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The question of the neutrino mass

neutrino flavor weak eigenstate

‘ neutrino mixing matrix
—

|v,) = Z U,|v;) neutrino mass eigenstate
I

known from oscillation experiments

Am.2= | m_z_m_zl http://www.nu-fit.org/
Y ' ! Particle Data Group, Prog. Theor. Exp. Phys.
sin?2¢ = f(|U,[?) 2022, 083C01 (2022) and 2023 update

Open questions:

mass scale: i.e. mass of the lightest neutrino m .7
mass ordering

degenerate (mi=m2=ms3)

or hierarchical (mi<ma<ms or ms<Kmi=mg3)?

nature: v = v ? i.e. Dirac or Majorana particle?
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http://www.nu-fit.org/

Direct neutrino mass measurements

model independent approach: study the kinematics of weak decays
beta and electron capture decays where Ge or v_are emitted

for nuclear B decay and degenerate masses (i.e. Mig:>=0.1 eV » mi=m,=m;)

m,. m, [eV]
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Spectrometric direct neutrino mass experiments

e since 1970 direct measurements used Tritium and spectrometric approach

 low endpoint: Q = 18.6 keV
 fast super-allowed B decay: T1,=12.3y
e various Tritium source types: solid and gaseuos
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Ve B spectrometer

MAC-E filter with windowless gaseous T source
- ultimate integral spectrometer experiment
running since 2019, completing data taking in 2025
sensitivity goal: 0.3 eV 90% CL

energy resolution <3 eV @18 keV.

in 2022 m, < 0.8 eV 90% CL nat. phys. 18, 160-166 (2022)
new data in 2024 - 0.5 eV sensitivity expected
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Spectrometric direct neutrino mass experiments

e since 1970 direct measurements used Tritium and spectrometric approach

* low endpoint: Q = 18.6 keV atomic/molecular excitations
 fast super-allowed B decay: T1,=12.3y

e various Tritium source types: solid and gaseuos
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energy resolution <3 eV @18 keV.
in 2022 m, < 0.8 eV 90% CL nat. phys. 18, 160-166 (2022)
new data in 2024 - 0.5 eV sensitivity expected

N. S. Gutknecht
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Neutrino 2024 - June 19, 2024 - Milano, ltaly 5



Direct measurements: future goals

determine mass scale from mg

constrain the ordering for mg < 0.05 eV (also from Amj?, |Uei|?)
A. A. Esfahani et al., Phys. Rev. C, 103 (2021) 065501
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Inverted Ordering
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Direct vs indirect measurements: cosmology

present upper limits on miighe from cosmological observations

Normal Ordering

Inverted Ordering
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direct measurements can
* help confirming ACDM assumption N. Aghanim et al., A&A, 641 (2020)
. . ) E. Di Valentino et al., Phys. Rev. D, 104 (2021) 083504
* provide miignt as input for model analysis D. Wang et al., arXiv:2405.03368 (1)
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Direct vs indirect measurements: neutrinoless B8 decay

present upper limits on mign from neutrinoless double beta decay searches S

Normal Ordering

Inverted Ordering
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large uncertainty due to Fy, @1 and @

KamLAND-Zen Collaboration et al., Phys. Rev. Lett., 130 (2023) 051801
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Direct measurements: alternatives for the future

KATRIN follow up Tritium
KATRIN++
Cyclotron Radiation Emission Spectroscopy
Project 8 collaborative community
QTNM complementary approaches
Hybrid spectroscopic techniques many synergies
PTOLEMY - solid programs
Low Temperature Calorimetry 16340 - robust results
HOLMES
E C H 0 Workshop NuMass 2024
4future 163Ho based experiment

D. Castelvecchi, “How heavy is a neutrino? Race to weigh mysterious particle heats up,” Nature, Mar. 2024
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KATRIN++

2019-2025 (PoF-IV)

Phase 1 (integral)
neutrino mass

2026-2027 (PoF-IV)

Phase 2 (differential)
keV-sterile

Differential detection R&D

2028-2034 (PoF-V)

R&D phase for KATRIN++

Differential detection demonstrators

R&D program for a sensitivity on mg < 40 meV
* the Tritium Laboratory Karlsruhe TLK can handle 50 g of Tritium
« KATRIN's MAC-E filter and WTGS as platforms for R&Ds
 call to community for a collaborative effort at TLK

