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Neutrinos are still mysterious particles

• Have only (left handed) weak interactions

• Are mass-less in the (minimal) SM … until 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!



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.



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



Neutrino Oscillations

In total 6 parameters to determine:

-3 angles
-2 mass differences
-1 CP violation phase



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



Solar Neutrino Parameters
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Accelerator Based Neutrino Experiments

Neutrinos from 
accelerators



Muon Neutrino Disappearance 



NOvA Results



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
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NOvA Results

NOvA/T2K will continue to take data till 2026/2027
-> double the statistics of present analyses, reduce systematics 16



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 era

+ upgrade of the ND280 near detector



T2K/NOvA

• No large new data included sets since e.g. last year. 

Updates focussed more on analysis sophistication 

rather than additional statistics.

• Data taking continues, but significant improvements 

will take time

• Upgraded neutrino cross sections and flux modeling to 

reduce systematics

• Expected for later this year

– T2K/NOvA common analysis ongoing to improve 

precision (and check on differences)

– T2K+HK  atmospheric  joint fit 



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

2105.06732
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General Picture

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

NuFIT group



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



Recent Global Neutrino Data Fits

Recent 3-neutrino global analysis

Details on the 𝝙𝞆2

NuFIT group
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Neutrino Parameter Evolution

Towards precision physics



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



Future Neutrino Experiments

Eg. experiments that will contribute to the mass ordering question 
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Mass Hierarchy

DUNE



CP Phase



LNBF/DUNE
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CERN strongly involved in 
DUNE Far Detector R&D

FD1 Horizontal Drift

FD2 vertical Drift (NEW)

CRPs



LBNF/DUNE 
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The Hyper-K/T2HK Experiment

+a detector in Korea?



The Hyper-K/T2HK Experiment
Use the upgraded neutrino beam from JPARC  
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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 2023 

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



The Juno Experiment



Expectation for the Next Two Decades

-> Precision at the percent level



Neutrino mass  



Neutrino Mass

The smalness of the neutrino mass
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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)

41



New Future Projects

Usable to ~0.1 eV?



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
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Neutrinoless Double Beta Decay 

m𝝱𝝱 <



Neutrinoless Double Beta Decay Neutrinoless Double Beta Decay 

The question is still unanswered:

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



New Physics Searches



Neutrinos and BSM
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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



MicroBooNe HNL Search

These limits on |Uμ4|
2 represent an order of magnitude improvement in 

sensitivity compared to the previous MicroBooNE result. 

Using KDARs: Kaons Decays At Rest from the NUMI beam asorber

2207.03840



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



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

ANTARES
retired ths 
summer after
14 years



The IceCube Experiment

Result from 8 year data collection with DeepCore

Very competitive measurement….
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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?
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Neutrinos at the LHC!



Neutrinos @ the LHC: Examples
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SND@LHC and FASER𝝼 are ~480m 

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)



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 



FASER𝝼 and SND@LHC



First Observed neutrinos in FASER-𝞶

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



SND@LHC and FASER



Neutrinos @ the LHC: SND@LHC

Expected # of neutrino interactions in Run-3



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



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 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



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!



The MiniBoone Low Energy Excess

MiniBooNe followed up on LNSD anomaly

MiniBooNe Cherenkov Detector (min. oil)



MicroBooNe

MicroBoone to resolve the issue?



MicroBooNe

Check additional sources of photons



MicroBooNe

Check additional sources of electrons from k now processes

So far the MiniBooNe excess
remains unexplained…



MicroBoone
NEW:MicrobooNe direct constraints on eV2 scale sterile neutrinos 

M. Uchida   Rencont. de Vietnam, 2 weeks ago

…Not sure what the MiniBoone excess is yet, but sterile neutrino not favored



The Gallium Anomaly

The gallium anomaly, is the missing electron-neutrino
flux from 37Ar and 51Cr electron-capture decays as
measured by GALLEX and SAGE solar-neutrino exp.

The Baksan Experiment on Sterile Transitions (BEST) 
probes the gallium anomaly and its possible connections 
to oscillations between active and sterile neutrinos.

July 2022



Summary Plots



Neutrino Anomalies

●Jury still out on many of these anaomalies. No clear picture emerging yet.
●Future: Reactor experiments continuing or new ones (eg JSNS2) or 

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



The Near Future



Diffuse Neutrinos



CEvNS





More Neutrinos
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Next Generation Experiments

Experiments ready by ~2035?

Also: new/tagged beams
NuStorm muon storage ring
…

European Spalation Source, Lund
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1.5 km underground

1 FD detector similar size as ICAL!




