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Neutrinos are...
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I Mysteries about Neutrinos

Fermions Bosons
‘ 151 an 3rd ( _|
h Up
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Top quark
> "
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E. ’ P "« Why are neutrinos so light?

g"’l e | ™ « Are neutrinos their own anti-particles?
::” ® oh e Is there a fourth neutrino type?
e * Are there non-standard interactions?
T e
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Electron neutring . /
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I Current knowledge on neutrino properties

Neutrinos have mass and mix

From oscillation experiments:

No

No

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

neutrino mixing matrix

N ANRRAN TR U L T VAN AN neutrino mass eigenstate
sf i N A e i A VO
] by i - z
1 b ] B \LL @ ,
oL 1t Vo d B, neutrino flavor weak eigenstate
6.5 85 22 23 24 25 26 27 0.0 0.5
AM? [10° eV?]
45 : : ' 1 —INOE : T | T : * 2_mass square
3 i S T Wil (O e “L‘____" _______ I dlfferences
£ 18 VP 108 N | E e 3 mixing angles
E 1k 1k ] * hints of CPV
13 ERN I ER RN b e indications in favor
et bm T obt oo 6 6ot 05 b 6n oo 6. of Normal Ordering
Sin‘e, sin’e, , SN0,
Capozzi et al., Prog. Part. Nucl. Phys. 102 (2018) 48
Am? = (Am%?, + Amg3)/2 4
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Neutrino masses

There are at least 3 massive neutrinos
m? m?
A -V, A
-V, neutrino mixing matrix
[ Vt
neutrino mass eigenstate
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I Neutrino mass observables

‘ Sensitivity (eV)

Tool Measured quantity present  future
Cosmology (CMB only) ms=xm, 0.6 0.06 Ye€s
Ov double beta decay mue=|> m |U_[Pe'" 0.1 0.01 Yes
Beta decay my=(> m?|U_ |?)"* 2 0.2 nho

N model dependency 4
_ — 10
el (20 and 30)
e ST Capozzi et al., Prog. Part. complementarity Of
10" 1 Nucl. Phys. 102 (2018) 48 informations from
T experimental
107" - 10 - Obsewables
e
102 E 102 E
s (eV) 1 O e
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Neutrinos from Cosmology

Summed mass of active neutrinos have specific effects on
Cosmic Microwave Background anysotropies and on
Large Scale Structure formation

3

Model dependence

95%CL upper bounds on Zimifo

2006

CMB only: Planck,
w/o high-l polarisation and lensing...
2imi < 590 to 140 meV (95%CL)

CMB + conservative LSS :
» Planck 2016 {TT+SIMLow+lensing} + BAO:

Smi < 170 meV (95%CL)

; » Planck 2016 {TTTEEE+SIMLow} + BAO:
» ' >mi < 120 meV (95%CL)

. » Planck 2015 + Lyman-Q:
\,N: y

2imi < 120 meV (95%CL)

[Planck col.] 1605.02985; Cuesta et al. 2016;
Palanque-Delabrouille et al. 1506.05976;
Vagnozzi etal. 1701.08172;

PDG “Neutrino Cosmology” [JL & Verde]
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1. Lesgourgues, Neutrino 2018
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Double Beta Decay

second order weak decay
of even-even nuclei
in A even multiplets

48Ca’ 76Ge’ IOOMO, 116Cd’ 130Te’ 136Xe

NEMO-3 Mo total

E coo00k + Data (501534) L
5 2v8 "M
2 000k rt=f=f=f¢f=i=:': T:.t bkg ° (MeV) %Ba
L% v2indf=21.0/22 = 0.95
30000
2VBB: (A, 2) > (A, Z+2) + 2€™ + 27,
1000F " allowed by the Standard Model
9 b e | = observed with T, , > 10* years
§ 0915:_||7+T;r+ .|'.*-.+.T.||...""|....| _—
-E '2§_ 1 |.w..|:_!—!:_:....|....|
$ 0o 05 1 15 2 25 3 35

Egyy (MeV)
Arnold et al., Eur. Phys. J. C79(2019) 440

<]l
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I Neutrinoless Double Beta Decay

OvBB: (A, 2) — (A, Z+2) + 2e”
‘\°~> = not allowed in Standard Model (AL=2) ®.

= expected T,, > 10% years

il . rake

O3B

0.5 1 1.5 2

Emergy [MeV]
v The decay occurs only if neutrinos are Majorana particles m. +0
g
v The decay rate depends on the “effective Majorana mass” OB = =+
10
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I Neutrinoless Double Beta Decay

OvBB: (A, 2) — (A, Z+2) + 2e~
‘t = not allowed in Standard Mode @
= expected T,, > 10% years

v The decay occurs only if neutrinos are Majorana particles m. #0
Ovpp =

O3B

. 1]'5 B .I 1.5. 2
Emergy [MeV]

v The decay rate depends on the “effective Majoraha mass” VEY

Ovpp is a test for Lepton Number Violation at low energy

l

Lepton Number Violation is a necessary condition for Leptogenesis
(matter — antimatter asymmetry of the Universe)

11
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I Neutrinoless Double Beta Decay

a0 EPE??R."’ !
OvBB: (A, 2) — (A, Z+2) + 2e” 9 \? .
<\°“> = not allowed in Standard Model (AL=2) Z.

