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Status of the art

Cosmology

Z m; < 0.072 eVat95% C. L.

DESI Coll., JCAP 02 (2025) 021

Neutrinoless double beta decay

3 0.079 — 0.180 eV 90% C.L. 75Ge
Z UZm;[ <{0.070 — 0.240 eV 90% C.L.130Te
1=1 0.036 — 0.156 eV 90% C. L. 136Xe
M. Agostini et 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)

Kinematic approach
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KATRIN Coll., Science 338 (2025)
ECHo Coll., arXiv:2509.03423v1 [hep-ex]



Status of the art
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Kinematic approach Neutrino mass determination via kinematic approach

| 3 _ e will play major role in understanding the evolution
3 5 0.45eV90% C.L. °"H — m(v,) :
z Ui 12 m? < Lea of the Universe
i=1 15eV90% C.1. °"Ho — m(ve)

e will guide the design of future DBD experiments

F. Capozzi et al. Phys. Rev. D 111 (2025) 0930062



Beta decay and electron capture
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Beta decay and electron capture

*H>°He+e +v,

Quantum Technologies for
Neutrino Mass



3H-based experiments — KATRIN
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3H-based experiments — KATRIN

Electron Electrostatic high pass filter
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KATRIN Collaboration, Science 388, 180 (2025) 5



3H-based experiments — KATRIN ++

T, out Electron Electrostatic high pass filter
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3H-based experiments — KATRIN ++
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’H-based experiments — Project 8

E’ Example
@ 1 Tesla w(18 keV) ~ 26 GHz
P(18 keV) = 1.2 fW
Cyclotron Radiation Emission Spectroscopy - €
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778
> Non-destructive measurement of electron energy ) : * . . :
» Differential spectrum GG me)

B. Monreal and J. Formaggio, Phys. Rev. D80 051301 (2009) Project 8 Coll, Phys. Rev. Lett. 114 162501 (2015) 7



First CRES measurement of the 3H spectrum

Cryocooler

3H-based experiments — Project 8 /ﬂ”’

* Effective volume: 1mm?3
* Demonstrated CRES on continuous Signal
tritium spectrum (molecular) [

Gas Supply ﬁ

Waveguide

Superconducting
Solenoid Magnet

Gas Cell and
Trapping Coils

Project 8 Coll, Phys. Rev. Lett. 131, 102502 (2023)
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’H-based experiments — Project 8

First CRES measurement of the 3H spectrum

] —— Frequentist intervals
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] l.f \l E,
. . . 125 - 0-
* First neutrino mass upper limit with CRES: ] NF?
mve,eff S 155 eV/CZ (90% C.L.) % 100_ .[ A —1502-
= ‘k ~2002-
.o I O ]
High energy resolution: 75 R : ! ! o -
(1.7 £ 0.2) eV (FWHM) 1 ---- Bayesian best fit A Endpoint (eV)
50 10 Bayesian quantiles N RN
* Zero background observed > 1 — Frequentist best fit N H
b <3x10710 evist(90% C.L.) e A H
HH E 10 Bayesian credible interval
04 H Eolofrequentist confidence interval R4

16500 17000 17500 18000 18500 19000 19500
Reconstructed kinetic energy (eV)

Project 8 Coll, Phys. Rev. Lett. 131, 102502 (2023) 8



’H-based experiments — Project 8

First CRES measurement of the 3H spectrum

e Effective volume: 1mm3
e Demonstrated CRES on continuous
tritium spectrum (molecular)

* First neutrino mass upper limit with CRES:
my,eff < 155 eV /c? (90% C.L.)

* High energy resolution:
(1.7 £ 0.2) eV (FWHM)

e Zero background observed -
b <3x1071%ev1s1(90% C.L.)

what’s next?
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Project 8 Coll, Phys. Rev. Lett. 131, 102502 (2023)
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3H-based experiments — Project 8
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3H-based experiments — Project 8

e Atomic source development
—> T, molecules need to be broken
- System with a particular magnetic field configuration for

transport and to avoid molecular recombination

e Large-volume CRES
Cavity-Based CRES Experiment
— Cavity at 26 GHz: using TEO1 mode in 1 T MRI magnet

Demonstrated

lution of
- Low frequency apparatus: feasibility of CRES T?"e‘&“ﬁﬁﬁM I

in large volume and low fields (frequencies) New cavity-based

resolution of
0.3 eV FWHM \

.

