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Lecture 1: 
Historical overview – 
What we know
• Birth and discovery of 

neutrinos
• Neutrino sources
• Wu and Goldhaber 

experiment
• Solar neutrino problem
• Neutrino oscillations

Lecture 2:
What we would like to know
• Neutrino mass 

measurements
• KATRIN
• PROJECT 8

• Sterile neutrinos

Lecture 3
• Sterile neutrinos

Neutrinos as messengers –
What we can learn from 
studying neutrinos
• Neutrinos as messenger 

particles in astrophysics
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Search for Heavy (Mostly Sterile) Neutrino 
Mass States

3
K.G. Leach – Precision Beta Decay Experiments for BSM Neutrino Physics
2022 Snowmass Community Summer Study
July 24, 2022
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Sterile 𝜈𝜈s

3+1 neutrino mixing: 3+n (n=2?) neutrino mixing:
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• Potential explanation for the short baseline data is a small mixing with a light (~eV scale) sterile 𝜈𝜈
• Or maybe 2 more sterile 𝜈𝜈s are needed to fit the data? (or n more?)
• Sterile neutrinos do not interact weakly



LSND
• LSND (Liquid Scintillator Neutrino Detector) operated at Los Alamos in the late 1990s

3.8𝜎𝜎
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Gallium anomaly
• Solar nu detectors looking for 𝜈𝜈𝑒𝑒 capture used specialized EC sources inserted within the detectors (e.g. 51Cr)    

https://lappweb.in2p3.fr/neutrinos/anexp.html

GALLEX 1991-1997

(Threshold 0.233 MeV)

Deficit relative to expected rate:

https://doi.org/10.1016/j.ppnp.2023.104082

~3.8 σ
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https://lappweb.in2p3.fr/neutrinos/anexp.html
https://doi.org/10.1016/j.ppnp.2023.104082


Gallium anomaly (2021!)
• Brand new Ga experiment to test the Ga anomaly (Baksan 

Experiment on Sterile Transitions [BEST]):
• https://arxiv.org/pdf/2109.11482.pdf

• Used inner/outer tank geometry to directly look for oscillations

Experimental setup:

Rate vs time (inner volume):

Best fit (+Gallex and SAGE):

Predicted

Measured

3.414 MCi 51Cr νe source (1.3 x 1017 Bq)
7TRISEP 2024 - Neutrinos
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https://doi.org/10.1016/j.ppnp.2023.104082

https://doi.org/10.1016/j.ppnp.2023.104082


Reactor anomaly
• Reactor experiments (at 10s of meters distances) may also show an anomaly

• Reasonable agreement until re-evaluation of expected reactor flux (~2011) suggested deficit 

Old calculation

New calculation

But…

High precision spectral measurements 
show unexpected “bumps” (Daya Bay, 

RENO, Double Chooz)
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MiniBooNE:
• MiniBooNE experiment was then built at Fermilab to either confirm or refute LSND measurements 

(first results 2007)
800 tons of mineral oil 
(ultrarefined methylene 
compounds), lined with 
1,280 PMTs
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MiniBooNE:
• MiniBooNE experiment was then built at Fermilab to either confirm or refute LSND measurements 

(first results 2007)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.110.161801 

Somewhat compatible with LSND, but…:
• Neutrino mode spectral shape is 

somewhat strange
• Some tension with other global fits to 

oscillation data (e.g. 𝜈𝜈𝜇𝜇 disappearance)

MiniBoone final results (2013): Excess events over backgrounds:
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.110.161801


Newer MiniBooNE results (2018)
• And new MiniBooNE results (2018) with a factor of 2x more data match between neutrino and anti-

neutrino, possibly consistent with LSND! 

4.7𝜎𝜎

Updated MiniBooNE neutrino spectrum:
Comparison with previous results:

Best fit regions:

https://journals.aps.org/prl/abstrac
t/10.1103/PhysRevLett.121.221801 
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.221801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.221801


But… (global fits)
• When trying to fit all data together, there is significant tension with a simple 3+1 oscillation picture

See also: https://indico.slac.stanford.edu/event/326/contributions/1325/attachments/559/997/Oscillation_Experiments_2.pdf 
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https://indico.slac.stanford.edu/event/326/contributions/1325/attachments/559/997/Oscillation_Experiments_2.pdf


Dedicated experiments (SBN program)
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Dedicated experiments (SBN program)
• Three detectors would definitively confirm or rule out the MiniBooNE/LSND results

• LAr TPCs allow background separation (and in particular e/𝛾𝛾 discrimination) 
Simulated signal/backgrounds: Expected sensitivity:
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uBooNE results
• MicroBooNE has now released the first results from the SBN program
• Three different analyses with various levels of selection cuts
• No evidence for excess electron-induced events!

