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Neutrinos everywhere

C. Grupen, AstroparticlePhysics, 
Chapter6 Second Edition, Springer (2020)
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SymmetryMagazine, 02/12/13
Illustration by Sandbox Studio, Chicago 
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KnowingneutrinomassscaleΧ.
ParticlePhysics

Neutrino massgeneration

Astrophysics

Supernova neutrinos

Cosmology

Matter distribution
in the Universe
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Neutrino parameters
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Cosmic neutrinobackground

Cosmic history

Cosmic Neutrino 
Background
T ~ 1 MeV
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Cosmic history
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Background
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No direct detection so far

Planck Satellite

Ground-based experiments
ACT, CMB-{пΣ Χ

Structure 
Formation

ɱ
В ά

ωσȢρςÅ6

Neutrinos as matter (contributing to dark 
matter as hot dark matter)
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Cosmic neutrinobackground
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CMB + DESI BAO [DESI Collaboration: Adameet al. (2024)]

Neff = 3.10 ± 0.17 (95% CL)

Вά ά ά ά

Considering neutrino oscillation results:

Normal ordering:         Вά πȢπφeV

Inverted ordering: Вά πȢρeV
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Cosmic neutrinobackground
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CMB + DESI BAO [DESI Collaboration: Adameet al. (2024)]

Neff = 3.10 ± 0.17 (95% CL)

Best limit from DESI observations (arXiv:2503.14744v2)

Вά лΦлспнeV (95% C.L.)

Very close to the smallest value acceptable!!!
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CMB + DESI BAO [DESI Collaboration: Adameet al. (2024)]

Neff = 3.10 ± 0.17 (95% CL)

Best limit from DESI observations (arXiv:2503.14744v2)
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Very close to the smallest value acceptable!!!

What to do?

Wrong interpretation of the data?
Cosmological model LCDM does not work?
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CMB + DESI BAO [DESI Collaboration: Adameet al. (2024)]

Neff = 3.10 ± 0.17 (95% CL)

Best limit from DESI observations (arXiv:2503.14744v2)

Вά лΦлспнeV (95% C.L.)

Very close to the smallest value acceptable!!!

What to do?

Wrong interpretation of the data?
Cosmological model LCDM does not work?

Modification to the LCDM as evolving dark energy could 
allow for combining early άvanishingέ neutrino mass with 
the present final value
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Cosmic neutrinobackground

” ” ρ ὔ
χ

ψ

τ

ρρ

Ⱦ

ɱ
В ά

ωσȢρςÅ6

CMB + DESI BAO [DESI Collaboration: Adameet al. (2024)]

Neff = 3.10 ± 0.17 (95% CL)

Future
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bbQ

dE

dN

Energysumfor the two electrons

2nbb: (A,Z) Ҧ (A, Z+2) + 2e- + 2ne

t1/2Ғ1020 years

-

Just to put the number under perspectives

14C ~ 104 years
40K ~ 109 years
232Th ~ 1010 years
The Universe ~ 1010 years
Proton Decay >1030 years

Double Beta Decay
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bbQ
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Energysumfor the two electrons

Exchange of a light 
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EffectiveMajoranamass
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2

20



Deriving ά - Theory
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KotilaIachello, PRC 85 (2012)
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Deriving ά - experimental evidence

A limit on the halflife for 0v2e decaycanbe definedasfunctionof:

Massof the isotope M [kg]
Measuringtime        T [year]
Energyresolution DE [keV]
Background index b [keV-1ton-1year-1]
Detectorefficiency e

Natural abundance a

Twolimits definedby the backgroundindex

< 1   backgroundeventsin ROI >1   backgroundeventsin ROI

ExposureM³T [kg ³year]
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Someexperiments
KamLAND-Zen

Xe-loadedLS

ω !ŎǘƛǾŜ ǘŀǊƎŜǘΥ Ϥорл ƪƎ

ω ˋE/E: ~11% @ Q value

CUORE

Å 988 natTeO2 thermal detectors

Å 19 towers  13 floors each 

Å total mass: 206 kg of 130Te

Å operated at 10 mK

GERDA

Å High purity Ge detectors:   

86% 76Ge

ÅDE  0.2% at Qbb

Å 32 (27) kg Ge (F.V.)
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Status of the art

ά πȢπφτςÅ6ÁÔωυϷ#Ȣ,Ȣ

Cosmology

Ὗ ά
πȢπχωπȢρψπÅ6ωπϷ#Ȣ,Ȣχφ'Å
πȢπχππȢςτπÅ6ωπϷ#Ȣ,Ȣρσπ4Å
πȢπσφπȢρυφÅ6ωπϷ#Ȣ,Ȣρσφ8Å

Neutrinolessdouble beta decay

DESI Coll., arXiv:2503.14744v2 

M. Agostiniet al., Phys. Rev. Lett. 125, 252502 (2020)
D. Q. Adams et al., arXiv:2404.04453 [nucl-ex] (2024)
S. Abe et al., Phys. Rev. Lett. 130, 051801 (2023)

