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Why caring about neutrinos? ;

' A p 1 neutrinos/cm? hit us every second (from the sun)
A 300neutrinos/cm3in the universe

T

A SM assumes neutrinos aremassless but it is not true

Neutrino physics has many open guestions!

neutrino flavour neutrino mixing matrix normal hierarchy (NH) inverted hierarchy (IH)
. g y y
weak eigenstate : : o o
I— neutrino mass elgenstate e rm-
o ~ . 5 e v
S (0 Y s a . . . ) 1 ﬁ-m::ﬂ
from oscillation experiments: )
difference between squares of Am?2,,
neutrino masses e.v. Am?,
Wi/, - V)
i - mass scale mass of lightest neutrino? ‘ﬂmi,]
l @ ] - mass ordering: normal (NH) vs inverted (IH) e
’ ’ . . . . L H T
V@RS \S’ - nature: [? i.e. Dirac or Majorana particle?
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Status of direct mass neutrino measurements

' Neutrino physics A still many unknowns qpEEUOOUUI

\V MAC-E

(O calorimetry

S'¢ CRES
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Status of direct mass neutrino measurements
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B Neutrino physics A still many unknowns E EUOOU0T wOEUUI UOWOEUUwWOUE

' MAC-E

(O calorimetry

'z CRES
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Neutrino mass crucial for understanding Universe evolution

Published neutrino mass limits
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HOLMES: where are we headed?

This would require order of :

- 10M detectors
Neutrino mass - 10 y measurement run

sensitivity < 100 meV - 10" decays of ®Ho L ]
- hvwl!l 5w%6 ' , wgBE | 0 L

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

6
4 HOLMES | |
- Most Stringent Bound on Electron Neutrino
&= PHYSICAL Mass Obtained with a Scalable Low-
A Measured 163Ho loaded REVIEW Temperature Microcalorimeter Array, PRL 135

S— (2025)

- Impact of embedded %3Ho 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

in multiplexed TESs
A Proved feasibility of

calorimetric approach
A Investigated the 163Ho
spectral shape

590150 £ ‘Z0r8YI020% e 1 | SEL T

.......

e 5wt - Expected sensitivity for a calorimetric 1%Ho
experiment, work in progress

&

2024
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HOLMES: The roadmap

' HOLMES HOLMES+

A Measured 163Ho loaded
in multiplexed TESs

A Proved feasibility of
calorimetric approach

A Investigated the 163Ho

spectral shape

A Develop the final
multiplexing technique

A Develop the final
detector design

A Improve the

implantation efficiency

2024 2025
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HOLMES: The roadmap

' HOLMES HOLMES+

A Develop the final
multiplexing technique

A Develop the final
detector design

A Improve the

implantation efficiency

A Measured 163Ho loaded
in multiplexed TESs

A Proved feasibility of
calorimetric approach

A Investigated the 163Ho

spectral shape

sa|npow [eul}

2024 2025

HOLMES can collect data while scaling up!
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' A source is embedded in the detector(s) o I -decay
A all energy is measured, except neutrino energy T~
! - ! atomic
O U O molecular —’-‘
excitations
A scalability! calorimeter

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

- low activity (limited stat), pileup events

7 i 0¢ QO O ' O 0¢ O

" Ho a A low 0 A easier calorimetry, more decays in ROI

H@LMIUM a A relatably fast decay time A higher statistics per nuclei
A for EC A capture peak close to endpoint NRiM
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HOLMES detectors

TES = TransitionEdge Sensors

1630 G

absorber

- Cu/Mo ultra -thin film

- 183Ho implanted in gold absorber

Rres (T)

Absorbed energy

|

3T =E/C

|

Te T 3R =3R (T)

4> 3°Y 'OI0

Bias point
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HOLMES detectors (2)

11

HMUXed TES 64-pixel array

Au absorber

Tc D 100 mK Si,N,
A DO0.3 Bg/pixel
Si
Mo

J

\_Y_ L s - s L AN /
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First neutrino mass run

U 48 measured pixels

U Total activity = 15 Bg (D3.2 x 132 nuclei)

0 0.1 0.2 0.3 0.4 0.5 0.6
Activity [Bq]

U 3“E|:WHM N [5, 7] eV

2500

U D 2 months of data taking: 6 x 10’ events
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Fitted spectrum

W

13

U Energy calibration using N1, M1
and M2 peaks
u 300 eV trigger threshold

ROI: [2250, 35(

)0] eV

Counts /1 eV
2

1500 2000 2500 3000
Energy (eV)

500 1000
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counts/ 1 eV

Fitted spectrum -

U Energy calibration using N1, M1

108 and M2 peaks
shake up/off

pe u 300 eV trigger threshold
ol ROI: [2250, 3500] eV
103; We observed:

, U shake up/off contributions
10 single-hole shake up . .

l .
" approximation / U smooth and featureless endpoint! :)
spectrum shake off i signal rate higher than single-hole

10°|] .

