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Neutrinos and Dark Matter
• Neutrinos are by now well established particles (but it took 

26 years to observe them..)

– They do not behave as a priori expected in the SM and have a very 

small but definite non-zero mass. Properties of the neutrinos are yet 

not well known to date.

• The Nature of dark matter is not known at all. We even don’t 

know if it is a particle. Ideas have been evolving with time.

– We have only search limits so far. If a particle, then DM is likely 

neutral and weakly interacting. 

• Both programs have a strong experimental community and 

program, typically using deep underground facilities, low 

background environments, and they have synergies 

– Eg. also the LHC is a place to search DM, and also becoming a 

place to study neutrinos, via searches for new or heavy neutrinos, or 

more recently via news experiments that will measure high energy 

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



Fundamental questions on the laws of the Universe

2015



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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Neutrinos come in 3 Flavours
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



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



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.



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…!!



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

• 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

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

Daya Bay



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 ? 



CP Violation: Latest 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



Taking all available data together… 

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

arXiv:2007.14792 NuFIT group
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Neutrino Oscillations



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



Neutrino Mass

Neutrinos versus other known fermions



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)

arXiv:2105.08533



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



Future Neutrino Experiments

Eg. experiments that will contribute to the mass ordering question 



Future Neutrino Experiments

First data in 2027 (?)



DUNE “Observatory”

DUNE:  samples 1000’s to 10000’s of events->Neutrino Precision Physics!



An international science collaboration

1106 collaborators from 184 institutions in 31 countries

Status October 2020:

- 1229 collaborators from 

- 184 institutions in  

- 31 countries + CERN

Still more groups joining

Collaboration meeting at CERN end of January 2020  ->  350 participants! 
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1.5 km underground16x16x60m3



CPv sensitivity Mass ordering sensitivity

DUNE: 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



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) 

Near Future: The JUNO Experiment



Neutrino Astronomy 

Build 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: 6 strings 
now/ full detector by 2025
-> In the Mediterranian sea

+ANTARES
+Lake Baikal



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? Large 

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??



45
F. Zwicky 1898-1974

Dark Matter in the Universe

Astronomers found 
that most of the 
matter in the Universe 
must be invisible Dark 
Matter 

Physics Beyond the Standard Model…

Vera Rubin ~ 1970



The Dark World??

Or even Dark People?Dark Forces?

Does it mean that there are also….

No! We assume some simple interactions
between dark matter particles in their
environment, and a way to detect them

But what is dark matter?



Dark Matter “Candidates”



Dark Matter Searches



The Generic Dark Matter Connection
Searches for mono-jets and mono-photons can be used to search for 
Dark Matter (DM)

Use effective theory 
or better simplified 
models to relate 
measurements to 
Dark Matter studies



Direct Searches Overview 
Searches for WIMP hypothesis in the GeV to TeV range



DAMA results still await confirmation



No confirmation yet but jury still out 



Mono-object Searches @ LHC

• Mono-jets: Generally the most powerful

• Mono-photons: First used for dark matter Searches

• Mono-Ws: Distinguish dark matter 

couplings to u- and d-type of quarks

• Mono-Zs: Clean signature

• Mono-Tops: Couplings to tops

• Mono-Higgs: Higgs-portals 

• Higgs Decays?  

Example Monojets

Dark Matter?

Effective Field Theories for DM 
interpretation are under scrutiny!
Alternatives such as SMS proposed… 

arXiv:1410.8812
arXiv:1408.3583

arXiv:1407.8257
arXiv:1411.0535



LHC Comparison with Direct Detection 

More reliable comparisons with direct detection results now 
possible via the Simplified Models  method

90% CL limits

Axial-vector mediator and
Spin dependent direct limits

Vector mediator and
Spin independent direct limits

Upper limits on scattering cross-section can be set to compare with direct detection 

results using Simplified Models (note: collider sensitivity is model dependent!) 



A Signal in Xenon1T??

Low energy scattered electrons

Xenon1T is a  3.5T Xenon-based direct DM detection experiment in Gran Sasso







More examples of Ongoing Activities

• New techniques for direct 

experiments eg directional 

detectors, bolometers, 

superheated liquids, crystals…

• Light Dark Matter searches at 

high intensity fixed target 

experiments

• Axion and ALP searches

• Quantum interference devices, 

eg cold atom interferometers

• … And many more

The multi-prong attack on    

Dark Matter is on!



Summary
• Both the Neutrino studies and Dark Matter searches 

have a strong program for the future, with new 

experiments and new experimental technologies being 

developped

• The coming decade will be key for precision neutrino 

physics and will increase dramatically the search 

region in sensitivity for DM and for explore more DM 

canditates

• Lot’s of oppertunities for young scientists to get 

engaged in these fields!

• And perhaps one day soon



Back-up



CP Violation T2K/NOvA Results

Some tension between NOvA and T2K results! Joint analysis required?
-> more experimental data needed … (and coming..)

Good to have
different methods
and experiments!

Jury is still out!!

Summer 2020
update



Multi Messenger Astronomy

Now: 
neutrinods +photons

Next?
neutrinos and 
gravitational waves?



Two Flavour Oscillations



Two Flavour Oscillations



Direct Searches Overview 
Searches for WIMP hypothesis in the GeV to TeV range