• Also no evidence of an unaccounted for photon background in 
searches to date:

• https://arxiv.org/abs/2110.00409

1e1p CCQE candidate events in the 
deep-learning-based analysis:

Pionless νe candidate events in the Pandora-
based analysis for 1eNp0π:

Inclusive νe candidate events in the Wire-
Cell based analysis:

Combined results:

https://microboone.fnal.gov/electron_analysis_2021/ 16TRISEP 2024 - Neutrinos

https://microboone.fnal.gov/electron_analysis_2021/


Dedicated experiments (reactors)
• New generation of reactor experiments also coming online (e.g., PROSPECT)

https://arxiv.org/pdf/2006.11210.pdf 

PROSPECT exclusion region (2020):
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https://arxiv.org/pdf/2006.11210.pdf


But…  Neutrino4
• Neutrino4 apparently observes oscillation in movable detector 
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But…  Neutrino4
• Neutrino4 apparent observes oscillation in movable detector 

Some controversy remains….
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eV sterile neutrinos summary
• There are a number of intriguing signals in short baseline oscillation experiments
• But:

• There is not a clear picture of how various results could fit together
• These experiments are difficult, and backgrounds or systematics are always possible
• uBoone is now online and hasn’t seen an excess consistent with neutrino oscillations or backgrounds

• Additional searches will search for other new physics explanations

Stay tuned!
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Short-Baseline 
Neutrino

 Oscillation + 
Source 

Measurements 
in Progress

Summary Talk by 
M. Danilov at 

Moriond Mar 2024

Sterile 
Neutrinos

• Gallium

• Short Baseline

• Reactor Neutrinos

Sterile Neutrinos
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νµ disappearance in IceCube

22

We don’t see it!

IceCube Collaboration, PRL 117, 071801 (2016)
TRISEP 2024 - Neutrinos
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How else could we search for νs?

TRISEP 2024 - Neutrinos 24



Mostly Sterile keV Neutrino Mass States

25

Image Courtesy: Symmetry Magazine

• Beta decay is particularly sensitive to keV-MeV mass states

• Mass states in this region have τ≈τuniverse and could thus serve 
as some fraction of the observed DM in our universe

• Excellent candidates for warm dark matter Dodelson and Widrow, PRL 72, 17 (1994)

Image courtesy: CMB-S4
B. Dasgupta and J. Kopp, Phys. Rep. 928, 1-63 (2021)

K.G. Leach – Precision Beta Decay Experiments for BSM Neutrino Physics
2022 Snowmass Community Summer Study
July 24, 2022
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How would we search for νs in nuclear decays?
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Heavy Neutrino Mass Studies via Coupling to νe

Recoil Kinetic Energy

Recoil from heavy 
(mostly sterile) 
neutrino mass 
state(s)

Recoil from light 
(mostly active) 
neutrino mass 
statesC

ou
nt

s

• In EC/β+ and β- decay, we study the relative coupling of the mass states to νe (νe)
• Momentum is conserved with the mass states, not flavor states

1

2

3

heavy
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β- decay

β+/EC decay

Electron Kinetic Energy

Endpoint from 
(mostly sterile) 
neutrino mass 
state(s)

Endpoint from 
light (mostly 
active) neutrino 
mass states

C
ou

nt
s

β+/β− decay (3-body)

EC decay (2-body)

K.G. Leach – Precision Beta Decay Experiments for BSM Neutrino Physics
2022 Snowmass Community Summer Study
July 24, 2022
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Analyze β energy

VMonitor 
energy 

threshold

Gaseous 
T2 source

3He
e-

νe
3H

1011 e-/sec

Electron 
transport

Detect βs103 e-/sec

1 e-/sec

KArlsruhe TRItium Neutrino experiment

https://www.katrin.kit.edu/ 28TRISEP 2024 - Neutrinos



Tritium Endpoint Measurements – KATRIN/TRISTAN

29

Idea:
• Make use of the strong KATRIN tritium source and beamline

• Perform a differential measurement of the full tritium spectrum 

• Requires new detector system  TRISTAN detector

S. Mertens et al. JCAP 1502 (2015) 
S. Mertens et al, PRD 91 (2015)

Sterile 
branch

Active 
branch

m4= 10 keVsin2𝜃𝜃

Kink-like sterile 
neutrino
signature in 
tritium β−decay

K.G. Leach – Precision Beta Decay Experiments for BSM Neutrino Physics
2022 Snowmass Community Summer Study
July 24, 2022
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Tritium Endpoint Measurements – KATRIN/TRISTAN