32.09 32.10 32.11 32.12 32.13 32.14 32.15 Credit: Y.-H. Sun, E. Novitski
Energy (keV)

Counts

Atomic source



3H-based experiments — Project 8

Phase lll:
Neutrino mass sensitivity mg 2 100 meV

o
-
T T TTTTIT

o
w

e Atomic source development

—> T, molecules need to be broken

- System with a particular magnetic field configuration for
transport and to avoid molecular recombination

e Large-volume CRES

Cavity-Based CRES Experiment

—> Cavity at 26 GHz: using TEO1 mode in 1 T MRI magnet T
Same frequency as Phase II: same RF setup, 10 10° 10° 10"
waveguide L = 14 cm, R=0.7 cm, V ~ 20 cm? Mass of lightest mass eigenstate v, [me V]

- Low frequency apparatus: feasibility of CRES

in large volumes and low fields (frequencies)

B=0.035T,f.=1GHz, V~0.3m?

o

Normal Ordering

Effective mass of v, m,, .;[meV]
E;I\JI
l

o TTTT

SSISM 3 L ‘0l04d

Phase IV:
Neutrino mass measurement if mg > 40 meV




3H-based experiments — QTMN

Quantum Technologies for

Funded as part of the Quantum Technologies for Fundamental Physics programme A P S e pivib

H/D atom
beam source

Source
characterisation

I. Source II. CRES region II1. Receiver chain State selector I N —
T, molecules T atoms Amplifier Frequency E E E N
l Cyg_lot;on I—'—% metrology A\
Tz't :o;rl T. ...T o = 5‘3 13“0“. haracterisation
.0‘( g.:. n;'::: ° o .Y}We' @ 2 » - - "" characterisatio
T, 4 T2 I Ik ‘-‘He* I T ,
I D DN
CRES region
Neutrino mass measurement from atomic 3H B-decay via e Quantum noise limited microwave sensors at ~18GHz
Cyclotron Radiation Emission Spectroscopy using latest (corresponding to 0.7T field)

advances in quantum technologies.
e 3D B-field mapping with <1 uT precision, using H-atoms as

Technology Demonstration (2021-2025): quantum sensors (Rydberg Magnetometry)

CRESDA-0 = CRES Demonstration Apparatus _ _
* Production and confinement of H-atoms, = 1012¢cm-

A.A.S. Amad et al., New Journal of Physics, DOI 10.1088/1367-2630/adc624 11




3H-based experiments — QTMN AV

Funded as part of the Quantum Technologies for Fundamental Physics programme I A P S T hind Macs

H/D atom
beam source

Source
characterisation

* Cryogenic (30K) pulsed supersonic source

State selector

* H,/D,/T, dissociation using DC discharge seeded

e Atomic beam characterisation using Resonance

characterisation

Enhanced Multi Photon lonisation (REMPI)

Skimmer
Filament \

N\

D
Anode

Pulsed valve



3H-based experiments — QTMN

Quantum Technologies for

Funded as part of the Quantum Technologies for Fundamental Physics programme A P S e pivib

H/D atom
beam source

Source
characterisation

State selector

Kinetic inductance parametric amplifiers

characterisation

CPW resonator line

l

Gap coupling

=

- ~ Bonding
‘ pad

P
«

CRES region

~1cm

b) G * NbN, Nb, Al, Ti paramps fabricated and tested at 18 GHz

J QUL ¥ * Robust and repeatable fabrication, guantum-noise
SMA W pa . i SMA o
connector N Y. S M W - limited performance

e Can be operated at 4K — potential for two-stage
amplification

Gold-plated copper
enclosure

Supercond. Sci. Technol. 36 105010 (2023), arXiv:2406.02455v2 (2024) 13



https://arxiv.org/abs/2406.02455v2
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3H-based experiments — QTMN

Funded as part of the Quantum Technologies for Fundamental Physics programme .~ Neutrinb Mass
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3H-based experiments — PTOLEMY

PonTecorvo Observatory for Light Early-universe Massive-neutrino Yield

AG.Cocco, G.Mangano, M.Messina JCAP 06(2007)015
A

_ _ _ _ dN/dE,
Designed for the detection of relic neutrinos
Qg
Ve + SH » e+ 3He 1
4 T,
Monochromatic peak at Q+m m, =
Neutrino mass as by-product | 2m
A Vv
dN/dE,
Qp
{ >
m. T

