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A bit of History…

July 2012:
Thailand joins the 
CMS Experiment at
CERN



Observation of a Higgs Particle at the Large Hadron Collider, 

after about 40 years of experimental searches to find it     

The Higgs particle was the last missing particle in the Standard Model
and possibly our portal to physics Beyond the Standard Model

proton proton

2012: A Milestone in Particle Physics

2013



… The Standard Model



Neutrinos 

Neutrinos come in three different types: three flavors



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 

have important role in the Universe

• Neutrinos have a fixed chirality ->

65 billion neutrinos pass 

An (American) billion = 109 = 1000000000



Neutrinos are mysterious particles

• Have only very weak interactions

• The only neutral matter particles in the Standard Model

• Neutrinos could be their own anti-particle

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

were recently found to have very tiny masses

• Neutrinos are Chameleons: They can change flavour!!

Neutrinos

At the same time neutrinos are essential parts of our Universe and our 
very existence, and can provide answers to some of the key fundamental
questions today: matter-antimatter asymmetry, dark matter…



Neutrinos are mysterious particles

• Neutrinos are produced everywhere 

– Solar neutrinos

– Atmospheric neutrinos

– Primordial neutrinos from the big bang

– Neutrinos from Supernova explosions

– Nuclear reactor created neutrinos

– Accelerator created neutrinos

– Geoneutrinos, radioactive decay, even from your body 

Neutrinos

Neutrinos are the most abundant matter particles in our Universe



Plenty of neutrinos in the Universe



Neutrinos give crucial insight on Supernovae explosions 



……Neutrinos allow us to to look into the heart of the sun 



……very high energy neutrinos from outer space



… Neutrinos from cosmic rays



…Reactors produce > 1021 neutrinos per second  



…Radioactive beta-decay
The process that led to the postulation of the neutrino
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Neutrinos interact very weakly with matter



Very large detectors are needed



…
And often they are placed far underground



Neutrinos were introduced in 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    

But he believed we could never detect this particle!!



Neutrinos are known 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”

He proposed a theory for β-decay 

including the neutrino, a first formulation 
of the weak force…

This is one of the keystone papers for the 
Later development of the Standard Model

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 Discovery of the Neutrino

5 second delay

1019 neutrinos/sec

The neutrino really exists!   



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



How Many Different Neutrinos? 
LEP e+e- collider at CERN (1988-2000) Detailed study of the Z-boson

The width of the Z-boson
gives the number of neutrinos

LEP: three active neutrinos with mass<45 GeV



Atmospheric Neutrinos

Cosmic rays hit the atmosphere 
at 30 km height.
These produce particles that
decay and give neutrinos

Some neutrinos are produced close
to the detector.
Others thousands of km away from it

Neutrinos hitting the detector ‘from below’ travelled much longer than others



Neutrinos Oscillate! (1998)

1998: The Super-Kamiokande experiment in Japan used a massive 
underground detector filled with ultrapure water. 

They announced first evidence of neutrino oscillations. The experiment showed 
that muon neutrinos disappear as they travel through the earth to the detector
It also explained the earlier observed solar neutrino discrepancy.



SuperKamiokande

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



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 -> Neutrinos have mass!!

•



Neutrino oscillations

Flavor states

Neutrino 
interaction

Neutrino travel
through space

(*) Pontecorvo-Maki-Nakagawa-Sakata Matrix



Neutrino Oscillations

Take that the neutrino particle is a hybrid of two mass states  v1 and v2
as it travels through space the associated waves of these mass states
advance at a different rate

Hence the picture looks as follows:

The bizarre world of Quantum Mechanics: particles and waves

➜
length or time

The neutrinos change identity (flavor) along the way…!!



Neutrino Oscillations

Neutrino oscillations is a pure Quantum Mechanical effect
The effect depends on the mass difference between flavor states

Absolute mass values?   Mass hierarchy?



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



Neutrino Oscillations

2-mass differences



Quarks & Leptons

Very different flavor mixing matrix for Quarks and Leptons !!



Neutrinos from an Accelerator



The T2K and NOVA LBL Experiments



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



Taking all available data together… 

To explore Beyond the Standard Model ~ 10 times better precision needed
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Neutrino Oscillations



Neutrinos have Mass

• This was not expected in the 

minimal Standard Model

• The masses are very small, eg less 

than ~1 eV for electron neutrinos. 

This is ~ a million times smaller 

than the electron mass

• Unlikely that these small masses 

can be explained by the Higgs 

mechanism 

• Proposed mass generating 

mechanisms require Physics 

Beyond the Standard Model !!



Katrin Experiment: the Mass of e

The KArlsruhe TRItium Neutrino experiment 
(KATRIN) is designed to measure the mass up to 
projected sensitivity of 0.2eV
To achieve this, KATRIN will perform high-
precision spectroscopy of the endpoint region of 
the tritium beta-decay spectrum.

Recent result Me < 1.1 eV  (September 2019)



Open Questions: CP Violation? 

Do neutrinos and anti-neutrinos oscillate differently ? 

Neutrinos could be the key to one of the 
most important questions today: 
Where is the anti-matter in our Universe? 

Charge-Parity (CP) violation
Breaking news: T2K exp.
sin𝝳= 0 excluded at 3𝞂 !!

to appear in Nature



The Future

“The age of precision physics with neutrinos”



Future Neutrino Experiments

Eg. experiments that will contribute to the mass ordering question 
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First data in 2026
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1.5 km underground



The ProtoDUNEs at CERN



Hyper-Kamiokande

Sub-GeV  beam

First data in 2026

Upgrade of the Super-kamiokande experiment in Japan

Breaking News 16/12



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 named “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..    



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 ~2020



Neutrinos @ the LHC: Examples
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XSEN and FASER-Nu are 400m 
forward of the IPs and can study
TeV-neutrinos with emulsion detectors

Searches for right-handed 
neutrinos at the LHC

νMSM (Neutrino Minimal Standard Model)
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3 Other Nobel prizes for Neutrino Physics
-2002: R. Davis and M. Koshiba
-1995: F. Reines
-1988: L. Lederman, M. Schwartz and J. Steinberger  



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.

• High energy right-handed partners? Strong CP 

violation? More than 3 neutrinos? Non Standard 

Interactions? Are neutrinos their own anti-particle?

• The history of neutrino research has been full of 

surprises. What surprise is waiting for us next??

• Now comes the age of neutrino precision physics and 

neutrino astronomy: look inside the sun, understand 

supernovae explosions, multi-messenger astronomy…  


