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Metallic Magnetic Calorimeters

Direct neutrino mass determination
Nl The ECHo neutrino mass experiment Ml

Sterile neutrinos searches in electron capture spectra

0v2[3 with scintillating crystals

Conclusions and outlook




* Working principle of MMCs and their performance

* Where a finite electron neutrino mass affects the ®3Ho EC spectrum
NI Experimental methods (advantages and disadvantages) Ml

* How to search for sterile neutrino signature in EC spectra

Benefits of scintillating crystals and
detector requirements for DBD experiments




Low temperature micro-calorimeters
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Low temperature micro-calorimeters
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E =10 keV
>~3.8106 K
C,.. = 4.18J/K




Low temperature micro-calorimeters
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Thermal bath

* Very small volume

E =10 keV

* Working temperature below 100 mK

C... =1 pJ/K small specific heat
° small thermal noise

* Very sensitive temperature sensor



Temperature sensors
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Metallic Magnetic Calorimeters - MMC

Paramagnetic sensor: Au:Er Sensor temperature
Ag:Er

T[mK]
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Pulse: 6 keV photon in
Cabs~ 1 pJ/K
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main differences to calorimeters with resistive thermometers

no dissipation in the sensor

no galvanic contact to the sensor



MMC: signal size

Numerical calculations based on mean field approximation are used to describe
thermodynamical properties of interacting spins (RKKY)
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MMCs: Readout

T~ 30 mK T~ 300 mK

>

Two-stage SQUID setup with flux locked loop allows for:

@ |ow noise
@ large bandwidth / slewrate

@ small power dissipation on detector SQUID chip (voltage bias)



MMCs: Planar Geometries

* Planar temperature sensor
* B-field generated by persistent current

 transformer coupled to SQUID

Sandwich design:
Filling factor ~1

Meander-shaped pick-up coil:
Filling factor ~0.5



maXs20: 1d-array for soft x-rays

* 1x8 x-ray absorbers

* 250umx250um gold, 5um thick
* 98% Qu.-Eff. @ 6 keV
* electroplated into photoresist mold (RRR>15)

* mech/therm contact to sensor by stems
to prevent loss of initially hot phonons

.168
* Au:'%8Ery,, ., temperature sensors

* co-sputtered from pure Au and high conc. AuEr target

* Meander shaped pickup coils
* 2.5 um wide Nb lines
*J.~100mA

* On-chip persistent current switch (Aupd)




MMCs: Microfabrication

\/ sputtering Wet bench Chemistr



maXs20: 1d-array for soft x-rays

* risetime: 90 ns @ 30 mK, 0.30 . I I I I I

SQUID: PTB C4X116 with Magnicon XXF-1

as expected for the spin-electron-relaxation 025 L
' FLL-Mode

from Korringa-constant of Er in Au 1=90ns
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maXs20: 1d-array for soft x-rays

* decay time here: 3ms @ 30 mK

On-chip thermal bath

* nearly single exponential decay
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maXs20: 1d-array for soft x-rays

non-linearity: 1% at 6 keV

well described by quadratic term

The energy scale is defined
with high precision
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maXs20: 1d-array for soft x-rays
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maXs20: 1d-array for soft x-rays (7=20 mK)

« Very good energy resolution OBl
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maXs20: 1d-array for soft x-rays (7=20 mK)
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MMCs: Microwave SQUID multiplexing

Single HEMT amplifier and 2 coaxes é No events
to read out 100 - 1000 detectors g l
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Microwave SQUID Multiplexer for the Readout of Metallic Magnetic Calorimeters
S.Kempf et al., J. Low. Temp. Phys. 175 (2014) 850-860



MMCs: Microwave SQUID multiplexing

in —> multiplexer —> out
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1 meV




Neutrino mass determination

Cosmology Neutrinoless Double beta decay Kinematics of B-decay
and electron capture

_ _ 2 2 _ 2.2
M, —Zmi My, = ZUel.ml. m (ve)—Z‘Uei m’i
* Model dependent * Model dependent * Model independent
* Need of satellites e Laboratory experiments * Laboratory experiments
 Presentlimit0.12-1eV * Presentlimit0.1-0.4eV * Present limit 2 eV

e Next future 15-50 meV e Next future 15-50 meV e Next future 200 meV




Direct neutrino mass determination

Kinematics of beta decay

d Current Limits
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(1) Ch. Kraus et al., Eur. Phys. J. C40 (2005) 447
N. Aseev et al., Phys. Rev D 84 (2011) 112003



Direct neutrino mass determination

Kinematics of beta decay

L

| Current Limits
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Direct neutrino mass determination

Kinematics of beta decay
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Beta decay and electron capture

163 163 *
o Ho—> Dy +v,

e Eoien

‘H> He+e +v,

°1,, =12.3 years (4*108 atoms for 1 Bq) °1,, =4570 years (2*10'! atoms for 1 Bq)
. QB = 18 592.01(7) eV * Q. = (2.833 £0.0305%t + 0.015%5!) keV
E.G. Myers et al., Phys. Rev. Lett. 114 (2015) 013003 S. Eliseev et al., Phys. Rev. Lett. 115 (2015) 062501
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Beta decay and electron capture
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E.G. Myers et al., Phys. Rev. Lett. 114 (2015) 013003 S. Eliseev et al., Phys. Rev. Lett. 115 (2015) 062501
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Beta decay of 3H
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Beta decay of 3H

‘H> He+e +v,
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The KATRIN experiment

** KATRIN - Karlsruhe Tritium Neutrino Experiment
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- high activity source 10! e*/s

Main ideas:

- high resolution MAC-E* filter to select electrons close to the end point

31

*MAC-E: Magnetic Adiabatic Collimation with Electrostatic Filter

- count electrons as function of retarding potential
—> integral spectrum



Spectrometer

Tritium source

The KATRIN experiment
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J. Angrik et al., (KATRIN Collaboration) 2004 Wissenschaftliche Berichte FZ Karlsruﬁtze 7090

Diagnostics



The KATRIN experiment: present status

Photo K. Valerius



The KATRIN experiment: present status

Photo K. Valerius



3H based experiments

1%,
** KATRIN - Karlsruhe Tritium Neutrino Experiment 2
g g F §
Main ideas: - high activity source: 10 e*/s % 2 j
% <

(8]

X 4
- high resolution MAC-E filter to select electrons close to the en&bb@"ﬂ’f’c

- count electrons as function of retarding potential
- integral spectrum

+* Project8

B
i 11 13 3 3 & &
Main ideas: - Source = detector: 10 —10% 3H, molecules /cm \:wc;\
RO e
- Use cyclotron frequency to extract electron energy ";I. \J
! N

- Differential spectrum

** PTOLEMY - Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino Yield
Main ideas: - large area tritium source: 100 g atomic 3H
- MAC-E Iter to select electrons close to the end point
- RF tracking and time-of-flight systems

- cryogenic calorimetry = differential spectrum




Beta decay and electron capture

163 163 *
o Ho—> Dy +v,

e Eoien

‘H> He+e +v,

°1,, =12.3 years (4*108 atoms for 1 Bq) °1,, =4570 years (2*10'! atoms for 1 Bq)
* Q.. = 18592.01(7) eV * Q. = (2.833 £0.0305%t + 0.015%5!) keV
E.G. Myers et al., Phys. Rev. Lett. 114 (2015) 013003 S. Eliseev et al., Phys. Rev. Lett. 115 (2015) 062501
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Electron capture in ®3Ho: spectrum

163 163 *
Ho— Dy +v
Atomic de-excitation: 67 66 0y e

* X-ray emission 163

66

Dy —'9Dy+E.