PTOLEMY

15



3H-based experiments — PTOLEMY

PonTecorvo Observatory for Light Early-universe Massive-neutrino Yield
AG.Cocco, G.Mangano, M.Messina JCAP 06(2007)015

PTOLEMY
Designed for the detection of relic neutrinos
Ve + SH » e+ 3He

Monochromatic peak at Q+m Proi

royect-8 :

| J Solid State
Neutrino mass as by-product CRES* fechnology $ .
PTOLEMY | | -5
KATRIN R .
E.M. Filter Ultra-high energy
resolution
Holmes X Theory
TES# Calorimefry #*TES: transition-edge sensor

PTOLEMY Coll., JCAP 07 (2019) 047 *CRES: cyclotron radiationemission spectroscopy

15



3H-based experiments — PTOLEMY

Prototype set-up in construction at LNGS

O T I A A N R A A R ¢ PTOLEMY
N————— . = High
Target RF-tracker Transverse drlf’r = resolution
reselector filter (Dynami - calorimetr
“‘\ (preselector) er (Dynamic) EA alorimetry

0:: ~~e~_ ~§~~mmw. M wu |; NW@é/

N '

o
A © James Mead
l l, (powered by KRossi ® )|
L
18 . 6 kev Etotal = Q(VTE.S‘ . Vrm;qu) u3 ERF T Ecal
= —0
| ) o
M.G. Betti et al., Nano Lett. 22,7 (2022) 2971

CRES + filter tuning

C. Pepe et al., Phys.Rev.Applied 22 (2024) 4, L041007

A. Apponi et al., JINST 17 (2022) 05, P05021
PTOLEMY Coll., JCAP 07 (2019) 047 PTOLEMY Coll., arXiv:2503.10025 16



3H-based experiments — PTOLEMY

First goal:
demonstrate feasibility with moderate 3H source pTO LE MY
on graphite substrate

Sudden-Adiabatic
~— Region of sensitivity variation
— Sudden
— Adiabatic
== 10 osc. bound
== NO osc. bound
- = KATRIN Sens

full loading: p = 0.2 mg/m?
» 1lug - 716 MBq

KATRIN Latest Bound

cm

c

mg [eV]

* Weakly dependent upon energy resolution
(for o, <400 meV —0.94 eV FWHM)

* 1 ug: competitive with the forthcoming generation

From profile likelihood

* 100 pg (0.5 m?) close to probe the 10 scenario




163Ho-based experiments

Atomic de-excitation via Auger electrons and as
subdominant component photons

High resolution measurement only with source
enclosed in detectors
- Low temperature micro-calorimeters!!!

Ve )

» <
»

Ve )
Source = Detector

Calorimetric measurement
A. De Rujula and M. Lusignoli, Phys. Lett. 118B (1982)

° 1y, =4570 years (2*10% atoms for 1 Bq)

* Q. = (2863.2+0.6) eV

C. Schweiger et al, arXiv:2402.06464v1 [nucl-ex] (2024)
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https://arxiv.org/abs/2402.06464v1

163Ho-based experiments

Atomic de-excitation via Auger electrons and as
subdominant component photons

High resolution measurement only with source
enclosed in detectors
- Low temperature micro-calorimeters!!!

Source = Detector

Calorimetric measurement
A. De Rujula and M. Lusignoli, Phys. Lett. 118B (1982)

Advantages:

Disadvantages:

Counts per 0.1 eV (Normalized)

10°

10~2

1074

10-6

10-8

10-10

10-12

10-14

1016

H(%.M ES

EC

No final state problems

Influence of ®3Ho on detector performance
Unresolved pile-up

Fraction of events
in the last eV ~10-12

—— 183Hg Spectrum

Pileup Spectrum

eV (Normalized)

2,815 2.820 2.825 2.830 2.835 2840 2.845 2.850
Energy [ keV

1 2 3 4 5 6
Energy / keV

M. BraRR and M. W. Haverkort, New J. Phys. 22 (2020) 093018g



163Ho-based experiments — source production and enclosure

Different methods to produce high purity and high intensity 1®3Ho sources have been studied in details

Neutron irradiation
(n,y)-reaction on 62Er

/4

NEUTRONS

FOR SCIENCE

S. Heinitz et al., PLoS ONE 13(8): e0200910
H. Dorrer et al, Radiochim. Acta 106(7) (2018) 535-48
JW. Engle et al., Nucl. Instrum. Meth. B 311 (2013) 131

