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2 Lectures 

• Lecture 1: 

– Introduction to neutrinos

– History of neutrino physics and open questions. 

– Neutrino oscillation physics (part I)

• Lecture 2: 

– Neutrino oscillation physics (part II)

– Neutrino properties

– Cosmological neutrinos 

– Searches for the 4th generation

– Next generation of neutrino experiments & LHC



Accelerator Based Neutrino Experiments

Neutrinos from 
accelerators



Neutrino Interactions



Neutrino oscillations

Flavor states

Neutrino 
interaction

Neutrino travel
through space

(*) Pontecorvo-Maki-Nakagawa-Sakata Matrix

NB: charged leptons are mass eigenstates and don’t oscillate!



Example: Interactions in SuperKamiokande

SK is the large detector of the T2K experiment

Electrons have more
multiple scattering 
on the water ->
Rings are more fuzzy 



Example: Interactions in NOvA

NOvA: Liquid Scintillator Detector (cell readout)



Extracting the Information

CPV: Do neutrinos and anti-neutrinos oscillate differently ? 



Muon Neutrino Disappearance 



NOvA Results



CP Violation with Neutrinos?

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

Do neutrinos and anti-neutrinos 
oscillate differently ? 



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 Measurement 

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 T2K/NOvA Results

Tension between NOvA and T2K results! Joint analysis required?
-> more experimental data needed

Good to have
different methods
and experiments!

Jury is still out!!

Summer 2020
update



NOvA/T2K Joint Analysis



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



Recent Global Neutrino Data Fits

Neutrino2024



Recent Global Neutrino Data Fits

Recent 3-neutrino global analysis Neutrino2024



Results of Global Fits

Neutrino2024



General Picture

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

NuFIT group
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Neutrino Oscillations



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



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: KArlsruhe TRItium Neutrino



KATRIN Experiment: the Mass of e

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

Recent result Me < 0.45 eV  (June 2024)



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!

Some nuclei have DBD if for 
an SBD the binding energy 
of the Z+1 nucleus is lower 
than the original, but for 
DBD (Z+2) it is higher  



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



Neutrinoless Double Beta Decay 

Most Recent numbers (Neutrino2024)



Summary: Neutrino Properties  

• Neutrinos oscillate and hence have a (tiny) mass, as 

found in atmospheric neutrinos and neutrinos from the 

sun

• How small is the mass?    m(𝝼e)< 0.45 eV

• What generates the neutrino mass? See-saw? Other?

• Is the neutrino a Majorana particle? Still open..

• Reactor and accelerator experiments are zooming in 

on oscillation properties 

=> Last part: on anomalies, cosmological neutrinos, 

future experiments, and searches for BSM physics 

(neutrino and others, using neutrino detectors)



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



Reactor Anomaly
Deficit in reactor anti-electron neutrinos has been reported since years.

Updated estimate
of R

Compatible with 
R=1



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

The Jury is still out…



Result from DANSS

●
Neutrino-4

DANSS does not yet cover up to Neutrino-4, but with the upgraded detector
and 1-2 years additional data taking they will… 
DANSS itself sees very weak hints of a signal around 1 eV2

EPS-HEP 2021



Neutrino Anomalies

●Jury still out on many of these anomalies. 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 FNAL Booster

Start ~2022   ICARUS is taking data!

Also: Prospect, STEREO, DANSS, NEOS



ICARUS @ FNAL

ICARUS is taking data since start of 2022
ICARUS will challenge the Neutrino4 claim
in  ~ 2025…



The Solid Experiment

● First physics result from this experiment
● Belgian groups from UA, UG and VUB

No oscillations observed.  Neutrino-4 close to be excluded.. (as expected)

●

● Neutrino 4

2407.14382



Astrophysical Sources of 

Neutrinos



……very high energy neutrinos from outer space



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



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: ~40 DU 
strings now/ full detector by 2026
-> In the Mediterranean sea…

ANTARES
retired this 
summer after
14 years



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



The IceCube Experiment



KM3NeT



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

TRIDENT TRopical DEep-sea Neutrino Telescope

TRIDENT will have 20,000 digital optical 
modules to cover an 8 km3 area
Located in the South China sea

More future projects: HUNT, TAMBO, GRAND, BEACON, RNO-G, PUEO…



Multi Messenger Astronomy…

Now: 
neutrinods +photons

Next?
neutrinos and 
gravitational waves?



Multi Messenger Astronomy…



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

LRSM
Majorana



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



First Results from FASER and SND@LHC  

First 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



SND@LHC & FASER

Neutrino target: 
emulsion sandwich with 1 mm 
tungsten plates (58 layers)

Excellent spatial resolution
of the emulsuon: ~ 1 𝜇m  
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2403.12520

𝜈e and 𝜈𝜇 Interaction Cross Sections

First measurements!



