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The “Standard Model”
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Over the last 100 years: combination of
Quantum Mechanics and Special Theory of relativity

along with all new particles discovered has led to the
Standard Model of Particle Physics.

The new (final?) “Periodic Table” of fundamental elements:

Neutrinos are leptons that do not 

feel the strong force (no color) or 

the electromagnetic force (no 

charge). They interact only weakly.

In the Standard Model they are 

massless, move with the speed of 

light and neutrinos are always left 

handed (opposite for ant-neutrinos)

Fermions Bosons



Neutrinos 

• Neutrinos are fundamental particles

• Neutrino are ghostly particles

• Trillions (1012) of neutrinos pass per 

second through you for every second of 

your life! They come from the sun

• Neutrinos need a light year of lead

(~1013 km) be stopped with 50% chance

• There are a billion neutrinos for each 

atom in the Universe. There are ~3.108

neutrinos per cubic meter- relic neutrinos

• Their sheer number must mean they are 

important

• Neutrinos have a fixed chirality ->



The Number of Neutrinos



Neutrinos are still mysterious particles

• Have only (left handed) weak interactions

• Are mass-less in the (minimal) Standard Model

• Are the only neutral fermions in the SM

• Could be Majorana or Dirac fermions

• Neutrinos come from everywhere 

– Solar neutrinos

– Atmospheric neutrinos

– Relic/supernova neutrinos

– Nuclear reactor created neutrinos

– Accelerator created neutrinos

– Geoneutrinos, radioactive decay, even from your body 

Neutrinos



Neutrino Detection
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Neutrinos are know to us since 1930!
If the process is A -> B + electron, the energy 

of the electron should be at a fixed value.

This is not the case! Energy-momentum not

conserved in Beta-decays?  

Pauli proposed instead the process:   

β decay    

…At least in (controversial) theory 



Neutrinos are know to us since 1930!

Pauli did not believe energy-momentum conservation was violated
He proposed a desperate way out: a new ‘invisible’ particle
He called it the neutron.
He also stayed away from the conference because of a ball in Zurich.. 



Neutrinos are know to us since 1934!

1934
Enrico Fermi, father of the world’s first
nuclear reactor, coined the term “neutrino”
which is Italian for “little neutral”
The name neutron had meanwhile been 
claimed for the discovered nucleon partner 
of the proton

He proposed a theory for Beta-decay 
including the neutrino, a first formulation 
of the weak force…

Funny enough his paper got refused by 
Nature magazine
(criticism: nothing practical in this paper)   
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It took 26 years to detect this particle.

Cowan and Reines put a detector 

close to the reactor in South Carolina

and observed the inverse beta decay 

process (few events/hour)

Reactors give 

The neutrino really exists!   

The Discovery of the Neutrino

5 second delay

1019 neutrinos/sec



This was however not the first idea

of Cowan and Reines.

They had originally proposed (and 

got approved for) putting an 

experiment  close to an even more 

intense source of neutrinos nml

100m distance from an atomic blast!

They abandoned that idea when the

realized there were certain 

‘practical problems’ for the 

detector… (to survive) 

The Discovery of the Neutrino



The Discovery of the Neutrino

1956: the first experimental evidence from project “Poltergeist”,
informing Wolfgang Pauli.. 



More Neutrino Personalities

1937: Ettore Majorana
He postulated that neutrinos could be their 
own antiparticles. This special class of particles
came to bear his name: Majorana particles 

Majorana disappeared in 1938 on a boat trip from Sicily

1957:  Bruno Pontecorvo
He hypothesized that neutrinos may oscillate, or
change from one type to another and would go on to 
develop that theory over the years as more flavors
were discovered.
He also predicted that supernovae, the giant explosion  
of a dying star, would release an enormous amount 
of energy in the form of neutrinos

Pontecorvo disappeared … to the east block in 1950 



Neutrinos in the 1960s

1962: Lederman, Schwartz and Steinberger 
discovered the existence of second type of neutrino
at the AGS in Brookhaven: the muon neutrino

1968: Davis and Bahcall and the solar
neutrino problem. Only 1/3 of the 
expected (electron) neutrino rate
was observed. What was wrong?  



