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Pion event in the ProtoDUNE at CERN

Not a comprehensive review
but examples of directions 
in experimental neutrino
physics



Neutrinos from 

Astrophysical Sources

Ongoing Neutrino History 

->More massive detectors
->More intense neutrino sources
->New directions eg. coherent scaterring like CEvNS



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



Neutrino Sources, Flux and Cross Sections

Cosmological and background from old supernovae neutrinos not yet observed!

Not yet observed



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



Neutrino Oscillations



What do we expect from future facilities

In the next 15 years or so we expect to have:

• Precise Oscillation parameters from DUNE, T2HK, 

JUNO,…   Will the precision be sufficient?

• CP violation established (5𝛔), phase measured to 

10-20 degrees or better. Sufficient precision?

• Mass ordering of the neutrino mass states! Many 

actors in this field

• Direct neutrino mass searches down to 0.2 eV?

• Majorana or Dirac Nature of neutrinos?

• Detect Cosmic Neutrinos from the Big Bang?

• Detect the Diffuse Supernova Neutrino Background?

• Applications in real life using neutrinos…??



Experiments for Oscillations

Future (possible) experiments

• New long baseline experiments

– T2HK/DUNE have been discussed

– Experiments at the European Spalation Source ?

– P2O experiment. 

• New reactor experiments
– JUNO, SuperChooz?

• New atmospheric neutrino experiments

– INO?  Large Detectors like IceCube/KM3NET/PO…

• Other ideas: 

– Neutrino factory? Beams at large collider complexes



Future Neutrino Experiments

Anticipated next neutrino experiments across the globe 



Future Neutrino Experiments

See talks yesterday morning



The Hyper-K/T2HK Experiment



Beyond DUNE/T2HK



Future Neutrino Experiments

See S. Soldner-Rembold yesterday



Next Generation Experiments

Access to the second oscillation maximum -> increased sensitivity to CPV
Further distance -> larger matter effects -> increased sensitivity to MO/NSI



Next Generation Experiments

Maybe a technlogy option for the DUNE 4th detector (> 2030)?

Use LAPPDs
for ultra
fast photon
detection 



Next Generation Experiments

Physics coverage: next-generation neutrinoless double beta decay search, 
to supernova neutrino detection, nucleon decay searches, and measurement 
of the neutrino mass hierarchy and CP violating phase. 

Could also be a 
stand-alone experiment



Next Generation Experiments

Experiments ready by ~2035?
Will be discussed in a bit more detail

European Spalation Source, Lund



Future Neutrino Experiments

Anticipated next neutrino experiments across the globe 



P2O Project Proposal

?



P2O Project
ORCA

Protvino (Russia)



P2O Project

Significant 
improvements
still possible 
with neutrino 
flavor tagging
-> see later



Snowmass 2021

arXiv:2211.08641 Long Baseline Experiments Beam Power



Long Baseline Experiments



The INO Neutrino Observatory
arXiv:1505.07380

• The India-based Neutrino Observatory (INO) Project is the plan to build a 

world-class underground laboratory at approx. -1200 m for non-accelerator 

based high energy and nuclear physics research in India. The laboratory 

will consist of a large cavern of 132x26x20m and several smaller caverns.

• Construction of a Iron Calorimeter (ICAL) detector for studying neutrinos, 

consisting of 50k tons of magnetized iron plates arranged in stacks with 

gaps in between where 2x2m RPCs are inserted.

• Neutrino energy range >1 GeV, angular precision                                    ~1 

degree, magnetic field(!)….

• The prime focus of this experiment is to explore the                             

Earth's matter effect by observing the energy and                                 

zenith angle dependence of the atmospheric                                    

neutrinos in the multi-GeV range.

• Exploring new physics searches.



The European Spallation 

Source









ESSnuSB



Having access to a powerful proton beam…



ESSnuSB
Emulsion detector + scintillator cube detector (in magnet) + Water Cerenkov



ESSnuSB
Large Water Cerenkov with diameter and height ~78m, at a 360 km distance



Far Detector Location Options





ESSnuSB

CPV effect stronger in the 
second maximum than the first

Matter efects are stronger
in the first maximum 
compared to the second

However: less neutrinos 
at the second maximum



ESSnuSB

● ESS construction has started!
● Discussion on upgrades –such as ESSnuSB-- starting in ~2025
● New Funding for an ESSnuSB design study (for 4 years) in place



Future Reactor Neutrino Facilities

JUNO and SuperChooz



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



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 

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

The JUNO Experiment



JUNO



JUNO



JUNO



JUNO



JUNO



JUNO



JUNO

Installation will be finalized in 2023/2024
First data run expected in 2024



SuperChooz

The Proposal
A new very large reactor experiment at Chooz nuclear power plant, 
consisting of a 10 kton far detector + two near detectors to the two 
nuclear reactors.