R&D objectives (until 2027)

differential spectrometry to improve statistical sensitivity

- higher measuring efficiency
- lower background

atomic T source to reduce broadening and systematics
- only atomic excited state broadening
KATRIN++ demonstrators from 2028
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I data 83mKr

fit: Epwyrms = 25.77 *= 0.1558 eV
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fit: Epwyrms = 25.77 *= 0.1558 eV
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two R&D lines for differential spectrometry with AErwun=0.2 eV
 high-resolution low temperature detectors arrays (=10° pixels)
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CRES: Project8 and others

Cyclotron Radiation Emission Spectroscopy

> e =
B / Ve S
2

B. Monreal and J. A. Formaggio, Phys. Rev. D 80, 051301 (2009)

cyclotron emission frequency

27 f(Es) e e
T /8 — — < %
Eg+me yme W

AE Af

energy resolution — = ——

Me f

CRES technique demonstrated by Project8

for electrons magnetically trapped inside a wave guide

best energy resolution AErwum= 1.7 eV at 18 keV
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Project8: phase Ill and IV M‘

Phase lll (in progress now)
CRES with T, or magnetogravitationally trapped T atoms
goal m, < 0.2 eV (with T,)
R&D on atomic Tritium source well advanced
R&D on cavity RF readout (f. <1GHz for T trapping)

Phase IV
scaling up phase lll trap
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Project8: phase Ill and IV

Phase lll (in progress now)
CRES with T, or magnetogravitationally trapped T atoms
goal m, < 0.2 eV (with T,)
R&D on atomic Tritium source well advanced
R&D on cavity RF readout (f. <1GHz for T trapping)

Phase IV
scaling up phase lll trap
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Phase Il (measured)
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QTNM - Quantum Technologies for Neutrino Mass () QTNM

CRESDA demonstrator apparatus for determining neutrino mass via CRES from tritium
first phase (to 2025)

guantum-noise-limited microwave sensors for a high resolution, high efficiency CRES
* magnetic field mapping with < 1 uT absolute precision and
~1 mm spatial resolution using Rydberg states as qguantum sensors

« demonstration of production and confinement of H/D atoms with densities of O(10? cm~3)
Tritium demonstrations at Culham (beyond 2025)

Final neutrino mass experiment with 0.01~0.05 eV m, sensitivity (2030-2040)

HJ’D{T atom supersonic beam
discharge source (30 K) https://www.hep.ucl.ac.uk/gtnm/
Skimmer
Filament Magnetic o
state selector Injection
region
BC0Opn

&
\

Anode

Pulsed valve

Hogan, Habilitation Thesis ETH Zurich (2012)

pisnia e L ¢ e eammm | 80° permanent magnet
—- W}[ “ ] hexapole guide 4
N CRES region (66 Halbach arrays)
Gold-piate.d copper ¥ o
enclosure
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PTOLEMY Eehs

project to detect the Cosmic Neutrino Background via neutrino capture on tritium PTOLEMY
differential spectrometer combining: 1610 Migntest= 50 MeV
. . — A=10 meV
e CRES to determine electron energy and pitch angle T 100/
. . ' 0 M-3He+e +7¥ !
e transverse drift filter to select and decelerate end-point electrons 7 1]~ ™" "™ § Endpoint of spectrum
O = NO
* [ow temperature microcalorimeters for hi-res spectroscopy 2 109 —10 b oo
capture target is also a T source - direct m, measurement £ 10%
- 0(100 mV) sensitivities could be achievable with 1 ug T @ 101
atomic T on graphene Mmoo 0 20 a0
, ~0 E. - Q (meV)
o f = g5 1 =o 10eV) M. G. Betti et al.,
© Mmec? v . Journal of Cosmology and
EXB drift EXB and BXVB drifts 1 l Astroparticle Physics,
s e 2019 (2019)
RF antenna for CRES Transvgrse drift filter _
S Kand K particle selector TES pcalorimeters
: — N EcaI=KT+KL
B=0
5  K=0,(Vies V) +AE +E,,
Vi= Q/q, e |
e — " Vs = O(10eV)/q,

M. G. Betti et al., Progress in Particle and Nuclear Physics, 106 (2019) 120
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PTOLEMY