Neutrinos in the 1970s

1973: Discovery of the “neutral currents” as predicted from the
Electroweak Theory:    neutrino + proton -> neutrino +X
A triumph for the emerging Standard Model 



Atmospheric Neutrinos

Expected rate of muon
neutrinos over electron
neutrinos ~ 2



Neutrinos Oscillate! (1998)

1998: The Super-Kamiokande experiment in Japan (10 x Kamiokande) used a 
massive underground detector filled with ultrapure water. 
They announced first evidence of neutrino oscillations which must mean that
at least some of the flavors have non-zero mass. The experiment showed that 
muon neutrinos disappear as they travel through the earth to the detector



SuperKamiokande

50,000 tons of ultra-pure
water, watched by 
13,000 photomultipliers



Neutrinos in 2000+

2002: The Sudbury Neutrino Observatory
(SNO) used heavy water in a detector 
deep underground in Canada, announced
conclusive evidence on solar neutrino
oscillations. This was the final answer to
Ray Davis’ solar neutrino problem:
Neutrinos from the sun transformed
from the electron variety onto other
flavors as they travelled to earth  

1000 tons of heavy water in a 6m radius
vessel, viewed by 9600 photomultiplier
tubes



Neutrinos Oscillations!

Atmospheric and solar neutrinos oscillate!!
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3 More Nobel prizes for Neutrinos since 1988
-2002: R. Davis and M. Koshiba
-1995: F. Reines
-1988: L. Lederman, M. Schwartz and J. Steinberger  



Neutrino Oscillations

• Important discovery in 1998: neutrino oscillations

• Neutrino oscillation is a quantum mechanical phenomenon 

whereby a neutrino  created with a specific lepton flavour 

(electron, muon, or tau) can later be measured to have a 

different flavour. The probability of measuring a particular 

flavour for a neutrino varies between 3 known states as it 

propagates through space

• Neutrino oscillations only possible if neutrinos have a non-

zero mass 



Neutrino Oscillations



Neutrino Oscillations



Neutrino Oscillations

Pontecorvo-Maki-Nakagawa-Sakata Matrix  (analogous to the CKM)

Oscillation
probability

In total 6 parameters
to determine
-3 angles
-2 mass differences
-1 CP violation phase



Neutrino Oscillations



Neutrino Oscillations

• Since 20 years an active field of study and 

data from many experiments collected:

– Long baseline accelerator experiments (LBL)

– Short baseline reactor experiments

– Atmospheric neutrinos

– Solar Neutrinos

– Neutrinoless double beta decay experiments

LBL experiments in the US and Japan
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Solar Neutrinos



Solar and Reactor Neutrinos



Accelerator Based Neutrinos



The T2K LBL Experiment



The NOVA LBL Experiment



Neutrino Oscillations

Most recent results present at the Neutrino2018 conference
in Heidelberg June 2018

Summary report of T. Kajita



Neutrino Oscillations



Tau Neutrino Appearance

Opera experiment now has 10 tau appearance events (upgraded analysis)



Neutrino Oscillations



Short Baseline Experiments

Daya Bay  (China)
Eight anti-neutrino detectors
(liquid scintillator based)
within 2 km of 6 reactors

RENO  (South Korea)
Two anti-neutrino detectors
(liquid scintillator based)
~up to 1.5 km of 6 reactors

Double Chooz (France)
Two anti-neutrino detectors
(liquid scintillator based)
within 0.4-1 km of the reactors

Measuring the mixing angle



Neutrino Oscillations



Neutrino Oscillations



Results from the measurement :  global fits 

http://www.nu-fit.org/?q=node/12

Neutrino Oscillations

January 2018



Most Recent Fit (April 2018) 
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Neutrino Oscillations
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Neutrino Oscillations
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Open Questions: The Mass Ordering? 

Presently we determine the absolute difference in mass, not the sign of it 

?



Neutrinos Have Mass

49
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Open Questions: CP Violation? 