Use a new technology of an opaque liquid, called LiquidO, in which light is 
locally trapped. A promising technique to allow precision neutrino studies.

September 2022: IN2P3/EDF have agreement to explore the feasibility 
for an experimental facility of this size at Chooz.



New Slide



New Slide
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New Slide





New Slide





Neutrino Properties

Neutrino mass?

Majorana or Dirac?  



Neutrino Mass

The smalness 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 Me < 0.8 eV  (May 2021)



Future Projects

Usable to ~0.1 eV?



The HOLMES experiment



Future Projects

The Projected Expected Sensitivity of PROJECT8 

Results by 2035?



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



Neutrinoless Double Beta Decay 

m𝝱𝝱 <



Neutrinoless Double Beta Decay 

The next challenge:  experiments with > 1 ton mass exposure



Neutrinoless Double Beta Decay 

Prospects for a one ton scale 0𝞶𝜷𝜷 experiment 



Cosmological Neutrino Background C𝛎B

Cosmological and Diffuse Supernova Neutrino Background not yet observed!
DSNB can be observed in JUNO (and perhaps Super-K) in the next years
What about the Cosmological Neutrino Backround?

Not yet observed



Search for Cosmological Neutrinos 

• These are neutrinos produced during/just after the Big Bang. 

They decoupled about a second after the Big Bang and thus 

contain information from close in time to the event. E.g. 

photons decoupled after after 380.000 years. 

• These neutrinos are also called the Cosmic Neutrino 

Background (C𝛎B). It is estimated that today the C𝛎B has a 

temperature of roughly 1.95 K. The neutrinos  have energies 

in the sub-eV range and does thus have very tiny cross 

sections.

• The PTOLEMY experiment –in preparation– is taking up that 

challenge



Search for Cosmological neutrinos 



PTOLEMY Experiment

ptolemy



PTOLEMY Experiment 

A design for an electromagnetic filter for precision energy measurements 
at the tritium endpoint



PTOLEMY Experiment

“Phased” development ongoing since a number of years
First observation in 5 to 10 years?



New/developed Ideas

Small Neutrino Factory NuStorm

Neutrino Flavor Tagging



NuStorm: Muon Storage Ring



Neutrino Tagging
A new tool for accelerator based neutrino experiments?
Tag Flavor/type of each individual neutrino at creation.
Technology (tracking/timing) available. Example for P2O

2122.12848

Angular resolution

Occupancy Sensitivity to 𝜹CP Precision on 𝜹CP



Astrophysical Sources of 

Neutrinos



……very high energy neutrinos from outer space



Neutrino Astronomy 

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

The IceCube Experiment
-> In the ice of Antarctica

The KM3NET Experiment
-> In the Mediteranian sea

+ANTARES
+Lake Baikal



Neutrinos in IceCube



The IceCube Experiment

Result on “atmospheric” PMNS parameters  from 8 year data 
collection with DeepCore

Very competitive measurement….



New from IceCube

The plane of the Milky Way galaxy with neutrinos



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

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

IceCube PINGU low 
energy extension



Multi Messenger Astronomy…

Now: 
neutrinods +photons

Next?
neutrinos and 
gravitational waves?



Neutrinos at the LHC!



The LHC Machine and Experiments

LHCf

totem

moedal

The Flagship Project of CERN: the Large Hadron Collider

FASER
SND@LHC

9 experiments(*)

*LHCC/Greybook counting



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 ‘2026

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



An Option for the FUTURE:

The Forward Physics Facility



101



Experiments for the FPF

102



FPF: Neutrino Measurements

103

Expected precision with 3 ab-1 data 
at the end of the HL-LHC



Forward Liquid Argon Experiment: FLArE

104

Modelled on
(Proto)DUNE



Conclusion

• Many new projects on all fronts in 

preparation for the near and somewhat 

further future.

• Neutrino physics is a very active area!

• And maybe neutrinos will have still some 

surprises for us to show….

THE END



Further reading

arXiv:2211.08641



Backup



LBL Neutrino Experiments in China?

China Accelerator Projects and undergound labs

Example: Future SPPC collider pre-accelerator 3.2 MW  (near Beijing)



LBL Neutrino Experiments in China?

2202.13595
2108.11107

Assuming a 50 kton
Magnetized 
Hybirid (emulsion/Iron)
Detector  (PROMPT)



FASER2

110



FASERnu

111



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


