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Neutrino Basics
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Neutrinos in the Standard Model
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Neutrinos interactonly via weakinteraction

SM: Neutrinos aremassless
Neutrinos are left handed, 
Antineutrinos areright handed,
Neutrinos arestable

Extension of SM: Neutrinos havemasses
Do right handedneutrinosexist? 
Majorana neutrinos: 
Neutrinos candecay

Neutrino Oscillations



Why are neutrino masses so much smaller?
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KATRIN: m < 0.45 eV
Neutrino Oscillations: m(heaviestneutrino) > 0.05 eV

0.1 eV

106 eV

Why?



Neutrino Mixing
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Mass-Eigenstates
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Neutrino Massand Mixing
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9 complexelements:
+ conditionsfor unitarity of U 
+ if neutrinosareDirac: canrotate away2 global phases

4 parametersto describeU (Dirac case)

Ὗ
ρ π π
π ÃÏÓⱣ ÓÉÎⱣ
π ÓÉÎⱣ ÃÏÓⱣ

ÃÏÓⱣ π ÓÉÎⱣ ▄░♯

π ρ π
ÓÉÎⱣ ▄░♯ π ÃÏÓⱣ

ÃÏÓⱣ ÓÉÎⱣ π
ÓÉÎⱣ ÃÏÓⱣ π
π π ρ

Most popularparametrization:  3 mixingangles 1̒2, ̒ 13, ̒ 23 and 1 phaseʵ

— τψȢυ Ȣ
ȢЈ(between41° and 50°)

Ўά ςȢυστȢ
Ȣ ρπÅ6

— σσȢχ πȢχЈ
Ўά χȢυ πȢς ρπÅ6

ɸ13 = (8.5 Ñ0.5)o

Octantproblem: Is 2̒3 < 45° or > 45° ? 
Massordering?  

What isʵΚ 



Basic Oscillation

Mechanism
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Wonderful exampleof
flavour oscillations, 

servedtodayat lunch
at Neutrino Summer School



Neutrino Oscillations (simplified)
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Neutrino Oscillations(2 Flavors)
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Theoretical Prediction of Neutrino Oscillations:

Å1957-58: Pontecorvo:
states for first time possibility of Neutrino Oscillations
(But: at that time only ve were known, so he was thinking 
of  Neutrino ҭ Anti-Neutrino oscillations)

B. Pontecorvo, J.Exptl. Theoret. Phys.34(1958) 247 [Sov. Phys. JETP7(1958) 172]

Å1962 Maki, Nakagawa, Sakata:
describe mixing of 2 flavors and discuss 
transitions between neutrino flavors.

Å1967 Pontecorvo :
thorough discussion of 2 flavor mixing, 
oscillations of solar-neutrinos 
and possible existence of sterile neutrinos.
Also possibility of Cl-Ar experiments

Bruno Pontecorvo
(1913 ς1993)

Very nice overviewon history:
SamoilM. BilenkyαbŜǳǘǊƛƴƻ oscillations: brief historyandpresentstatusά 
arXiv:1408.2864v1  [hep-ph]  12 Aug 2014

Pontecorvo
Bilenky
1928-2020
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in german: Physik Journal 12 (2013) Nr.10

https://youtu.be/d4rCjoWiOrw

ΧŀƴŘ herea talk by F. Close

And a discussionof this bookin Nature 
https://www.nature.com/articles/518032a

https://youtu.be/d4rCjoWiOrw
https://www.nature.com/articles/518032a


The Pioneers & Discovery
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M. Koshiba
Nobelprize2002

"for pioneering contributions to astrophysics, 
in particular for the detection of cosmic neutrinos" 

KamiokaNDE 3 kt WaterCerenkov detector, build for searchingproton decay
NucleonDecay Experiment



Energy thresholdfor
Cerenkov emmission(in water):
Å Muon:  > 170 MeV
Å Electron:   > few MeV



Proton Decay Experiments in the 1980s
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ÁKamiokaNDE(water cerenkov, FV = 1000t) 

Á IMB (water cerenkov, FV = 3300t)

ÁNUSEX (iron trackingcalorimeter, FV = 130t) 

Á Frejus(iron trackingcalorimeter, FV = 700t)

ÁΧ



19

Also interesting:
αt9w{t9/¢L±9{ hC 9·t9wLa9b¢![ b9¦¢wLbh tI¸{L/{ Lb Lb5L!άΣ V.S.Narasimham
Proc Indian NatnSci Acad, 70, A, No.1, January 2004, pp.11ς25

After muonneutrino was discoveredin 1962 (in acceleratorexperiments)

Slide by T.Kajita





Neutrino productionby protonshitting a target

21

Neutrino beams Astrophysicalneutrinos Atmosphericneutrinos Cosmogenicneutrinos



But then: Kamiokande sees something strange in 1988é



Other experimentsstart lookingat this so calledatmosphericneutrino anomalyΧ

Conclusion: Need biggerandbetter detector (SuperKamiokande) to solvethe puzzle

Half of the muonneutrinosseemto be missing!
But only in the water Cerenkov detectors?



Super-Kamiokande



Zenith angle distribution
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SuperK ïFirst Evidence for Neutrino Oscillations 1998
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Nobelprize2015 for T. Kajita



Super-K L/E Analysis (2005): alternative mechanisms

disfavoured



This was confirmed by neutrino beam experiments
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Disappearenceof v˃ ὖ’ᴼ’ ρ ÓÉÎς— ẗÓÉÎρȢςφχ
ɝά ÉÎÅ6 ẗὒÉÎËÍ

ὉÉÎ'Å6

OctantProblem:
This issymmetric
around45°:
e.g. 50° and 40° give
same valuefor sin22ʻ

MassOrdering?:
Same valuefor
m2 < m3 and for m3 < m2

K2K

MINOS

Today: 
NOvA, T2K

— Ȣ Ȣ
ȢЈ(between41° and 50°)

Ўά Ȣ Ȣ
Ȣ Å6

Χfurther confirmedby atmosphericneutrinos in SK and Icecube



OPERA: Appearenceof v (̱2015)
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First vTau Candidate Event (22/08/2009)
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Why Matter matters, 

even for neutrinos
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Standard Solar Model (SSM) predictedsolar neutrino fluxes
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energy of the neutrinos in MeV



Solar Neutrinos: First Detection

Raymond Davis Jr.,  
HomestakeExperiment

’ /ƭ

ᴼ !ǊὩE˄ > 814 keV  (8B, 7BeNeutrinos)

1970 - 1994