NEW: The Forward Physics Facility  

Origin: Letter of intent contributed to the Snowmass21 process.
Based on the FASER experience and studies: propose to have a Forward 
Physics Facility (FPF) experimental hall with room to include forward 
detectors for new physics searches (and QCD): FASER2, others   

2203.05090
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● The Forward Physics Facility: A new 

underground area for forward experiments 

● Covers neutrino physics and 

much more…

● Detailed study reported in 2022.05090

● Neutrinos in Lake Geneva??

● A large detector in or just outside 

Lake Geneva? A fresh idea..

( N. Kamp et al., Neutrino24 Poster) 

Neutrino Experiments for the HL-LHC?

Neutrino2024



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 start in 2025         T2HK/DUNE start in ~2027-2030



Future Neutrino Experiments



The T2HK Experiment



The Hyper-K/T2HK Experiment

+a detector in Korea?



The Juno Experiment



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) expected to start 
data taking in 2024/2025 

With an energy resolution of 3% at 1 MeV, 
JUNO determine the mass ordering with a 
significance of 3 sigma within six years

The JUNO Experiment



LNBF/DUNE



An international science collaboration

1106 collaborators from 184 institutions in 31 countries

- 1400+ collaborators from 

- 200+ institutions in  

- 33 countries + CERN

Still more groups joining

Collaboration meeting at CERN
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1.5 km underground16x16x60m3



Large Neutrino Observatories

Last Month !



The EHN1 Hall at CERN

The Neutrino Platform hall



CERN strongly involved in 
DUNE Far Detector R&D

FD1 Horizontal Drift

FD2 vertical Drift (NEW)

CRPs



Liquid Argon Time Projection Chamber 

The ‘electronic’ bubble chamber for neutrino experiments

High mass for neutrino detectors



Mass Hierarchy/Ordering

DUNE

MSW 
effect



CP Phase



19-Mar-202480 .                       A. De Roeck                            Status of  DUNE

- The 𝝼e flavor dominates. Detectable in DUNE via



Solar Neutrinos in DUNE



Baryon Number Violation 
• Neutron anti-neutron oscillations and proton decay with 400kt-yr 

of data taking



Searches for BSM Physics

8-Nov-202283 .                       A. De Roeck                            Status of  DUNE

• High intensity proton beam on target/dump 
can be a source for low mass BSM particle 
production

• ND detectors at ~600m can detect BSM 
particle  scattering or  decays.

• Examples are: light dark matter, dark 
scalars, dark photons,  axions, heavy 
neutral leptons (HNLs). 

• Example shown here for HNLs

arXiv:2203.08039

-->
Near
Detecter



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



Backup



The near detector is necessary
to normalize te neutrino flux
It will also be used for searching 
for BSM physics



Atmospheric Neutrinos

8-Nov-202288

• Likely the first two large forward detectors wil be completed before 

the intensive beam is ready to deliver the accelerator neutrinos

• But atmospheric neutrinos are always there!!

• Example: recent study by A. Chaterjee and ADR in 2402.16441

• Use final state even topologies for (anti)neutrino ID  

.                       A. De Roeck                            Status of  DUNE

140 kt.years (~ 5 years) 



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

SBL or LBL Near 
Detectors are a
few 100m away
from the dump

arXiv:1806.03310

Example millicharges:

Neutrino Detectors as Beam Dump Experiments

These experiments can perform 
searches for low mass New 
Physics particles eg
-HNL/sterile neutrinos
-dark photons/light dark matter 
-Axion-Like particles
-mini/millicharges
… arXiv:1907.08311

> 1021 POT/Year

+ dark matter, HNL, ALPS…

Light dark matter
HNLs
ALPs
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Atmospherics and Supernovae

Sensitivities to Lorentz and CPT violation

Analyzed in the SME (Standard 
Model Extension) framework

conventional
oscillation 

SME

Atmospheric neutrino flux

400kton.year

Oscillation free coefficients



8-Oct-201991 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



• When neutrinos travel over long distances through dense matter 

(Sun, Earth), their propagation is modified through coherent 

forward scattering off electrons (…like light in matter)

• This effect modifies the flavour oscillation probability (Mikhaev, 

Smirnov, Wolfenstein). Once the neutrino leaves the sun it is in 

a pure mass eigenstate consisting predominantly of the muon 

and tau flavors; no more further oscillation until it reaches earth.

