
Neutrino Physics

Rezo Shanidze

Kutaisi International University

Tbilisi State University



"Neutrinos they are very small"  

Neutrinos they are very small.
They have no charge and have no mass

And do not interact at all.
The earth is just a silly ball

To them, through which they simply pass,
Like dustmaids down a drafty hall

Or photons through a sheet of glass.
       . . . 

John Updike

1932-2009

http://holyjoe.org/poetry/updike.htm

Cosmic Gall 



1988: Leon M. Lederman, Melvin Schwartz, Jack Steinberger
"for the neutrino beam method and the demonstration of the doublet structure of the 

leptons through the discovery of the muon neutrino"

Nobel Prises for Neutrino Research  

1995: Frederick Reines (1/2)  
“for the detection of the neutrino”

2015:  Takaaki Kajita, Arthur B. McDonald  
“for the discovery of neutrino oscillations, which shows that neutrinos have mass”

2001: Raymond Davis Jr., Masatoshi Koshiba
“for pioneering contributions to astrophysics, in particular for the detection of cosmic 
neutrinos”
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 Anomaly in -Decay

Problems in -decay:    why electron energy in -decay is continuous?   

(1930):    (A,Z) → e− + (A,Z +1)   

po(mo, 0) → p1(E1,p) + p2(E2,-p)   

Exercise: 



Neutrino: "Birth Certificate" (4 December 1930)  

Wolfgang Pauli
1900-1958 

1945:   “for the discovery of 
the Exclusion Principle, also 
called the Pauli Principle”



1932: Discovery Neutron and Positron   

1935 For discovery of neutron   

1936 For his discovery of positron    

James Chadwick 

(1891 – 1974)

Carl  Anderson

 + 9Be    12C + n

(1905 – 1981)



Fermi:  Theory of -decay  

E. Fermi. Tentativo di una Teoria Dei Raggi β,
Il Nuovo Cimento, vol. 11, issue 1, pp. 1-19

"Versuch einer Theorie der beta-Strahlen. I"
Zeitschrift für Physik, Volume 88, Issue 3-4, pp. 161-177

1938: “for his demonstrations of 
the existence of new radioactive 
elements produced by neutron 
irradiation, and for his related 
discovery of nuclear reactions 
brought about by slow neutrons”

Enrico Fermi 
1901-1954

E. Fermi, Quantum Theory of Radiation, 
Rev. Mod. Phys. 4(1932), 87   (published 1/01/1932)



1934: Letters in Nature ("Neutrino")  

1.  The “Neutrino”,  Nature, 133(1934), 522
     April 7, 1934

Hans Bethe
1906-2005

Hans Bethe and Rudolf Peierls

1967 “for his contributions 
to the theory of nuclear 
reactions, especially his 
discoveries concerning the 
energy production in stars”

"The possibility of creating neutrinos necessarily 
implies the existence of annihilation processes. "

 + (A,Z) 

e- + (A,Z+1) 

e+ + (A,Z-1) 

" .. one can conclude that there is no practically 
possible way of  observing the neutrino." 10-44 cm2 (1016 km) 



How to Detect Neutrino   

Radio-chemical method  (B. Pontecorvo)

ν + (A,Z) → e− + (A,Z +1)

ν  + 37Cl  → e− + 37Ar

Cl-Ar method: 

ν  + 71Ga → e− + 71Ge

Stable isotopes of Clorine:  35Cl (76%),  37Cl(24%) 

Neutrino energy E > 0.814  MeV

37Ar half-life: 35 days    (decay mode: EC)

Bruno Pontecorvo
     (1913-1993)



How to Detect Neutrino: Inverse beta Decay   

Inverse beta decay

ν  + p → e+ + n

Neutron capture reaction:  

e+ + e- →  +  

n + Cd →  Cd* → Cd + 



Project "Poltergeist"   

Cowan and Reines experiments for 
neutrino detection (1951-1956)

Considered sources of neutrinos:
   a) Nuclear bomb explosion (20kt)
   b) Nuclear reactor flux (about 10-13 cm-2 s-1)

Liquid scintillator detector 
with 90 PMTs. 

ν  + p → e+ + n



1945-1960: Neutrino Fluxes for Neutrino Detection    

proposed experimental setup to detect the 
neutrino using a nuclear bomb. This experiment 
was approved but was superceded by the 
approach which used a fission reactor.



Detection of Neutrino   

The Savannah River 
Experiment



Detection of Neutrino   

Telegram set on June 14, 1954 by Cowen
and Reines to Wolfgang Pauli 

Neutrino flux: 2 x 1013 cm-2s-1 

3.0 ± 0.2 events/hour

200 L H2O + 40 kg CdCl2



Pions, Muon and Muon Neutrino    

+→ ++   

+→ e++  +   

Meson (or -meson) was introduced by Hideki Yukawa  
1939    

Discovered by 
Ceccile Pawell    

❖ Lightest hadrons, with isospin 1: +  −    
Hideki Yukawa
 1907-19811949

Ceecile Powell
 1903-19691947



Two Types of Neutrinos   

Secondary beams of selected particles: – including neutrino beams. 

p + A→ +/- + X +→ ++   

First neutrino beam at particle accelerator:  

Alternating Gradient Synchrotron (1960-present)

e =    ? 

v+ A→ − + X   

ve+ A→ e− + X   

Neutrino physics at proton accelerators: 



Accelerator Neutrinos and Discovery of Muon Neutrino    



Standard Model of  Particle Physics  

Steven Weinberger, "Model of Leptons", Phys. Rev. Lett 19 (1987) 1264

Gauge bosons of weak 
interaction:  W and Z 



Gargamelle Experiment  at CERN  

4.8 m long and 2 m in diameter, filled
 with 12 m3 of heavy liquid Freon. 
 Operated in a 2 Tesla field.