* Auger electrons

* Coster-Kronig transitions

°1,, =4570 years (2*10'! atoms for 1 Bq)

* Q. = (2.833 4 0.030°% + 0.015%%) keV

S. Eliseev et al., Phys. Rev. Lett. 115 (2015) 062501
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Electron capture in ®3Ho: spectrum

Atomic de-excitation:
e X-ray emission
* Auger electrons

* Coster-Kronig transitions

Source V. Detector

Counts per channel (10%)

\\

163 163 *
o Ho—> Dy +v,

163 Dy _)163 Dy+ E

T
Ma, 8 16316 electron capture
X-ray spectrum
M,N, 1 J" MyNy 5 Y sp -
M10y3 |
My
4| =AE =19 eV
12 14 16 1.8 2.0 .22

E (keV)

38
P. T. Springer, C. L. Bennett, and P. A. Baisden Phys. Rev. A 35 (1987) 679



Electron capture in ®3Ho: spectrum

Atomic de-excitation:
e X-ray emission
* Auger electrons

 Coster-Kronig transitions

Calorimetric measurement

Source = Detector

—

163 163 *
o Ho—> Dy +v,

= Dy’ Dy 4

Vol
| |
[

\ \\ | \ ’/ | _
\e' \ //é \ / /
\e-f/ ‘f 1'

R .
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Electron capture in ®3Ho: spectrum

Atomic de-excitation:
e X-ray emission
* Auger electrons

 Coster-Kronig transitions

Calorimetric measurement

Source = Detector Z

—

163 163 *
o Ho—> Dy +v,

163

66 Dy* _>122 Dy + E




Electron capture in ®3Ho: spectrum

Atomic de-excitation:
e X-ray emission
* Auger electrons

 Coster-Kronig transitions

Calorimetric measurement

Volume 118B, number 4, 5, 6

—

163 163 *
o Ho—> Dy +v,

163 Dy _)163 Dy+ E

p /j o~ %ﬁ;

e\\\

PHYSICS LETTERS 9 December 1982

CALORIMETRIC MEASUREMENTS OF 193HOLMIUM DECAY AS TOOLS
TO DETERMINE THE ELECTRON NEUTRINO MASS

A.DE RUJULA and M. LUSIGNOLI !

CERN, Geneva, Switzerland
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Electron capture in ®3Ho: spectrum

163 163 *
o Ho—> Dy +v,

: /é\ Dy —»'"Dy+E.
\

Atomic de-excitation:
e X-ray emission

* Auger electrons

 Coster-Kronig transitions

Calorimetric measurement
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Electron capture in ®3Ho: spectrum

Counts/0.01eV

Atomic de-excitation:
e X-ray emission
* Auger electrons

 Coster-Kronig transitions

Calorimetric measurement

OII/’ ol
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163
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m(v)=0eV |
-m(v)=10 eV

o 2000 | .
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10t L S
& 1000 | -
2
107 T 500 |- .
100 L I 1 I ] S=t. I ] N I
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Electron capture in ®3Ho: history

1997

Cryogenic detector

bt (a)
1
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100 ¢V FWHM
o ) 0 0 w0 1280 1806 1R upe%n
|
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ENEH?\’ [ o g

|
|
|
|
Proportional Counter

I (©)
l
|
»“ l‘;arhlvt
(a) F. Gatti et al., Physics Letters B 398 (1997) 415-419
s ] (b) E. Laesgaard et al., Proceeding of 7th International Conference on Atomic
channel Masses and Fundamental Constants (AMCO-7), (1984).
F. Gatti et al., Physics Letters B 398 (1997) 415-419 (c) F.X. Hartmann and R.A. Naumann, Nucl. Instr. Meth. A 3 13 (1992) 237.
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Electron capture in ®3Ho: history

2011

1997

200
Cryogenic detector ' '
- (a) 200 NI
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»
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. > 150 | .
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e !he:;(eﬂ o
| .
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I'ZNsur:uev» 50
|
|
|
|
Proportional Counter 0
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»“ l‘;arhlvt
(a) F. Gatti et al., Physics Letters B 398 (1997) 415-419
© 2% 80 s ] (b) E. Laesgaard et al., Proceeding of 7th International Conference on Atomic
channel Masses and Fundamental Constants (AMCO-7), (1984).
F. Gatti et al., Physics Letters B 398 (1997) 415-419 (c) F.X. Hartmann and R.A. Naumann, Nucl. Instr. Meth. A 3 13 (1992) 237.
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P. C.-O. Ranitzsch et al., J. Low Temp. Phys. 167, 1004 (2012)



Electron capture in ®3Ho: history

1997

Cryogenic detector

1.5
ENEH?V [ o g

|
Proportional Counter
I ©

m kaprure

20
channel

F. Gatti et al., Physics Letters B 398 (1997) 415-419

<o 5

Vi j
1.0 1.5 2.0
Energy E [keV]

(a) F. Gatti et al., Physics Letters B 398 (1997) 415-419
(b) E. Laesgaard et al., Proceeding of 7th International Conference on Atomic
Masses and Fundamental Constants (AMCO-7), (1984).
(c) F.X. Hartmann and R.A. Naumann, Nucl. Instr. Meth. A 3 13 (1992) 237.
46
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Electron capture in 1*3Ho: present

* Calorimetric measurement of the ®3Ho spectrum 2011

* Three internaltional collaborations

(1)

EC
H%MES (2)
NuMECS @

P. C.-O. Ranitzsch et al., J. Low Temp.

Common challenges to reach sub eV sensitivity :

Vi j
1.0 1.5 2.0
Energy E [keV]

* Detector performance

* High purity ®3Ho source

(1) The ECHo Collaboration EPJ-ST 226 8 (2017) 1623

e Background reduction
(2) B. Alpert et al, Eur. Phys. J. C(2015) 75:112

* Description of the ®3Ho EC spectrum (3) M. Croce et al., arXiv:1510.03874 Y



Requirements for sub-eV sensitivity in ECHo

Statistics in the end point region
. N, >10* - A=1MBq
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Requirements for sub-eV sensitivity in ECHo

10 1 I 1 1
Statistics in the end point region ]
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Requirements for sub-eV sensitivity in ECHo

Statistics in the end point region
. N, >10¥% - A=1MBq

Unresolved pile-up (f,,~a - 7,)
*  fou <10°

* 7. <lpus—>a~108Bq
10° pixels 2 multiplexing

Precision characterization of the endpoint region
* AE,ym<3eV

10710 o
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Requirements for sub-eV sensitivity in ECHo

Statistics in the end point region
. N, >10* - A=1MBq

Unresolved pile-up (f,,~ a - 7,)
*  f,. <10”

. 7. <1lus—>a~108Bq

*  10° pixels 2 multiplexing

Precision characterization of the endpoint region
* AE,ym<3eV

Background level
« < 10°events/eV/det/day

m(v,) sensitivity, 90% C.L. /eV

10

fou=10° AEq =26V

First phase

Statistics

51



First detector prototype for 1°3Ho

* Absorber for calorimetric measurement
— ion implantation @ ISOLDE-CERN in 2009
on-line process

* About 0.01 Bqg per pixel

* Operated over more than 4 years

ﬁ—‘ T T = Absorber
Field a.na heater SOU rce
%bondpads ]
~ | Heatsink i L
. . = Sensor
: 3
® sQuID- S
bondpads N
[!— L1 le = L .Iﬂl i | ,_[\ ot
Meander
L. Gastaldo et al., P. C.-O. Ranitzsch et al., 52

Nucl. Inst. Meth. A, 711 (2013) 150 http://arxiv.org/abs/1409.0071v1



Calorimetric spectrum

2047 2040 132 137
AEcyum = 7.6 €V @ 6 keV (2013)

MIl 1.845 1.836 6.0 7.2
* Non-Linearity < 1% @ 6keV NI  0.420 0.411 5.4 5.3
NIl 0.340 0.333 5.3 8.0
Ol 0.050 0.048 5.0 4.3
First calorimetric measurement
of the Ol-line
I L]
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> 2000 =100 |
% 1500 | 5 90¢
%) O 0
S 41000 } 0.30 0.40 0.50 0.60
8 Energy E / keV
500 } 1445 MI |
~ o~ - MII
0 — — i i