Full scale demonstrator with superconducting magnets

* magnet, drift filter and interfaces design

» end-to-end electron transport simulation

 to be installed at LNGS in 2025
R&D in progress on

* T loading on graphene J. V. Mead

* CRES detection

« TES microcalorimeters for high res electron spectroscopy
neutrino mass sensitivity studies

* theoretical study of B decay spectral shape for T on graphene

&2,

PTOLEMY

.U

.

credits: Andi Tan

1.60m

poster 374 - Jun 18

* investigation of alternatives to graphene - ” | 1000 electrons
10 | w19, 90% hdi TES ucal
L ] 10%° | 0.7] === 100 ug, 90% hdi 18.6 keV
_ " dots = restr_; FT a \ pitCh 150 - 450
R -2 lines = stee# Tg 106 free 3He+ —
:E : I R =] _‘g 104 4
g ] bound °He* ~ A. Apponi et al., J. Inst., 17 (2022)
et i 1 °F I Tarachene S A. Apponi et al., Phys. Rev. D, 106 (2022)

109 |

T-graphene, continuous
A T-graphene, discrete \
8 10 qg-2L- | | | ! -
-20 -15 -10 -5 0 5

E — KO [eV] 0.0 0.1 0.2 0.3 0.4 0.5

m, [eV]
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Calorimetric experiments B B decay
Ve
ideal calorimetric experiment '\*\\
 radioactive source embedded in the detector(s) Stomic )
: : _o e
 only the neutrino energy escapes detection molecular R
excitations

—-E.=Q-E,
calorimeter
ideal isotope has

e low Q
- larger fraction f of decays in ROI
- easler calorimetry

 for EC: capture peak close to Q

no backscattering

no energy losses in source

no decay final state effects

no solid state excitation
v low activity - limited statistics
v pile-up background

e short Ty,
isotope Q [eV] T [yl | decay | B.R. experiments
3H 18592.01(7) 12 B- 1 Simpsons’s
187Re 2470.9(13) | 4.3x10% B- 1 MANU, MIBETA
163Ho 2863.2(6) 4570 EC 1 Holmes, ECHo
135Cs 440 8.0x10 B- 1.6X10° -
A. Nucciotti, Adv. 115 155 4.3%X1020 B- 1.1X10°6 )

High Energy Phys.,

2016 (2016) 9153024

A. Nucciotti

Neutrino 2024 - June 19, 2024 - Milano, Italy

for an udated analysis of low Q candidates D. K. Keblbeck et al., Phys. Rev. C, 107 (2023) 015504
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Electron capture calorimetric experiments

163Ho - 163Dy[Hi] + v,

163py[H;] - 63Dy + E.

shell binding energy:
E,(M1)=2.05 keV
Frm=13 eV

- EC from shell =M1 -1
- Hi=M1, M2, N1, N2, O1, 02, P1 of

1 O|

counts [a.u.]
8 —

A. De Rdjula and M. Lusignoli, 10
Phys. Lett. B 118 (1982) 429

A. Nucciotti

m calorimetric measurement of Dy atomic de-excitations (E.)

m () =2863.2+0.6 eV ch. Schweiger et al. Nat. Phys. (2024)

» end-point rate and m, sensitivity depend on Q-E (M1)

T,~ 4570 years —» 2X10* '**Ho nuclei & 1 Bq

4_'_[ (Q E )\/<Q_Ec)2_

mS’ x ZnCBB

single hole approximation

1

2 (E —E,(H,) T34

mv=0ev

—1x10™"®

18x10™"

1ex10™

lax10™

1ox10™

L 1 L I L 1 L I L I L
500 1000 1500 2000 2500

energy [eV]

Neutrino 2024 - June 19, 2024 - Milano, ltaly

3000

A R B
2862.8 2862.9

energy [eV]

2863
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Pile-up in *Ho EC calorimetric experiments

® accidental coincidences -» complex pile-up spectrum
e calorimetric measurement » detector speed is critical
» N (E) =1f N (E)®N_(E) with f = A, T,

counts [a.u.]