• The MSW effect predicts a flavor conversion of solar neutrinos, 

that is independent of the distance between the sun and earth, 

of a factor 3 for the electron neutrinos (without any fine tuning)

Note: MSW or Matter Effect



Matter Effects

• The probability for 𝝂e appearance:

• both δCP and a (matter effect) switch signs in going from 

the 𝝂μ → 𝝂e to the anti-neutrino process 

• The origin of the matter effect asymmetry is simply the 

presence of electrons and absence of positrons in the 

Earth. 





Heavy Neutral Leptons
Neutrino portal: νMSM (Neutrino Minimal Standard Model) 

Minimal extension of the SM fermion sector by Right Handed HNLs: N1, N2, N3. 

D.Gorbunov, M.Shaposhnikov JHEP 0710 (2007) 015 

First LHC results on prompt studies
Majorana/Dirac? Now studies with displaced jets/lepton analyses. L~ 1m? 

At the LHC…



Heavy Neutral Lepton Searches

Projection for the DUNE Near Detector (7+7 years)
HNLs produced in meson decays (pions, kaons, Ds…)  

H.Sfar, 
G. Christodoulou
ADR
in arXiv:2103.13910



LBNF/DUNE 

97



98

Precision Neutrino Physics

We are entering the era of precision neutrino physics !! 



Expected number of neutrinos

~1,000 𝜈e / 𝜈͞e
appearance events 

in 7 years!

(normal ordering)

~10,000 𝜈𝜇 / 𝜈͞𝜇 events

Global Fit Oscillation Parameter

DUNE simulation



Supernova Signal in DUNE



8-Oct-2019101 A. De Roeck  |  SM and BSM physics with DUNE

Physics Beyond The Standard Model 



Future Neutrino Experiments



New Opportunities with New Facilities 

• The new faciltities are generally large, often based on 

cutting edge detector technologies

• These detectors allow for programs for  searches for 

new physics not directly related to neutrinos 

• This is drawing increasing attention in the community, 

in particular related to the “high intensity frontier”

• Reversely, the Large Hadron Collider can also 

contribute to the neutrino physics program

– Searches for right-handed neutrinos (heavy and light)

– BSM physics (extra dimensions, SUSY…)

– New: Neutrino experiments at the LHC!



Next Generation Experiments

Experiments ready by ~2035?

Also: new/tagged beams
NuStorm muon storage ring
…

European Spalation Source, Lund



Neutrinos & Cosmos

• Neutrinos very relevant for cosmological studies. 

Examples: 

– Neutrinos affecting the Big Bang nucleo-synthesis. 

– Relic neutrinos from the Big Bang: cosmic neutrino 

background, probe beyond the CMB horizon

– Neutrinos from supernova explosions: study 

supernova dynamics

– Mass limits on neutrinos and number of different 

neutrinos from cosmology (eg from Planck)

• Sum of the mass of all the neutrinos in the 

Universe is larger than the mass of all the stars



New from IceCube

The plane of the Milky Way galaxy with neutrinos



KM3NET



8-Oct-2019108 A. De Roeck  |  SM and BSM physics with DUNE8-Sep-201967 A. De Roeck  |  SM and BSM physics with DUNE





HyperK





Neutrinos and Structure

• If the mass of the neutrinos would be 40 eV or more, the 

universe would have already collapsed under its own 

gravity before human beings could walk the earth…



Neutrino Mass

• Cosmological limit on the sum of the masses of neutrino 

flavors e.g. from the Planck satelite experiment:

• This assumes however that                                       

neutrinos are stable with a lifetime larger than the age 

of the Universe 

• If decays are allowed the limit can as much as 1eV

• These measurements are sensitive to the neutrino 

masses through the gravitational effects of the relic 

neutrinos left over from the Big Bang on the CMB

0.05



Study of Supernova Explosions

In 1987 in total ~24 events were detected in 3 experiments



Type II Supernovae

We are waiting for the next nearby supernova to go off  (it is kinda late….)



Observation of a Glashow Resonance

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

Event seen with an estmated energy of 6.05 PeV
(8/12/2016)

Nature. 591: 220–224



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 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..
Breaking News: No signal in MicroBoone..!!

Preferred 
region

arXiv:1805.12028



Neutrinos and New Physics

Neutrinos have connections to many other BSM or New 

Physics ares, also studied eg at the LHC 

• Connection with GUTs (heavy righthanded neutrinos)

• Supersymmetry (sneutrinos and other)

• Extra dimensions/wormholes

• Dark matter

• Leptogenesis

• Dark energy

• Cosmology/inflation/abundance of H/He changes 

when more than 3 neutrinos

• Time travel? (right handed neutrinods in extra 

dimensions)??

• ….



Neutrino Floor/Fog





Finding the Oscillation Maximum



Matter-Antimatter Asymmetry 



CP Violation



CP Violation

Best option to measure the CPV phase 𝜹 -> use accelerator neutrinos