F. Schneider et al., NIM B 376 (2016) 388
T. Kieck et al., Rev. Sci. Inst. 90 (2019) 053304
T. Kieck et al., NIM A 945 (2019) 162602

G. Gallucci et al., JLTP 194 (2019) 453

H(%.M ES

Mass separation and ion implantation in MMC pixels
RISIKO @ Institute of Physics, Mainz University

Resonant laser ion source efficiency
(69 + Sstat + 45syst )%

Reduction of ¥¢MHo in MMC
166mH0/163Ho < 4(2)10° EC@

Optimization of beam focalization

First test for implantation on wafer scale

Laser Beams

Quadrupole Lens Einzel Lens

’ Aperture

Einzel Lens + MMC

Tonization Cavity

Dipole Magnet | :
| Separator Slit

Deflectors XY Deflector

30 kV Extraction

Sample Reservoir

20



163Ho-based experiments — Detector Concept

MMC with ion-implanted 1®3Ho
operation temperature < 20 mK

Absorber (Au)
Host (Ag)

\ /163H0
V/Stems (Au)
\ " Sensor (Ag:Er)

' Pick-up coil (Nb)

F. Mantegazzini et al., Nucl. Instrum. Meth. A 1030 (2022) 166406

TES with ion-implanted 1®3Ho
operation temperature 80 mK

163

Si SiQ, Si,N, Au Cu Mo Ho
. =l - = [
T 2 [4m
' 250 ,um‘l
Single Pixel
TES absorber
Absorber
Cu/Mo
TES

H%MES

A. Giachero et al., IEEE Transactions on Applied Superconductivity
31 (2021) 2100205
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183Ho-based experiments — High resolution detectors

Maximum 163Ho activity in microcalorimeters affected by:

specific heat per ***Ho atom - Schottky anomaly at ~ 250 mK

allowed unresolved pile-up

(2*10'! atoms for 1 Bq)

1.0

0.6 |

04 |-

Specific Heat ¢,/ kg

0.2 |-

reduce TES T_-

==
I

— Bulk Ho
S2: Au:Ho (1.2%)
S4:Ag:Ho (1.66 %

e S5:Ag:Ho (0.184 %)
® S6:Ag:Ho (0.0162 %)

Concentration
) J71 in detectors

0.0 =
0.01

0.1

Temperature T [K]

1

M. Herbst et al., Journal of Low Temperature Physics 202 (2021) 106

0.12
0.10
0.08
0.06
0.04

amplitude (®g)

0.02

0.00

D. Bennett et al., https://doi.org/10.48550/arXiv.2506.13665

TES response @ different activity

0.02 Bq 1071
1072
0.19 Bg
1073
0.53 Bq ! 3 .
HVWLMES
0 1 2 3 4

time (ms)

22



13Ho-based experiments — Proof of Concept Experiments

) . : o 163
ECHo-0 4 day measure.ment with 4 pixels loaded with ~0.2 Bg ‘**Ho . Q.. =(2838+14)eV
Energy resolution AEcyum =92 eV
Background level b < 1.6 x 10 events/eV/pixel/day * m(v,)<150eV (95% C.L.)
C. Velte et al., EPIC 79 (2019) 1026
NEW
ECHo-1k 2-stage SQUID readout HOLMES Multiplexed readout
57 pixel with implanted 163Ho a8 detectors  H(V)LM ES
9 background pixels 15 Bq total activity
total activity of 46 Bq Experiment duration: 2 months

Experiment duration: 6 months

1cm

23




163Ho-based experiments — Proof of Concept Experiments

ECHo-1k HOLMES

200 million events from 100 eV to 5000 eV
AEq v = (6.59 £ 0.16) eV

number of events in [2900 — 5000] eV = 80 E(@
b=(9.1+1.3)x10°° /eV/pixel/day

60 million events above 300 eV
AEyum = (6 1) eV

b= (1.7 £0.1) x 107%/eV/pixel/day

H%MES

N1

M1

40

20

i 6 8 10 12
FWHM, (eV)

Events/ 2 eV
Counts /1 eV
=Y
(@]
w

0
00 N 10

1000 1500 2000 2500 3000 3500 4000 500
Energy / eV

1000 1500 2000 2500 3000
Energy (eV)
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13Ho-based experiments — Proof of Concept Experiments

Counts /2 eV

Relative residual

o5 = C X [A(E) X Fps(Q, E)] ® g(E, 0) + b(E) Fs= -5 [ 7~

* No analytical function is available to describe A(E), the probability to create excited states with
a given energy in the 3Dy atom