A_ EC activity per detector
T, time resolution (=rise time)

- 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1
10 79 1000 2000 3000 4000

energy [eV]

A. Nucciotti Neutrino 2024 - June 19, 2024 - Milano, ltaly
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Statistical sensitivity: pile-up and energy resolution

e Montecarlo simulations for statistical sensitivity with single-hole spectrum
e simulations confirm that sensitivity Z(m,) scales as 1/(Ne/)Y*

y 90% CL [eV]
o
w

o
N

0.1

m statistical sensitivit

| KATRIN 2025

n AEFWHM

| 30 ev

| 10 eV

5eV
3eVg

— 1eV |

fpp=ATR

107 @

10° 107 10° 10° 10" 10
pile-up fraction i; .

A. Nucciotti, Eur. Phys. J. C 74.11 (2014)

A. Nucciotti

Neutrino 2

3 0.1 1 10

100

energy resolution AE., ., [eV

024 -June 19, 2024 - Milano, Italy

N Nev — 5X1016

Ney = A ty Nyet
z90(’77v)oc4\/1/Nev
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The ECHo and HOLMES experiments

low temperature microcalorimeter arrays with ion-implanted **Ho
scalable proof-of-principles for an experiment with 0.1 eV m, sensitivity

H®\LMES

L. Gastaldo et al. Eur. Phys. J. Transition Edges Sensors TESs
S jal Topics 226, 1623 (2017 .
pecial TopIe (2017) multiplexed TESs

BoueEs
oo

™~
-
-
= =
e le
o e

1000 detectors 200 pm
g 300 Bq(163Ho)/pier B. Alpert et al., Eur. Phys. J. C,
- AEFWHle eV (2015) 75:112

- Zgou(m,) < =2 eV

ECHo-1k ECHo-100k both started R&D around 2010
Magnetic Metallic Calorimeters MMCs  multiplexed MMCs now running arrays with
60~100 detectors 12000 detectors ~60 detectors

1~5 Bq(***Ho)/det 10 Bq(***Ho)/det ~1Bq/det of implanted 163Ho
AE.,m< 10 eV AE.,m<5 eV

= Za0%(my) < =20 eV = 2o0%(mM,) < =1.5 eV

A. Nucciotti Neutrino 2024 - June 19, 2024 - Milano, ltaly 25



163Ho isotope production

Er 166 Er 167

33.503 FETRl 22869

162Er (n,y) Er o =~ 20D

thermal

18Er -» %Ho + v, T,5= 75 min

. . . ; DijO .byi61 Dy{gé Dy;égh
162Fr irradiation at ILL nuclear reactor (Grenoble, France) il asa s ias

| et o

o 60 o 600 o 120 - Y
ifp o =0.0003 trp, n <1E-6 o 170 on. o <2E-5 a 1610 + 1040 20004 | o

H. Dorrer et al., Radiochimica Acta, 106 (2018) 535

Ho chemical purification with ion-exchange resins in hot-cell
side production of 1%¢mHo

 B~, Q=1.8 MeV, 1,=1200 y - background in ROI

« =2 kBq(!**™Ho)/MBq(*®*Ho)
- requires mass separation

S. Heinitz et al., PLoS ONE 13(8): e0200910

HOLMES and ECHo has collected =250 MBq of '¢3Ho

A. Nucciotti Neutrino 2024 - June 19, 2024 - Milano, ltaly 26



Mass separation and isotope embedding

166mHo must be separated by magnetic mass spectrometer HUHH re
. ' ' ' v _ L | | 4 3
requires high current, high source and geometrical efficiency . T S
T. Kieck et al., Rev. Sci. Instrum., 90, 2019
Laser Beams , , ,
Quadrupole Lens Einzel Lens ECHo: resonant laser ionization source

’ et e RISIKO at Mainz University

RLIS Einzel Lens
.' o efficiency: (69 * 5stat = 4syst)%

Ionization Cavity
Dipole Magnet ’ ,
| Separator Slit |

|
| . ' Deflectors XY Deflector
| 30 kV Extraction T. Kieck et al., NIM A, 945, 2019, 162602.