= expected T,, > 10% years

il . rake

O3B

. 1]'5 B .I 1.5. 2
Emergy [MeV]

v The decay occurs only if neutrinos are Majorana particles . m, # 0
v The decay rate depends on the “effective Majorana mass’ VBB = =y
X
: : : 1 ‘mBB‘
light Majorana v mediated BB-Ov decay rate: —— = ——-F
Ty m,
= phase space G™(Q,,,2) « Q,;° can be
calculated with reasonable accuracy .
nuclear factor of merit
B matrix element | M®'| contains details of 0N Ov 2
ent [ A7 s Fy=G"(Q,,,2)IM%
nuclear physics - source of uncertainties
(a factor ~3) .
phase space matrix element 12
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I OvBB experimental sensitivity

Mt For bkg = 0:
S%(t,,) o e meas bkg+0 . en
A AEbkg S (F':l/Z)OCZtheas
€  detector efficiency AE FWHM resolution
n Ovpp isotope abundance M  total active mass
A atomic mass t .. measuring time -
A%
bkg background @ ROI in counts/keV/kgly mﬁﬁ oC Y/ 1/‘51/2
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I OvBB experimental sensitivity

ov n | Mt For bkg = 0:
S <Tl/2> oc e bk bkg¢0 Ov €N
AVAE- g S (11/2)OC7theas
€  detector efficiency AE FWHM resolution
n OvPp isotope abundance M  total active mass
A  atomic mass t ... Measuring time W
bkg background @ ROI in counts/keV/kgly Mggocy 1/t ),
Isotope Opp 7 Teh R2,(50keV) Roy(mgp = 50meV) Rov(mppg = 10meV)
[keV] [%] [y] [c/y/ton_iso] [c/y/ton_iso] [c/y/ton_iso]
BCa 4274 0.2 4.4 % 1019 4.0 x 1072 1.4-23.1 0.1-0.9
0Ge 2039 7.6 1.8 x 107! 2.5 % 1072 1.2-12.2 0.05-0.5
825 2996 8.7 9.2 x 10" 6.8 x 1072 4.4-38.7 0.2-1.5
97y 3348 2.8 2.3 x 1019 1.3 x 107! 3.9-50.7 0.2-2.0
100Mo 3034 9.6 7.1 x 1018 6.8 x 107! 8.9-71.3 0.4-2.9
1ocq 2814 7.5 2.8 x 1019 2.1 % 107! 6.8-23.8 03-1.0
130 e 2528 34.2 6.8 x 102 1.3 x 1072 3.6-24.9 0.1-1.0
136Xe 2458 8.9 2.1 x 102! 4.8 x 1073 2.5-14.0 0.1-0.6
150Nd 3368 5.6 8.2 x 10'8 2.3 x 107! 9.1-42.7 0.4-1.7

14
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I OvBB detection techniques “MUSTs”

v Negligible radioactive background
v Large detector mass
v High energy resolution

v Favorable Ov3 candidate (high Qg large R /R, in the ROI)

End point of 228U

End point of 232Th

End point of 238U

on = sz /100 vy radioactivity v radioactivity p radioactivity
Lo - ' 2448 keV 2615 keV 3270 keV
0.8 Compton edge of
= 2615keV v line
s, 067 BB-2v BB-Ov 2382 keV
§ 04 KamLAND | -
g3 | | E;c;" o v free region | yand ?22Rn free region
0.2} pile-up NEXT CUPID'
- I | PANDA-X-II 82 AMoREI 96
0950 0.2 0.4 Se 1°°Mo’ & 150Nd
10.15 | i : . . : | llﬁcd N // 48ca
— 0 . |
[ 0.=0.1% |
107K [ | ' :
ER: i | I
S, ! ] 1
£ 10'35‘\ i | |
3 | I I
10°F ! ! ' |
| I ; | Lanlh v by
0" 09 1 11 09 1 1.1 3000 4000
electron sum energy Kefoﬁﬁ
Energy [keV] 15
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LTDs for OvBB searches

(=) -
. heat channel pulse
maun
detector —\__

7
light  light detector

Example of double read-out
(phonons + scintillation photons)

light channel pulse

Transition Edge Sensors (TES)
Metallic Magnetic Calorimeters (MMC)

" Most common thermometer technologies:
Neutron Transmutation Doped Ge (NTD)

Microwave Kinetic Inductance Det (|\/|K|DS)/

Monica Sisti — LTD-18 — Milano, 23 July 2019

v excellent energy resolution

v true calorimeters

v wide material choice

v low threshold

v high efficiency

v large masses

v radiopure absorbers

v fully sensitive to recoils

v segmentation to reduce background

v double-readout detectors with
particle identification capabilities
(i.e. e/y - recoil, e/y - x)

. J

X slow time responses

x fully sensitive to surface radioactivity

x difficult to reduce close materials
(holders, wires, cryostats,...)

