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F. Malnati ɬ Status and perspective of HOLMES+

Why caring about neutrinos?

Å ρπ neutrinos/cm 2 hit us every second (from the sun)
Å  300 neutrinos/cm 3 in the universe

Å SM assumes neutrinos are massless, but it is not true

Neutrino physics has many open questions!

ȿ ἃ’ Ὗ ȿἃ’

neutrino  flavour  
weak eigenstate

neutrino mixing matrix

neutrino mass eigenstate

from oscillation experiments: 
difference between squares of 
neutrino masses e.v.

- mass scale: mass of lightest neutrino?
- mass ordering : normal (NH) vs inverted (IH)
- nature: ’ Ӷ’ ? i.e. Dirac or Majorana particle?
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Status of direct mass neutrino measurements

Neutrino physics Ą still many unknowns  ȹÈÉÚÖÓÜÛÌɯÔÈÚÚÌÚȮɯÔÈÚÚɯÖÙËÌÙÐÕÎȮɯÕÌÜÛÙÐÕÖɯÕÈÛÜÙÌȱȺ
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Status of direct mass neutrino measurements

Neutrino physics Ą still many unknowns  ȹÈÉÚÖÓÜÛÌɯÔÈÚÚÌÚȮɯÔÈÚÚɯÖÙËÌÙÐÕÎȮɯÕÌÜÛÙÐÕÖɯÕÈÛÜÙÌȱȺ

Neutrino mass crucial for understanding Universe evolution 
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HOLMES: where are we headed?

Neutrino mass 
sensitivity < 100 meV

This would require order of :

- 10M detectors
- 10 y measurement run
- 1017 decays of 163Ho
- ƕɯÌ5ɯ%6',ɯȹÐȭÌȭɯǾƕǕɝE/E)

Huge scientific -technological -economical efforts!
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HOLMES: The roadmap

ÅMeasured 163Ho loaded 
in multiplexed TESs  

ÅProved feasibility of 
calorimetric approach

Å Investigated the 163Ho 
spectral shape

2024

HOLMES
- Most Stringent Bound on Electron Neutrino 

Mass Obtained with a Scalable Low-
Temperature Microcalorimeter Array, PRL 135 
(2025) 

- Impact of embedded 163Ho on the performance 
of the transition edge sensor microcalorimeters 
of the HOLMES experiment, EPJC 85 (2025)

- Phenomenological Modeling of the 163Ho 
Calorimetric Electron Capture Spectrum from 
the HOLMES Experiment, accepted on JHEP

- Expected sensitivity for a calorimetric 163Ho 
experiment, work in progress
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HOLMES: The roadmap

ÅMeasured 163Ho loaded 
in multiplexed TESs  

ÅProved feasibility of 
calorimetric approach

Å Investigated the 163Ho 
spectral shape

2024

HOLMES

ÅDevelop the final 
multiplexing technique

ÅDevelop the final 
detector design

Å Improve the 
implantation efficiency

2025

HOLMES+
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HOLMES: The roadmap

ÅMeasured 163Ho loaded 
in multiplexed TESs  

ÅProved feasibility of 
calorimetric approach

Å Investigated the 163Ho 
spectral shape

2024

HOLMES

ÅDevelop the final 
multiplexing technique

ÅDevelop the final 
detector design

Å Improve the 
implantation efficiency

2025

HOLMES+
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HOLMES can collect data while scaling up!
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 ËÝÈÕÛÈÎÌÚɯÖÍɯɁÉÌÐÕÎɂɯÊÈÓÖÙÐÔÌÛÙÐÊɯ

calorimeter

‍-decay’

atomic
molecular 
excitations

e-

Åsource is embedded in the detector(s)

Åall energy is measured, except neutrino energy 

Ὁ ὗ Ὁ 

Åscalability!

+ no backscattering, no energy loss in source, no sys related to the source

- low activity (limited stat), pileup events

Å low ὗĄ easier calorimetry, more decays in ROI
Å relatably fast decay time Ą higher statistics per nuclei
Å for EC Ą capture peak close to endpoint

Ὄέ Ὡ ᴼ Ὀώ ’ᴼ Ὀώ Ὁ



10

F. Malnati ɬ Status and perspective of HOLMES+

HOLMES detectors

TES = Transition-Edge Sensors

- Cu/Mo ultra -thin film

- 163Ho implanted in gold absorber

absorber

Cryogenic bath Tbath

G

TES

163Ho

RTES (T)

0

RN

Bias point

T

ɝὝ ὉȾὅ

Tͅ=E/C
T

t

ϧɯ= C/G

1 ‘m 

1 ‘m 

Absorbed energy 

ɝT = E/C

ɝR = ɝR(T)TC
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HOLMES detectors (2)

ⱧMUXed TES 64-pixel array

Tc Ḑ 100 mK 
A Ḑ0.3 Bq/pixel

Mo
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First neutrino mass run

ü48 measured pixels

üTotal activity = 15 Bq (Ḑ3.2 x 1012 nuclei)