0 500 1000 1500 2000 2500 3000 in ROI

energy [eV]
Phenomenological Modeling of théHo Calorimetric Electron Capture Spectrum from the HOLMES Experinf2@25)
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https://arxiv.org/pdf/2507.09240v2
https://arxiv.org/pdf/2507.09240v2
https://arxiv.org/pdf/2507.09240v2

Endpoint analysis

' U Bayesian analysis with 13 free parameters

3Eryum D6V, Q Mp Tt
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Spectrum @ROI:

Yoo (v ey )|z
U : number of events;
"Y : Ho real spectrum,;

"Q Y dpile-up fraction and spectrum;

o : flat background:;

Y : detector effective resolution.
___2param 3 param 1 param
Q ( QY QY %Y A

. M1 peak right tale
. energy spectrum of shake-off de-excitation
. tails of other peaks and shakeoffs

: phase space® (O O) \/('O O) «a
NRIM
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Endpoint analysis (2)

16
' U Bayesian analysis with 13 free parameters Spectrum @ROI:
3By D6 EV,Q Mp Tt Y oo (v ay)lry 6
U : number of events;
e 27 @90% "Y : Ho real spectrum,;

--- 32@95% ‘Q Y dpile-up fraction and spectrum;

o : flat background:;
Y : detector effective resolution.

2 param 3 param 1 param
Y Q@Y ®QvY vY)
Y : M1l peak right tale
Y : energy spectrum of shake-off de-excitation
Y : tails of other peaks and shakeoffs

By = 284877 eV

~n

: phase space® (O O) \/('O O) «a
NRIM
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Some challenges)

' U The pileup curse

Rising-edge coincident signals: unreliable amplitudes

Decay time O(100° s)
Rise time O(10° s)

Time resolution ¥ =1°s
Pilup fraction '"Q  10°
Activity 0 =1 Bq

Les Rencontres de Physique
de la Vallée d’Aoste
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30

detector speed is critical:

| T B=2:8 Y
10-10 ;.!' I'._- with I_ =tV¥
10-12K

0 500 1000 1500 2000 2500 3000
Ec (eV)
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Some challenges)

' U The pileup curse

Rising-edge coincident signals: unreliable amplitudes

10~=

Decay time O(100° s)
Rise time O(10° s)

Time resolution + =1‘s Z 10°

Pilup fraction 'Q  10°> 17
Activity 0 =10 Bq 10710
10-12

Les Rencontres de Physique

de la Vallée d’Aoste

0 500

1000 1500 2000 2500 3000
Ec (eV)
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Some challenges)

' U The pileup curse

Rising-edge coincident signals: unreliable amplitudes

Decay time O(100° s) o
Rise time O(10° s) 1o
Time resolution T =1's '
Pilup fraction "Q  5x10° '~
Activity 0 =30 Bq 1019

Iy

Les Rencontres de Physique

de la Vallée d’Aoste

500

1000 1500 2000 2500 3000
Ec (eV)
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Some challenges)

' U 1%Ho heat capacity
- 3% "WOAT A 6 6

20

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

- TES heat capacity strongly depends on the

single detector activity;

0.12
0.10
0.08
0.06
0.04

amplitude (&)

0.02
0.00

TESresponse @different A

0.02 Bq 107t
1072
0.19 Bq
0.53B NAn.,
d 73
0 1 2 3

time (ms)

Les Rencontres de Physique

de la Vallée d’Aoste

Cyo (J mol™1 K1)

HOLMES estimate

F. Malnati ¢+ Status and perspective of HOLMES+
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Some challenges)

' U 1%Ho heat capacity
- 3% "WOAT A 6 6

21

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

- TES heat capacity strongly depends on the

single detector activity;