30

Multi-pixel (>1000) silicon drift detector focal plane array (TRISTAN) 
Capability of handling high rates (> 105 cps/pixel)

Good energy resolution (300 eV @ 20 keV)
Large focal plane area coverage

Photograph of TRISTAN module

S. Mertens et al, J. Phys. G46 (2019)
S. Mertens et al, J. Phys. G48 (2020)

M. Gugiatti et al, NIM-A 979 (2020)
M. Biassoni et al, EPJ. Plus 136 (2021)

P. King et al  JINST 16 T07007 (2021)

K.G. Leach – Direct Searches for sub-MeV Neutrinos
KATRIN Collaboration Meeting
September 29, 2022
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First keV-Mass Neutrino Search with KATRIN Data

31

2207.06337

K.G. Leach – Precision Beta Decay Experiments for BSM Neutrino Physics
2022 Snowmass Community Summer Study
July 24, 2022

TRISEP 2024 - Neutrinos

Enabled by a low activity phase during 
commissioning: arXiv:2207.06337



TRISTAN Sensitivity

TRISTAN project in KATRIN:
• New focal plane detector, novel 

multi-pixel Silicon Drift Detector 
array

• Large count rates
• Excellent energy resolution
• Prototypes installed as 

monitoring devices at KATRIN
• Target sensitivity: 
 sin2θ < 10-6

https://www.hll.mpg.de/2967603/TRISTAN TRISEP 2024 - Neutrinos 32
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Rare Isotopes in Superconducting Sensors for keV Searches

33

3H in LiF Bolometer + MMC

YC Lee, LTD-19 2021

BeEST
2021

Troitsk
2017

CUP 3H Phase2

CUP 3H Phase1

241Pu in Au + MMC : Magneto-ν Experiment

Phase-0 Data
24 hours, 4 Bq, 1 
pixel

BeEST 2021

Phase-0

K.G. Leach – Precision Beta Decay Experiments for BSM Neutrino Physics
2022 Snowmass Community Summer Study
July 24, 2022
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7Be EC Decay - The BeEST Experiment

34

Rare-isotope implantation at TRIUMF-
ISAC

Ta, Al, and Nb-based STJ Sensors

50 µm

A. Samanta et al., Phys. Rev. Mat. (in press) (2022)
S. Friedrich et al., J. Low Temp. Phys. (in press) (2022)
C. Bray et al., J. Low Temp. Phys. (in press) (2022)
K.G. Leach and S. Friedrich, J. Low Temp. Phys. (in press) (2022)
S. Friedrich et al., Phys. Rev. Lett. 126, 021803 (2021)
S. Fretwell et al., Phys. Rev. Lett. 125, 032701 (2020)
S. Friedrich et al., J. Low Temp. Phys. 200, 200 (2020)

K.G. Leach – Precision Beta Decay Experiments for BSM Neutrino Physics
2022 Snowmass Community Summer Study
July 24, 2022
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First Limits from “Low-Rate” Phase-II Data

Phase-II data from a single 138x138 µm2 STJ counting at low rate 
(~10 Bq) for 28 days

Example of signal that would be 
generated by 300 keV neutrino with 1% 
mixing

Recoil spectrum generated by pseudo-
degenerate mass states from ~28 days 
of counting

35
K.G. Leach – Precision Beta Decay Experiments for BSM Neutrino Physics
2022 Snowmass Community Summer Study
July 24, 2022
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Future Projections for keV-MeV Mass Searches

36

• Nuclear decay 
provides a powerful, 
model-independent 
probe in the keV – MeV 
mass range

• Significant progress in 
measurements over 
the past 3 years – 
enabled by quantum 
sensing

• Experiments poised to 
increase sensitivity by 
5+ orders of magnitude 
in the next decade

Figure courtesy - W. Pettus for Snowmass Light Sterile Searches White Paper

K.G. Leach – Precision Beta Decay Experiments for BSM Neutrino Physics
2022 Snowmass Community Summer Study
July 24, 2022

TRISEP 2024 - Neutrinos



TRISEP 2024 - Neutrinos 37
Image from https://news.stanford.edu/stories/2022/09/power-awe-cosmos 