Sample Reservoir

HOLMES: Ar plasma sputter ion source co-deposition frliepclziosttic dipole magnet

e installed at INFN Genova farget Chamber xy scan
e efficiency =0.2%
e w/o triplet/XY-scan and chamber TES\AAu\/j‘ﬁHo/Au 2 A IR ey
- A('*3Ho)max= 1 Bqg/det

sin” /"

membrane Silicon \\

A. Nucciotti Neutrino 2024 - June 19, 2024 - Milano, ltaly
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4

— demonstrated A(*¢3Ho)max= 3 Bq/det
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Mass separation and isotope embed

Implantation

Focalization

30 keV Acceleration

lon Source

INFN Genova

AN

|

IE\LI\
8]
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Microcalorimeters arrays readout

TES and MMC readout by SQUIDs
high BW microwave multiplexing of rf-SQUIDs

Software Defined Radio (SDR) for heterodyne readout
D. T. Becker et al., JINST, 14 (2019) P10035
O. Sander et al., IEEE Trans. Nucl. Sci., 66 (2019) 1204

HOLMES - 256 detectors in 4 GHz: 1 RF line / 1 HEMT amplifier

For arrays of =10° detectors
signal multiplexing = reduced impact on cryogenic systems
SDR - low costs per channel with RFSoCs for telecommunication

4 umux chips in series

- — 132 tones in 2 GHz AE =4.2240.08 eV
PN AENgp =4.1 6V

sk N ' ‘ - 200
\ | Pm ) A mmm wq " z
10 W W H W q “ Mm r 2150
15 M g
— © 100
g 20 ' ] '
Z s MIF AL J HfNAr | | 50 32 multiplexed TESs w/o *3Ho
2225 73 \ a1 7129 o
30 LINIE 55;:(; ¢ 745 : b o m, zg : —— - AEFWHMz4'6 eV
s == B8 0 et 8 2 R e
° €s ces M 534 m_25 ~ N ".:,'. S é TRz1-5 us
4.0 42 42 46 48 50 52 54 56 58 6.0 5860 5870 5880 5890 5900 5910 5920
Frequency [GHz] Energy [eV] B Alpert at al, EPJ C, 79 (2019) 304
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HOLMES hig

RF lines

7V p—
I

. . L4 1 .
t |

RF lines

7_0)(10? TTTT T T T T[T T T T T T T T[T I T[T T T[T I T[T T T[T T [T T T T[T T T T TTAT

Ho decays

63

i

Analyzed

1.0x10" |

6.0x10" [~
5.0x10 [~
4.0x10° |-
3.0x10 [

2.0x10 |-

started on Feb 19, 2024

duty-cycle =82%

/

0.0

A. Nucciotti

IIIIIIIIIIIIIIIAII Ll
10 20 30 40 50 60 70 80 90
measuring time [days]

IIIIIIIIIII
100 110 120

counts/ 1 eV

h statistics measurement

0000000000000 0O0O0
Q0000000000000 0O0O
0000000000000 000
Q0000000000000 OO

48 active detectors
average activity” (A) = 0.27 Bq
total activity” Awt = 13 Bq
peak activity® Amax=0.6 Bq

* all activities above thershold

10*

N1

M1l

AEFWHMz7 eV
7%x10%detectorxhour

6Xx107 events in spectrum
~7x107 1%3Ho decays

0

500 1000 1500

energy [eV]

2000 2500

Neutrino 2024 - June 19, 2024 - Milano, ltaly
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HOLMES high statistics measurement: spectral shape

1x10° e 1
10° E | S ted spectrum  ——
shake up / shake off . N1 _ i
>104J 10000;- N2 M2 | eeomp s ——
0% ) 'y e comp 3
=3 3 ./ o
210 3 1000 e | 7 shake-up :
3 2 signal rate
310 | .
single hole spectrum 0 F * P higher
1 < / than
10 10 F oo *4 E Sin Ie.hole
shake up / shake off : *, = g
10° ' —— —<shake-off NN l
0 500 1000 1500 2000 2500 3000  lf =S ‘ ==
energy [eV] 500 1000 1500 2000 2500
energy eVl impact on
experimental EC spectrum deviates from all theoretical predictions me
- phenomenological description of the EC spectrum sensitivity?

