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SM: massless neutrinos
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Direct Neutrino Mass Measurement
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Direct Neutrino Mass Measurement
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|sotope(s) of Choice

L ow Q-value: higher activity close to endpoint
| ow halt-lite: smaller amount needed

High Branching Ratio: smaller amount needed
Source availability, handling



|sotope(s) of Choice

» Low Q-value: higher activity close to endpoint
* Low halt-life: smaller amount needed

* High Branching Ratio: smaller amount needeo
» Source availability, handling

Isotope Qa [eV] T2 [V] Decay |BR Limit [eV]|Active

mass [g]"
SH 18591.3(10) (12.3 3 1 0.45([1] (107
163H0 2863.2(6) |4570 EC |1 15 [2] 10-5 *
'87Re 2470.9(13) 4.3 x 107 1 15 [3] 57 j1tjo EETSF?KG 810?;?2; /368\52./57813 (2025)
5] 155(24) 4.4 x 1014 |B- O(10® |- 7.5 x 107 2] ECHo, PRL 136, 121801 (2026)
135Cs 440(310) O(1010 B O(106) |- O(10-1..102) | [3] Phys.Rept. 914 1-54 (2021)
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State-of-the-Art: KATRIN @ TLK

» Current best limit: m,, .4 < 0.45eV
* Design sensitivity: 0.2 eV

See talks by C. Weinheimer,

S. Schneidewind, K. Erhardt o1y science 388, 6743 (2025)
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State-of-the-Art: KATRIN @ TLK

» Current best limit: m,, .4 < 0.45eV

* Design sensitivity: 0.2 eV
e \What If the mass is smaller?

* How to increase sensitivity”

See talks by C. Weinheimer,
S. Schneidewind, K. Erhardt

KATRIN, Science 388, 6743 (2025)


https://www.science.org/doi/10.1126/science.adq9592

T, source electrodes detector

p. (without E field)

fWze o AL

See talks by C. Weinheimer,
S. Schneidewind, K. Erhardt

« Current best limit: m

AT
AT

U,,

. Sensitivity scales as o(m,,

+ < 0.45eV

* Design sensitivity: 0.2 eV
e \What If the mass is smaller?

* How to Increase sensitivity”?

» Strong T2 source: strength limited by
electrons scattering = energy loss

* MAC-E filter = high-pass filter:

S — Integrated spectrum
Sl filter resolution ~ spectrometer diameter

o) N-1/4

, Science 388, 6743 (2025)

, https://www.Kkatrin.kit.edu/
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The ITritium Future



Next [ritium-Based experiment

Necessary key technology developments:
* Strong atomic tritium source
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Next [ritium-Based experiment

Necessary key technology developments:

* Strong atomic tritium source

* Ultra-precise, differential electron spectroscopy
* Compatibility of spectroscopy with atomic tritium
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Next [ritium-Based experiment

Necessary key technology developments:
Strong atomic tritium source
Ultra-precise, ditterential electron spectroscopy
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Next [ritium-Based experiment

Necessary key technology developments:

* Strong atomic tritium source

* Ultra-precise, differential electron spectroscopy
* Compatibility of spectroscopy with atomic tritium
« lypical next goal: 40 meV sensitivity to M, off

* Final goal might be 10 meV
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KATR | N 4y See C. Weinheimer’s talk

« KATRIN finished data taking in 2025, data analysis ongoing
* Now running: TRISTAN - keV sterile neutrino search
 KAIRIN++ program:

* R&D on atomic tritium

* R&D on differential methods
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Project 8
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* (Goal: reach the inverted
mass ordering

e R&D on atomic tritium

* Demonstrated novel
spectroscopy methoa:
Cyclotron Radiation Emission
Spectroscopy (CRES)

axial motion

—— On-axis

— off-axis cyclotron motion




Project 8
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* (Goal: reach the inverted
mass ordering

e R&D on atomic tritium

* Demonstrated novel
spectroscopy methoa:
Cyclotron Radiation Emission
Spectroscopy (CRES)

axial motion
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* Quantum Technologies for Neutrino Mass

» UK-based

« Similar to Project 8, but tackling quantum aspects first:
* Magnetometry with Rydberg atoms
* Quantum amplifiers

beam source
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8553 PTO LE MY See M. Pofi’s talk

