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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
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Neutrino Sources, Flux and Cross Sections

Cosmological and background from old supernovae neutrinos not yet observed!



Neutrino experiments today -> Open Questions!

• Neutrino mass values? 

• 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 allow us to to look into the heart of the sun 



Solar Neutrinos

Neutrino measurements allow to understand how the sun works

2020: Borexino measured
the CNO cycle  ->
Nature 687 (220) 577



Neutrino Oscillations

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



Neutrino Oscillations

“Atmospheric” “Solar”



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
Double Chooz



Accelerator Based Neutrino Experiments

Neutrinos from 
accelerators



Muon Neutrino Disappearance 



Neutrino Experiments

• Atmospheric parameter determinations by several experiments
• Results are consistent

2105.06732



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 ? 

𝛅CP=0

~70
~20



CP Violation: T2K Result 

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

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

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



CP Violation Results
Updates from NOvA and T2K summer 2020.. 



CP Violation T2K/NOvA Results

Some tension between NOvA and T2K results for NO mass ordering
-> more experimental data needed … (and coming..)

Good to have
different methods
and experiments!

Jury is still out!!

Summer 2020
update

arXiv:2007.14792 NuFIT group



Taking all available data together… 

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

arXiv:2007.14792 NuFIT group



Taking all available data together… 

Minimized 𝚫𝛘 distribtions

for the 3 neutrino hypothesis
fit off all data 

Inverse mass odering is 
disfavoured slightly compared 
to the normal mass ordering in 
the global fit by about 1.6 sigma
(2.7 sigma when including SK)

Data mainly from reactors, 
long baseline experiments, 
atmospheric, solar neutrinos…

But the Jury is still out..

arXiv:2007.14792
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Neutrino Oscillations



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



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 < 0.8 eV  (May 2021)



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 

Many experiments 
operating, planned 
or in R&D: LEGEND 
SNO+, NEXT…

Final results: arXiv:2009.06079



Future Neutrino Experiments

Eg. experiments that will contribute to the mass ordering question 



Future Neutrino Experiments

First data in 2027 (?)



26

1.5 km underground

1 FD detector similar size as ICAL!



Neutrino Experiments and CERN

No neutrino beam since switching-off
the LNS beam to Gran Sasso in 2015

As of 2000: No neutrino experiments 
at CERN since CHORUS and NOMAD

In 2014, as a result of the European 
Strategy for Particle Physics at the 
time it was decided CERN would 
engage again in accelerator based
neutrino experiments

• Creation of the Neutrino platform
• Creation of a Neutrino experimental

Group in 2016 (and Theory forum)

2022: Neutrino experiments will be 
back at CERN … see laterProtoDUNE: Prototype at scale 1/25

of a DUNE far detector module





Present Status of NP Projects



The EHN1 Hall at CERN

The NeutrinoPlatform hall



Virtual Visit to the Neutrino Platform

Video on the agenda of the school
https://indico.cern.ch/event/1011452/

Recent visit on 12/8/2021



CPv sensitivity Mass ordering sensitivity

CP Violation and Mass Ordering

• Updated Sensitivity with realistic systematics and reconstruction

- Move quickly to potential CP violation discovery

- Rapid, definitive mass ordering determination (>5𝜎)

arXiv:2002.03005



Short baseline Reactor:Neutrino-4 Exp.

Data analysis strongly critized
- Issues with the energy resolution 
- Less biased approach -> ~2.2𝜎 effect only

- “No-oscillation scenario” not excluded
at 3𝜎

arXiv:2101.06785

2m3 liquid 
scintillator 
detector at a
90 MW reactor 
in Russia

3 years long
measurement
2.8𝞼 signific.

arXiv:1809.10561 (Jan 2020)

2020 result

More discussion by Alexei on Friday



New Result from DANSS

●
Neutrino-4

DANSS does yet cover up to Neutrino-4, but with the upgraded detector
and 1-2 years additional data taking they will… 

EPS-HEP 2021



Multi Messenger Astronomy

Now: 
neutrinods +photons

Next?
neutrinos and 
gravitational waves?



Observation of a Glashow Resonance

Scattering on electrons to form a W boson
Electron antineutrino with energy of  ~6.3 TeV 
required

Event seen with an estmated energy of 6.05 TeV
in IceCube (8/12/2016)

Nature. 591: 220–224



Neutrinos @ the LHC: Examples
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SND@LHC 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)



Neutrinos @ the LHC: SND@LHC

SND is 400m forward of the IPs and can 
Study TeV-neutrinos with emulsion and 
tracking+muon/calo detectors

SND= Scattering and neutrino detector



First Observed neutrinos in FASER-𝞶

These are the first ever directly observed neutrinos at the LHC!!



SUMMARY: Neutrinos

• Neutrinos studies is a vibrant field of research, and has 

still many open questions! Right-handed partners? Strong 

CP violation? More than 3 neutrinos? NS 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??



Backup



High intensity frontier for low mass particles with very weak couplings
->upcoming neutrino experiments (SBL, LBL) foresee very high intensity beams   

These experiments can perform 
searches for low mass New 
Physics particles eg
-HNL/sterile neutrinos
-dark photons 
-ALPs
-mini/millicharges
…

Near Detector:
few 100m away
from the dump

> 1021 POT/Year

arXiv:1806.03310

Example millicharges:

arXiv:1907.08311

NDs as Beam Dump Experiments



8-Oct-201943 A. De Roeck  |  SM and BSM physics with DUNE8-Sep-201967 A. De Roeck  |  SM and BSM physics with DUNE

Searches for Low Mass Dark Matter
Light dark matter produced at the accelerator (meson decays)

Production Elastic scattering



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 end 2022/start2023 

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 
sigma within six years of running. 
(4-5 sigma with acc. exp. and IceCube) 

The JUNO Experiment



Hyper-Kamiokande


