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Neutrino mass

Direct Measurement

» Kinematic study of radioactive
decays (beta decay, electron
capture) are model independent

investigations of m,,
€

Electron capture
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https://medium.com/starts-with-a-bang/the-mystery-of-neutrino-mass-is-now-smaller-than-ever-a98138731900
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Most stringent limit on effective electron anti-neutrino
mass ny; < 0.45 eV (90 % C.L.)

KATRIN Collaborationt et al..Science388,180-185(2025).D0OI:10.1126/science.adq9592
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Electron Capture in Holmium-163
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Electron Capture in Holmium-163

Theoretical Spectrum calculated

based on:

. Phase space factor d_Woc<Q_E)2\Jl_

 Modified potentials
 Coulombic repulsions

* Auger, Auger-Meitner effects
Unaccounted tail effects:
 Double Auger effects

e (Condensed Matter effects of
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https://arxiv.org/search/nucl-th?searchtype=author&query=Brass,+M
https://arxiv.org/search/nucl-th?searchtype=author&query=Haverkort,+M
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Metallic Magnetic Calorimeters
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Metallic Magnetic Calorimeters (MMCs)

* MMCs are low-temperature calorimeters

OE oM
OE — =0T — oT = OM = OM x oD
C oT

* Change in Flux detected by
SuperConducting Quantum Interference
Devices (SQUIDs)

 ECHo uses large arrays of low T metallic
magnetic calorimeters with enclosed
163HO

photon or particle
T magnetic field

absorber

paramagnetic sensor

weak thermal link

thermal bath
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L. Gastaldo et. al, Eur. Phys. J. Special Topics 226, 1623—-1694 (2017)



ECHo-1k

* Array of Metallic Magnetic
Calorimeters with Ho-163
embedded inside particle absorber

e Fabricated in-house In Kirchhoff
Institute for Physics, Heidelberg

* Implantation of Ho-163 done In
RISIKO, Institute of Physics, Mainz
University
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ECHo-1k

T Ay sOrber top

Ho implanted area
Absorber bottom

Au:Er sensor

e Energy Resolution </ eV

 Linear energy response (non linear N
component ~ 10™eV @ 2 keV

* High statistics with low unresolved
pile-up fraction
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ECHo-1k

e 5/ pixels implanted with Ho-163

e Average activity = 0.71 Bg

e Total activity ~ 40 Bqg

-

e Data corresponding to ~ 3 X 108

events acquired in Dec 2019 -
June 2020

e >1000 independently stored data
files
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Data reduction and analysis

Time Filters

Acquired
Data

163Ho Events
Pileup on Talil Hold-off Filter

Phone Signal GSM Filter

Muon Event Coincidence Filter

Triggered Noise Burst Filter
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Data reduction and analysis

Time Filters

16310 Events
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Filter
Muon Event Coincidence Filter

Triggered Noise Burst Filter

0.09

At = 32.9 ms ' _ At = 28.4 ms
At., = 90.9 ms ' 0.08" At., = 28.4 ms

0.07 1

> 0.061

Q
go.os-

=
> 0.041

0.031

0.02




Data reduction and analysis
Pulse Shape Analysis ( y” Filter)
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Data reduction and analysis
Pulse Shape Analysis ( y” Filter)

 Second level filter created on the
basis of pulse shape.

 “Template Pulse” created by
cross-fitting traces in batches

* Fit each trace to a template;
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Further Data Processing

Temperature Correction

Temperature Correction - before and after
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Energy calibration



Energy calibration

M1 Peak Differences Distribution
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Energy calibration
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ltems/2 eV

End Spectrum Region

full spectrum 2900 eV to 7000 eV
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Fitting the end spectrum

dN 1074, === Niot * Spw * Fps
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Fitting the end spectrum

- =[O (AEI I En(E 0N 4(E, o)1+ ]

B. K. Alpert et al., (HOLMES Collaboration), arXiv:2503.19920v2 [hep-ex] (2025)
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Result

Q= 2862+ 4 eV m, <15eV (90% C.L.)

—-— m, <15eV (90% C.L.)
--- m, <18 eV (95% C.L.)