PTOLEMY

* Main physics goal: discover the CNB via
neutrino capture on tritium

* Neutrino mass measurement as 2m,
iINntermediate step = K
Source/Target Region gz:)llcll:;tgsﬂs
Electron filter N /
W ‘WWWJ&&’!’#%@%W& 5535\@ g\/\ | ,
Detector Region \/

X

Demonstrator ) RF Tracker g
magnet Based on F. Pofi’'s NuMass 2026 presentation 12




Atomic Source Development




Why Go Atomic”

Credit: T. E. Weiss
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Atomic Source Development

1. Crack T2 molecules at high temperatures
using heated tungsten filament

Credit: L. Thorne

Eur.Phys.J.D 79 5, 60 (2025)



https://doi.org/10.1140/epjd/s10053-025-00987-y

Atomic Source Development

1. Crack T2 molecules at high temperatures
using heated tungsten filament

2. Crack T2 molecules with high-energy
electrons
— ECR plasma source

Credit: L. Thorne

Sapphire RF Power Injection

’ Window 1
|4 \ | ) Accommodator e |
\ . | ' f \ i | ‘ ; Waveguide
L ochi il —
) A e X Ly 0.106m Gas Iniet

Fur.Phys.J.D 79 5. 60 (2025)

Credit: A. Reine
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Atomic Source Development

1. Crack T2 molecules at high temperatures
using heated tungsten filament

2. Crack T2 molecules with high-energy
electrons
— ECR plasma source

Credit: L. Thorne

B30th developed on Hz, now being investigated

for To
Sapphire RF Power Injection
’ Window 1
A 8/
f ' Accommodator — |

\ . | ' : ?/\‘ i | ; Waveguide
) gy il -
o = ‘ ' U 0106 m Gas Inlet 1

Fur.Phys.J.D 79 5. 60 (2025)

Credit: A. Reine
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Atom Cooling & Slowing

1. Create T atoms at high temperatures

3H, cracks to T on hot

@ —
tungsten (2200K)
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Atom Cooling & Slowing

103g

102g

10_33

‘4—

0 1000 2000 3000

3H, cracks to T on hot
tungsten (2200K)

_1
(V) (MS™7) credit B J. P. Jones

1. Create T atoms at high temperatures

2. Accommodator: cool to 150K wit

bounces at low recombination rate

N multiple

Credit: A. Lindman
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M Atom Cooling & Slowing

] Hacracks to T on hot 1. Create T atoms at high temperatures
s ° tungsten (2200K) 2. Accommodator: cool to 150K with multiple
bounces at low recombination rate
3. One-bounce nozzle to cool to 10K
101_' - 3H binds to solid
surfaces (~10K)
)
— 100_
1071
Credit: A. Lindman
10—2_
10_33
(I) 1OIOO ZOIOO 30b0

_1
(V) (MS™7) credit B J. P. Jones
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y Atom Cooling & Slowing

3H, cracks to T on hot 1. Create T atoms at high temperatures

s ° tungsten (2200K) 2. Accommodator: cool to 150K with multiple
bounces at low recombination rate

3. One-bounce nozzle to cool to 10K

4. Cool by evaporation of hottest atoms

3H binds to solid

1 >
10 : surfaces (~10K)

< .
=100 -

10_1g

10_2§

' 3H magnetically R“
107> {0 <« Hot atoms

storable (~“1mK)
T T T evaporate as
0 1000 2000 3000 confining field drops

_1
(V) (MS™) Gredit: B. U P, Jones



https://journals.aps.org/pra/abstract/10.1103/7dkb-pc56

Frequency, GHz

Magnetic Field, T
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 Cannot let atoms touch walls!