X not easy to run stable
16



The CUORE TeOz thermal detectors

Cryogenic Underground Observatory for Rare Events

L[S S
' Thermal coupling
Teoz absorbers + . @ (AU wires and PTFE supports)
Ge-NTD thermistors: R
. / g

T~10mK
AT/AE ~ 0.1 mK/MeV

1l %

AV/AE ~ 0.3 mV/MeV " Thermistor
1=CIG~1s (Ge-NTD)
~ 9 2 Absorb
C 2x10 ] /K E (Te?gc?;stal)
FWHM ~ 0.2 % 3
£

**Te as BBOv candidate % | g Sihester
* high natural isotopic abundance: 34.2 % F e
#* transition energy: Q =2527.52 keV 8 %

Ge-NTD thermistors
v high dynamic range
v high linearity
x microphonic
x slow

Monica Sisti — LTD-18 — Milano, 23 July 2019

TeO, Absorbers
+ low specific heat
¢ large crystals available
¢ radiopure




The CUORE TeO. thermal detectors

Cryogenic Underground Observatory for Rare Events
L LLL LS N

supports)

TeO, absorbers +
Ge-NTD thermistors:

T~10mK
AT/AE ~ 0.1 mK/MeV

AV/AE ~ 0.3 mV/MeV
t=C/IG~1s

_ 9
( FWHM ~ 0.2 % )
S—— —

High energy resolution

Radiopurity of close materials

- strict control of the contamination content of
Cu, PTFE, Ge-NTDs, Si heaters, PEN wires
and TeO, crystals themselves
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TeO, arrays evolution (mass scalability)

CUORE is the latest evolution of a long series of TeO, detector arrays

1026 §_ ..................... s o o s CUORE ................. ................... _§
10% = =
P E E
P 1024 = —=
— = =
'J. 1023 :_ _:
& = - - =
o — —0 4 crystal array -
% 99 B 4 334g ]
g 10 E— ______________________________ _E
~ —  —¢ 73g -
A

- > 1021 S R R . =
- — 4 34g -
1020 e —
— 21 =
SN | | | | | E

10]_9 R R R B T I R T R S B T I B

1990 1995 2000 2005 2010 2015 2020 2025

Running period

CUORE projected sensitivity (5 years): S™(t,) =9 x 10y (90% C.L.)

Monica Sisti — LTD-18 — Milano, 23 July 2019
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l CUORE first results

Background Index is consistent with expectations:
Bl ~ 102 counts/keV/kgly

CUORE cryogenic system: Phys. Rev. Lett. 120 (2018) 132501
the most powerful cryostat Eur. Phys. J. C 77 (2017) 543
ever commissioned
<« P/yregion > < o region >
Q,,=2528 keV — CUORE-0
— CUORE
oo N
Plates: EIS
300 K E 1 ‘.w
40K g
4K é) 107! ‘ | |}
) i ‘
600 mK - L “ Ui ” r|“\ j { ‘
20mK [ CUORE Prelimina ! ST |
10 mK 107 xposure: 86.3 kgyr “ | | I . 1
Top Lead AR il | QLTI T, . FL L
Shield 1000 2000 3000 4000 5000 6000 7000
: e Reconstructed Energy (keV)
T Shield
E ﬂgi ]]?etector
CUORE count rate in the ROI
= . Is dominated by surface
Shield contaminations
(alpha background)

20
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I CUORE first results

Background Index is consistent with expectations:
Bl ~ 102 counts/keV/kgly

CUORE cryogenic system: Phys. Rev. Lett. 120 (2018) 132501
the most powerful cryostat Eur. Phys. J. C 77 (2017) 543
ever commissioned
<« P/yreqion o region >
T 328 keV — CUORE-0
CLORE — CUORE

Plates:

: g ‘ }
N R e \ Iﬂ‘ |

¢ tissse $ At OS‘\ev rl‘l | f {

= e o N . 0S ey X‘D 60 “ | \ l
10 mK = | .

l‘ op Lea S . L . 1 | I J
ghllizl]a d vl 0 )( 10 1 ” | 1 | I
= ; os\ev

1E I 5000 6000 7000
Side Leac. nergy ( eV)
Shield

Detector
Towers

CUORE count rate in the ROI
o Is dominated by surface
shield contaminations

(alpha background)
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I CUPID

CUORE Upgrade with Particle IDentification

> Scintillating crystals and light detectors operated @ 10mK
> Absorbers may be grown from various (33 emitters
» Availability of isotopes with Qs In the y-free region
(8286, 100MO)
» Excellent energy resolution at Qe (< 1%)

> Particle ID capability in the heat and light channels

Light Signal

’
‘,/

possible only
with LTDs

00¢ "\C\i .'