0.12
0.10
0.08
0.06
0.04

amplitude (&)

0.02
0.00

TESresponse @different A

0.02 Bq 107t
1072
0.19 Bq
0.53B AV
d 73
0 1 2 3

time (ms)
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Cyo (J mol™1 K1)

¥ HOLMESH+ target

100 200 300
T (mK)
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Tuning TES critical temperature (@QINRIM ) -

' R/R,\I - Au thickness

Proximity effect: 1 L - — —— — —. —

{

Not easy to go down below 80-90 mK

pure Ti

1/2 Pyoximity feffect in Ti/Au TESs

A3%$2w?2Ud0i U2 4yEOOI EODPO

: >
Tcaewk Y Y Tu

_5) WYEOWE] Uw' | PRE] Ow! 2EOW? #Pl i UUPOOW! 11 EYPOUUA 2 'Uxi UEOGOENEOUPOT w3py Uw! POEA
3UEOUPUPOOWSET 1 w2l 6UOUU WO wiaster hes®@ROE wbOw2 EOS » ° L1 w#l 01 E0OUU» w

J
Ti/Au inter -diffusion mechanism by annealing process (

o J— .
Au“ “ = )| = | A

Ti Ti
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https://studenttheses.uu.nl/handle/20.500.12932/15144

Promising transition in the HOLMES+ range

R_normalized Ti15_Au40 misura del 01/12/25

CTr 1 1T 1T 1T T T T T T T T T T T T 10
—— Film Ti15Au40 An135C 1h 1
—— Film Ti15Au40 An130C 1h
—— Film Ti15Au40 10/11/25

—
[

1(Q)

R_normalized
e o
EES [=
I |

&
bo

=
()
| DR

[ 1 1 P T I B

30 35 40 45 50 55 60 65 70 75 80 85 90 95 100105110
T (mK)

1 1.2

0.04
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Ti15_Au40 misura del 01/1 2/25

\—-—an Ti15_Au40_10_11_25 An135C_1h 10uA UP |

Annealing 135C 1h
Ry=0.039 Q
T,=46.7 mK

AT =2.19 mK

60
T (mK)

1 0.04
0.03
10.02

0.01



Promising transition in the HOLMES+ range
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Ti15_Au40 misura del 01/12/25
—— Film_Ti15_Au40_10_11_25 An135C_1h 10uA UP |
0.04 | 1 0.04
0.03 10.03
o Annealing 135C 1h
Qc 0.02 RN: 0.039 Q ] 0.02
T=46.7mK '
[ AT =2.19 mK :
0.01 1001
of | 16
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New read-out: KICS (@FBK)

25
iy -
KICS = Kinetic Inductance Current Sensor — D(

U reduced readout/DAQ cost A few euro per detector FONDAZIONE

BRUNO KESSLER

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

U RFSoC!

tunable resonator response

10.0 4 ,
. al

7.5 }\ \\/
\w

5.0 1

2.5

0.0 1

Transmission (dB)

—2.5

—5.0 A1

=759

5.9 6.0 6.1 6.2 6.3
Frequency (GHz)

Les Rencontres de Physique
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Highly non -linear superconductor!

Microwave /

feedline

Coupling
inductance

Sensitive
inductance L(1)

Interdigit
capacitor C

NRIM
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Neutrino mass sensitivity: considerations

26

4 b 04 0 BONQ fw

AFE Energy resolution @

A Single pixel activity

Nev Number of events

Ndet Number of detectors
fpp Pile-up fraction
b  Background

Emﬁ Sensitivity

QH@\
OO
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Where are we headed? -

' ' HOLMES run1
B H+ 2m, FWHM = 5eV, 5 = 1 us, b = 1.7x10* counts/det/eV/day, 256 detectors

| W H+: 1y, FWHM = 5eV, 15 = 1 us, b = 1.7x10* counts/det/eV/day, 256 detectors
| @ H+ 2m, FWHM = 5eV, 1z = 1 us, b = 1.7x10° counts/det/eV/day, 16 detectors

H%MES+

hN
;o O
welussinnaly

[
o
alosuss

S
®
£ U Neutrino mass sensitivity
%‘ 15 3 . . . .
2 | Increased in any configuration
o ) .
2 10 ! 0 With low -T detectors, higher
£ 1 | | o
2 ] ! activity is allowed w/o
g - ' degradating FWHM
f. | 10