Frequency, GHz
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“{J0TNM Cryogenic Pulsed Atomic Source

“ LA A
——————————————————————

* 30K pulsed supersonic source

r— * Hz/D2/T2 dissociation using DC
Filament discharge seeded with electrons
from Tungsten filament

* High-purity, cold atomic beams

Pulsed valve

Credit: S. Hogan, Habilitation

Based on S. Jones NuMass 2026 presentation
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" QTNM Atom lrapping

Neutrino Mass

* Magnetically confine atoms in low-field seeking state

» Use Halbach array of hexapole magnets
to create a storage ring

* No longitudinal slowing necessary

. pr-A | : v

e M»

Based on S. Jones NuMass 2026 presentation
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(%% From Hydrogen to Tritium Sources

KAMATE

» TLK: Core facility with 30 years
of tritium experience

o KArlsruhe MAInz Tritium
Experiment

* AIm: generate high-intensity,
atomic, mK cold atomic T
source

« Combine atomic H source
developments by Project 8 with
T know-how at TLK

See D. Frese’s talk

N

Based on C. Rodenbeck NuMass 2026 presentation



e A Difterent Tritium Approach

PTOLEMY

* [f we need higher T exposure, maybe denser is the
way to go”?

. For CNB, need O(g) of effective tritium mass
* |dea: tritiated graphene should be
* Very compact

e Stable
* Engineered to (de)localize captured tritium




e A Difterent Tritium Approach

PTOLEMY

* Nanoporous graphene loaded to 90% with H
e Stable after 4 months in UHV
e But I1t's not atomic: still have to deal with

( Monolayer
. graphene

Shu i Nanoporous
#&) graphene

',,,”/' L ‘\\

g

74 ' Carbon
< v |

Hydrogen atomic beam Nanotubes

Based on A. Apponi’'s NuMass 2026 presentation



e A Difterent Tritium Approach

PTOLEMY

* Nanoporous graphene loaded to 90% with H
e Stable after 4 months in UHV 2m,
e But I1t's not atomic: still have to deal with

( Monolayer
. graphene

Shu i Nanoporous
#&) graphene

',,,”/' L ‘\\

g

74 ' Carbon
< v |

Hydrogen atomic beam Nanotubes

Based on A. Apponi’'s NuMass 2026 presentation



Tritiated Graphene

* [ritiated graphene sample created at LK by exposing
graphene to tritium

 Many defects that "heal” over time
» Stability and outgassing studies ongoing
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Electron Detection




“Cyclotron Radiation Emission Spectroscopy (CRES)

* Electron in B-field: cyclotron motion & radiation —
e(B) b
2nf =
m,+ K,/c?

“Never measure anything but
frequency!” — A. L. Schawlow

PRD 80, 051301 (2009)



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.051301

““Cyclotron Radiation Emission Spectroscopy (CRES)

* Electron in B-field: cyclotron motion & radiation —
e(B) b
2nf =
m,+ K,/c?

* Energy resolution:

“Never measure anything but
frequency!” — A. L. Schawlow

PRD 80, 051301 (2009)
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Cyclotron Radiation Emission Spectroscopy (CRES)

* Electron in B-field: cyclotron motion & radiation —
e(B) b
2nf =
m,+ K,/c?

* Energy resolution:

. Emitted power: Py o« B* o f~

“Never measure anything but
frequency!” — A. L. Schawlow

PRD 80, 051301 (2009)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.051301
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““Cyclotron Radiation Emission Spectroscopy (CRES)

* Electron in B-field: cyclotron motion & radiation —
e(B) b
2nf =
m,+ K,/c?

* Energy resolution:

A Af
me f
. Emitted power: Py o« B* o f~ CRES advantages

+ high precision
+ 3H transparent to radiation

+ NO electron transport: no
l0osses, no backgrounds

+ differential - high statistics

“Never measure anything but
frequency!” — A. L. Schawlow

PRD 80, 051301 (2009)
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A Typical®* CRES Event & Spectrum

P * so far
792
e(B)
2rf =

790 — 20 m, + K,/ c?
N Bl
%/ 788 g
N o)
(H /86 ©
< D
N k%
' O
> 784 =
S 10 g
-] 4]
O 782 5
™ N

/80 -

/78

0 1 2 3 4 5
Time (ms)

PRL 114, 162501 (2015) PRL 131, 102502 (2023)
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Frequency - 24 GHz (MHz)

P * 80 far
792
e(B)
2nf =
790 —120 m, + K,/c?
788 j=
__15 O
/86 " g
&
] u — 8
[Ead Cyclotron radiation - 10 2
— energy loss T . T
285 =F Scatters down in energy S
7))

— up in frequency
780

/78

Time (ms)