Heat Signal'

Monica Sisti — LTD-18 — Milano, 23 July 2019
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I CUPID (hackground abatement)

CUORE Upgrade with Particle IDentification

> Scintillating crystals and light detectors operated @ 10mK
> Absorbers may be grown from various B3 emitters
» Availability of isotopes with Qs In the y-free region
(8286, 100MO)
> Excellent energy resolution at Q; (< 1%)

> Particle ID capability in the heat and light channels

Light Signal

possible only
with LTDs

' ip®®

,‘/
i
-

Heat Signal'

Nucleus A.l. Q-value Good materials
[%] [keV]
5Ge 7.8 2039 Ge

130Te 33.8 2527  Te02

116C 7.5 2802 |Cdwo4 CdMoO4
2Ge 9.2 2995 | ZnSe

1Mo 9.6 3034 | PbMoO4 CaMoO4 SrMo0O4 CdMo0O4 ZnMoO4 Li2ZMo0O4 MgMoO4

®Zr 2.8 3350 | Zr0O2

1>0Nd 5.6 3367 NONE

“Ca 0.187 4270 | CaF2 CaMoO4

Monica Sisti — LTD-18 — Milano, 23 July 2019
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I CUPID: the present ...

CUOR CPID sle IDentification
> Scintillating crystals a _ d @ 10mK pos_sible only
> Absorbers may be gr % Caroant 3rs with LTDs
> Availability of isotopes o Ty on (82Se, |
100|\/|0) E‘,’
» Excellent energy resolt N o@xc\éc'

> Particle ID capability in

y
—"/

Heat Signal'

CUPID-0: the first array of scintillating LTDs for #2Se 0vBB search

60
Zn%Se 3 | oene <% light By
(95% enrich) 2 s
= X
« NTD thermistor = ol R i
(phonons) S ,
« Ge-wafer + NTD 2 wﬂiﬂf, . i s Mﬂ\
(I|ght) g 0 50 100 T ms]
= . LR VOO .. el SOOI
ROI bkg: 3.5 x 103 c/keV/kgly R TR TR R
best ever achieved with LTDs - """"""" |
| 4000 | J | 6000 | | | 8000 2 4

Monica Sisti — LTD-18 — Milano, 23 July 2019 Energy [keVee]



I CUPID: the present ...

CUOR >le IDentification

cup19—19
> Scintillating crystals a d @ 10mK pos_sible only
> Absorbers may be gr D. 0003/ ars <«— with LTDs
> Availability of isotopes ke 19 314 on (*?Se, |
1oopto) ; |
; L c\e2 ""
» Excellent energy resolt § 14

’
_,/

Heat Signal'

> Particle ID capability in

= § g o Light yield cut
b 0 3 s F - Co No anticoincidence cut
- . N No muon-veto cut
Rl
3

Dominated by 2v2p of %Mo
Tiyp~7 % 1018y

10
10000 Q-value

 NTD thermistor as phonon sensor |
« Ge-wafer with SiO coating + NTD
as light detector

CUPID-Mo commissioning

Preliminary

I T - | 11 1 I 1 I
0 500 1000 1500 2000 2500 3000 3500 4000

Energy (keV) 2 5
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I CUPID: the future
CUORE Upgrade with Particle IDentification

Goal: explore the entire inverted ordering neutrino mass region down to 10 meV
Strategy: merge the CUORE cryogenic infrastracture with CUPID particle ID
Option for multiple isotopes with the same technique

Active background rejection to reach almost zero-background condition
Expected Bl 10 counts/keV/kgly in the ROI

Baseline: Li,'’MoO, scintillating absorbers (1500 crystals for 250 kg of 1Mo)

NTD-Ge phonon sensors
Ge wafer + NTD-Ge light detector

—_ ,—/}“
Q

TDR and construction readiness in 2021

e

CUPID CDR available soon

26
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I CUPID: the future

CUORE U
Upgra - .
Goal: pgrade with Particle IDentificas -
Stq 1
Opti| Other light detector technologies \ike Neganov-Luke-ass‘\sted
Ach NTDs, Transition Edge Sensors (TES) and microwave ?}"‘W
°t"* Kinetic \nductance Detectors (KID) are under study for their
superior s‘\gna\-to-noise ratio and speed.
Basel
These technologi€s might be suitable also to read the feeble
Cerenkov light emitted by Te0; enriched detectors P
CUPID alternative solution).
TDR an L. Gironi et 5., Phys. ReV: Cc 94 (2016) 054608
D.R. Artusa et al., Phys. Lett
L .Bergé et al., Phys. Rev. C
CUPID K _ Schaeffner et al., Astrop.