» shake-up peaks and shake-off spectra
« strongly asymmetric Lorentzians (Fano-like interference?)
needed for assessing sensitivity of future *3Ho experiments
A. De Rdjula et al., J. High Energ. Phys., 2016 (2016) 15

end'pOint region Is smooth and featureless A. Faessler et al., Phys. Rev. C, 95 (2017) 045502

M. Brass et al.t, New J. Phys., 22 (2020) 093018

R. G. H. Robertson, Phys. Rev. C, 91 (2015) 035504
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HOLMES high statistics measurement: end-point analysis

preliminary Bayesian end-point analysis

with phenomenological model
~7x107 Ho decays mg < 28 eV @ 90% CI
2 %, Q = 2848+11-6 eV (only stat error)
10 W)
?
D’ ]“‘ﬂ - -
a 1 | Posterior on the electron neutrino mass
*E ‘I“'r ¥ i i
3 i P 2 @90% C.|
S 10t n11  po 004 L mg < 28 eV/c* @ 1.
l - r"\l_| : I
! ‘ = L
‘.u‘ ” ” “ " ’ ‘ 003 | mg < 34 eV/c2@95% C.I.
o P
10° e - %0.02 o
S L) Q-
S - R Y PSR PPP PRSI S " 0.01 i
E,: OF-+* r.".'=""::"::‘_“’.'._-‘-"".""'.:.:::;_{'?:::.‘::';."‘.W'"'"m-"'r""-"M--'--"-“m"-m i i
d S P SRR S S —— L N
S o 7 0-005 20 10 60 80
mg [eV/c?]

2400 2600 2800 3000 3200 3400

Energy [eV]
poster 534 - jun 21
M. Borghesi
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HOLMES sensitivity evolution vs. pixel activity

goal of present run (single hole approximation)

. 64 detectors
> _
Ol S sm)ebAn, | AE=TeV
d i | T,=2ys
32 bkg = 2x10* c/eV/d/det
&> 20
g A = 0.3 Hz/det
2 A = 0.5 Hz/det |ow dose
72 —
< 1ol || A=1Hz/det
c_“; I A = 3 Hz/det
;U%) I beam focusing
B ower T
n i i _ ower
s MC simulations with single-hole spectrum A = 30 Hz/det
3 A = 50 Hz/det
3 5 10 20 30 50

measuring time [month]

now upgrading ion implanter with focusing stage and co-deposition chamber
- better uniformity and higher detector activity (starting with 3~5 Bq)
operate at lower temperatures to reduce the impact of implanted *3*Ho on detector performance
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ECHo-1k status: detectors

2 64 detector modules with *3Ho in Au and Ag host material
parallel dc-SQUID readout

Au 23 3 0.94 28.1
Ag 34 6 0.71 25.9
\ ‘F e . | v e HoinAg | —— ECHo-1k pulse
'l i - A . v HoinAu 10 1 ..eee 7,=9.37ms, 2,=0.51
e A S v AEeven | | - 7,=2.75ms, a,=0.27
f@ A ©20 | ; | o8| f - t,=42.64ms, 2,=0.16 |
ol P | o ] = 1 [\ - 7,=0.39ms, 5,=0.06
)R Sl , | Zos8f
g ;
o v =
S0 . o v | Eo4r
S :
::::::::::.'.:::::::::.:.:::::::- _‘- _'!:.:’::::!E::::::::.::::: 02 i
5 B [ ] .. . . ..‘,‘ .. o® L] o v 7
0.0
0 1 | | | | | | | | | 1
0 10 20 30 40 50 60 70 0 20 40 60
pixel number time / ms
[ ] . ~ I I I
F. Mantegazzini et al, NIM A 1030 (2022) 166406 Trise~1 s limited by SQUID bandwidth
F. Mantegazzini et al., J. Inst. 16 (2021) POS003 « complex decays time: mostly T1=10 ms
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ECHo-1k status: 10° events spectrum

e Bayesian end-point analysis in progress

e 1.26x108 events from detectors
with *3Ho in Ag host material

e now preparing ECHo-100k —7

HENEEREEED

14cm___mm

6 wafer for ECHo-100k .

1000
El data pixel 17 NEG
—— fit: Epynm = 2.92 = 0.04 eV
800 | ]
>
@
= 600
(=]
g
S 400
5]
o
200

0
5860 5880 5900 5920
energy / eV

poster 336 - jun 21 poster 566 - Jun 21
L. Gastaldo L. A. Perez

A. Nucciotti

10°

10%

Counts/2.0eV

102

10!