PRL 114, 162501 (2015) PRL 131102002 (2023)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.162501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102502

*
r
|05 so fa
792 o(B)
2nf =
—1920 f m, + I{e/C2
790 A
S
N O
I 788 =
s —15 -2
x ©
G 786 o
3 ¢
<j&ad Cyclotron radiation T = 10 %
% SERBSIgYIONE = Scatters down in energy UE.),
s s — up in frequency :
780

/78

Time (ms)

Start frequency: determines 1 e o
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A Typical®* CRES Event & Spectrum

792

790

/88

/86

/84

782

Frequency - 24 GHz (MHz)

780

/78

Cyclotron radiation g

— energy loss : T

=]

Scatters down in energy
— up in frequency

3 4

Time (ms)

Start frequency: determines

electron energy before losses

PRL 114, 162501 (2015)

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

8+ /ero background observed
 High energy resolution: 1.7 £0.2eV (FWHM)

] —— Frequentist intervals
1751 + Lite(:ature
i [ 200°9 4 Bestfit result
150971 He I ~ 1502-
1 NX, ] \ d
125 - “‘EQ 0-
£ 100 1 ~150°-
- { —2002 -
O 751
1 §  Tritium data ' '
] ---- Bayesian best fit 18500 , 18600
50 - 10 Bayesian quantiles I éEndpomt (eV)
{ —— Frequentist best fit I ‘ H
25 e Literature Eq | ¥
1 H E; 10 Bayesian credible interval :
04 H Eolo frequentist confidence interval

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

PRL 131, 102502 (2023)
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CRES Electron Motion

» Electron trapped in magnetic field
* [hree superimposed motions:
» Cyclotron motion with frequency

1 e(B)
2 me + E/c2

. Axial motion with frequency f, that depends on trap design and
electron’s pitch angle

. Grad-B motion [y, ; from magnetic trapping field gradient

fe



. . grad-B
A . axial motion . motion

— I}
cyclotron motion f

/

—— On-axis
— Off-axis

>

» Electron trapped in magnetic field
* [hree superimposed motions:
» Cyclotron motion with frequency

1 € <B> ‘/\ average magnetic field

— along electron trajectory
2T me + E/c?
€

. Axial motion with frequency f, that depends on trap design and
electron’s pitch angle

. Grad-B motion Jy, 5 from magnetic trapping field gradient

fe




Challenge: Large-Volume CRES

ow CRES fields for atomic tritium

trapping
— low emitted powers

80 —

Phase | & I
| PRL 131, 102502 (2023)

0.01 0.1

Magnetic field (T)

10


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102502

Challenge:

|_arge-Volume CRES

ow C

q

-S fields for atomic tritium

trapping

— low emitted powers

80 —

|
Phase |l & |V
= Phase | & I
PRL 131, 102502 (2023)
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Challenge:

|_arge-Volume CRES

e Low C

q

-S fields for atomic tritium

trapping

— low emitted powers
» Large volumes for high statistics

80 —

|
Phase |l & |V
= Phase | & I
PRL 131, 102502 (2023)

0.001 0.01 0.1 1

Magnetic field (T)
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g Challenge: Large-Volume CRES

 Low CRES fields for atomic tritium

trapping
— low emitted powers

» Large volumes for high statistics

» Solution are large resonant cavities:
» Large volumes at low frequencies

« Resonant enhancement of electron
signal
« Compatible with atomic tritium

Count rate

Frequency

Electron power
on-resonance
enhanced

Electron power
off-resonance
suppressed

Electron Egergy
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M CRES in Cavities

. . grad-B
. A . axial motion . motion
|
O
o _
0o —— on-axis : f
— off-axis cyclotron motion
= g

/

. (B) experienced by electrons depends on pitch
angle

Arxiv 2601.0/848



https://arxiv.org/abs/2601.07848

CRES In Cavities

A axial motion grad-B
. > » Motion

l}
cyclotron motion /\

/

—— On-axis
— Off-axis

>

. (B) experienced by electrons depends on pitch
angle
* Necessitates the detection of the carrier

frequency and a sideband
— links (B) to individual electron

— allows accurate energy reconstruction

Frequency

Log(Power) (arb)