0.0 05 1.0 1.5 2.0
Energy E / keV

P. C.-O. Ranitzsch et al ., accepted for publication in PRL (2017)
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Q.. determination

| 100« e@-mEn,
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P. C.-O. Ranitzsch et al ., accepted for publication in PRL (2017)
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Q.. determination

n 10 | | I¢>(E)=nI7-E+n | -
D, (E ) - wfz—H - \/E(QEC - EH) Mg = 0.308+0.002 keV”
¢ (0)B, 5 08¢ ny = 0.879:0.004 y
© 06 Qec = 2.858+0.010 keV
o4
3.0 &
- 1 I I I 1 0.2
Gatti et al., 1997 0.0 ! . . . .
) g 00 05 10 15 20 25 3.0
i l l ¢ ) Energy E / keV
> | + ECHo, 2012
< sl + | Our result:
O
< e Q.= (2.858 + 0.0105t2t+0.05%Y*!) keV
24| i ,
Penning Trap Mass Spectrometry result:
5o L | | Q.= (2.833 + 0.0305t2t+0.0155Yst) keV

| |
1980 1990 2000 2010 2020
year
P. C.-O. Ranitzsch et al ., accepted for publication in PRL (2017)
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Scaling up




163Ho high purity source

Required activity in the detectors: Final experiment = >10°Bqg = >10'7 atoms

> Neutron irradiation
(n,y)-reaction on 1%2Er

High cross-section

Radioactive contaminants ®

» Charged particle activation

“atDy(p,xn) 163Ho
natDy(a, xn) 83Er (&) 1%3Ho
159Tb(’Li, 3n) 193Er (&) *3Ho

EC

Dy161

S/2+

Small cross-section ®
Tb163
AT Few radioactive contaminants

58




163Ho high purity source

Required activity in the detectors: Final experiment = >10°Bqg = >10'7 atoms

> Neutron irradiation

(n,y)-reaction on 1%2Er EC@ H @{-M E S

High cross-section

Radioactive contaminants ®

» Charged particle activation

"atDy(p,xn) 163Ho
natDy(a, xn) 83Er (&) 1%3Ho
159Tb(’Li, 3n) 193Er (&) *3Ho

EC

Dy161

i S/2+

Small cross-section

Tb163
e Few radioactive contaminants

NuMECS so

18.9




Mass separation and *3Ho ion-implantation

Laser Beams
for lonization

Dipole
Magnet

Chemically purified 1®3Ho
sample

Sample
Reservoir

lonizer

lon Optics

Post focusing
ion optics

Implantation
Separator Slit + lon Detection

RISIKO @ Physics Institute, Mainz University
- Resonant laser ion source efficiency 42%
- Suppression of neighboring masses > 700
- 166mHg /163Ho < 107

- Optimization of beam focalization

60
F. Schneider et al ., NIM B 376 (2016) 388



Fabrication 4wt absorber

Stems between absorber and sensor prevent athermal phonon loss to the substrate

103 I 1 1 I 1 103 1 I I I I
w/o stems with stems wmi
10° {1 10°}
3 2
N o Ml
7)) 101 T ; 101 B
IS =
3 3
O O
10° 10°
o . Low energy tails o
16 1.7 18 19 20 21 22 16 17 18 19 20 21 22
E / keV E / keV
Definition of the implantation area by microstructuring a photoresist layer
53140 beam Sputtered Au
HHHHHH
(1 \ A2

. I—
Sensor



ECHo-1k array

“ wafer with 64 ECHo-1k chip

rrrrsyyy BN "“"‘"r :
il : Suitable for
”'m” nmzz'. ':me .
ey " oy parallel and multiplexed readout

w, 7
w - ”””I -4 gy, B

gy
= L7777 . L4
7 = P N
4 ey - Miryngy .
ooy 4 F- ”’W.
B L11721pgy ey
Itt000y . LLLLLTTTT
110 t20gy Yittigy llll“".-
LTI TP
L TTTTT

64 pixels which can be loaded with 163Ho
+ 4 detectors for diagnostics

HHHEHHEHEBB’_LHF! .PSE BF"

HHFE‘FENESP‘HHFFFFF_

Design performance:

AEqyum ~ 5 eV

7,~ 90 ns (single channel readout)
T, ~ 300 ns (multiplexed read-out)

S.Kempfetal., J. Low. Temp. Phys. 176 (201) 426



ECHo-1k array

“ wafer with 64 ECHo-1k chip

ed

rvvryy B

: P
hasli 7]
"y & L /777 ol
W, 2 LT
iy . LT .
/i II[IIIII

i LT
77 L4 iy o gy
'ﬁ IIIIIIIII

n
Litttsegy . ”’""”. ::::::::| -
Nty Frerense ‘
.u.-rr/ll[ ..‘" "“““.
““l"“
LT "y

itable for (
e B e Suita \)

B
CEDCEIEDERCEERCEG |
= B wﬂ"“pm BE BE B

Ormance:

~ 90 ns (single channel readout)
1T:r ~ 300 ns (multiplexed read-out)

' 14) 426
| S empf etal., J. Low. Temp. Phys. 176 (20



Characterisation of spectral shape

* A. Faessler et al.
1000 J. Phys. G 42 (2015) 015108
* R. G. H. Robertson
800 Phys. Rev. C 91, 035504 (2015)
> * A. Faessler and F. Simkovic
2 Phys. Rev. C 91, 045505 (2015)
5 600 * A. Faessler et al.
= Phys. Rev. C 91, 064302 (2015)
§ 400 * A.De Rujula and M. Lusignoli
S JHEP 05 (2016) 015, arXiv:1601.04990v1
* A. Faessler et al.
200 Phys. Rev. C 95, (2017) 045502
0
0.
Energy E [keV]
Two-holes excited states: shake-up

shake-off
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ECHo-1k (2015 - 2018)

163Ho activity: A, =1kBq 12 ' ' ' '
= ——- AE_FWHM=3eV
Detectors: Metallic Magnetic Calorimeters i V[ ——- AE_FWHM=5eV -
_ O ——- AE_FWHM=10eV
= Energy resolution AEqyum <5 eV ° 2
o 10 | 7]
> Time resolution 7<1pus = -4
> 7 /)’
:§ ///////
: : S 9F e _e___-—® -
Unresolved pile-up fraction f , <107 o [T ¢ /;7
) e
—activity per pixel: A =10 Bq @ : -— & ---_§----"°
) - -
>
—>number of detectors N =100 = 100 events
7 | 1 | l
Read-out : Microwave SQUID Multiplexing 1078 107 1078 10°°

- 2 arrays with ~50 single pixels
Background b < 10> /eV/det/day

Measuring time t=1year m(\/e) <10 eV 90% C.L.

65
The ECHo Collaboration EPJ-ST 226 8 (2017) 1623



ECHo cryogenic platform

* Large space at MXC enough for several ECHo phases
* cooling power: 15puW @ 20 mK
Possibility to load 200kg for passive shielding




ECHo cryogenic platform

* Large space at MXC enough for several ECHo phases
* cooling power: 15puW @ 20 mK

* Possibility to load 200kg for passive shielding

* Presently equipped with:

2 RF lines for microwave
multiplexing readour of 2 MMC arrays

12 ribbons each with 30 Cu98Ni2 0.2 mm,
1.56 Ohm/m, cables from RT to mK
- allows for parallel readout of
36 two-stage SQUID set-up

67




ECHo-1M (next future)

163Ho activity: A, =1MBq Ll ' ' ' '
> ——- AE_FWHM=1eV
Detectors: Metallic Magnetic Calorimeters _i 12 ——- AE_FWrHM=2eV )
_ < O ——- AE_FWHM=3eV o
- Energy resolution AEqyum <3 eV 2| - AE_Fwm=5ev .
UV 7. ]
- Time resolution 7<0.1 s o ——- AE_FWHM=10eV o7
> Y
E ’////’
. . = 0.8 =__._____.____,—.’ 2/ |
Unresolved pile-up fraction f, <10° @ oy
© -z
—>activity per pixel: A =10 Bq 2 06 “':_‘::/;E/’/
> ::._::___.// _
- 105 = ——® """
—->number of detectors N=10 £ . 10 events
04 | 1 | | |
Read-out : Microwave SQUID Multiplexing 10° 107  10° 10° 10"
. . . f
—> 100 arrays with ~1000 single pixels —Pu
Background b < 10¢ /eV/det/day
Measuring time t=1-3year m(\/e) <1 eV 90% Cl_

68
The ECHo Collaboration EPJ-ST 226 8 (2017) 1623



How does
the existence of sterile neutrino

affect the EC spectrum?