]\/Ior“(u—l o
LCL -\I:"r " a
Sisti — LTD-18 — Milano, 23 July 201¢
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I CUPID: the future
C
CUORE Upgrade with Particle 1Dentificatio=—

Goal:
Stq
Other light detectof technologies like Neganov-
o T \ge Sensors (TES) and microwave
udy for their

Opti
NTDe -
Actlv* - ectors (KID) aré under st
CA 3l-to-noise ralio
Basel N. Casa\\/ )(a\\/\ YD ik R&vs
3 vos)( ey 1'9 iR
TDR an
CUPID

28
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AMoRE

Advanced Mo-based Rare process Experiment

X!%MoO,
49Cal®Mo0, £ 4Cal"Mo0, 200 kg
~1.5kg ) ~5kg
AMORE Pilot AMOoRE-]

AMORE pilot:
6 detector modules with
ederiCal®MoO, absorbers

Crystal Mass (kg) 1.5 5 200
Backgrounds(ckky) ~ 102 ~103 104
Tlfz(year) 1 .0x1 024 8.2){ 1024 8.2X] 026 : .5"’"." Spectrum (PID)
I -+ Muon-veto
= - - 212Bi Ta
My, (meV) 380-719 130-250 13-25 — _:Mumplg e
Schedule 2017 2018 2020-2023 HmRERRen)

« MMC as phonon sensor
» Ge-wafer + MMC as light detector

Counts / (keVkgy) W

—_
=]
=]

-1
2850 2900 2950 3000 3050 3100

. e e - " e . - e Energy (keV )
Monica Sisti — LTD-18 — Milano, 23 July 2019 .
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AMoRE

Advanced Mo-based Rare process Experiment

405100 X1*MoO,
Ca'""MoO, 200 kg
~1.5kg AMOoRE-II

AMORE pilot:
6 detector modules with
ederiCal®MoO, absorbers

Crystal Mass (kg) 1.5 s
Backgrounds(ckky) ~ 102 0ve
1059 o i 2% N =
my, (meV) 380-719 Chands ral 1V i _—
Schedule 2017 C o5 Len Y = Lmit B0% L)
v

2850 2900 2950 3000 3050 3100
Energy (keV .)

Monica Sisti — LTD-18 — Milano, 23 July 2019

3




l OvBB searches: outlook

Experimental state-of-the-art

4>

Present results

Proposed experiments — »

Next-generation goal

Far future

=
£,
=
E 107
s
£
2
:!é
3
%
2
=}
[ar]
102
Monica Sisti — LTD-18 — Milano, 23 July 2019

m g, [eV]
o]
I CUORE final sensitivity 101
136Xe
102
103
104 103 102 101 1
Lightest neutrino mass [eV]
| Discovery pote(ntial
of proposed projects
31



I Direct neutrino mass measurement
)
=
~|N effect of:
=AM - detector energy resolution
= g | - background counts
'-g_ - other systematics...
—
- effectofm, # 0
. N (E,, mve:O)
Kurie plot near E e
fraction F of |
Eo'mv E, raction o- decays below
the end-pmgt
General experimental requirements F(SE)= [ N(E;,m,=0)dE
low endpoint energy E, E,—8E e
high statistics at the B spectrum end-point SE °
high energy resolution AE | E
0
high signal-to-background ratio at the end-point
small systematic effects for 3H B-decay F(10 V) ~ 2 x 10-10

32°
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I Direct neutrino mass measurement with LTDs

Calorimeters: source < detector

B calorimeter
ideally measures all the energy E released in
the decay except for the v, energy: E=E,—E,

B source

excitation

energies

Calorimeters measure the entire spectrum at once
use low E, B decaying isotopes to achieve enough statistics close to E,

e.g. 18Re: E, = 2.47 keV = F(3E=10eV) ~ (BE/Ey)3 = 7 x 10*

Drawback: Pile-up
time unresolved superposition of B decays
Arrays of for a source activity A, a time resolution g
microcalorimeters and an energy resolution function R(E )
(~ Hg) N eP(E ) ~(N(E) +TzA, - N(E ) @N(E ) ®R(E )

Monica Sisti — LTD-18 — Milano, 23 July 2019



Precursor *’Re experiments

MANU (1999)

Genova

1 crystal of metallic Re: 1.6 mg
¥'Re activity ~ 1.6 Hz

Ge-NTD thermistor
AE=96 eV FWHM

0.5 years live-time
m 2 = 462 *7 . eV2

m., < 26 eV (95 % C.L.)