04 08 12 1.6 2.0
Time (ms) Credit: S. Bhagvati
Arxiv 2601.07848
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CRES In Cavities

A ) axial motion

grad-B
> » motion

—— On-axis
— Off-axis

. ,}
cyclotron motion f

>

/

. (B) experienced by electrons depends on pitch

angle

* Necessitates the detection of the carrier
frequency and a sideband
— links (B) to individual electron

— allows accurate energy reconstruction

* Range of axial motions sets bandwidth
requirements for the cavity design

Arxiv 2601.07848

Frequency

Power

Cavity bandwidth

Log(Power) (arb)

0.4

0.8 1.2 1.6 2.0
Time (ms) Credit: S. Bhagvati
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\\o//“ I'he Low Frequency Apparatus

» Scale up in volume:

. f=560MHz,B=0.02T,V ~ 1.5m> — O(10°) larger than current
demonstrator

» Scale down in collected power:

. P x B? = 0.05% of radiated power compared to previous demonstrator

ONE DOES NOT SIMPLY
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SCALE A:D‘I‘ETECTOR BY ORDERS OF MAGNITUDE




\\o//“ I'he Low Frequency Apparatus

» Scale up in volume:

. f=560MHz,B=0.02T,V ~ 1.5m> — O(10°) larger than current
demonstrator

» Scale down in collected power:

. P x B* = 0.05% of radiated power compared to previous demonstrator
» Upgrade with atomic tritium beam for competitive, sub-eV neutrino mass limit

ONE DOES NOT SIMPLY
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SCALE A DETECTOR BY ORDERS OF MAGNITUDE




S The Low Frequency Apparatus

» Scale up in volume:

. f=560MHz,B =0.02T,V ~ 1.5m> — O(10°) larger than current
demonstrator

» Scale down in collected power:

. P x B* = 0.05% of radiated power compared to previous demonstrator
» Upgrade with atomic tritium beam for competitive, sub-eV neutrino mass limit

ONE DOES NOT SIMPLY ' CRES

Atomic beam line
(not shown)

Cryostat

See talks by Jan Kupperbusch,
Credit: M. Huehn Svitlana Hoienko




Final 40meV Experiment

Hot atoms
evaporate as
confining field drops

2500 K

160 K

3 owFlel v

‘High F’l.ei. .

Background 20 mT

IIIIIIIIIEIEEEEﬂﬂmﬂﬂlIIIEII]EEIHEIIIIIIIIIIII

e Trap

0.05mT
BG20mT

o
L
Q
b%“- ~— off-axis

x 10
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» Also plan to use CRES

* EXploring antenna arrays, waveguides and
cavities

* Modular CRES regions
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e Can We Make It More Complicated? 5™ Potisak

PTOLEMY

 PTOLEMY: combination of E & B fields for ~CRES
+ electron drift for electron tracking, filter
adjustment
+ dynamic drift filter / slower
+ destructive electron detection

/
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£ Can We Make It More Complicated? %M Ptk

PTOLEMY

 PTOLEMY: combination of E & B fields for ~CRES
+ electron drift for electron tracking, filter
adjustment
+ dynamic drift filter / slower
+ destructive electron detection

Sauron Plot 9.Wim.bin




KATRIN (++)

» Electron Tagger for time-of-flight

» Can we use CRE for tagging (no spectroscopy)?
» Tag electron before electron enters spectrometer
» Count at detector after spectrometer

* Time-of-flight gives energy resolution,
background cancellation

 [ssue: SNR
» Other idea: Transverse Energy Compensator

See C. Weinheimer'’s talk




Recap: Iritium-pbased experiments

« Common challenges: current technology cannot be easily scaled
» Consensus: We need
* Atomic tritium » Larger exposure

» Differential energy  Quantum devices
measurement




Recap: Iritium-pbased experiments

« Common challenges: current technology cannot be easily scaled

e Consensus: We need

o Atomic tritium

* Larger exposure

» Differential energy  Quantum devices

measurement
Name KATRIN KATRIN++ |Project 8 |[QTNM PTOLEMY
Tritium source |Molecular Atomic Atomic Atomic Graphene-

adsorbed

Detection Destructive |MMCs? CRES CRES CRE + dynamic
method counter filter + TES
Electron yes yes no no yes
transport
Spectrum Integrated  |Differential |Differential |Differential Differential
Sensitivity ~200 meV 40 meV ~5 meV
Limit (90% C.L.) 0.45 eV 155 eV
When? Soon 2030s 2030s 2030s 2030s