Sterile Neutrino and 193Ho

aw
dEC = A(QEC —E. )2 \/1

ZBHcoH

Counts/0.01eV

Qg = 2.833 keV
100 | | |

0.0 0.5 1.0 1.5 20 25 30
Energy / keV

(QEC (E c EH )2



Sterile Neutrino and 193Ho

Iy
aw py.
= A(QEC —E. )ZZ U, 2\/1 ZBH(DH 2z 2
dE. i (QEC (E _E )2+FH
C H 4

oll

* Electron neutrino as superposition
of mass eigenstates

10'°

108

10°

10*

Counts/0.01eV

10°

Qg = 2.833 keV
100 | | |

| |
0.0 0.5 1.0 1.5 20 25 30
Energy / keV 71



Sterile Neutrino and 193Ho

I
aw o m,’ : iy
= A(QEC o Ec) 1- Ue4 + Ue4 1- P H(QEC - Ec - m4) ZBH¢H (O) 2
dE. (QEC _Ec) H (Ec ~E, )2 _|_FL
4

oll

* Electron neutrino as superposition
of mass eigenstates

10'°
108
Mi_q,3<< My > m_;,3~0eV

10°

10*

Counts/0.01eV

10°

Qg = 2.833 keV
10° '

| | |
0.0 0.5 1.0 1.5 20 25 30
Energy / keV 72




Sterile Neutrino and 193Ho

I
aw o m,’ : iy
= A(QEC o Ec) 1- Ue4 + Ue4 1- P H(QEC - Ec - m4) ZBH¢H (O) 2
dE. (QEC _Ec) H (Ec ~E, )2 _|_FL
4

oll

* Electron neutrino as superposition
of mass eigenstates

10'°
108
Mi_q,3<< My > m_;,3~0eV

10°

10*

Counts/0.01eV

10°

eV-scale sterile neutrinos

Qg = 2.833 keV |

100 | | | | |
00 05 10 15 20 25 Y30

Energy / keV 73




eV-scale sterile neutrino

10

[eV* ]

10

2
41

Am

10" f

10° |

90.00 % C.L.
95.45 % C.L.
99.73 % C.L.
Dis. 95.45 % C.L.

Global 95.45 % C.L.
KATRIN 95.00 % C.L.

10

10" 10

sin” (26,,)

L. Gastaldo, C. Giunti, E. Zavanin.,
High Energ. Phys. 06 (2016) 61.



keV-scale sterile neutrino

log(counts) / a.u.

10—10

a = A(QEC —E¢ ){(1 -

Ue4

2)+

Ue4

——- no sterile neutrino
— my=2keV, U,,* =05

0.0

0.5

1.0 15 20
Energy / keV

2.5

3.0

1_‘H

5 .
2\/1_(Q m_4E )ZH(QEC_Ec_m4) ZBH(DHZ(O) 272- 1_, 2
e~ Fe H (.~ E,) + 2

Electron neutrino as superposition
of mass eigenstates

M1 3<<M; —> Miy,3~0eV

keV-scale sterile neutrinos
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keV-scale sterile neutrino

m,=2 keV, U_,?=0.5

no sterile neutrino

10 1 1 1 1 1
1010_ |
= El
5, o,
m m
2z £ 10°} .
3 >
3 )
> g .
_ 10° | i
107 ] ] ] 107"
02 03 04 0.5 06 17 18 19 20 21 22 23

Energy [keV] Energy [keV]
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keV-scale sterile neutrino

0,10 r——
0,08 -

0,06 -

ed min

U’

0,04 -

0,02 -

0‘00llllllllllllllll“l‘ll vy g T T re R oET

L I L T Al
04 0,6 0,8 1,0 1 14 1,6 1,8 2,0
m_ (keV)

Sensitivity to the mixing matrix element at 90% CL as a function of the sterile
neutrino mass achievable with about 10° events in the full EC spectrum.

77
P. Filianin et al., J. Phys. G: Nucl. Part. Phys. 41 (2014) 095004



keV-scale sterile neutrino

. » postion of kink =>m,

i » depth of kink => |U_,|?

log(counts) [a.u.]

00 05 1.0 1.5 20 25 3.0

Energy [keV]

m,=2 keV, U_,?=0.5

no sterile neutrino




keV-scale sterile neutrino

3.0 , : : o _
e Statistical Fluctuation
2.5 | - .
* No Pile Up
2.0 | _ _
> * Theoretical Spectrum supposed to
§ . be perfectly known
g“’ al —— Counts=10"
S
1.0
0.5 F
0.0
107 10° 10° 0%  10°

sin2(9)

A White Paper on keV Sterile
Neutrino Dark Matter
arXiv:1602.04816v1 ’°



Sterile Neutrino (keV) and Electron Capture

Other condidates in the EC branch:

Q- < 100 keV

Reasonable halflife

a

. EC- ) (keV B; (keV B; (keV )—B,;
Nuclide | - Thz 1 sition L[(22] ) [(23] ) ‘][(23] ) i/ (%e\/)
ZTe [ >2:-10"y ? 52.7(16) | K: 30.4912(3) | Ly 4.9392(3) | 7.833 | 222
“'Th 71y | 3/2'=3/2 | 60.04(30) | K: 50.2391(5) | L 8.3756(5) | 7.124 | 9.76
"“Ho | 4570y | 7/2 =5/2 | 2.555(16) | Mp: 2.0468(5) | Np 0.4163(5) | 4.151 | 0.51
Ta | 1.82y |7/2'—-92"| 105.6(4) | K: 65.3508(6) | Ly 11.2707(4) | 6.711 | 40.2
P py 50y | 1/2—=3/2" | 56.63(30) | Li: 13.4185(3) | My 3.1737(17) | 4.077 | 432
“0°pp 52 ky 0'—2" 46(14) | Li: 15.3467(4) | My 3.7041(4) | 4.036 | 307
PPy | 13My |52 =127 | 50.6(5) | L 15.3467(4) | My 3.7041(4) | 4.036 | 353
Np | 396d |572'=7/2 | 124.2(9) | K: 115.6061(16) | Li: 21.7574(3) | 5.587 8.6

P. Filianin et al., J. Phys. G: Nucl. Part. Phys. 41 (2014) 095004




Sterile Neutrino (keV) and Electron Capture

Other condidates in the EC branch:
Q- < 100 keV

e Reasonable halflife

| | EC- | O(keV) B; (keV) "B, (keV) 2 o | OB
Nuelhde | 2| ansition | [22] [23] [23] VAT (keV)
TTe [>2100y | 2 527(16) | K: 304912(3) | Li 4.93923) | 7.833 | 222

ITh 71y | 3/2753/27 | 60.0430) | K: 50.2391(5) | L 83756(5) | 7.124 | 9.76
Ho | 4570y | 7/27—5/27 | 2.555(16) | M 2.0468(5) | Ni 0.4163(5) | 4.151 | 0.51
9Tq 1.82y | 7/27=9/27 | 105.6(4) | K: 65.3508(6) | Ly 11.2707(4) | 6.711 40.2
193py 50y | 1/2—3/27|56.6330) | L 13.4185(3) | My 3.1737(17) | 4.077 | 43.2
“pb 52 ky 0 —2" 46(14) | Ly 15.3467(4) | My 3.7041(4) | 4.036 30.7
“Ppp | 13My |52 —1/2"| 50.6(5) | Li: 15.3467(4) | My 3.7041(4) | 4.036 | 353
“>Np 396d | 5/2"—=7/2 | 124.2(9) | K: 115.6061(16) | L;: 21.7574(3) | 5.587 8.6