Re single crystal

6.0x 10° 18/Re decays above 420 eV

45000,

40000f
% 350008
M~ ;
5 30000f
(=1 I
o 250000
g [
= 20000F
O F

15000F

10000E

5000
0 F

]

500 - 1000 1500 2000 7500
Energy (eV)

Y MIBETA (2002-2003)

Milano, Como, Trento

10 AgReO, crystals: 2.71 mg |
187Re activity = 0.54 Hz/mg ol

Al bonding wires
Si thermistors (ITC-irst) _Si thermistor
AE= 28.5 eV FWHM

0.6 years live time
m 2 =-112 * 207, + 90, ,.eV?2

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

6.2x10° 18’Re decays above 700 eV

[ i

50

energy [keV]

T T AN TR TR Y Y NN TN TR T N SO TR N | . }
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I Precursor *’Re experiments

MANU (1999)

Genova

1 crystal of metallic Re: 1.6 mg
¥'Re activity ~ 1.6 Hz

J// ,

MIBETA (2002-2003)

Milano, Como, Trento

10 AgReO, crystals: 2.71 mg

Ge-NTD thermistor L ingS\iNti;\eeSrmitr
AE=96 e |
the
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- g aban ) S
m,<264 1 possibility t abricate s required by @ neutrno
\mpLs=. cification N
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i; 35000} ys (2016) 9153024 L ———
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§ 200005-
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I Electron capture calorimetric experiments

_ electron capture from shell > M1
A. De RUjula and M. Lusignoli, Phys. Lett. B 118 (1982) 429

VZ

m(v,) < 225 eV

S Springler et al.,
. : _— Phys. Rev. A 35 (1987) 679
% — Atomic de-excitation: / ( )

* X-ray emission

* Auger electrons

* Coster-Kronig transitions

= calorimetric measurement of Dy atomic de-excitations
s Q = 2.83 keV (determined with Penning trap in 2015)

» end-point rate and v mass sensitivity depend on Q - E,,,
n T, = 4570 years — 2x10 3Ho nuclei « 1Bq
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I 153Ho calorimetric spectrum

Effect of the neutrino mass at the end-point of the de-excitation spectrum

_Gi 1
N(EC)__(Q_EC)\/(Q E) m X ZnC ﬁ BIZTE (E —Ei)2+r'2/4

6x10

I I |
12| ! I

10 §_ 0O
11; 5)(103 _
> | 3 _
© A0 D 4x10
Y-
—~ 9L — 3x10 .
2 10°f ) 2.83 keV
5 f
3 10°E 0° _
107;_ = Q=2.30keV 0 _
: = Q=2.80keV L f =10
6_ 1 | L | L | ! | '--pp--l ---------- |- = L | i !
107, 0.5 1 1.5 2 25 s 0 2815 282 2825 283
energy [keV] pile-up energy [keV]

. . _ 37
Monica Sisti — LTD-18 — Milano, 23 July 2019



Pulse pile-up effect

e calorimetric measurement « detector speed is critical

e accidental coincidences - complex pile-up spectrum A_ EC activity per detector
; T, time resolution (=rise time)
> N (E)=Ff N_(E)®N.(E) with f = AT, R
-1
O | ! Q=2800eV
b I f =10
10_3 l 4 PP
ol ]

s N, (E)

—
o

Amts [a.u.]
> o
[e2} -~
| NI _IIIII IIIIII'III LU
ol s vuud

10°H :
’ N_(E)
9 PP
10 " E
10'10 1 1 | 1 I | | 1 1 | 1 1 | I | 1 1 | | 1 |
0 1000 2000 3000 4000
energy [eV]

N, (E) without higher order processes (shake up / shake off)
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I Calorimetric m_v measurement detector “MUSTs”

For a statistical sensitivity on m_ of ~1 eV

v High statistics at the end-point region: N_ > 10*°
v Unresolved pile-up fraction fpp< ~ 10+
v High energy resolution AE_,.. <3 eV

v Low background level ~ 10“cl/eVidet/day

Monica Sisti — LTD-18 — Milano, 23 July 2019
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I Calorimetric m_v measurement detector “MUSTs”

For a statistical sensitivity on m_ of ~1 eV

v High statistics at the end-point region: N_ > 10*°
v Unresolved pile-up fraction fpp< ~ 10+

FWHM < 3 ev

v Low background level ~ 10“cl/eVidet/day

v High energy resolution AE

e e 11 o et e Tm 163 | Tm164 | Tm 165 | Tm 166 | Tm 167 Tm1sa
CIJSLJJ:‘IJQL—):), 8 K ; .