The following slides were adopted from slides from 
Michelle Dolinski, Francis Halzen, and Carsten Krauss

https://news.stanford.edu/stories/2022/09/power-awe-cosmos


Neutrinos from the Universe

Grand Unified Neutrino Spectrum (GUNS) at Earth integrated over directions and flavours

big-bang 
nucleosynthesis

cosmic neutrino 
background

Astrophysical neutrinos

modified from Vitagliano, Tamborra and Raffelt, Rev.Mod.Phys 2019, arXiv:1910.11878
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Grand Unified Neutrino Spectrum (GUNS) at Earth integrated over directions and flavours

big-bang 
nucleosynthesis

cosmic neutrino 
background

Observable window with 
present experiments

Astrophysical neutrinos

modified from Vitagliano, Tamborra and Raffelt, Rev.Mod.Phys 2019, arXiv:1910.11878

Neutrinos from the Universe
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Grand Unified Neutrino Spectrum (GUNS) at Earth integrated over directions and flavours

big-bang 
nucleosynthesis

cosmic neutrino 
background

Observable 
window with 
IceCube/Neutrino 
Telescopes

Astrophysical neutrinos

modified from Vitagliano, Tamborra and Raffelt, Rev.Mod.Phys 2019, arXiv:1910.11878

Neutrinos from the Universe

40TRISEP 2024 - Neutrinos



Formaggio, Zeller, Rev. Mod. Phys. 2012, arXiv:1305.7513

modified from Vitagliano, Tamborra and Raffelt, Rev.Mod.Phys 2019, 
arXiv:1910.11878

neutrino cross section

10-31 mbarn

10-3 mbarn

resonant 
formation of W-
boson (Glashow 
resonance)

4
1

Neutrinos from the Universe
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4
2

• The sky is opaque for photons above 
~100TeV

• Charged particles like protons do not 
point back to the origin

• Neutrinos loose very little energy 
propagating and are not deflected by 
electromagnetic fields or the photon field.

γ +γCMB  e+ + e-

PeV photons interact with 
microwave photons (411/cm3) 
before reaching our telescopes



?

opticalmicrowave X-rays gamma-rays neutrinos       cosmic rays

terra incognita:
only revealed by
neutrinos

Gravitational waves - ripples in space-time

highest energy “radiation” from the Universe:
neutrinos and cosmic rays

Universe is opaque above ~100 TeV energy
Halzen - Neutrino 2020



Instead, use natural 
bodies of water like 
Lake Baikal or the 
Mediterranean 
(ANTARES), or…

TRISEP 2024 
Neutrinos 44



TRISEP 2024 
Neutrinos 45



TRISEP 2024 
Neutrinos 46



IceCube & DeepCore

• Completed in 2011

Muon Track

Electron Cascade

Tau “Double Bang”

47



Search for Neutrino Sources

• The first neutrino sources have been identified using IceCube!

Science 378, 6619, 538-543 (2022) 48



Observation of high-energy neutrinos from the
Galactic plane with IceCube

49Science 380, 1338–1343 (2023)



The future of IceCube

TRISEP 2024 - Neutrinos 50



Up-and-coming neutrino telescopes

TRISEP 2024 - Neutrinos 51

Baikal-GVD neutrino telescope KM3NeT in Europe



P-ONE

• Alberta, Queen’s, SFU, TRIUMF, TUM, Erlangen 
(Germany) and Drexel, Maryland, MSU (USA), 
Krakow (Poland), UCL (UK) Collaboration 

• Started in 2018 with the deployment of a test 
setup to assess the water quality

• Significant funding in Germany for the first 
strings was secured in 2022

• The first US, Canadian and Polish funding was 
also secured in 2022, allowing for a robust effort 
to start prototype development and testing

5
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The Cascadia Basin Site
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ONC

➡ 840 km of underwater fibre optic cable 
54



Cascadia Basin Site
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Pacific Ocean Neutrino Experiment
(P-ONE) Demonstrator

• Time scale for 
realization: 2024, first 
mooring line, more in 
the following years

• 1 km long mooring line 

• Up to 10 strings with 20 
optical and calibration 
modules each

• Instrumented volume 
>1/8 km3
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Pacific Ocean Neutrino Experiment (P-ONE)

• The P-ONE collaboration aims 
to construct a km3 scale 
detector by constructing seven 
identical modules of the 
Demonstrator type