üɝEFWHM  ɴ[5, 7] eV

üḐ 2 months of data taking: 6 x 107 events

ü<1% signals discarded by first-level analysis
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Fitted spectrum

ü Energy calibration using N1, M1 

and M2 peaks

ü 300 eV trigger threshold

ROI: [2250, 3500] eV



14

F. Malnati ɬ Status and perspective of HOLMES+

shake up/off

shake up

shake off

single-hole 
approximation 

spectrum

Fitted spectrum

ü Energy calibration using N1, M1 

and M2 peaks

ü 300 eV trigger threshold

We observed:

ü shake up/off contributions

ü smooth and featureless endpoint! :)

ü signal rate higher than single-hole 

in ROI 

Phenomenological Modeling of the 163Ho Calorimetric Electron Capture Spectrum from the HOLMES Experiment (2025)

ROI: [2250, 3500] eV

https://arxiv.org/pdf/2507.09240v2
https://arxiv.org/pdf/2507.09240v2
https://arxiv.org/pdf/2507.09240v2
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Endpoint analysis

üBayesian analysis with 13 free parameters

ɝEFWHM  Ḑ 6 eV, Ὢ Ṃρπ

Spectrum @ROI:

Ὓ ὔ Ὓ Ὢ Ὓ Ὑz ὦ

ὔ : number of events;
Ὓ : Ho real spectrum;

Ὢ Ὓ ȡ pile-up fraction and spectrum;

ὦ : flat background;

Ὑ : detector effective resolution.

Ὓ Ὧ Ὧ Ὓ Ὧ Ὓ Ὓ ꞈ  
Ὓ : M1 peak right tale
Ὓ : energy spectrum of shake-off de-excitation
Ὓ : tails of other peaks and shake-offs

ꞈ : phase space θ Ὁ Ὁ Ὁ Ὁ ά

ά Ὗ ά

2 param 3 param 1 param
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Endpoint analysis (2)

üBayesian analysis with 13 free parameters

ɝEFWHM  Ḑ 6 eV, Ὢ Ṃρπ

x

Spectrum @ROI:

Ὓ ὔ Ὓ Ὢ Ὓ Ὑz ὦ

ὔ : number of events;
Ὓ : Ho real spectrum;

Ὢ Ὓ ȡ pile-up fraction and spectrum;

ὦ : flat background;

Ὑ : detector effective resolution.

Ὓ Ὧ Ὧ Ὓ Ὧ Ὓ Ὓ ꞈ  
Ὓ : M1 peak right tale
Ὓ : energy spectrum of shake-off de-excitation
Ὓ : tails of other peaks and shake-offs

ꞈ : phase space θ Ὁ Ὁ Ὁ Ὁ ά

first HOLMES upper limit:

□♫ ▄╥Ⱦ╬ at 90% C.L. 

2 param 3 param 1 param
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Some challenges :)

üThe pileup curse

Rising-edge coincident signals: unreliable amplitudes

Decay time O(100‘s)

Rise time O(10 ‘s)

Time resolution † = 1 ‘s

Pilup fraction Ὢ 10-6

Activity  ὃ= 1 Bq

detector speed is critical:

╝▬▬╔ █▬▬╝╔╒ṧ╝╔╒

with █▬▬ ═ẗⱲ╡
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Some challenges :)

detector speed is critical:

╝▬▬╔ █▬▬╝╔╒ṧ╝╔╒

with █▬▬ ═ẗⱲ╡

üThe pileup curse

Rising-edge coincident signals: unreliable amplitudes

Decay time O(100‘s)

Rise time O(10 ‘s)

Time resolution † = 1 ‘s

Pilup fraction Ὢ 10-5

Activity  ὃ= 10 Bq
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F. Malnati ɬ Status and perspective of HOLMES+

Some challenges :)

detector speed is critical:

╝▬▬╔ █▬▬╝╔╒ṧ╝╔╒

with █▬▬ ═ẗⱲ╡

üThe pileup curse

Rising-edge coincident signals: unreliable amplitudes

Decay time O(100‘s)

Rise time O(10 ‘s)

Time resolution † = 1 ‘s

Pilup fraction Ὢ 5x10-5

Activity  ὃ= 30 Bq
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Some challenges :)

ü   163Ho heat capacity

- ɝ%θ ὝὅÁÎÄὅ ὅ ὅ ;

- TES heat capacity strongly depends on the 

single detector activity;

Krusius , M., Et al "Calorimetric investigation of hyperfine
interactions in metallic Ho and Tb." Physical Review 177.2 (1969)

HOLMES estimate

TES response @ different A



21

F. Malnati ɬ Status and perspective of HOLMES+

Some challenges :)

Krusius , M., Et al "Calorimetric investigation of hyperfine
interactions in metallic Ho and Tb." Physical Review 177.2 (1969)

HOLMES+ target

TES response @ different A

ü   163Ho heat capacity

- ɝ%θ ὝὅÁÎÄὅ ὅ ὅ ;