The Electron Capture Future



The Electron Capture Future




H@{.MES

. Holmium Experiments
ECE

. 163HO N 163Dy>1< 4 v, 163Dy>1< N 163Dy n E()
* De-excitation energy mainly emitted via Auger electrons
* Holmium implanted into detectors

» Calorimetric measurement via absorbed heat

* Requires very sensitive low-1 detectors

* High activity can be achieved with compact, pixelated
SOuUrces

» Complicated source needs to be carefully modeled

A
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HOLMES - -
HoIMIuMm EXperiments
EC

. 163HO N 163Dy>x< 4 v, 163Dy>1< N 163Dy n E()
* De-excitation energy mainly emitted via Auger electrons
* Holmium implanted into detectors \

» Calorimetric measurement via absorbed heat

» Requires very sensitive low-T detectors
» High activity can be achieved with compact, pixelated
SOUrces

» Complicated source needs to be carefully modeled




o FECHO

* Uses Holmium implanted in
microcalorimeters

» Operates in dilution refrigerator
* Current limit;: 15 eV

Absorber (Au)
Host (AQ)
163HO
v/ Stems (Au)
B | : :
| Sensor (Ag:Er) Implantation square:
Pick-up coil (Nb)

150 um x 150 um

Second absorber:
165 pm x 165 um

First absorber:
180 um x 180 um

Z

SQUID set-up



ECHo

* Uses Holmium implanted in
microcalorimeters

» Operates in dilution refrigerator
* Current limit: 15 eV

Absorber (Au)

Host (AQ)
/163H0
v/s

tems (Au)

\/- ; Sensor (Ag:Er)

Pick-up coil (Nb)

Implantation square:
150 um x 150 um

Second absorber:
165 um x 165 um

First absorber:
180 pum x 180 um

s L '--,“iXing_ hamber
~— "i,‘__.j'f.L‘m-i-
=y ¥ = plate (T~ 10 mK)3&

SQUID set-up




HQLMES HOLMES

Au absorber with 22 mm "

. '**Ho implanted ERERENERED II-Illiillrll’tlﬁlllllzll"llll'lllll‘ll"ll'IlIl’lll‘l EEEEEEEERRRRREE

SIN membrane | LW [ [ [ [ DL | u%d ||
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. * Uses Holmium implanted in
"\ ... 2= microcalorimeters

—
v ° Operates in dilution

' v i .
P refrigerator

e Current limit: 27 eV

Based on A. Nucciotti’'s NuMass 2026 presentation



HQLMES HOLMES

22 mm

Au absorber with " q
N 163Ho implanted Tll lTIﬁlltllWll\lﬂtlll}lTlllllllll,l lgljl;ll Jllllllﬂjll‘l
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* Uses Holmium implanted In
microcalorimeters

* Operates in dilution
refrigerator

e Current limit: 27 eV

Au/%3Ho/Au

<

membrane Silicon

Based on A. Nucciotti's NuMass 2026 presentation 39



Holmium Source Development




H@{.MES

‘ Source Production
ECD

1. Holmium produced through irradiation of Erbium:
102Er (n,y) —» '“Er - “Ho + v,
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1. Holmium produced through irradiation of Erbium:
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2. lsotope separation (reduction of 166mHQE)



H@{.MES

‘ Source Production
EC

1. Holmium produced through irradiation of Erbium:
102Er (n,y) —» '“Er - “Ho + v,

2. lsotope separation (reduction of 166mHQE)

3. Implantation of 163Ho using:
- plasma sputter ion source
- laser on source (shown)
enclosed in Au / Ag



HVLMES .
Source Production
ECD

1. Holmium produced through irradiation of Erbium:
102Er (n,y) —» '“Er - “Ho + v,

2. lsotope separation (reduction of 166mHQE)

