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Neutrino Oscillations

• Massive neutrinos are mixed: 

• Mass eigenstates evolve as: 

• Exploiting the fact that neutrinos are almost massless: 

• The amplitude for observing a state 𝛼 at distance L with initial state 𝛽 is given by: 

• Which yields the probability: 

• DISCLAIMER: This calculation, reported almost everywhere, is WRONG. Plane waves have exactly defined 
defined momentum, and in that case there can be no oscillation! 

• However, the correct calculation with wave packets yields the same result, up to the distance at which wave packets cease 
to overlap. The formula is RIGHT, until coherence is lost.
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REST FRAME LAB  FRAME

For a correct calculation with wave packets see e.g. Giunti-Kim
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Experimental neutrino physics:  state  of   the  art
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OPEN  QUESTIONS  and  the  path  to  their  answers
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Dirac vs Majorana (𝛎 ≠ 𝛎 ?) 

UPMNS unitary? 
𝛿CP ≠ 0 ? 

𝛥m2 > 0 ? 

ϑ23 maximal? Octant ? 

Absolute Mass scale 
CNO from the Sun 
Astrophysics 

Multi-messenger (GW, photons) 
C𝛎B 

SN (pulse and relics)

O𝛎𝛃𝛃

OSCILLATIONS

Spectrometers, 𝛍Bolometers, EUCLID
BOREXino. DONE ! 2020
IceCUBE, KM3Net

VIRGO-LIGO + Astronomy

R&D for PTolemy, Euclid, CMB fits
Borexino, LVD, JUNO, SK, HK, DUNE 



  Introduction to Experimental Neutrino Physics                                              M. Pallavicini                                                                              /109   

An active and  growing field
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Artificial and natural neutrino sources

• Artificial 
• Nuclear Reactors 

• Accelerators 

• Radioactive sources (in some special cases) 

• Natural 
• Sun 

• Atmospheric  
• secondary from cosmic rays interaction in atmosphere 

• Cosmic  
• coming from outside Earth 

• Geo-neutrinos  
• from Earth bulk and crust radioactivity 

• Diffuse SN (statistical sum of  many past SN events) 

• SN  
• only once so far, SN1987a 

• Relic (from big bang)

50
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Natural neutrino sources
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Flux × Energy = RateFrom:   arXiv:  1910.11878v3
(Vitagliano, Tamborra, Raffelt)  

Neutrinos

Anti-Neutrinos

Flux
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Neutrino energy ranges 
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Formaggio and Zeller, hep-ex[1305.7513]
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Detecting neutrinos: key parameters and processes

• Nobs : number of  detected events above  

• Ethr: lower detection threshold (strongly dependent on technology) 

• Ntarg:  number of  targets (electrons, protons, nuclei) 
• Typical value Ntarg ~ 6 1026 kg-1 (e- or p) 

• T: exposure time (2.7 107 s / y typical up-time) 

• 𝜙: neutrino flux 

• Sun: ~ 106 - 1010 cm-2 s-1 at Earth;    Reactors: ~ 1012 cm-2 s-1 @ 20 m;   Accelerators: ~ 1 cm-2 s-1 @ 1000 km 

• 𝜎: cross section (total for the specific FS) 

• 𝜀: efficiency/acceptance; usually large, but not always 

• TWO SIGNIFICANT EXAMPLES: 

• SOLAR (Borexino, elastic scattering on electrons) 

• ACCELERATOR (DUNE, inelastic scattering on Liquid Argon) 
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NOTE: this formula is good for MC simulations. 
Real neutrino energy is usually unknown, so 
data analysis must be done using reconstructed 
energy.  A complex issue, not covered.
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Nuclear reactors

• A reactor is a powerful source of  anti-neutrinos 
• Each U fission yields 200 MeV on average, and 6 𝜈e 

• Flux:  ~ 2. 1020  s-1 GW-1,  isotropic,  <E𝜈> ≃ 0.5 MeV 

• About ~ 4. 1012  s-1 cm-2  for 1 GW at 20 m from the core 

• The details of  the anti-neutrino spectrum are hard to compute,  
and still subject of  research  

• Dominating process: 235U fission and sub-sequent 𝛽  
decays (6 on average) 

• The flux depends 
on reactor type and 
also on time because 
fuel composition 
evolves 
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Fission products mass number A
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Example: KamLAND experiment

• Kamioka Liquid Scintillator Anti-Neutrino Detector

55
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KamLAND detector
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A neat oscillation experiment 
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Prompt Event Spectrum Survival probability

Oscillation parameters
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How to make a neutrino beam
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Neutrino beams: examples
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NuMi target
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Focussing

• “Forward” current: select 𝜋+, and get mainly 𝜈𝜇 

• “Reversed”  current: select 𝜋-, and get mainly 𝜈𝜇

61

PROTONS

<latexit sha1_base64="YvOYJkT3EDR2php02vDph/+6lJ0="></latexit>

| ~B| / 1

r

<latexit sha1_base64="EyMXvnYCQxheaYyDGLxW8qwvT1g="></latexit>

L / r2

<latexit sha1_base64="tNWsxbecq8eb7pCi0PE+SPrj8EQ="></latexit>

pkick / B · L / r

TO  DECAY 
TUNNEL



  Introduction to Experimental Neutrino Physics                                              M. Pallavicini                                                                              /109   

Horns
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ON-axis vs OFF-axis: selecting neutrino energy

• OFF-axis there is a strong correlation between neutrino energy and angle 
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Example: Opera experiment @ LNGS
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Example: Opera experiment at LNGS
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Phys.Rev.Lett. 120 (2018) 21, 211801,

10 candidates
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Example: Noble Liquid Detectors
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C. Rubbia, 2019



  Introduction to Experimental Neutrino Physics                                              M. Pallavicini                                                                              /109   67

C. Rubbia, 2019



  Introduction to Experimental Neutrino Physics                                              M. Pallavicini                                                                              /109   68

C. Rubbia, 2019



  Introduction to Experimental Neutrino Physics                                              M. Pallavicini                                                                              /109   69

C. Rubbia, 2019



  Introduction to Experimental Neutrino Physics                                              M. Pallavicini                                                                              /109   70

C. Rubbia, 2019



  Introduction to Experimental Neutrino Physics                                              M. Pallavicini                                                                              /109   71

J. Newby, Neutrino 2020
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