P. Filianin et al., J. Phys. G: Nucl. Part. Phys. 41 (2014) 095004



Sterile Neutrino (keV) and Electron Capture

Other condidates in the EC branch:
Q- < 100 keV

e Reasonable halflife

| | EC- | O(keV) B; (keV) "B, (keV) 2 o | OB
Nuelhde | 2| ansition | [22] [23] [23] VAT (keV)
TTe [>2100y | 2 527(16) | K: 304912(3) | Li 4.9392(3) | 7.833 | 222

Th 71y | 3/2753/27 | 60.0430) | K: 50.2391(5) | L 83756(5) | 7.124 | 9.76
Ho | 4570y | 7/27—5/27 | 2.555(16) | M 2.0468(5) | Ni 0.4163(5) | 4.151 | 0.51
9Tq 1.82y | 7/27=9/27 | 105.6(4) | K: 65.3508(6) | Ly 11.2707(4) | 6.711 40.2
193py 50y | 1/2—3/2756.6330) | L 13.4185(3) | My 3.1737(17) | 4.077 | 43.2
“pb 52 ky 0 —2" 46(14) | Ly 15.3467(4) | My 3.7041(4) | 4.036 30.7
“Ppp | 13My |52 —1/2"| 50.6(5) | Li: 15.3467(4) | My 3.7041(4) | 4.036 | 353
“>Np 396d | 5/2"—=7/2 | 124.2(9) | K: 115.6061(16) | L;: 21.7574(3) | 5.587 8.6

P. Filianin et al., J. Phys. G: Nucl. Part. Phys. 41 (2014) 095004



Sterile Neutrino (keV) and Electron Capture

0,01
1E-3 J :
E : —4"/5
i~ z E
- IS?T.b
1E-4 —— "“Ho -
. IMTa :
I"?]Pt
EiﬁNp
]E-s ¥ L LA |

Same statistics + including errors :

10 100
m, (keV)

(6 ¢,;=0) 6Qc=1eV OF; ;=0.1eV.

P. Filianin et al., J. Phys. G: Nucl. Part. Phys. 41 (2014) 095004



Neutrinoless double beta deca




Neutrinoless double beta decay

If conservation rules don’t allow simple beta decay:

dN |
dE

== Two Neutrino Spectrum ZVBB: (A,Z) 9 (A) Z+2) + 2e-+ zve

- Zero Neutrino Spectrum

7/, = 10%° years

Ifv=v:

OvBB: (A,Z) & (A, Z+2) + 2e

Energy sum for the two electrons

25
71/, > 10°° years



Neutrinoless double beta decay

If conservation rules don’t allow simple beta decay:

dN |
dE

= Two Neutrino Spectrum ZVBB: (A,Z) 9 (A) Z+2) + 2e-+ zve

- Zero Neutrino Spectrum

7/, = 10%° years

Ifv=v:

OvBB: (A,Z) & (A, Z+2) + 2e

Energy sum for the two electrons

25
71/, > 10°° years

Verg rare events!




Neutrinoless double beta decay - v mass

The halflife for Ov2[3 decay depends on the neutrino mass
Phase space term

Nuclear matrix element

dN |

2 GOV
dE

= Two Neutrino ctrum _1 m
— ;ero I:leuttrino 2‘;cttrum (’Z' 10/‘/2 ) p— —'Bﬂ ‘ M Ov
1%

Energy sum for the two electrons

R



Neutrinoless double beta decay - v mass

F. lachello et al., PoS(NEUTEL2015)047

The halflife for Ov2[3 decay depends on the neutrino mass
Phase space term

Nuclear matrix element

=

! ! ! IBM-—2 m )
N ' Pd ' _— —1
6f ! S | B QRPA—Tii § Ov BB Ov Ov
| 1 I h[ 1 _— —
L Ged TN | *ISM (TI 2 ) = M y G
519 " St o :
! m i . ! i e
EH i i Sn .\% s i Th
= af | Zr SO | _
i ’Oi [ ] .’0 ' N Pt ) ) 2
Ca l o+ l — (
2 " | 1 1 1 - — . .
i | i | My ‘ZUelm vl)(
]. " 4 i i i o
" ! ! !
TR TV R—TH =0 100 0 140

Neutron number

Uncertanties to evaluate the effective Majorana mass due to:

> Nuclear matrix element

QRPA-Tu: F. Simkovic et al., Phys. Rev. C 87, 045501 (2013)
pnQRPA: J. Hyvarinen et al., Phys. Rev. C 91, 024613 (2015)
IBM-2: J. Barea et al., Phys. Rev. C 91, 034304 (2015)

ISM: J. Menendez et al., Nucl. Phys. A 818, 139 (2009)



Present status

lt I I \\\III‘ I [ Ill\w I [ \IIH|
= 100Mo (NEMO-3)
— 130Te (Cuoricino + CUORE-0)
= "6Ge (GERDA-II first release)
0.1— —
= 136Xe (KamLAND-Zen I & I1) =

0.001

10—4‘ | [ \IH‘ I\d | | \\II\I| | [
104 0.001 0.01 0.1 1

Mlightest [€V] S. Dell'Oro.




Neutrinoless double beta decay - sensitivity

Typically an excess of events is not found...

A limit on the halflife for Ov2e decay can be defined as function of:

Mass of the isotope M [kg]

E MxT k
Measuring time T [year] xposure fvix [kg x year]
Energy resolution AE [keV]
Background index b [keV-1ton-tyear]

Two limits defined by the background index

-

o

(¢

=)' =(In2)w,

N [ oo )

>1 background events in ROI <1 background events in ROI

a. MT (exp) a MT
— & |— T (an)N
A bAE A

J e




Neutrinoless double beta decay - nuclides

Is there a prefered nuclide?

ee2) ' = (m2w, [ MT

transition G (Ey,Z) Qss | Abund.
x101y  [MeV] (%)
BONd — 9Sm 26.9 3.667 6
BCa — BT 8.04 4.271 0.2
%5Zr — P Mo 7.37 3.350 3
Hed — 1o5n 6.24 2.802 7
B Xe — 19 Bq 5.92 2.479 9
WMo — 1Ry 5.74 3.034 10
B0Te — 10 Xe 5.55 2.533 34
*Se — 2 Kr 3.53 2.995 9
“Ge — ™8e 0.79 2.040 8
—




Neutrinoless double beta decay - nuclides

Is there a prefered nuclide?

-
N

»

a

(Tle/xzp )_1 = (ln Z)N@‘g :; ‘M H6Cd :OOMO\

[
T
1

2
1

*Se — 2 Kr 3.53 2.995
“Ge — ™8e 0.79 2.040

transition G (Ey,Z) Qss | Abund.
x10My  [MeV] (%) o' : :

BONd — 9Sm 26.9 3.667 6 +<r o r n v
48 487 2200 2600 3000
e | I NG e ey
Hecd — 11%89n 6.24 2.802 7
B Xe — 19 Bq 5.92 2.479 9
1Mo — "Ry 5.74 3.034 10
B0Te — 10 Xe 5.55 2.533 34

9

8

——/




Neutrinoless double beta decay - nuclides

Is there a prefered nuclide?

*Se — 2 Kr 3.53 2.995
“Ge — ™8e 0.79 2.040

—1 MT 0 1 76Ge 130Te | 116 \
exp . - Cd 100V o
(71/2 ) = (ln Z)Na i i o
I I i 2Sq
o |1 i 1
1 1 | 1
i 1 i il
— g = | 1} ' |
transition GOI(EU, Z) Qa5 Abund. : | :
| x 101y MeV] (%) o o : : |
BONd — T0Sm 26.9 3.667 6 LU SN —" -
BCa — BTy 8.04 4.271 1 0.2 K e i 0 /
E k Courtesy S. Pirro
%Zr — %Mo 7.37 3.350 3 netoy eV i
H6Cd — 1169n 6.24 2.802 7
136 o s 136 3, 5.92 2.479 0 Detector Properties:
100070 — 190 Ry 5.74 3.034 10 * Efficiency
130T 5 130 X e 5.55 2.533 | 34 * Energy resolution
9
8
—




Neutrinoless double beta decay - nuclides

Is there a prefered nuclide?