163 . 10l el Ll - ""‘m o Mg
* 1%Ho production 100 IEICH
: 75m BRG] 33.503 FEEQ 22869
¥ a3+ 14 I 208

on, o <7E-5

Ho 165
100

162 163 o~ yen R :“ A .; :"‘Tf ¥ 298 ". | :Z ;"-:" ::ndj jwﬁ
Er (niv) Er Uthermal 2Ob f g y y Dy)1r64

. 28.260
193Er - **Ho + v, T,“= 75min

¥ 515...
o 1610 + 1040 & a

neutron activation

Monica Sisti — LTD-18 — Milano, 23 July 2019

40



I Calorimetric m_v measurement detector “MUSTs”

For a statistical sensitivity on m_ of ~1 eV

v High statistics at the end-point region: N_ > 10*°
v Unresolved pile-up fraction fpp< ~ 10+
v High energy resolution AE_,.. <3 eV

v Low background level ~ 10“cl/eVidet/day

Challenges:

* 1%Ho production
* Detector technology (ECHo, HOLMES)
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I Calorimetric m_v measurement detector “MUSTs”

For a statistical sensitivity on m_ of ~1 eV

v High statistics at the end-point region: N_ > 10*°
v Unresolved pile-up fraction fpp< ~ 10+
v High energy resolution AE_,.. <3 eV

v Low background level ~ 10“cl/eVidet/day

Challenges:

* 1%Ho production
* Detector technology (ECHo, HOLMES)
« Construction of high performing detector arrays
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I Calorimetric m_v measurement detector “MUSTs”

For a statistical sensitivity on m_ of ~1 eV

v High statistics at the end-point region: N_ > 10*°
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v Low background level ~ 10“cl/eVidet/day
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* 1%Ho production
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I Calorimetric m_v measurement detector “MUSTs”

For a statistical sensitivity on m_ of ~1 eV

v High statistics at the end-point region: N_ > 10*°
v Unresolved pile-up fraction fpp< ~ 10+
v High energy resolution AE_,.. <3 eV

v Low background level ~ 10“cl/eVidet/day

Challenges:

* 1%Ho production

* Detector technology (ECHo, HOLMES)

« Construction of high performing detector arrays
 153Ho embhedment in the detectors

- Stable measurement in a low background environment
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I Calorimetric m_v measurement detector “MUSTs”

For a statistical sensitivity on m_ of ~1 eV

v High statistics at the end-point region: N_ > 10*°
v Unresolved pile-up fraction fpp< ~ 10+
v High energy resolution AE_,.. <3 eV

v Low background level ~ 10“cl/eVidet/day

Challenges:

* 1%Ho production

* Detector technology (ECHo, HOLMES)

« Construction of high performing detector arrays
 153Ho embhedment in the detectors

- Stable measurement in a low background environment
* Theoretical shape of the **Ho spectrum

Faessler et al., Phys. Rev. C 91 (2015) 045505
By . Rujula et al., JHEP 05 (2016) 015

Brass et al., Phys. Rev. C 97 (2015) 054620 45
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Detector technology

Resistance at superconducting transition,TES

RJL

Z/Z/Z-

o
>

T
K.D. Irwin and G.C. Hilton, Topics in Applied Physics 99 (2005) 63

co®

Magnetization of paramagnetic material, MMC

ECHo

;e Tk, M
T Ui Poster 1p 349 I —
: (& POSTey i Bl ———

QGV o
ERZdicr -, =
A.Fleischmann, C. Enss and G. M. Seidel,

. . . Topics in Applied Physics 99 (2005) 63
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I Expected sensitivity of '**Ho m_v experiments

co HMES

ECHo-100k (2018 — 2021) N, t,=1000det x 3y
25 1 1 I I I
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... 10 be compared with KATRIN

current upper limit on anti-neutrino mass
from spectometer experiments: 2.2 eV

KATRIN overview: 70 m long beamline QAT

Karlsruhe Institute of Technology

S

cryogenic _z =
= pumping o) —aott RRR

., e

tritium

] - -
Y

source

diagnostics

_ _ integral electron
differential energy counting
pumping analysis

sensitivity goal: 0.2 eV

first results to be published soon .

Monica Sisti — LTD-18 — Milano, 23 July 2019



l Neutrinos and the precision era

Oscillation experiments have entered the precision era
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. Neutrinos and the precision era

Oscillation experiments have entered the precision era

Future goals are:

* Establishing the robustness of the three-flavor oscillations
with respect to new physics beyond the Standard Model

P
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Sterile neutrinos with LTDs

L T \ T T ] T T T T I T T T T I T T T I

10000 : m, =0 1 . e
: 0<m,<Q-E, m, = 1keV 1 Heavy neutrino emission
: o : L 187
80001 —sin = 0 E In ¥’Re [ decay
_ i —sin%0 =0.2 ]
3 —sin’8 = 0.5 ]
S, 6000 ] _ :
z Q | v,=Vv,C0s0+ v,SIind
'S 40001 i .
2000 .
0 ] 1 | | ] ] ] ] ] ] ] ] 1 ] —] | :
500 1000 1500 2000 2500

energy [keV]

N4 (E,m,,m,,0)=cos’0N,(E,m, )+sin“0ON,(E,m,,)
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terile neutrinos with LTDs
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l Neutrinos and the precision era