* In M. Bral} et al., New J. Phys. 22 (2020) 093018 it is stated that A(E) is very smooth

e Test of different functions has been performed

ECHo-1k HOLMES
=== Niot* Ssw " Fps 1034
—— Niot* Sso* Fps
Em —— Deonst >
(S
"""" bpu (=} 102
—— Fit a e
B | Spal T N
—IL-—A— § 101! \\\\‘1\
.-": -‘". ."‘—. "". © 4 p2e
-------------- N [ 1] ] \
....................... b, I
A L e R 11 B it L
P 4K T o A
——— —r - [T, 3 .
A%l_ o Lowied & e ‘.‘ .‘,./ Sk, s s
= Opitdaba
-2.5 _ 3 .
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163Ho-based experiments — Proof of Concept Experiments
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163Ho-based experiments — Proof of Concept Experiments

ECHo-1k what’s next? HOLMES
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183Ho-based experiments—Future Perspectives H%MES

Aim: reach sub-eV sensitivity in next upgrade

co®

. : -e- AE =10eV
Minimal design: 181 AEFWHM s ey
- FWHM —
20000 pixel = Multiplexed readout ? AEpwnm =2 eV Wi
~ | _ V4
~10 Bq/plxe| 3 1.6 -o- AEppwum=1leV /;,”
J i
AEqyum <5eV o 4
. X 1.4- 4
fpu< 10 o r///””
b < 10 /eV/detector/day > o
S 129 T 4
- — o ———=—=-- 4 /,/
2 .’,f”’ ,/./
8 1.0 1 ee-————"7"7"7 ,//’
Better model of 1®3Ho spectrum g o
o
087" - number of events = 10%3
&

108 10~/ 10°° 10> 10~



193Ho-based experiments—Future Perspectives H@\LMES

Aim: reach sub-eV sensitivity in next upgrade

EC

Minimal design: * Fabrication arrays with AE.,\ <5 eV

20000 pixel = Multiplexed readout * Production & purification of the ®3Ho source
~10 Bg/pixel

AE.yum <5eV * Implantation ~10 Bq/pixel possible but not trivial
fou< 10

* still necessary work on background reduction
b < 10°® /eV/detector/day

* Multiplexing big challenge:
high energy resolution + large bandwidth

Better model of ®3Ho spectrum

A. Faessler et al., J. Phys. G 42 (2015) 015108

R. G. H. Robertson, Phys. Rev. C 91, 035504 (2015)

A. Faessler et al., Phys. Rev. C 91, 064302 (2015)

A. Faessler and F. Simkovic, Phys. Rev. C 91, 045505 (2015)

A. De Rujula and M. Lusignoli, JHEP 05 (2016) 015,

A. Faessler et al., Phys. Rev. C 95, (2017) 045502

M. BraRB et al., Phys. Rev. C 97 (2018) 054620

M. BraBB and M. W. Haverkort, New J. Phys. 22 (2020) 093018
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163Ho-based experiments—Future Perspectives H@Q-MES

Aim: reach sub-eV sensitivity in next upgrade

EC

Minimal design: e Fabrication arrays with AE,,; <5 eV
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b < 10° /eV/detector/day
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193Ho-based experiments — Next Steps

ECHo-LE (2026 - 2030)

Detector fabrication on going
10 wafer with pixel optimization from
ECHo-100k phase

Focus on microwave-SQUID multiplexing

400 channels per multiplexing line

Improve energy resolution from proof of concept
results

a)
analog/digital
FPGA-board conversion board

2.6mm

Al shield

M. Neidig et al., arXiv:2509.07671v1

H%MES o

HOLMES+

Improving the multiplexing
less cost x channel, higher multiplexing factor

Reducing the critical temperature of the TES
to reduce the effect of Ho specific heat

Kinetic Inductance Current Sensors (KICs)
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Conclusions

V The determination of the neutrino mass scale will guide
beyond Standard Model theories and support our understanding of
the Universe

V The study of low energy electron capture and beta spectra provides
a less model dependent approach for neutrino mass determination

V 3His an ideal candidate for determining the neutrino mass scale.
Different experimental concept have been developed and
continuously improved

V  18Hg s gaining importance thanks to the successful R&D in ECHo
and HOLMES

V Challenging but realistic plans for the determination of
the neutrino mass scale are going to be implemented
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