N

130Te | 1e6cyq 100\

() -

transition N O O ptl m a I i

o3

150Nd—>1508m I d A 1..|.I1,..
480& — 48T.é n u C I e o k Couiogs S PW
% Zr — %Mo 3.350 S— i "
H6qg — 116G9n 2.802 7

136 X' — 136 B¢ . 2.479 0 Detector Properties:
0N — 199 Ry 5.74 3.034 10 * Efficiency

1307Te — B0 Xe 5.55 2.533 34 * Energy resolution
25e — ¥ Kr 3.53 2.995 9

6Ge — 85e 0.79 2.040 8




Neutrinoless double beta decay - nuclides

(w2)" = (n2)w,

Is there a prefered nuclide?

MT

transition ("' (Eo,Z) Qss | Abund.’
x101y  [MeV] (%)
BONd — 08m 26.9 3.667 6
BCa — BT 8.04 4271 0.2
% Zr — %Mo 7.37 3.350 3
"6 — 1168 6.24 2.802 7
136X e — % Bg 5.92 2.479 9
0 Mo — 1Ry 5.74 3.034 10
130T — 130 Xe 5.55 2.533 | 34
28e — S2Kr 3.53 2.995 9
(e — 0Se 0.79 2.040 8

~
N

»

a

[
T
1

=\

130Te | 1 16Cd I1001\/[0

LI | LN DL

2600 3000
Energy [keV] Courtesy S.W

Efficiency
Energy resolution

\_ Background

4 Detector Properties: )

J




Many different experiments

Experiment Isotope Technique Mass Bp(0v) isotope

CUORICINO 130Te TeO2 Bolometer 10 kg

NEMO3 100Mo/82Se Foils with tracking 6.9/0.9 kg

GERDA | 76Ge Ge diodes in LAr 15 kg

EX0O200 136Xe Xe liguid TPC 160 kg

KamLAND-ZEN 136Xe 2.7% in liquid scint. 380 kg _

CUORE-0 130Te TeO2 Bolometer 11 kg BeSt rESUItS
GERDA Il 76Ge Point contact Ge in LAr 30+35 kg _

Majorana D 76Ge Point contact Ge 30 kg

CUCRE 130Te TeO2 Bolometer 206 kg _

SNO+ 130Te 0.3% natTe suspended in Scint 55 kg

NEXT-100 136Xe High pressure Xe TPC 80 kg

SuperNEMO D 82Se Foils with tracking 7 kg

CANDLES 48Ca 305 kg of CaF2 crystals - lig. scint 0.3 kg

LUCIFER 82Se ZnSe scint. bolometer 18 kg _

1TGe (GERDA+MJ) 76Ge Best technology from GERDA and MAJORANA ~ tonne ..
CUPID - Hybrid Bolometers ~ tonne _ Promlsmg
nEXO 136Xe Xe liquid TPC ~ tonne _ technique
SuperNEMO 82Se Foils with tracking 100 kg

AMoRE 100Mo CaMoO4 scint. bolometer 50 kg _

MOON 100Mo Mo sheets 200 kg

COBRA 116Cd CdZnTe detectors 10 kg/183 kg

CARVEL 48Ca 48CaW04 crystal scint. ~ tonne

DCBA 150Nd Nd foils & tracking chambers 20 kg




Promising technologies - Scintillating crystals

photon
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~

Light signal

Above ground
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v

Heat signal



Promising technologies - Scintillating crystals
e
\ Above ground
/Y

photon
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~

Light signal

v

Heat signal
Underground

\ 2.615 MeV By
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Light signal
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Promising technologies - Scintillating crystals

M2,
transition G'""(Fo,Z) Qs  Abund.
x10My  [MeV] (%)
photon 50N — 1508m 26.9 3.667 €= 6
sensor Bq — BTy 8.04 4.271 €=0.2
9% 7 — % Mo 7.37 3.350 €= 3
6cyg 5 116Gy 6.24 2.802 €= T
136 X e — 136 3 5.92 2.479 9
100 \ 7o —5 100 3y 5.74 3.034 €= 10
phonon 1307e — 130 X¢ 5.55 2.533 34
82Ge — B2y 3.53 2.995 €— 9
SENsor 6Ge — T Se 0.79 2.040 8




Promising technologies - Scintillating crystals

2

[}

photon
sensor

phonon

Temperature signal: AT =

Light signal is also detected as AT =

C

transition G'""(Fo,Z) Qs  Abund.

x1011y  [MeV] (%)
BONd — BY8Gm 26.9 3.667 €= 6
BCa — BT 8.04 4.27]1 €=0.2
Wzr — P Mo 7.37 3.350 €= 3
160rg 5 116Gy, 6.24  2.802 €= T
36 Xe — 6 Bq 5.92 2.479 9
100 0 — 10 Ry 5.74 3.034 €= 10
130Te — 130 Xe 5.b5 2.533 34
52Se — 82Ky 3.53 2995 €= 9
bCe — 8Se 0.79 2.040 8

photon

C

of a suitable photon detector



Promising technologies - Scintillating crystals

photon
sensor

Low T thermal detectors are the best

transition G"(Eo,Z) Qsz  Abund.
x10My  [MeV] (%)
BONd — PYSm 26.9 3.667 €= 6
BCa — BT 8.04 4271 €=0.2
XZr — Mo 7.37 3.350 €= 3
N6Cq 5 1168 6.24 2802 €= T
B8 Xe — 19 Bq 5.92 2.479 9
10Mo — Ry 5.74 3.034 €=10
B0Te — BOXe 5.55 2.533 34
%28e — %2 Kr 3.53 2.995 €= 9
“Ge — ™8Se 0.79 2.040 8

candidate for these measurements




100Mo-based experiments

"CMo—'""Ru+2e +(2v,) T,, =[7.15+£0.37 (stat) = 0.66 (syst)] x10'* y

0,, =3034 keV

LUCIFER

Different scintillating
crystals coupled to NTD Ge

-

1 ZnSe g

bolometer

LUCIFER, http://arxiv.org/abs/1303.4080

JINST 8 (2013) PO5021

LUMINEU

/nMoQ,, LiMoO,

NTD-Ge baseline for photon
and phonon channel

MMC R&D for photon channel

LUMINEU arXiv:1704.01758
Submitted to EPJC

L. Cardani et al., J. Phys. G: Nucl. Part. Phys.
41 (2014) 075204

AMOoRE

CaMoO,

« SB2% * SB29 » 835
weight 390 g

weight ~300 g

weight 196 g

MMC for photon and phonon
channel

Technical Design Report for the
AMORE 0vB8 Decay Search Experiment
arXiv:1512.05957 [physics.ins-det]



https://arxiv.org/abs/1512.05957
http://arxiv.org/abs/1303.4080

100Mo-based experiments

1004 1r0—310p 4 20 + (21/6) T,, =[7.15+£0.37 (stat) £0.66 (syst)]x10"° y

L. Cardani et al., J. Phys. G: Nucl. Part. Phys.

Qﬂﬁ =3034 keV 41 (2014) 075204

LUCIFER LUMINEU

Different scintillating
crystals coupled to NTD Ge

. S35
weight ~300 g

NTD-Ge baseline for photon MIMC for photon and phonon
and phonon channel channel
VIMC R&D for photon channel

Technical Design Report for the

LUCIFER, http://arxiv.org/abs/1303.4080 LUMINEU arXiv:1704.01758 AMORE 0vB86 Decay Search Experiment
JINST 8 (2013) P05021 Submitted to EPJC arXiv:1512.05957 [physics.ins-det]



https://arxiv.org/abs/1512.05957
http://arxiv.org/abs/1303.4080

Approach used in AMoRe

Technical Design Report for the
AMORE 0vB86 Decay Search Experiment
arXiv:1512.05957 [physics.ins-det]

[ 7
/

4’ F 4
SAu:Erlayer of
A/ MMC 5‘11501'

W SQUID

- s - P’
I =%
¥ k.