3. Implantation of 163Ho using:
- plasma sputter ion source ===

- laser 1on source (shown)
enclosed in Au / Ag

eservoir

RISIKO @ Mainz

Based on L. Gastaldo’s NuMass 2026 presentation



H®\LMES

Upgrading Ho-Implanter

 Forced Electron
efficiency

Beam Induced Arc

Discharge (F

S|A

D) ion source to increase

* Au co-deposition in target chamber: activity increase from 3 Bg/pix to 10 Bg/pix

the ion implanter

has been flipped
to allow extension

TES array

Ar

co-deposition !
target chamber

XY scan

electrostatic

x ] WEL Mm% M —
Prirgs . i) | B
g d
2] - ) .
- = ' ﬁ’{ _ \ ” &
' : o . =01 | P
el =\ . .
=M f N -
» 9 \“ | |\ 1
2 "\ h n

triplet slit / jon source

WL Slide by A. Nucciotti, NuMass 2026



Source Development

P N

- - - ——— — -—— —— - - ——

SCMW '.'l.;”;"";;'o";b\o.
Resonator

SQUID

:::'.:...................

1

Based on L. Gastaldo’s NuMass 2026 presentation
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Challenge: Source Modelling

» 163H0 is a complicated § -
107 §_QI NIilgNI MIl Ml —

nucleus | §

* Many spectral features . | E
% 103 _;

.

101 S

10-1 | | | | | :

0 oY FO0U0 4508 2000 2508 3000
Energy / eV

Based on L. Gastaldo’s NuMass 2026 presentation



Challenge: Source Modelling

» 163H0 Is a complicateo
NUCIleus

* Many spectral features

llllllbl AL

Counts/ 2.0 eV

| IIllllII L | Illlllll L | llllllll L | llllllll L

0 oY FO0U0 4508 2000 2508 3000
Energy / eV

Based on L. Gastaldo’s NuMass 2026 presentation



Challenge: Source Modelling

| | |
107 QI NIIJNI MIl Ml

L

163H0 Is a complicateo
NUCIleus

Many spectral features

L
:R

A lot of Improvement in
the past decaade!

But still not a pertect
description

Counts / 2.0 eV

| Illlllll L | Illlllll - Illlllll L | llllllll L

0 500 1000 1500 2000 2500 3000
Energy / eV

Based on L. Gastaldo’s NuMass 2026 presentation



Challenge: Pileup

Calorimetric detection:
2 events counted as 1
event with high energy

Irreducible
background
Limits per pixel
activity

Need many fast
detectors

[ —
o o r—
| | o
N o

—
o
|

o

Counts per 0.1 eV (Normalized)
— — g
- < S

—
<
—t

—
o
|

[—

N

e 16340 Spectrum

Pileup Spectrum

Background

o

1 2 3
Energy / keV

ECHo, PRL 136, 121801 (2020)



https://doi.org/10.1103/lqkb-hylx

Challenge: Pileup

Calorimetric detection:

107"‘ ==== Niot * Sw * Fps
2 events countedas 1 it " s P
. . S N —— Dconst
event with high energy 3w| . . by
~ —— Fit
rreducible s ™
backgrouna I ATl
Limits per pixel 3 "
activity g oo R
Need many fast 3—2.25000 2500 3000 _ 3500 4000 4500
detectors o

ECHo, PRL 136, 121801 (2026)
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HC\D\LMES

’ Challenge: Implantation Homogeneity
2o

4
Q3 ] 107
: - :
32 058
1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
rows

(a) ECHo-1k chip with gold as host-material

1.5 . .

B . .
) = Activity [Bq]
23 1.0%
82 0.5§

1

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
rows

(b) ECHo-1k chip with silver as host-material

» Different activity levels can be calibrated
» But: there Is a “pertect” activity per pixel

46
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Recap: Holmium-pbased experiments

* Relatively new experimental effort with amazing progress
» Scaling to <1eV level remains very difficult

