl l 

W 

n n 

Z 

Neutral currents (NC) 

helicity = -1 

L = 1 
helicity = +1 

L = -1 

CPT 

Weak currents are left handed: 

nL=n- nR= n+ 

p p s 

s 

• Lepton Number (L) is conserved. 

• Family lepton numbers (La) are conserved. 

The number of active neutrinos can be determined with high accuracy from the 

decay width of the Z bosons:            Nn = 2.994 ± 0.012 



Neutrino Oscillation Physics 

The experiments with solar, atmospheric, reactor and accelerator 

neutrinos have provided compelling evidences for the existence of 

neutrino oscillations transitions in flight between the different flavour 

neutrinos νe, νμ, νt caused by non-zero neutrino masses and neutrino 

mixing. 
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Flavor eigenstates (na, a=e,m,t) may not coincide with mass eigenstates (nj,, j=1,2…n) 
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U  Pontecorvo-Maki-Nakagawa-Sakata matrix 
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jLljl U nn *

Field State 

Transition 

Probability 

Ultra-relativistic approssimation and assuming pk=p=E 
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cq = cos q  ;  sq = sin q 

2 neutrino approximation  
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L = oscillation baseline 

 

cq = cos q  ;  sq = sin q 

2 neutrino approximation  



“It doesn't matter how beautiful your theory is,  

it doesn't matter how smart you are.  

If it doesn't agree with experiment, it's wrong” 

 Richard P. Feynman 
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Neutrino Sources 

n 
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Solar 

Accelerator 

Atmospheric 
Reactor 

SuperNovae 
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Neutrino Oscillation Experiments 

Solar 
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Observation of solar neutrinos directly addresses the theory of stellar structure and evolution, 

which is the basis of the standard solar model (SSM). 

 

4p → 4He + 2e+ + 2νe 
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Neutrino Oscillation Experiments 
Solar 

ne disappearance: sensitive to (Dm2)12+ q12 
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Neutrino Oscillation Experiments 

Solar – radiochemical exp 

Pioneering solar neutrino experiment by Davis and collaborators at Homestake 

(US) (1967) 

 

                                                      (threshold 814 keV)   8B neutrinos   

                     + (7Be, pep, 13N, 15O) 

 

The observed flux was significantly smaller than the SSM prediction, provided 

nothing happens to the electron neutrinos after they are created in the solar 

interior. This deficit has been called “the solar-neutrino problem” 
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Neutrino Oscillation Experiments 

Solar – radiochemical exp 

Gallium experiments (GALLEX and GNO 

at Gran Sasso in Italy and SAGE at 

Baksan in Russia, 1990-2000) utilize the 

reaction 
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pp solar neutrinos. 
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Neutrino Oscillation Experiments 
Solar – Cherenkov exp 

In 1987, the Kamiokande (1 kton H2O) experiment in Japan succeeded in real-time 

solar neutrino observation, utilizing ve scattering 

(7MeV - 8B solar neutrinos) 

Directional correlation between the incoming neutrino and the recoil electron   

first direct evidence that neutrinos come from the direction of the Sun 

  ee xx nn
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Neutrino Oscillation Experiments 
Solar – Cherenkov exp 

In 1987, the Kamiokande (1 kton H2O) experiment in Japan succeeded in real-time 

solar neutrino observation, utilizing ve scattering 

(7MeV - 8B solar neutrinos) 

Directional correlation between the incoming neutrino and the recoil electron   

first direct evidence that neutrinos come from the direction of the Sun 

SuperKamiokande:  

50 Kton Water Cherenkov 

 
2.7 σ indication of non-zero day-night asymmetry 

of 8B solar neutrinos 

 

 

 

 Earth matter effects on flavour oscillations of 

solar neutrinos 

  ee xx nn
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Neutrino Oscillation Experiments 
Solar – Cherenkov exp 

1999: SNO (Sudbury Neutrino Observatory), Canada - 1Kton D2O (heavy water)  

Key feature to solve the solar neutrino 

problem. If it is caused by flavour transitions 

such as neutrino oscillations, the solar neutrino 

fluxes measured by CC and NC reactions 

would show a significant difference 

)(

)(

)(

ESee

NCnpd

CCpped

xx

xx

e











nn

nn

n



27 
Neutrino Oscillation Experiments 
Solar – Liquid scintillator 

Water Tank: 

g and n shield 

m water Č detector 

208 PMTs in water 

2100 m3 

Carbon steel plates 

Scintillator: 

270 t PC+PPO in a 150 mm  

thick nylon vessel 

Stainless Steel Sphere: 

2212 PMTs  

1350 m3 

Nylon vessels: 

Inner: 4.25 m 

Outer: 5.50 m 

Borexino@LNGS 

νx + e− → νx + e−   

(ES)  
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Solar – Liquid scintillator 
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Neutrino Oscillation Experiments 
Solar - Results 

The non-zero φ(nμ or t ) is strong evidence for neutrino flavor conversion. These 

results are consistent with those expected from the LMA (large mixing angle) solution 

of solar neutrino oscillation in matter with Dm2 

                                   Dm⊙ ∼ 7.5 × 10−5 eV2 and tan2θ⊙ ∼ 0.45. 
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Neutrino Oscillation Experiments 
Reactor - KamLAND 

1-kton ultra-pure liquid scintillator detector @ Kamiokande’s site (Japan).  