25



Status of the art
Cosmology

Ὗ ά
πȢτυÅ6ωπϷ#Ȣ,Ȣ( ά Ӷ’

ςχÅ6ωπϷ#Ȣ,Ȣ (Ï ά’

Neutrinolessdouble beta decay

Kinematic approach

M. Agostiniet al., Phys. Rev. Lett. 125, 252502 (2020)
D. Q. Adams et al., arXiv:2404.04453 [nucl-ex] (2024)
S. Abe et al., Phys. Rev. Lett. 130, 051801 (2023)

KATRIN Coll., Science 338 (2025)
BK. Alpert et al., arXiv:2503.19920v2 [hep-ex] 

ά πȢπφτςÅ6ÁÔωυϷ#Ȣ,Ȣ

DESI Coll., arXiv:2503.14744v2 

Ὗ ά
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πȢπσφπȢρυφÅ6ωπϷ#Ȣ,Ȣρσφ8Å
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Status of the art
Cosmology

Model independent 

Neutrinolessdouble beta decay

Kinematic approach
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Status of the art
Cosmology

Model independent 

Neutrinolessdouble beta decay

Kinematic approach

Ὗ ά
πȢτυÅ6ωπϷ#Ȣ,Ȣ( ά Ӷ’

ρωÅ6ωυϷ#Ȣ,Ȣ (Ï ά’

Neutrino mass determination via kinematic approach 

Å will play major role in understanding the evolution 
of the Universe

Å will guide the design of future DBD experiments

F. Capozziet al. Phys. Rev. D 111(2025) 093006

ά πȢπφτςÅ6ÁÔωυϷ#Ȣ,Ȣ

Ὗ ά
πȢπχωπȢρψπÅ6ωπϷ#Ȣ,Ȣχφ'Å
πȢπχππȢςτπÅ6ωπϷ#Ȣ,Ȣρσπ4Å
πȢπσφπȢρυφÅ6ωπϷ#Ȣ,Ȣρσφ8Å
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Åt1/2 @12.3 years

ÅQb= му рфнΦлм(7ύeV 

(4*108 atomsfor 1 Bq)

E.G. Myers et al.,Phys. Rev. Lett. 114(2015) 013003 

ee n++­ -HeH 33

3H

3He

b-

Beta decayandelectroncapture
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ÅQb= му рфнΦлм(7) eV 

(4*108 atomsfor 1 Bq)

E.G. Myers et al.,Phys. Rev. Lett. 114(2015) 013003 

ee n++­ -HeH 33

Åt1/2 @4570 years

ÅQEC   = (2863.2 °0.6)eV

(2*1011 atomsfor 1 Bq)
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Ch. Schweiger et al.,
Nat. Phys.20, 921ς927 (2024)
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Åt1/2 @12.3 years

ÅQb= му рфнΦлмόтύeV 

(4*108 atomsfor 1 Bq)

E.G. Myers et al.,Phys. Rev. Lett. 114(2015) 013003 

ee n++­ -HeH 33 Å electrons can be adiabatically extracted from the source and detected

Å cyclotron radiation for electron in B~1T can be precisely measured 

3H-based experiments
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Åt1/2 @12.3 years

ÅQb= му рфнΦлм(7) eV 

(4*108 atomsfor 1 Bq)

E.G. Myers et al.,Phys. Rev. Lett. 114(2015) 013003 

ee n++­ -HeH 33 Å electrons can be adiabatically extracted from the source and detected

Å cyclotron radiationfor electron in B~1T can be precisely measured 

CRESDA
QTNM

3H-based experiments
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Artwork L. Köllenberger

Working principlesof KATRIN
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Artwork L. Köllenberger

INTEGRAL SPECTRUM

Working principlesof KATRIN
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ÅFirst campaign
(άKNM1έ, spring 2019)

Åtotal stat.: 2 million events

Åbestfit: ά ’ ρȢπ Ȣ
ȢÅ6

Ålimit: ά’ ρȢρeV (90% C.L.)

ÅSecond campaign 
(άKNM2έ, autumn 2019)

Åtotal stat.: 4.3 million events

Åbestfit: ά ’ πȢςφȢ
Ȣ Å6

Ålimit: ά’ πȢωeV (90% C.L.)

ÅCombined result: 
ά’ πȢ8 eV (90% C.L.)

Å2025
Å259 measurement days
Å ~36 x 106 counts
ÅMost stringent limit: ά’ πȢτυeV (90% C.L.)