/I_’hoton(Light) )
sensor é E é

(gold wires)

40C alOOMOO4

216 g natural CaMoQ, crystal

L |

' Phonon(Heat)
sensor

\_ J 200 nm thick
gold film

Metallic light reflector

Copper holder


https://arxiv.org/abs/1512.05957

Approach used in AMoRe

Technical Design Report for the

) Phonnn collector = (b) I
AMORE 0vB86 Decay Search Experiment A

arXiv:1512.05957 [physics.ins-det] ) : S - ",':_’ { LK i - of
: e & W\m( g wu

{ﬂ) 545 eV @ 6 keV y - ' ; b 'l('?'l'tlln‘k:lirl:f)k
7.5 . : : g )
7.4t e B/y Cosmi; muons

2 e 11 keV @ 2615 keV
sl preesamas eV @ e
E y REE B (0 LA
= A 4 6.5 keV @ 583 keV
4]
=
7.1 : 216 g natural CaMoQ, crystal SQUID
7. r - " i i
0 0.2 0.4 0.6 0.8
Pulse Height (a.u.)
flah .‘
120 200 nm thick
100} . gold film
B/y
» 50 s
3 99 Annealed gold wires

) o
40t N 1 "
20¢ . ..

K J Metallic light reflector
& 72 E 74 75

Mean tYiﬁge (ms) ' Copper holder


https://arxiv.org/abs/1512.05957

Combined Photon and Phonon Detector: P2

e Phonon detector:

* energy resolution AEqyum < 100 eV
* risetime 7< 200 ps
«  Photon detector- — Substrate: Ge or Si 3 wafer
* energy resolution AEqyum < 10 eV
* risetime 7<50 us

— scintillating crystal

* A minimum of (contaminated?) parts /

* Position sensitivity possible Ge/Si wafer thermal bath

load inductance

g photon detector
thermal link

phonon detector



Combined photon and phonon detector: P2

Ge-wafer

trench through wafer

AUEr sensor

AUEr sensor
with Au cone

phonon collector area

absorber of photon sensor

pickup coil, sensors
and phonon collectors
the of photon sensor

scintillating crystal

phonon collectors

gold cones contacting

I. i the phonon collectors
copper holder

11711

|

]

\

|

\

|

\

|

\



Integrated light and heat detectors P2




Integrated light and heat detectors P2




Experimental set-up for P2




Experimental set-up for P2




Photon detector: First tests with 6keV x-rays

| 1 1 1 1 1 1 | 1
0.006 } 21mK 0.006 L Temperature = 21 mK _
(DSmax 5.97 may,
=35.95 us /
0.004 } 0.004 L / il
g e
%] W
S 3
0.002 | 0.002 | -
0.000 0.000 —j .
] 1 1 ] ] ] L ] ]
-2 0 2 4 6 20 10 0 10 20 30 40 50
Time [ms] Time [ms]
Risetimes: direct x-rays ~ 6 MUS
for scintillation light ~ 250-350 us (Saclay)

D. Gray et al., JLTP 184 3-4 (2016) 904



Conclusions and outlook

» Metallic magnetic calorimeters are reliable and versatile detectors
* high resolution for all kinds of particles
» wide range of energies

* Fast signal rise time

» Direct determination of the electron neutrino mass using *3Ho
MMC have proved to fulfil requirements

» eV-scale and keV-scale sterile neutrinos can be investigated
through calorimetric measurement of EC spectra

» MMC-based photon and phonon detectors could bring significant
benefit for large mass 1°®Mo-based DBD experiments



* Working principle of MMCs and their performance

* Where a finite electron neutrino mass affects the ®3Ho EC spectrum
NI Experimental methods (advantages and disadvantages) Ml

* How to search for sterile neutrino signature in EC spectra

Benefits of scintillating crystals and
detector requirements for DBD experiments







MMCs: Microwave SQUID multiplexing

measurement of the spectrum of >>Fe to determine the energy resolution

counts per 5eV

600

500

400

200

100

1 I 1 i 300 1 ! I 1

2 § 250 | d §

N
o
o
T
]

I
counts per 5eV
o
o

—
o
o
T
]

T
]
a
o
T

1 1 -l 0 J L L ﬁ
6.0 6.2 6.4 6

-0.2 -0.1 0.0 0.1 0.2 5.6 5.8 : : : 6

energy E / keV energy E / keV

AEpyn, = 54 €V | AEpyng =59 eV




Electron capture in 1*3Ho: Q. determination

163 163 *
o Ho—> Dy +v,

é\\ oDy =6 Dy + E¢

@ Calorimetric measurements

s Measurements of x-rays

* Qe =m(“Ho)—m("Dy)

‘@
S L I — p ///A\%ﬁ; \_

Gatti et al., 1997 e \
E | + ECHo, 2012
~ 26 ||% -
08 - e
°1,, =4570 years (2*10'! atoms for 1 Bq)
24} .
I * Qi = (2.833 £0.030%% + 0.015%t) keV
0 L | | : | S. Eliseev et al., Phys. Rev. Lett. 115 (2015) 062501

1980 1990 2000 2010 2020
year

117



Electron capture in 1*3Ho: Q. determination

163 163 *
o Ho—> Dy +v,

Calorimetric measurements
Measurements of x-rays

. 163 163
Qe =m("Ho)—m(" Dy)
Penning Trap Mass Spectroscopy

@TRIGA TRAP (Uni-Mainz) (*)
@SHIPTRAP (GSI — Darmstadt) (**)

Dy >0 Dy +E,

°1,, =4570 years (2*10'! atoms for 1 Bq)

* Q¢ = (2.833 £0.030%%t + 0.0155¥*t) keV

S. Eliseev et al., Phys. Rev. Lett. 115 (2015) 062501 (**)

F. Schneider et al., Eur. Phys. J. A51 (2015) 89 (*)

axial and modified
magnetron cyclotron

118



High purity t*3Ho source in ECHo

Requirement : >10Bqg = >1017 atoms
> (n,y)-reaction on 162Er 5 4001 _
c ] 3
. . [ =
- High cross-section s 5 2
% -350
- Radioactive contaminants € 35 =
> ] @
S 0] ¢
2757
13
250 %
26]
200- 3
1757 2 g
] ]
1504 | -
. . 118 =
> Excellent chemical separation 1254 |3 . 8
] - © o
Only 166mHgo 100 E )
»  Available 1%3Ho source: 50 gl 33 g3z a9z
: ool 5o o 818
~ 1018 atoms 2 12 e %2 g
..I.J_.nl " R T |
250 500 T|50 1 OlClO 12|50

119
The ECHo Collaboration EPJ-ST 226 8 (2017) 1623 Energy /keV



High purity t*3Ho source in ECHo

Requirement : >10Bqg = >1017 atoms
> (n,y)-reaction on 162Er 5
C
- High cross-section s
<
- Radioactive contaminants ® =
8
> Excellent chemical separation
Only 166mHgo
> Available 1%3Ho source:

~ 108 atoms

The ECHo Collaboration EPJ-ST 226 8 (2017) 1623

3507

4007

375

HO-166M

325

HO-166M

3004

2751

HO-166M

250
2257

200-

HO-166M

175

HO-166M

150-

HO-166M

1251

HO-166M

100

75]

50

HO-166M
HO-166M
HO-166M

250

HO-166M

ECHo requirements:
166mHo/ 163Ho < 10-9

Offline mass separation:
RISIKO, Mainz University
ISOLDE-CERN

HO-166M

HO-166M
HO-166M

HO-186M
HO-166M

HO-166M

3

. T basgham kot b
T T T T | T T T T | T
0 1000 1250
Energy /keV

o —§— HO-166M

500 7



Mass separation and *3Ho ion-implantation

1,'|

RISIKO @ Physics Institute, Mainz University
- Resonant laser ion source efficiency 42%
- Suppression of neighboring masses > 700
- 166mHg /163Ho < 107