 

Long Baseline (LBL) experiment (L ∼ 180 km) neutrino oscillation studies using 

ne’s emitted from nuclear power reactors.  

 

 

 

delayed coincidence of the positron with a 2.2 MeV γ-ray from neutron capture 

 

E < 8 MeV, Dm2 ∼ 10−5 eV2.  

 

if the LMA solution is the real solution of the solar neutrino problem, KamLAND 

should observe reactor ne disappearance, assuming CPT invariance. 
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Taken together, solar and KamLAND select a very narrow region in the 

(Dm2)12- q12 plane; 
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Solar neutrinos+KamLAND 
combined results on (Dm2)12+ q12 

KamLAND+SOLAR 

 arXiV: 1409.4515 



anti-ne  disappearance: sensitive to (Dm2)13+ q13 
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EXPERIMENTS 

• Daya-Bay, Reno, Double-Chooz 

BASELINE 

• L=1-2 Km 

ENERGY 

• E(reactor)~ 5 MeV 

E/L ~ 10-3 eV2 
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Reactor - intermediate baseline 
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 Daya-Bay: deeper, 

higher nuclear plant 

power, more 

far/near detectors, 

more favourable 

baseline; 

Double Chooz: 

•  so far results 

only with the far 

detector 

• near detector 

takes data since 

dec 2014 (first 

results with both 

detectors by end 

of 2015) 

Neutrino Oscillation Experiments 
Reactor - intermediate baseline 
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RESULTS FROM DAYA-BAY (Moriond 2015) 

• Best precision on q13 measurement (~6%) 

134.7/146/NDFχ
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Neutrino Oscillation Experiments 
Reactor - intermediate baseline 
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Neutrino Oscillation Experiments 
Atmospheric  

p,K mesons produced by the nuclear  

interaction of the primary component  

of  CRs in atmosphere 
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Neutrino Oscillation Experiments 
Atmospheric  

p,K mesons produced by the nuclear  

interaction of the primary component  

of  CRs in atmosphere 
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Neutrino Oscillation Experiments 
Atmospheric  
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nm disappearance: sensitive to to (Dm2)23+ q23 

E = 1 ∼ 10 GeV.  

L = 10000 km. 

DmA ∼ 10−3 eV2 
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Neutrino Oscillation Experiments 
Atmospheric  

The first compelling evidence for 

the neutrino oscillation was 

presented by the Super-

Kamiokande Collaboration (SK-I) 

in 1998 

 

 

Disappeared muon neutrinos 

may have oscillated into tau 

neutrinos because there is no 

indication of electron neutrino 

appearance 
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Neutrino Oscillation Experiments 
Accelerator 

The Dm2 ∼ 10−3 eV2.region can be explored by accelerator-based long-baseline 

experiments with typically E ∼ 1 GeV and L ∼ several hundred km 

1999-2004 K2K (KeK-to-Kamioka) 

: L = 250 km, E~1.3 GeV nm nt 
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Neutrino Oscillation Experiments 
Accelerator 

The Dm2 ∼ 10−3 eV2.region can be explored by accelerator-based long-baseline 

experiments with typically E ∼ 1 GeV and L ∼ several hundred km 

1999-2004 K2K (KeK-to-Kamioka) 

: L = 250 km, E~1.3 GeV 

T2K (Tokai-to-Kamioka) : 

L = 295 km, E~0.6 GeV 

Off-axis 

nm nt 



 

41 
Neutrino Oscillation Experiments 
Accelerator 
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Neutrino Oscillation Experiments 
Accelerator 

N.H.)(0.514θsin 0.0055
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Neutrino Oscillation Experiments 
Accelerator 

nm  ne appearance: sensitive to (Dm2)23+ q13+ q23 

• Discovery of nm  ne at 7.3 s (28 ne) 

• T2K finds a value of q13 slightly larger 

than reactors; 

Phys.Rev.Lett.112,061802 (2014) 
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CERN 

LNGS 

Neutrino Oscillation Experiments 
Accelerator - nm  nt appearance 

OPERA (LNGS) 

• L ~ 730 Km 

• E~17 GeV 

• 1.3 Kton emulsion – lead target + 

magnetic spectrometer 

t decay  

channel 

B.R 
(%) 

t → m 17.7 

t → e 17.8 

t → h  49.5 

t → 3h  15.0 
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Neutrino Oscillation Experiments 
Accelerator - nm  nt appearance 

n 

125 mm 

75.4 mm  

= 10 X0 

100 mm 

Brick weight = 8.3 kg  

Total OPERA target :  

~ 150000 bricks → 1.25 Kton 
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4-th nt event: taken Sep 2012 
3-rd nt event: taken May 2012 

2-nd nt event: taken Apr 2011 1-st nt event: taken Aug 2009 
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• 4 nt candidates found; 

• Exclusion of null hypothesis at 4.2 s ; 

• Still analysing data 

Neutrino Oscillation Experiments 
Accelerator - nm  nt appearance 



Know… 
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The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix 
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The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix 
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Unknown… 
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The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix 
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• Three families of active n’s; 

•  3 angles + 2 Dm2 

• Absolute mass scale; 

• Mass hierarchy; 

• CP violation? 

• n nature (Majorana or Dirac)? 

• 1 or more sterile neutrinos?; 

Unknown… 



Thanks for your attention! 
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