Phys. Rev. Lett. 123, 221802 (2019) 
Phys. Rev. D. 104 (1), 012005 (2021)

Nat. Phys. 18, 160ς166 (2022)

KATRIN ςrecentresults

KATRIN Coll., Science 338 (2025)

KNM: KATRIN 
Neutrino Mass
measurement
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ÅKATRIN final: < 0.3 eV (90% CL)
Distinguish between degenerate and 
hierarchical scenario

ÅNew technologies: < 0.05 eV
Cover inverted ordering

KATRIN

New 

technologies
n3

n1

n2

n1

n2

n3

IO

NO

KATRIN beyondKATRIN
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Quantum detector
technology

eV resolutionfor

differential detection

MoleculareffectsĄ spectralbroadening

Option 1
µm-size calorimeters

Atomicsource
technology

Option 2
Time-of-flight via
electrontagging

More in MagnusΩ Lecture!

KATRIN beyondKATRIN
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KATRIN ++

MMCs representa verygoodopportunity

Challenges:
Å Operation in magneticfield (~20 mT) 
Å Couplingof mKcryo-platform with

RT spectrometer

M. Schlösser, Private Communication 39



Cyclotron Radiation Emission Spectroscopy ςCRES

Tritium in a magnetic field
ĄDecay electrons emit cyclotron radiation
Ą Frequency of the radiation determines 

electron kinetic energy

ü Non-destructivemeasurement of electron energy

ü Differential spectrum 

emK

eB

+
==

g

w
wg

0

@ 1 Tesla ˖ό18 keV) ~ 26 GHz
P(18 keV) = 1.2 fW

B. Monrealand J. Formaggio, Phys. Rev. D80 051301 (2009)

Project 8
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Cyclotron Radiation Emission Spectroscopy ςCRES

Tritium in a magnetic field
ĄDecay electrons emit cyclotron radiation
Ą Frequency of the radiation determines 

electron kinetic energy

ü Non-destructivemeasurement of electron energy

ü Differential spectrum

ü Phase 1: CRES demonstration with 83mKr 

Asneret al., PRL 114 (2015) 162501

First CRES observation from single electrons June 2014

emK

eB

+
==

g

w
wg

0

@ 1 Tesla ˖όму keV) ~ 26 GHz
P(18 keV) = 1.2 fW

14Project 8 ςPhase 1
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First time CRES with molecular tritium

Selection of the trap depth as compromisebetween energy resolution and achievable statistics 

15Project 8 ςPhase 2
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First time CRES with molecular tritium

V Endpoint agrees with literature

V No background events above the endpoint

T2 endpoint Bayesian: ὗ ρψυυσeV

Frequentist: ὗ ρψυτψeV

Neutrino Mass Bayesian: ά < 155 eV

Frequentist: ά < 152 eV

Background rate < σ ρπ eV-1 s-1

A. AshtariEsfahani, et al., Phys. Rev. Lett. 131(2023) 102502
arXiv2212.05048

16Project 8 ςPhase 2 results
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Phase III: 
Neutrino mass sensitivityά җ 100 meV

ω Atomic source development 
Ą T2 molecules need to be broken 
Ą System with a particular magnetic field configuration for transport    

and to avoid molecular recombination

ω Large-volume CRES 
Cavity-Based CRES Experiment 
Ą Cavity at 26 GHz: using TE01 mode in 1 T MRI magnet 

Same frequency as Phase II: same RF setup, 
waveguide L = 14 cm, R = 0.7 cm, V Ḑ20 cm3

Ą Low frequency apparatus: feasibility of CRES in large volumes
low fields , and frequencies 
B Ғ 0.035 T, fcҒ 1 GHz, V ~ 0.3m3

Phase IV: 
Neutrino mass measurement if ά җ 40 meV

11 m

Atom guide

Cavity

Solenoid

Atomic source

17Project 8 - Future
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Basedon CRESconcept

Productionandconfinementof tritium atoms
җ 1012 cm-3

Ą scalableto 1020 atom yr

B-field mappingwith < 1 µT precisionand~ 1 mm spatialresolution

CRES of O(10keV) electronsscalableto ~m3 detectionvolumeswith
sub-eV energyresolution
high detectionefficiency

New concepts
tritium atomsin a storagering
quantumtechnology(parametricamplifiers) for signalreadout

CRESDAςCRES Demonstrator Apparatus

https://www.hep.ucl.ac.uk/qtnm/

18Quantum Technologies for Neutrino Mass- QTNM
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Slide by Ruben Saakyan

19Quantum Technologies for Neutrino Mass- QTNM
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PTOLEMY

PonTecorvo/ PrinceTonObservatory for Light Early-universe Massive-neutrino Yield
Aim: detection of relic neutrinos via capture on intense atomic 3H source

M.G. Betti et al JCAP07(2019)047

Evidence for relic neutrino capture: 
events at a distance 2 mv from the 3H beta spectrum endpoint

Effective electron neutrino mass determination as by-product of the experiment
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PTOLEMY

PonTecorvo/ PrinceTonObservatory for Light Early-universe Massive-neutrino Yield
Aim: detection of relic neutrinos via capture on intense atomic 3H source

M.G. Betti et al JCAP07(2019)047

electrons near endpoint are slowed 
down by EM filter to 
an energy range of ~ 0ҍ10 eV

PTOLEMY goal: 
�ê�' =50 meVfor �' = 10 eV
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