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Neutrinos

• Neutrinos at the CERN-Fermilab Hadron Collider Physics 

Summer School?

– No neutrino collider any time soon ☺ (𝞶𝞶 collisions do happen 

plentifully in supernova explosions…). Neutrino factory..?

• Fermilab has a strong ongoing program on neutrino physics

– Eg DONUT, MINOS, MINERvA, MicroBooNE, MiniBooNE, NOvA… 

– And recently/future: ICARUS, SBND, DUNE…

• CERN is coming back “on-line” in neutrino physics. 

Significant investment with the Neutrino Platform

– ProtoDUNEs, participating in DUNE, SBN, T2K, ...

• The LHC is also becoming a place to study neutrinos, via 

searches for new or heavy neutrinos, or more recently via 

news experiments that measure high energy neutrino 

interactions (FASER(-Nu), SND@LHC) 



Neutrinos are still mysterious particles

• Have only (left handed) weak interactions

• Are mass-less in the (minimal) SM .. untill 1998

• Are the only neutral fermions in the SM

• Could be Majorana or Dirac fermions

• Neutrinos are produced everywhere 

– Solar neutrinos

– Atmospheric neutrinos

– Neutrinos from supernova explosions

– Primordial neutrinos from the Big Bang

– Nuclear reactor created neutrinos

– Accelerator created neutrinos

– Geoneutrinos, Radioactive decay, even from your body… 

Neutrinos



Neutrino experiments today -> Open Questions!

• Neutrino mass values? Origin of the Masses?

• Neutrino mass hierarchy? Normal or Inverted?

• CP violation in the lepton sector? Are neutrinos                           be 

key the baryon asymmetry in the Universe?

• Are neutrinos their own antiparticles? -> LNV processes

• Do right-handed/sterile/heavy neutrinos exist?

• Are there non-standard neutrino interactions?

• Neutrinos and Dark Matter?

• Testing of CPT..

• Neutrinos are Chameleons:                                                          

They can change flavour!!

Neutrinos

Neutrinos are an essential part of our Universe and our very existence, 
and can provide answers to some of the key fundamental questions today



Neutrinos come in 3 Flavors
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



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 



… Neutrinos from cosmic rays



……very high energy neutrinos from outer space



…Reactors produce > 1021 neutrinos per second  
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Neutrino Sources, Flux and Cross Sections

Cosmological and background from old supernovae neutrinos not yet observed!



Detecting neutrinos is challenging
Very large detectors are needed



SuperKamiokande

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



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 offered an explanation for the observed solar neutrino discrepancy.



E. Lisi
Re-interpretation
Workshop
17/2/2021

Neutrino Oscillations first firmly established with atmospheric neutrinos

Neutrinos Oscillate! (1998)



Neutrino Oscillations

• Important discovery in 1998: neutrino oscillations

• Neutrino oscillation is a quantum mechanical phenomenon 

whereby a neutrino  created with a specific lepton flavor

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

different flavor. The probability of measuring a particular 

flavor 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: (propagation as a superposition 
of two masses)

The bizarre world of Quantum Mechanics: particles and waves

➜
length or time

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



Two Flavour Oscillations



Two Flavour Oscillations



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

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
SuperKamiokande, Icecube



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
Results



Solar Neutrino Parameters



Accelerator Based Neutrino Experiments

Neutrinos from 
accelerators



Muon Neutrino Disappearance 



NOvA Results



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
2020 news: T2K exp.
sin𝝳= 0 excluded at 3𝞂 !!

-> Appeared in Nature



CP Violation: T2K Measurement 

Measured versus expected electron-(anti)neutrino events in SK as 
function of the assumed CP- angle

Do neutrinos and anti-neutrinos oscillate differently ? 

Expected 
If 𝛅=0
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CP Violation: T2K Result 

The gray region is disfavored by 99.7% (3𝝈) CL

The values 0 and 180 degrees are disfavoured at 95% CL

Determination of 𝞭CP

Appearance of 𝝼e events 

Nature Magazine April 16/4/2020
and arXiv:: 1910.03887



NOvA Results

NOvA/T2K will continue to take data till 2026/2027
-> double the statistics of present analyses, reduce systematics



T2K Future

- Gadolinium now added to SK water: not yet 
used in analysis but neutron signal seen 

- Significant enhancement in neutron capture: 
anti-neutrino events tagging 

- Also the T2K neutrino beamline upgrade on-
going 

Accumulate more data in the next years
• Reduce systematics uncertainties 
• Replica of the beam target has been put

proton beam of NA61 this summer
• Reach 3σ for non-CPV rejection prior to 

Hyper-Kamiokande

• T2K+HK  atmospheric  joint fit 

+ upgrade of the ND280 near detector



Neutrino Experiments
• Atmospheric parameter determinations by several experiments
• Results are consistent

2105.06732



Recent Global Neutrino Data Fits

Recent 3-neutrino global analysis

● Hints for 𝝝23 ≠ 𝝿/4  
● Mild hints for a Dirac CP phase 𝝳
● Mild hint in favor of Normal Ordering 

NuFIT group



General Picture

Approximate flavor compostion of the mass eigenstates
and mass differences (squared)

NuFIT group



Neutrino Parameter Evolution

Towards precision physics



CMK vs PMNS
Why is neutrino mixing so different from quark mixing?
What does that tell us? 
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Neutrino Oscillations



Neutrino Properties  



Neutrino Mass

The smallness of the neutrino mass



Neutrino Mass Measurents



Neutrino Mass Measurents

The KATRIN experiment: endpoint measurement of tritium decay

What is measured really in this experiment is the effective electron anti-
neutrino mass defined by                       with       the PMNS mixing elements



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 Me < 0.8 eV  (May 2021)



Neutrinoless Double Beta Decay 

• Are neutrinos their own antiparticle? We do not know this yet!