Do neutrinos and anti-neutrinos oscillate differently ? 



Open Questions: Neutrino mixing

Why is Neutrino mixing so different from quark mixing?
What does that tell us? 

CKM Matrix



The Future



Future Neutrino Experiments

Eg. experiments that will contribute to the mass ordering question 
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1.5 km underground



The ProtoDUNEs at CERN



Liquid Argon Time Projection Chamber

The ‘electronic’ bubble chamber for neutrino experiments



DUNE Prospects

Also: Proton decay, Solar & atmospheric neutrinos, Supernova …



Hyper-Kamiokande

Sub-GeV  beam



The Jiangmen Underground Neutrino 
Observatory (JUNO) is a 20 kton multi-
purpose liquid scintillator detector (~20 
times the size of present detectors, 
including 18000 20’’ PMTs) being built in a 
dedicated underground laboratory (700 m
underground) in China and expected to 
start data taking in 2021. 

Its main physics goal is the determination 
of the neutrino mass ordering using 
electron anti-neutrinos from two nuclear 
power plants at a baseline of about 53 
km. With an unprecedented energy 
resolution of 3% at 1 MeV, JUNO will be 
able to determine the mass ordering with 
a significance of 3-4 sigma within six 
years of running. 

The JUNO Collaboration has 
~several hundred physicists

The JUNO Experiment



Katrin Experiment: the Mass of e

The KArlsruhe TRItium Neutrino experiment 
(KATRIN) is designed to improve the current 
direct limit on this mass scale by an order of 
magnitude, with a projected sensitivity of 0.2eV
To achieve this, KATRIN will perform high-
precision spectroscopy of the endpoint region of 
the tritium beta-decay spectrum, using a high-
intensity, windowless gaseous tritium source and 
a high-resolution electrostatic spectrometer. 

Data taking starting in 2018



Neutrino Astronomy 

Build Gigantic detectors 1 km3 of size and beyond…
Use the resources of planet Earth

The IceCube Experiment
-> In the ice of Antartica

The KM3NET Experiment
-> In the Mediterranian sea



Neutrinos in the Ice



Most Energetic Neutrino Interactions  

2012: Extra-galactic neutrinos with Energies around 1-2 PeV observed 
in the IceCube detector  (1 PeV = 106 GeV) 
They were dubbed “Bert” and “Ernie



Are there more than 3 Neutrinos?

• Is there is a 4th (5th…) neutrino then it has to be quasi-

sterile, ie should not couple significantly to other fermions 

and bosons, as we know from measurements at LEP

• Could mix with the known neutrinos

• Some indication since more than 10 years (LSND, reactor 

anomalies, Gallium anomalies)

• The interpretation is still controversial/unclear..    



MiniBooNE May 2018
Search for electron neutrino
appearance in short baseline
accelerator experiment.
6.3 sigma excess reported 
combining the data with LSND

Excess of events over expectation

Conform with LSND
excess 10 years ago 

Caused by a new sterile neutrino?
The jury is still out..

Preferred 
region

arXiv:1805.12028



New Short Baseline Experiments will check!  

Experiments at reactors, eg the SoLid

experiment @BR2 reactor in Belgium

Also: Prospect, STEREO, DANSS, NEOS

ICARUS T600
(476 t) MicroBooNE (89 t) SBND (112 t)

FNAL Short-Baseline Neutrino 
programme:Neutrino beam from Booster

Start ~2019



SUMMARY: Neutrinos

• Neutrinos were first detected in 1956

• Neutrino oscillations established since 1998

• Neutrino are unique: they are the only neutral fermions 

we know of.

• Majorana? High energy right-handed partners? Strong 

CP violation? More than 3 neutrinos? NSIs?

• The history of neutrino research has been full of 

surprises. What surprise is waiting for us next??

• Next comes the age of neutrino precision physics and 

neutrino astronomy, and…    

Note: Town Meeting of the European neutrino community planned for
22-24 October @ CERN

https://indico.cern.ch/event/740296 



European for the ESU  

ESU= European 
Strategy Update

https://indico.cern.ch/event/740296