- TES heat capacity strongly depends on the 

single detector activity;
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Tuning TES critical temperature (@INRiM )

Proximity effect:
pure Ti

T 

R/RN 

1

TC ǽɯƙƔƔɯ
mK

1/2

Au thickness

Proximity effect in Ti/Au TESs
Not easy to go down below 80-90 mK 

bΦW Ǿŀƴ ŘŜǊ IŜƛƧŘŜƴ .{ŎΣ ά5ƛŦŦǳǎƛƻƴ .ŜƘŀǾƛƻǳǊ ƛƴ {ǳǇŜǊŎƻƴŘǳŎǘƛƴƎ ¢ƛκ!ǳ .ƛƭŀȅŜǊǎ ŦƻǊ ¢Ǌŀƴǎƛǘƛƻƴ 9ŘƎŜ {ŜƴǎƻǊǎ ǘƻ ōŜ !ǇǇƭƛŜŘ ƛƴ {ŀǘŜƭƭƛǘŜ 5ŜǘŜŎǘƻǊǎέ π aŀǎǘŜǊ ¢ƘŜǎƛǎ π нлмо

-ȭ)ɯÝÈÕɯËÌÙɯ'ÌÐÑËÌÕɯ!2ÊȮɯɁ#ÐÍÍÜÚÐÖÕɯ!ÌÏÈÝÐÖÜÙɯÐÕɯ2Ü×ÌÙÊÖÕËÜÊÛÐÕÎɯ3Ðɤ Üɯ!ÐÓÈàÌÙÚɯÍÖÙɯ
3ÙÈÕÚÐÛÐÖÕɯ$ËÎÌɯ2ÌÕÚÖÙÚɯÛÖɯÉÌɯ ××ÓÐÌËɯÐÕɯ2ÈÛÌÓÓÐÛÌɯ#ÌÛÌÊÛÖÙÚɂɯ- Master Thesis - 2013

Ti/Au inter -diffusion mechanism by annealing process 

Ti 

Au

Ti 

Au

Ą 3$2ɯɁÚÖÍÛɂɯÈÕÕÌÈÓÐÕÎ

https://studenttheses.uu.nl/handle/20.500.12932/15144
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Promising transition in the HOLMES+ range
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Promising transition in the HOLMES+ range
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New read-out: KICS (@FBK)

KICS = Kinetic Inductance Current Sensor

ü  reduced readout/DAQ cost Ą few euro per detector

üNew multiplexing scheme w/o rfSQUID and larger (x10) MUX factor

üRFSoC!

tunable resonator response
Highly non -linear superconductor!
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Neutrino mass sensitivity: considerations

ɫ ᶿɫ ὔ ȟɝὉȟὪ ȟὦ
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Where are we headed? 

üNeutrino mass sensitivity 

increased in any configuration

üWith low -TC detectors, higher 

activity is allowed w/o 

degradating FWHM
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Towards very high sensitivity
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To sum up

üAchieved the best published limit on neutrino mass  using 163Ho source;

üWe want to increase # of detectors & activity!

V reduce detector critical temperature [40, 50] mK.

üLower readout/DAQ costs Ą few euro per channel:

Vnew MUX scheme with higher MUX factor:

Vnew wide BW RFSoC boards.

ü Improve ion implanter for better control & efficiency:

VUpgrading the ion source;

V Integration of electrostatic triplet, XY scan and target chamber.
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Thank you for your attention!
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BACKUP

BACK UP SLIDES (almost empty for the moment)
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Annealing setup

- Embedded heater
- Fast cooling

New setup: Tmax = 150°C

Vacuum 
pump

Vacuum gauge Multimeter

Isolation
valve

Vacuum 
chamber

Current
generator

Computer

Schemesby Manuel Elia Zanaga

Copper plate
Water 

injector

Copper box & 
coolingpipe 

system

Heater
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Different approaches

Neutrino oscillation experiments:   - at least two distinct massive netrinos
- sensitive only to difference between the squares of 

the masses of the neutrino masses e.v.

Direct neutrino mass experiments:   - kinematic analysis of beta decay (model independent !)
- energy spectrum distorted by non -zero ’ mass

ά Ὗ ά
Spectrometry

source outside the detector
high-statistics, no pileup
source systematics
best limit ά πȢτυeV @90% CL

KATRIN Collaboration, Science 2025

Calorimetry
source embedded in the detector
all energy measured, except neutrino
no systematics related to the source
activity  time resolution
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163-Ho spectral shape

shake up/off

shake up

shake off

single-hole 
approximation spectrum
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163-Ho spectral shape
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KICS wp

ÅEachdetector pixel is coupled to a 
unique resonator

ÅEvents in eachpixel are reconstruced by 
monitoring the frequency shift of the 
ÙÌÚÖÕÈÛÖÙɀÚresonancefrequency
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Results at TIFPA

ÅFirst current tunable resonator succesfully microfabricated and tested at TIFPA 

Å In progress: KICS design to read out HOLMES TESs