• The highly anticipated experimental test is the observation of 

neutrino-less double beta decay, ie two simultaneous beta-

decays within one nucleons, without neutrino emission 

• This would be the first evidence of lepton number violation!



Neutrinoless Double Beta Decay 
GERDA (GERmanium Detector Array) experimemt at LNGS (Gran Sasso/IT)

127.2 kg.year exposure
between 2011-2019

Experiment now completed
No 0𝝂𝜷𝜷 signal observed 

Final results: arXiv:2009.06079



Anomalies



Sterile Neutrinos

Several anomalies around in the community since some years…
Additional sterile neutrinos as a possible candidate explanation

J. Kopp, Neutrino 2022



Anomalies
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Neutrino Anomalies

●Jury still out on many of these anaomalies. No clear picture emerging yet.
●Simple sterile neutrino would not fit all the data. Tensions on all sides…
●Future: Reactor experiments continuing or new ones (eg JSNS2) or 

new experiments at the FNAL short neutrino baseline… (ICARUS, SBND)

𝝻BooNe excluded some explanations

BEST

-> DANSS

More 
details
in the 
backup



New Short Baseline Experiments will check!  

Experiments at reactors, eg the SoLid

experiment @BR2 reactor in Belgium

Also: Prospect, STEREO, NEOS…

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

FNAL Short-Baseline Neutrino 
programme:Neutrino beam from Booster

Start ~2021   ICARUS is taking data!



Astrophysical Sources of 

Neutrinos



……very high energy neutrinos from outer space



Neutrino Astronomy 

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

The IceCube Experiment: operational
-> In the ice of Antarctica

The KM3NET Experiment: >30 DU 
strings now/ full detector by 2026
-> In the Mediterranean sea…

ANTARES
retired this 
summer after
14 years



The IceCube Experiment

Result from 8 year data collection with DeepCore

Very competitive measurement….



The Baikal-GVD Experiment

Baikal-GVD Gigaton Volume Detector



The P-ONE Proposal

A multi-km3 neutrino telescope; the first to be hosted 
by an existing oceanographic infrastructure. 

Experiment for energies above 50 TeV. A first segment  is planned to be 
installed in a four weeks sea operation in 2023/24

2111.13133



Large Neutrino Observatories

When combined and used as a single distributed planetary instrument 
(Planetary Neutrino Monitoring System (PLEnUM)), it would cover almost the 
entire sky 

Huge increase of the detection probability for > 50 TeV neutrinos

IceCube GEN-2
10 km3



Multi Messenger Astronomy…

Now: 
neutrinods +photons

Next?
neutrinos and 
gravitational waves?



Neutrinos at the LHC!



Neutrinos @ the LHC: Examples
Searches for right-handed neutrinos at the LHC

νMSM (Neutrino Minimal Standard Model) TeV scale right handed Neutrinos



Measuring Neutrino Interactions @ LHC 

SND@LHC and FASER𝝼 are 480m forward of the 

IPs and can study TeV-neutrinos

FASER  was approved in 2019. FASER𝝼 (extension with emulsion) in 2020.

SND@LHC was proposed in 2020 and approved in 2021.
Both experiments take now data with the start of the Run-3 at the LHC 



Neutrinos @ the LHC: SND@LHC & FASER𝛎

SND@LHC/FASER𝝼 are 480m forward and 

can study TeV-neutrinos with emulsion and 
tracking+muon/calo detectors

FASER(𝝼)

Prospects for Run 3

SND= Scattering and Neutrino Detector

SND@LHC

SND@LHC: approved March ‘21



First Results from FASER and SND@LHC  

Direct observation of neutrinos produced at the LHC
in the charged current muon channel

SND@LHC  (off-axis) FASER  (on-axis)

153 observed events
in signal region

2303.14185

2305.09383



Near Future Neutrino 

Experiments 



Neutrinos from 

Astrophysical Sources

Ongoing Neutrino History 



Future Neutrino Experiments

Eg. experiments that will contribute to the mass ordering question 

JUNO in 2024         T2HK/DUNE start in 2028-2030



Mass Hierarchy/Ordering

DUNE



CP Phase



The T2HK Experiment



LNBF/DUNE



An international science collaboration

1106 collaborators from 184 institutions in 31 countries

- 1400+ collaborators from 

- 200+ institutions in  

- 31 countries + CERN

Still more groups joining

Collaboration meeting at CERN



CERN strongly involved in 
DUNE Far Detector R&D

FD1 Horizontal Drift

FD2 vertical Drift (NEW)

CRPs
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1.5 km underground16x16x60m3



The EHN1 Hall at CERN

The Neutrino Platform hall



SUMMARY: Neutrinos

• Neutrino studies is a vibrant field of research, and has still 

many open questions! Right-handed partners? Large CP 

violation? More than 3 neutrinos? Non Standard 

Interactions? Are neutrinos their own anti-particle?

• Now comes the age of neutrino precision physics with 

DUNE & T2HK and neutrino astronomy: look inside the 

sun, understand supernovae explosions, multi-messenger 

astronomy…  

• Detailed study of PMNS oscillation parameters                

by experiments is key to the understanding

• Large experiments are really “observatories”  

• The history of neutrino research showed many       

surprises. What surprise is waiting for us next??



Further reading

arXiv:2211.08641