5 10 15 20 25 30

m,_ [ eV

Qec = (2862 £4) eV
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e Best limit on effective
electron neutrino mass

 Complete agreement
between measured
and fit-based Q-value



Outlook

New ECHo-100k chip design

Present status:

High Purity 163Ho source:
« ~10 MBq avalilable

lon implantation system:
* demonstrated and continuously optimised

Metallic magnetic calorimeters

 fabrication of large MMC array underway
* successful characterisation of arrays with 163Ho

Multiplexing and data acquisition:
* demonstrated for 8 channels
* Electronics ready
* Test with 163Ho loaded MMC array on the way

F. Mantegazzini et al., NIM A 1055 (2023) 168564 19



The ECHo Collaboration EPJ-ST 226 8 (2017) 1623
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- Baseline: large arrays of metallic magnetic calorimeters

 Number of detectors ~20,000

» Activity per pixel: 10 Bg (2 x 1012 163Ho atoms)
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Summary

« Model Independent determination of m,, /m_ done with kinematic studies of
[p-decay and electron capture

e Best limits

. KATRIN: 7, < 0.45 eV (90% C.L.)

. ECHo:m, < 15eV (90% C.L.)

* Excellent agreement between Q-value measured by Pentatrap
(Oprms = 2863.2 €V) and ECHo fit (O~ = 2862 £ 4 eV)

* Next stage: ECHo-LE aims to measure ~ 20,000 detectors with 10 Bg
implanted Ho-163, to achieve sub-eV sensitivity on m, with 1013 events

21



Thank you!
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Penning Trap Mass Spectrometry

* Pure samples of highly charged —_—
ions of both '*Ho and ®°Dy a)c B
trapped in uniform magnetic field
region

 Modified cyclotron frequencies
measured

25



Penning Trap Mass Spectrometry

* Pure samples of highly charged
ions of both '*Ho and ®°Dy
trapped in uniform magnetic field
region

 Modified cyclotron frequencies
measured

/ modified cyclotron motion

axial and magnetron
motion
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Schweiger, C., Bra3, M., Debierre, V. et al. Nat. Phys. 20, 921-927 (2024).



Schweiger, C., BraB, M., Debierre, V. et al. Nat. Phys. 20, 921-927 (2024).
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—o U o E']i
—e U, ;@\
_.UC._ﬁ
b
2:00 ..........0000000.. iTrap2163DYS8+ ﬁ}’A
§195/ s ..."Oo. B
L $ Trap2 “Ho™ Position 1 Position 2
1.49 ) "®%s00see
:ZZ Geeeeeeeeeeeeeeeeeeeee el @Trap3163Dy38+ :@I
\I,:.j/ Geeeeeeeeee ) 4} k
=° 142 ¢t :iH&HH%HHHH*ﬁ@EHHHH@gQQHQ y "1'Trap3163H038+ 8.4 "I
136 | | | . . I kol -1 § !"!
18:00 21:00 0:00 3:00 6:00 9:00 12:00 15:00 -+ o :
Time of day > g i I 5
n - | — (1)
g/e R OR AEI;’ (eV) Q(eVc™) = 5
< o A
-
38 1000000018623  30x10™  37.4+14 2,863.4+1.5 = i
39  1.000000011307  41x10™  1147.3:07 | 2,863.2+0.9 ; |
"
40 1000000011516  35x10™  11157+07 | 2,863.2+0.9 i
g..

QO =2863.2x+0.6 eV

26



Further Work

e ECHo0-100k is the current stage of the ECHo project

 Fabrication and characterisation of 240 ECHo-100k detector chips.
 Work underway as part of a Master’s Thesis

 Prepare ECHo0-100k detector setup

10,000 pixels, multiplexed signal readout
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Current Work

 HIWI with ECHo, continuation of Research from Master’s studies, supervising
bachelor’'s students with focus on data analysis

 Implementation of full Data reduction + quality check for data acquired from
pixels with gold host

 Comparison High Energy resolution - spectral shape - artefacts from host



Achievement
Of the Masters Thesis

 Data Analysis pipeline: from raw data to calibrated, compiled spectrum.

e Data reduction

e Temperature Correction e Data Quality parameters

 Energy Calibration



Data Reduction Summaries

Pulse Shape Based Filter: Effect in Energy Domains
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Data Reduction Summaries

Survival Ratio
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uality Parameters
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3 B'bto MI ratio (scatter size proportional to number of events)
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fwhm

Quality Parameters

Peak Deviation distribution
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Temperature Correction - NI Width

BEEl A NIl Width Distribution
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Conclusions

V  The results obtained with 163Ho loaded MMCs paved the way to large scale neutrino mass experiments
based on 163Ho

v  The ECHo collaboration has already contributed to a more precise description of the 63Ho spectrum

A first limit on the effective electron neutrino mass limit has been obtained in a proof of concept
measurement and this limit has been improved with ECHo-1k by almost one order of magnitude to

m(v) < 19 eV/c2 90% C.L.

Important steps towards ECHo-100k have been demonstrated
new ECHo-100k array + implantation of wafer scale + multiplexed readout
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