Oscillation experiments have entered the precision era

Future goals are:

e Establishing the robustness of the three-flavor oscillations
with respect to new physics beyond the Standard Model

« Determination of the CP-violating phase and the
neutrino mass ordering
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I Neutrinos and the precision era

Oscillation experiments have entered the precision era

Future goals are:

e Establishing the robustness of the three-flavor oscillations
with respect to new physics beyond the Standard Model

« Determination of the CP-violating phase and the
neutrino mass ordering
/ X / ( p NN E

£ 06 - S Non oscillation I 700 m w
E" r kY —— 6, oscillation
E 05 ] Normal hierarchy l I I % ]
E - ' —— Inverted hierarchy - - -
04F o
03F Nl oL Jo
- - - Al . o .
02 B 20kt
C ] Liquid Scintillator
01f | A -
C | Acrylic Sphere
0 L1 l|0 P T ) l|5 I T 1 ,-’IO TR T 1 ,-,IS P T 30 ~1 8000 20” PMTS
- " LIE (kmyMeV) . ~25000 3” PmTS
e.g.: JUNO
J. Phys. G 43 (2016) 030401
{
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I Neutrinos and the precision era

Oscillation experiments have entered the precision era

Future goals are:

e Establishing the robustness of the three-flavor oscillations
with respect to new physics beyond the Standard Model

e Determination of the CP-violating phase and the
neutrino mass ordering

Additional interactions beyond the
SM ones affecting the neutrino sector
— Non Standard Interactions (NIS) —

may have severe conseguences on
future experiments.

Pilar et al., Phys. Rev. D 94 (2016) 055005

n Scattering experiments are important
v to constrain this scenario

Monica Sisti — LTD-18 — Milano, 23 July 2019
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l Coherent elastic v-nucleus scattering (CEvVNS)

B B 133,
- --- “°Cs CEVNS —— Pb v, NIN total
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Challenge:
very low energy
nuclear recoils
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I Coherent elastic v-nucleus scattering (CEvVNS)
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CevNS with LTDs

Goal: study neutrino physics at low energy with high precision
COHERENT - great! Why NU-CLEUS ?

Error budget

s stat. 16%

. / -
Observed: 134422 events Aims for few percent level
Expected (SM): 173148 eventss|
N syst. 30%

Neutrino source

~ "/;SNS Stopped-pion-source Nuclear power
mu:ﬁnu'n'mmi&uau reactor

Reactor neutrino

Flux
g §gf 8k

physics!
BESSET Low energy
nnnnnnnnn rgy (Mev) .
neutrinos s
] Detector
“conventional” —_—
Threshold: Threshold:
A few keV A few 10’s of eV
Raimund Strauss, GSS| Seminar, 2018 7 58
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v-CLEUS

Trigger Efficiency
NU-CLEUS detector prototype: ,

—

T T o= =
0.5 g Al,O, detector |
? 0.8F x
3 08¢ x
£ _.
o
g 0.4 /A
NU-CLEUS 1g demonstrator £
| {aiam T iDSaa T PR TIt A FEbl ot . 0.2}
. -. | ') *‘ 3 O.‘ | | |
- 5 20 25 30 35
Jy [eV]

Strauss et al., Phys. Rev. D 96 (2017) 022009

E =19.7%1eV

* Sapphire and CaWQO, crystals
« Flexible Si wafers as inner veto
detectors
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v-CLEUS

Trigger Efficiency
NU-CLEUS detector prototype: 1 | 1 , e
0.5 g Al,O, detector g
> 08} % {15
k Zg 0.6} o %
© | 1102
g 0.4 *é
NU-CLEUS 1g demonstrator £ l * T 5 2
R U Syt TR » - J‘]J\ 'uﬂ
>t ':..";‘- -‘ | 0
30 35
xalk IV 200 017) 022009
a
* Sapphire and CaWQO, crystals
« Flexible Si wafers as inner veto
detectors
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RICOCHET

Proposal paper:

and multi-technology cryogenic detectors”,

"The first low-energy kg-scale CEVNS neutrino observatory combining multi-target

J. Billard et al.,

J. Phys. G (2017) [arxiv: 1612.00035]
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RICOCHET

Proposal paper: "The first low-energy kg-scale CEVNS neutrino observatory combining multi-target
and multi-technology cryogenic detectors”, J. Billard et al., J. Phys. G (2017) [arXiv: 1612.00035]
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I CevNS with LTDs

Other ongoing detector developments:

Monica Sisti — LTD-18 — Milano, 23 July 2019
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I Conclusions

Low Temperature Detectors have become mature devices with
strong potentialities in neutrino physics experiments.

Ongoing R&Ds will surely confirm the leading role of this
technique also for next generation experiments!
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I Conclusions

Low Temperature Deteciars]
1W ‘ 1
THANKS!
and apologies for those contributions | forgot 10 mention...
| |
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