Activity (Bq)
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Towards very high sensitivity

28

mg sensitivity vs statistics (no bkg, no pup)

Ager =10 Bq, T =10 Y, Nger =3 X IUT, AErwm =1 eV
—— KATRIN best limit
f -=- KATRIN future sens. __*__ f. = 10—5
HOLMES limit 3 % 102 PP
t AErwum=5eV P L -6
$ OEnum=1eV -+ fop =10
10! * FWHM .
* AErwum = 0.5 eV & —_ f — 10_ &
¢ OErwum=0.1eV g 2 x10° -é PR ;{,f
S = "
LY : ..-!"
oy ﬁ ’f""
3 100 = el
z - SR I R R SRR G R 4
3’) I i 2 ‘ ----- -":::.
« E 104 4 e e
E ¥ } oy - H':"..’
10! # ____________ =3
t 6x101| [ __o-m=""
: —7 6 =5 =
107 10" 10" 104 1019 107 10 10 10 10

Number of Ho decays
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forg [counts/eV/det/day]
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To sum up
29

. U Achieved the best published limit on neutrino mass using 1%3Ho source;
U We want to increase # of detectors & activity!
V reduce detector critical temperature [40, 50] mK.
U Lower readout/DAQ costs A few euro per channel:
V new MUX scheme with higher MUX factor: $
V new wide BW RFSoC boards.
U Improve ion implanter for better control & efficiency: /*

V Upgrading the ion source; 1 |] [IE&

V Integration of electrostatic triplet, XY scan and target chamber.

Les Rencontres de Physique ' NR I M
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UTO N



Thank you for your attention!
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DEGLI STUDI

©3 UNIVERSITA’

INFN

Istituto Nazionale di Fisica Nucleare

NRIM

ISTITUTO NAZIONALE
DI RICERCA METROLOGICA

-

NEUTRONS
FOR SCIENCE
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BACKUP
__

31

BACK UP SLIDES (almost empty for the moment)

NRIM
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Annealing setup

New setup: T, = 150C

- Fastcooling

Les Rencontres de Physique
de la Vallée d’Aoste

Embedded heater

ngr‘:]‘:)m Vacuum gauge Multimeter || Computer
,
7 —
%
1<
——]
Isolation Vacuum Current
valve chamber generator

Coppemlate

~

Copper box &
coolingpipe
system

Heater

Schemesby Manuel Elia Zanaga

F. Malnati ¢ Status and perspective of HOLMES+

Water
injector
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Different approaches

' Neutrino oscillation experiments:

‘7@‘

Direct neutrino mass experiments:

Y | &

m, #0—>

| best limit &

Les Rencontres de Physique
de la Vallée d’Aoste

Spectrometry
source outside the detector
high -statistics, no pileup
source systematics

33

at least two distinct massive netrinos
sensitive only to difference between the squares of
the masses of the neutrino masses e.Vv.

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

Calorimetry
source embedded in the detector
all energy measured, except neutrino
no systematics related to the source

8 wV @90% CL  activity < time resolution

KATRIN Collaboration, Science 2025

F. Malnati ¢+ Status and perspective of HOLMES+
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163 Ho spectral shape

34

shake up/off

counts/ 1 eV
o

2
10 single-hole shake up
1 approximation spectrum /
10 shake off
10°
0 500 1000 1500 2000 2500 3000

energy [eV]
NRIM
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163 Ho spectral shape

35
' 10_1 T | T T T
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KICS wp

36

' IDEA: microwave multiplexing of |

) microwave
several cryogenic detectors feedline

Lumped elements tunable resonator,
galvanically coupled to detectors

aluminum patch

coupling inductance

WORKING PRINCIPLE
microwave feedline l_l'

tunable
resonators

cryogenic
detectors

A Eachdetector pixel is coupled to a
unique resonator

A Events in each pixel are reconstruced by
monltorlng the frequency shift of the
Ui U O O EkbOddceftequency

52 5.3 5.4 5.5 5.6 57 5.8 5.9
Frequency f [GHz]

=)

Transmission S21 [dB]

@«
—
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Results at TIFPA

37

'A First current tunable resonator succesfully microfabricated and tested at TIFPA
A In progress: KICS designto read out HOLMES TESs
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