Gargamelle – bubble chamber



Discovery of Neutral Currents  

F.J Hasert et al.,  Observation of neutrino-like 
interactions without muon or electron in the 
gargamelle neutrino experiment
Phys. Lett. 46 (1973) 138

F.J Hasert et al.,  Search for elastic muon-
neutrino electron scattering
Phys. Lett. 46 (1973) 121



LEP – Collider to study the Standard Model   

The Large Electron–Positron Collider (LEP)
1983–1988, the largest civil 
engineering project in Europe.

26659 m length tunnel for electron
 Positron beams  

e+e- collider,  Ec = 91,  209 GeV 

Data taking:  1989-2000

Current collider:   LHC 



LEP Detectors  

ALEPH OPALDELPHI L3

4 large detectors at LEP 



Number of Light Neutrinos and Test of SM 



Neutrino Oscillations  

Discovery of neutrino oscillations and consequences

Solar and atmospheric neutrino problems



Solar Neutrinos   

Distance from Earth (mean): 149,600,000 km  (1 A.U.)

Luminosity: 3.828 1026   W

Energy production  by nuclear reactions[1]:

4 p → 4 He + 2e+ + 2e

1H. A Bethe, Energy production in stars, Phys.Rev, 55(1939), 434



Solar Neutrinos: pp-Chain and CNO-cycle   

Ray Davis and John Bahcall 
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99% of Sun's energy



Solar Neutrino Fluxes  



Homestake Solar Neutrino Experiment   

Devis  (Bahcall-Devis) experiment
1970-1994

In the Homestake Mine, South Dacota

380 m3 (100,000 gallon) tank filled 
with tetrachloroethylene (C2Cl4) 

ν  + 37Cl  → e− + 37Ar*

Raymod Devis Jr.
1914- 2006



Solar Neutrino Problem    



Gallium Experiments     

Solar Neutrino experiments in LNGS:
1991-1997 GALLEX
                  Gallium Experiment
1998-2003 GNO 
                   Gallium Neutrino Observatory

ν + 71Ga → e− + 71Ge

Solar Neutrino experiment in Baskan (BNO)
1991- SAGE
    Soviet(Russian)–American Gallium Experiment

T( 71Ge)=11.2 d

E > 0.233 MeV



Cherenkov Detectors:  Super-Kamiokande    

Super-Kamiokande: is the world’s largest underground 
Cherenkov detector.  (D:39.3m .H:41.4m) 

1926-2020



Sun in the Super-Kamiokande      

Neutrino image of the Sun - 500 days worth 
of data was needed  from Super-K to detect 
this image. Centered on the Suns position, 
the picture covers a significant fraction of the 
sky (90x90 degrees in R.A. and Dec.). Brighter 
colors represent a larger flux of neutrinos.

Astronomy picture of the day, 
https://apod.nasa.gov/apod/ap980605.html



Solar Neutrino Problem 

Comparison of the 
measured rates with the 
Standard Solar Model 
predictions for the solar
Neutrino experiments:

(a) chlorine

(b) water Cherenkov

(c) gallium 



Atmospheric Neutrinos   

Atmospheric neutrinos are produced from the  cosmic ray interactions in the atmosphere - 
(weak decays of hadrons)



Atmospheric Neutrino Anomaly   

the -/e ratio of atmospheric neutrino interactions with energies of about 1 GeV (or less) 
was significantly smaller than expected.

ratio of the atmospheric neutrino by three 
independent groups

The numbers of e-like and -like events observed in 
Kamiokande in 1988, compared with the prediction 
(without neutrino oscillations.23).



Neutrino Oscillations   



Oscillation of Atmospheric Neutrinos   

Super-Kamiokande Collaboration (Y. Fukuda et al.), Phys,. Rev. Lett., 81 (1998) 1562-1567

Zenith angle distributions observed in SK (2,806 days exposure). Sub- and multi-GeV events are defined 
to have the visible energy below and above 1.33 GeV, respectively.  The dotted and solid histograms show 
the un-oscillated and best- fit oscillated Monte Carlo distributions.



Tau Neutrinos in Syper-Kamiokande  

A simulated charged-current   
interaction in the Super-Kamiokande 
detector.

Due to the heavy tau mass (1.78 
GeV/c2), the is about 3.5 GeV.

+ p → + + n   

With lifetime is 2.9 10-13 sec. 
  almost immediately decays
into many hadrons. 
Difficult to select over large 
background from MC events. 



Neutrino Oscillations   

Super-Kamiokande Collaboration (Y. Fukuda et al.), Phys,. Rev. Lett., 81 (1998) 1562-1567



Neutrino Oscillations   



End  of Lecture I 
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