Name ECHo-1k ECHo-100k|[ECHo-LE |HOLMES HOMES+ HOLMES++
Detection MMCs + MMCs + |[MMCs + |TES + RF-
SQUIDs RF SQUID [RF SQUID [SQUID
Activity / pixel 0.7Bqg/0.9 (10 Bqg 10 Bq 0.3 Bqg 3 Bqg /30 Bqg 30 Bq
Bqg
Pixels 57 12K 20Kk 64 256/ 16 4096
Total activity 46 Bg 120k Bg |200k Bg (15 Bqg 758 Bq /480 Bq |120k Bqg
E resolution 7 eV 5eV <5 eV ~10 eV (FWHM)|~5 eV (FWHM)
Temperature 20mK 94 mK 50mK
Limit (90% C.L.) [15eV 1.5eV 0.8 eV 27 eV 6eV/4eV
When? DONE Soon 2030 DONE 2028 2032

See talks by L. Calza, R. Pandey




Neutrino mass is only confirmed etfect beyond the standard Model;
but its value remains elusive

Atomic T:
production,
storage

Low-T Detectors Everyone:

- Quantum devices

= Cryogenic setups

- Sensitivity and
analysis

- Calibration methods

Ho source:
implantation,
modeling

RF Detection

 Many paths to 40 meV being explored
» Currently no clear winner
- |deal case: 1 Iritium + 1 Holmium experiment: m; .gand m,, g



What Will the Next Direct Neutrino Mass
Experiment Look Like”

Definition

Can't prove laws of physics violated.
Reasonable to think laws of physics aren’t violated. .
Proof-of-principle demonstrated.
_ow-fidelity prototype successfully tested.
High-fidelity prototype successfully tested.

Time will tell...

Standalone final component successfully tested.

Integrated subsystem successfully tested.

First physics data collected.
Results published.

OWlw|Nlon|sllw| |~







The Cavity CRES Apparatus

» Cavity at 26 GHz:

L=14cm,R=0.7cm,V ~ 20cm’

* Inserted into 1 T MRI magnet @ U of Washington

* Same frequency as Phase ||

« Small-scale cavity-CRES de

 Aim: 0.3 eV energy resolut

monstration

0N



The Cavity CRES Apparatus

» Cavity at 26 GHz:

[ =

14cm,R=0.7cm,V ~20cm’

* |Inserted into 1 T MRl magnet @ U of Washington

¢ Sa
e Sma

 Aim: 0.3 eV energy resolution

me frequency as Phase |

-scale cavity-CRES demonstration

\ ..
L G

e waveguide readout

Q)
D
Credit: J. Pena thermal straps %
opening for injection of o D ~ Sty we 4 Kamplifier =
electrons from o ) [T\ ' | T |l >

electron gun L

' Field-shifting
trapping colls solenoid
Faraday cup
as line

electron gun J 51



CCA - Commissioning

Injection port

BUS] I :010Ud

waveguide

| opening for injection of

 electrons from
--:_-.o,‘i\igi:‘,_
- electron gun

AT
! A0 ‘

» Status: Commissioning
ongoing

» Expect first cavity
CRES data soon

All happening right now @ UW 52



CCA - Commissioning

i

e

=

Bt = 7

5

waveguide

0104d

uyanH ‘I

gas port

» Status: Commissioning
ongoing

» Expect first cavity
CRES data soon

All happening right now @ UW 52



CA - Commissioning

-

=\ trapping coil mount

NS ' e

OlOoUd

M1

SSIo

» Status: Commissioning
ongoing

» Expect first cavity
CRES data soon

All happening right now @ UW 57



CA - Commissioning

=

Especially designed for

= PHILIPS
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» Expect first cavi
avit
CRES data soony

All happening right now @ UW 52



Phase [V concept

. Even bigger: f = 150 MHz, V ~ 100 m”

10 detector modules
* 40 meV sensitivity

LFAX 10

¢ LFA, threshold: 1.7m3, 1 yr Preliminary:
@ LFA, target: 1.7m?3, 1 yr -

A One full-size module: 100m?3, 1 yr
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% Phase IV-Ten full-size modules: 1000 m3, 7 yrs
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Standard deviation in mg (eV?)
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| Phase IV (0.04ev) T Trmr—e— _

10t 10 10
Livetime (years) Credit: T. E. Weiss



Phase [V concept

. Even bigger: f = 150 MHz, V ~ 100 m”
* 10 detector modules
* 40 meV sensitivity

¢ LFA, threshold: 1.7m3, 1 yr Preliminary:
@ LFA, target: 1.7m3, 1 yr -

A One full-size module: 100m?3, 1 yr
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