- Optimization of beam focalization

121
F. Schneider et al ., NIM B 376 (2016) 388



MMCs: Microwave SQUID multiplexing

in —> multiplexer —> out
ALTTTTTTTTT |5,
L& L&
A A
© ©
c [
ao .80
[7p] wv
A > >

time time

transmission

>
fi fn frequency



MMCs: Microwave SQUID multiplexing

simultaneous acquisition of signals from two indepedent detectors using a pMUX

20 | | |

15 —— channel 1 -
— channel 2

—_
o

amplitude / md
(6))

0 |l -
5L -
-10 ] I | ]
0 2 4 6 8 10
time t/ ms

|:> very first demonstration of multiplexed MMC readout



163Ho off-line implantation: results

1 pixel about 2 days

103 I 1 I ] 103 I | I |
NI
2 P! 2
10° h My 4 10°F M .
> >
o NII @
d Ml 3 Ml
v 10" H _9 10 }
E S
-]
o) o)
@) o
10° 10° ’
10" - ' 10" '
0.0 0.5 1.0 15 20 1.7 1.8 1.9 2.0 2.1 2.2
E | keV E | keV
e Activity per pixel A~ 0.1 Bqg
* Energy resolution AEcyum ~ 10 eV
* No strong evidence of radioactive contamination in the source
« Symmetric detector response C. Hassel et alJLTP (2015)



Where to improve

High purity ®3Ho source:

e Background reduction

Detector design and fabrication:

* Increase activity per pixel

e Stems between absorber and sensor

Understanding of the 1%3Ho spectrum: >
(O]

* Investigate undefined structures N 600
g
i)
C

3 400
o

200

Energy E [keV]

125



Characterisation of spectral shape

Structures present

1000 |- also in new data
800 |
>
o
N 600 | 50 |- N
8- M
-.OC_") ) 1
3 400 | 0.3 0.4
O E | keV

200

. | o P
0. . . T 4 é
Energy E [keV] | Ff R | v,
w’/ J/ r/ 4 \\ \ \\\ /,, _
| @ =
\\ \\ \ ) ‘- ] y
g | )
\,,/,/ )
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Characterisation of spectral shape

A. Faessler et al.

J. Phys. G 42 (2015) 015108
1000 * R. G. H. Robertson
Phys. Rev. C 91, 035504 (2015)
* A. Faessler and F. Simkovic
800 Phys. Rev. C 91, 045505 (2015)
% * A. Faessleretal.
o Phys. Rev. C 91, 064302 (2015)
N 600 * A.DeRujula and M. Lusignoli
g arXiv:1601.04990v1 [hep-ph] 19 Jan 2016
2 * A. Faessler et al.
f’:; 400 Phys. Rev. C 95, (2017) 045502
200
0
0.
Energy E [keV]
Two-holes excited states: shake-up

Vo127



Characterisation of spectral shape
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Characterisation of spectral shape

A. Faessler et al.

J. Phys. G 42 (2015) 015108
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Characterisation of spectral shape

1000

800

600

400

Counts per 2.0 eV

200

Energy E [keV]

Two-holes excited states: shake-up
shake-off

High statistics and high energy resolution spectra
will provide information on the spectral shape

Relative Amplitude

A. Faessler et al.

J. Phys. G 42 (2015) 015108

R. G. H. Robertson

Phys. Rev. C 91, 035504 (2015)
A. Faessler and F. Simkovic
Phys. Rev. C 91, 045505 (2015)
A. Faessler et al.

Phys. Rev. C 91, 064302 (2015)
A. De Rujula and M. Lusignoli
arXiv:1601.04990v1 [hep-ph] 19 Jan 2016
A. Faessler et al.

Phys. Rev. C 95, (2017) 045502

10° -

|
NI :
TOTAL 3
Nl N1N4/5 ?
{c,u} {c.0}
f 3
F
N101{c,u} :
N101{c,0}
200 32)0 4nl)o scl)o enl)o 130 7(|>0

Visible energy, eV



Characterisation of spectral shape

A. Faessler et al.

J. Phys. G 42 (2015) 015108
1000 * R. G. H. Robertson
Phys. Rev. C 91, 035504 (2015)
* A. Faessler and F. Simkovic
800 Phys. Rev. C 91, 045505 (2015)
% * A. Faessler et al.
o Phys. Rev. C 91, 064302 (2015)
N 600 * A.DeRujula and M. Lusignoli
g arXiv:1601.04990v1 [hep-ph] 19 Jan 2016
2 * A.Faessleretal.
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200
4 C I
O g 35— o 351f2 -
0. ok :
Energy E [keV] £ 1
:_9‘: 2 —
E
= 3
5 1f =
Two-holes excited states: shake-up R
Z 0f -
shake-off E
O ;
5 'E i+2 im{cs+ hake off E
g 9 na g g eh +2 holes + shake o 3
High statistics and high energy resolution spectra = ]
‘):I\I\IIII\|\IIIII\I\|III\I\II\|\IIII\I\Illl\lllllll\l\ll\l\lz

will provide information on the spectral shape

[=]

0.5 1 1.5 2

2 2.5 3
Energy at the bolometer [keV] 131



Neutrinoless double beta decay - v mass

F. lachello et al., PoS(NEUTEL2015)047

The halflife for Ov2[3 decay depends on the neutrino mass

Nuclear matrix element

W -
[ O from E*.‘-'ipE*IlIllE*['IT.ll T2 (ISM)
1.2F O u'[:.m.—l 269471
W/a from experimental 7/, (IBM-2 CA;SSD]
1.0} ® ol =1.2694""" _
= 0.8] N ]
. r o ea ; 1
0.6 = Ge . -
: S AMo Gl e ke Ng
0.4 Ve . u o]
D.Z}
00060 ®0 1000 120 140 160

Mass number

(¢

Ov
1/2

oy

Uncertanties to evaluate the effective Majorana mass due to:

> Nuclear matrix element

» Quenching of the axial vector coupling constant gA

‘MOV

Phase space term

2GOV




Neutrinoless double beta decay - v mass

The halflife for Ov2[3 decay depends on the neutrino mass
Phase space term

Nuclear matrix element

\M| [T T TTTTI

0.1

0.001

F. lachello et al., PoS(NEUTEL2015)047

10—4 | [ III\” | L1 IIII” | |
107 0.001 0.01 0.1

Mjightest [eV]

[ sl B W ]

Uncertanties to evaluate the effective Majorana mass due to:
» Nuclear matrix element

» Quenching of the axial vector coupling constant gA



Neutrinoless double beta decay - v mass

F. lachello et al., PoS(NEUTEL2015)047

The halflife for Ov2[3 decay depends on the neutrino mass
Phase space term

>
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ov Y1 |"*pp 0
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Uncertanties to evaluate the effective Majorana mass due to:
» Nuclear matrix element

» Quenching of the axial vector coupling constant gA



Fight against background

Direct reduction of background activity

e Select and use ultra-pure materials

e Minimize all passive (non “source”) materials

e Avoid material re-contamination (machining, manipulation, storage)

e Fabricate ultra-clean materials (underground fab if needed)

e underground labs — reduced muon flux & related induced activations

Discrimination techniques

e Active veto detector TPCs (liquid, gas) 136X o
* Trac!<|ng (topololgy) ) Doped Liquid Scintillators 136X e,130Te
* P'artlcle D, arOIgu ar, spatial, Solid state detectors 6Ge, 116Cd
time correlations
. : . Bolometers (+ enhancements) 130Te, 825e,100Mo, 116Cd
¢ Fiducial Fits
e Granularity (arrays) Foils with tracking chambers 82Ge, 190Nd, 190Mo

e Pulse shape discrimination (PSD)

* lon Identification Both approaches are needed



Experimental set-up for P2




First prototype of photon detector

Nb / insulator / Nb
strip line

Strip line

Nb
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insulator ——— B
Nb -~ ! Y !

w

Top view:
Au phonon
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Warme- & Lichtdetektor

Temperatur =—-273°C
Aktiver Kristall

Anschlisse fur die
Ausleseelektronik

Sechseckiger
Lichtdetektor

Drei Warmedetektoren

70 mm
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