• The optimal final arrangement 
is currently under study

P-ONE Collaboration, Nature Astron. (2020) e-Print: 2005.09493
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Large Area Photon Detection
P-OM P-CAL 

• The instrumentation of the ~200 optical modules of P-ONE will  use 
KM3NeT/IceCube-like multi PMT digital optical modules

• 3” PMTs offer a good cost to surface area ratio

• Using a novel, side mounted housing allows obstruction-free observation

58TRISEP 2024 - Neutrinos



P-ONE Goals - Demonstrator

TRIGGER AN INTERNATIONAL EFFORT (P-ONE)
SYNERGETIC OPERATION 𝛎𝛎-TELESCOPES

CALIBRATION! IN-SITU BACKGROUNDS, DETECTORS, 
ATMOSPHERIC BACKGROUNDS

COMMISSIONING! PROOF OF CONCEPT, 
SUCCESSFUL OPERATION 100% DUTY CYCLE

PHYSICS GOALS:
• FIRST NEUTRINOS IN PACIFIC OCEAN
• IMPLEMENTATION OF MULTI MESSENGER PROTOCOL
• DEVELOPMENT OF 𝛎𝛎-FLAVOUR PARTICLE ID

5959TRISEP 2024 - Neutrinos



Fermi-GBM/LAT:
[T0 - 1 day,T0], 
[T0 - 1 day, T0 + 12 hours], 
[T0 - 1 day, T0 + 1 day]

LIGO-Virgo-KAGRA:
IGWN reception: “significant” = 1
[T0 - 1000 s, T0 + 1000 s],
[T0 - 1000s, T0 + 14 days]

IceCube:
[T0 - 1 h, T0 +1 h]
[T0 - 1 day, T0 +1 day]

Search for online coincidences: 
· ON/OFF method
· ON includes 90% localization error and Baikal-GVD median 
angular resolution 
· OFF is extended within a ± 5 declination band
· OFF is evaluated using real data from previous seasons

60

Global Coordinate Network (GCN) alert follow-up
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Cosmic neutrino background

TRISEP 2024 - Neutrinos 61

How do we detect 
these neutrinos?



62

Neutrino 
decoupling

Cosmology

COBE 3K sky

10-42  10-36  10-30  10-24  10-18  10-12   10-6    1     106   1012   1018

Age of
astronomy

The earliest snapshot
    we have of the 
        universe

today

Seconds after Big Bang

Planck 
scale

Electroweak 
symmetry 
breaking

Primordial 
nucleosynthesisGUT 

symmetry 
breaking

Primordial neutrinos were produced
when nuclei formed, at the time
the Universe was 1 second old

We believe that they are still among us

TRISEP 2024 - Neutrinos
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Neutrino capture

Original idea: Steven Weinberg in 1962, Phys. Rev. 
128:3, 1457
JCAP 0706 (2007)015, hep-ph/0703075, Cocco, 
Mangano, Messina

Capture cross section * (v/c) ~ 10-44 cm2 
(flat up to 10 keV)
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A little bit of everything:

64

• Compact tritium target
• RF tracking with Cyclotron Radiation Emission Spectroscopy (CRES)
• Electromagnetic filter
• Microcalorimeter detector
See JCAP 07 (2019) 047

TRISEP 2024 - Neutrinos



R&D Prototype @ Princeton University
(June 7, 2017)

Supported by:

The Simons Foundation
The John Templeton Foundation
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Major challenges
• Reduce molecular smearing

• New source, tritiated-graphene
• DFT calculations underway
• Problem: need to take the uncertainty 

principle into account! – delocalize!
• Measure the energy spectrum directly with a 

resolution comparable to the neutrino mass
• High-resolution electron 

microcalorimeters
• Compress a 70m spectrometer length – 

KATRIN’s length – down to ~cm scale and 
replicate it at lower precision – final 
measurement from microcalorimeter

< 3eV binding energy 66

(Andrea Casale, Sapienza)
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Summary
• There has been tremendous progress in our understanding of 

neutrinos!

• As we improve our measurements, there are regularly surprises 
along the way.

• Neutrinos likely to have a few more surprises up their sleeves. 
They may in fact hold some of the keys towards understanding our 
universe (lepton number violation, sterile neutrinos, …).

• It is an exciting time to pursue a career in neutrino science.

TRISEP 2024 - Neutrinos 67

Bethe & Peierls 1934:
“… this implies that one evidently

 never will be able to detect Neutrinos.”



Final thoughts in neutrinos

TRISEP 2024 - Neutrinos 68
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