107 JOIl NIl NI

i/

500

1000 1500 2000
Energy / eV
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Energy / eV
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ECHo-1k status: 10° events spectrum

-== Mean: 2863.5 eV

Counts

Q= (2862.1 + 1.7) eV 2855.0 2857.5 2860.0 2862.5 2865.0 2867.5 2870.0 2872.5

Qec/eV

-== 90th Percentile: 18.8 eV

m, < 19 eV 90% CL

Counts
(0]
o
o
I

0 10 20 30 40
Neutrino mass / eV

(e o)e]

2875 1
2874 1
2873 1

[e) (o]
2872
2871 Eiii
2870
2869
2868
2867
2866
2865
2864
2863
2862
2861
2860
2859
2858

S 1l

40 A

{EED 000 ©

30

Upper Limit / eV
I 2870
= 2900
I 2950
I 3000
® 90th Percentile

20 A

Qec/eV
Neutrino Mass / eV

10 A

2855 1 o
2854 1
2853 1
2852 1

!

[¢]
[¢]
(o}

2550 2600 2650 2700 25|50 26l00 26'50 27|00
Lower Limit / eV Lower Limit / eV
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Beyond ECHo and HOLMES: a sub-eV experiment

ECHo and HOLMES proved
* production of large and pure '®3Ho isotope samples

efficient embedding technology

large bandwith array multiplexed readout

performing microcalorimeters with implanted absorber

high duty-cyle high-statistics data taking

spectrum endpoint analysis

A. Nucciotti Neutrino 2024 - June 19, 2024 - Milano, Italy
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Counts /(0.2 eV)

Synergy with other EC experiments: BeEST

BeEST «k.G. Leach and S. Friedrich, J. Low Temp. Phys. 209, 796 (2022)

study EC decay of ‘Be implanted in low temperature detectors to search for

sterile neutrinos with =0.1-1 MeV masses

other sub-MeV v-coupled particles

also probe

neutrino quantum properties

precision nuclear and atomic structure

109k

10*

[
e
w
T T T

—
S
[
TR T T T
~.

10"

PRELIMINARY

M Lawrence Livermore
National Laboratory

A. Nucciotti

L I 1
100

1 I 1
150

Energy (eV)

L I L
200

250

‘Be

BTHE

poster 275 - Jun 18

AN In Wook Kim

« TRIUMF

ST)

Pulsed
Laser l S

/

\J

\
\ 7 3.@ ,g‘\}}\,\}“\‘_\_u\\\\

Implanted ‘Be Sample

AL
Al Alignment Shield

Al Mask l

Si Collimator

284 208

|7

Be Beam

l

138 68

Si Substrate
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2 um  STJs

/ superconducting
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o
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Beyond ECHo and HOLMES: a sub-eV experiment

108 | | 10 years measuring time
| |
iZQO%mv i 20¢) meV 290m, [meV] 200 100
" i i A [Bgldet] 30 300
_9 ___________ | | ]
3 10’ f *: = [ps] 1.0 0.1
()]
3 i i= 1 ps . fop 3.0E-05 3.0E-05
o Tr = 0.1 ps |
g el . S ] Naet 3.6E+06 5.8E+06
£ | single hole spectrum i A total [Bq] 1.1E+08 1.7E+09
i | 62Er [mg] * 820 13200
i bkg =0 i i r [mg]
1074 10 100 1000 * 162Er/A(%3Ho) = 3790 mg/GBq + 50% usage efficiency
activity [Bg/det]

HOLMES contacts are in progress for a collaboration for a sub-eV experiment
ECHo * increased pixel activity =100 Bg/det & impact of *3Ho heat capacity
BeEST e 163Ho activity =108 Bq « implantation efficiency and precision
NIST e multiplexing and DAQ bandwidth « cost/channel
LANL * about 1M pixels & cost/channel

e estimated cost is only O(10M€)
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Conclusions

direct neutrino mass experiments are unavoidable to assess the lightest neutrino mass

many options to go beyond KATRIN using tritium
« still in a R&D phase
» presently reaching 150 eV sensitivity on mg
'3 Ho-based experiments are a solid and readily available alternative
* low temperature calorimeters with different systematics
* individual projects are reaching order of 10 eV sensitivities on mg
» ready to reach statistical sensitivities of order of 1 eV on mg in few years
« potential to go beyond KATRIN with more R&D and a large international collaboration

A. Nucciotti Neutrino 2024 - June 19, 2024 - Milano, Italy
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