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« The quest for neutrino mass and nature

» Search for neutrinoless double beta decay

 Direct search for absolute neutrino mass

e Conclusion

Neutrino mass and nature

ICHEP Conference 2022 - Bologna

Christian Weinheimer — Institute for Nuclear Physics, University of Miinster

Sorry, I can only be very brief leaving out many experiments, details & results
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—"—wwu Current most urgent questions in neutrino physics

MUNSTER

e Hierarchy: m(vs) > m(vy1) or m(vg 1) > m(vs) ? ) Ve Vu Vg ‘
e CPviolatingphasedcp? | amospheri ™
3x3 unitary mixing matrix Upyns: g aimosphar
3 angles and 1 CP violating phase, o A, 2
connected to baryon asymmetry of universe via leptogensis ? M2 |- —
e Is there a 4th or even a 5t light but sterile neutrino ? oT
n > = p
e Neutrino particle character ? §<<8‘
are neutrinos their own antiparticles (Majorona)? be
leptogenesis might explain baryon asymmetry of universe, Seesaw fie_
n > > p
e Absolute neutrino mass scale ? i
very important: 10° more neutrinos than atoms in the universe @ P ¢ * Y,(D
very important: very small m,, are probably due to ! ! ! 1A
more than just the Yukawa coupling to the Higgs ﬁ {I_V:(;R_)I‘T {L.VL\
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Cosmology
2im(v;y) =3-m(vy)

very sensitive, but model dependent

compares power at different scales

ent power spectrum P(k) [{h~' Mpc)®]
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| Tegmark & Zaldarriaga, astro-ph/0207047 + updates
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¥ Cluster
= Weak lensing
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upper limit: ), m(v;) = 0.12 eV

(CMB+BAO)

not far from minimal values for
60 meV (NO), 100 meV (10)

Complementary ways to the neutrino mass

Ovpp

— 2
Mmep = |Zi Ue; ‘m(Vi)l
sensitive to Majorana v only,
nuclear matrix elements

upper limits by CUORE, EXO-200,
GERDA, KamLAND-Zen, ..

disovery of Ovf33 would be BSM:
Majorana v & lepton number violation

Direct neutrino mass search

m?(v,) = mg = ¥;|Ug;|* - m*(v;)
no further assumptions needed

Time-of-flight measurements
(v from supernova)

Kinematics of weak decays,
e.g. tritium (B-), 1%3Ho (EC)
O L

1

N [a.u.l

R N N N B R B
-3 —25 —2 —1.5 —1 —05 © 0.5
E—E, [eV]

measure charged decay products,
use E-, p-conservation
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OvBp

— 2
Mpp = 1% U5 - m(vy)|
sensitive to Majorana v only,
nuclear matrix elements

Intensity (a.u.)
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G. Fantini, ICHEP 2022
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% = Go, (Q, Z) * [Moy (A, 2)|? - mby

Discovery of Ovpp would be BSM:
Majorana v & lepton number violation

Search for neutrinoless double beta decay:
the door to the nature of neutrinos and BSM

Exp. sensitivity:

a-e-M-t forbgB=20

TY, « .
1/2 a-€- /;\TI—AZ forbgB >0

Nuclear matrix elements;
M,, (A, Z) uncertainty: factor 2-3
here shown is 1/(Gy, * |Myy|?)

Disclaimer:
mg limits are valid only, if Ovpf3
dominantly via v exchange
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enrichment of 76Ge:
exposure:

energy resolution:
background index:

- lower limit:

= upper mass limit:

GERDA at LNGS - final result

~ 87%
127.2 kg*yr

~ 3 keV (FWHM)
B =52%1%-107* counts/(keV kg yr)

T1), > 1.8-10% yr
mgp < 79 — 180 meV (without g, quenching)

PRL 125 (2020) 252502

[ ] Prior to analysis cuts
I After analysis cuts
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2vBp decay (T, =1.93 x 102! yr)

210p,

%

4500 5000

Majorana Demonstrator @Neutrino 2022 (talk by J. Gruszko, preliminary):

B =6.24+0.6-1073 counts/(keV kg yr)

T1), > 8.8-10%> yr

—
S
[ 3]
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S

107!

._.
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(28]

Counts / (keV kg yr)
2

10~4

talk by Lolian Shtembari

(90% C.L., frequentist)

[ |Prior to analysis cuts [l After analysis cuts
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Background best fit and 68% C.L. interval
BN 90% C.L. Ty /5 lower limit (1.8 x 10?6 yr)
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Events [counts keV™]
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nat. abundance of 130Te:

exposure (139Te):
energy resolution:
background index:

= lower limit:
= upper mass limit:
2vBB half life:

~ 34.2%

288 kg*yr

7.8 keV (FWHM)

B = 1.49(4) - 1072 counts/(keV kg yr)

T1), >2.2-10%yr  (90% C.L.)
Mmpgg <90 — 305 meV
T3Y, = 7.7173 08 (stat) 1) 1% (sys) - 102 yr

CUORE at LNGS

talk by Stefano Dell’0rq

1tatT = 10 mK
3tatT < 50 mK

1m

— g | —— CUORE data, M B Base cuts 3
Do 0cCo 130 ' . Nature 604’ [ Base cuts + AC % 190 \ C0 sum
3 —— “PTe 2v33 fit reconstruction 53 ( 200, 2) Base cuts + AC + PSD ~ 80
10 —— M, fit reconstruction - gg;f fgl limit on I3, § 60 Qs
2087 102 Background-only fit % 40 . : R
© 2,500 2,520 2,540 2,560
102 =L T - Energy (keV) 210pg
= >
- v E ™ !
B 'E 100 E | ‘\‘ 2?zTh ‘6;22: \
10 = ‘g E ‘ \‘E‘ MZSBU 1 ;
- S 10 | | | L TR T
- PRL 126 (2021) 171801 Mh = y o\
L o L v, I T 102 —— ' '30'00 — '40'00 — 50'00
500 1000 1500 2000 2500 e /
Reconstructed Energy [keV]
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Rise-time 10-90% (ms)

Light/heat ratio (a.u.)
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MUNSTER Photon sensors

- T

e Li21%Mo004(LMO), #84erPlCa19%9Mo04(CMO) scintillation crystal cryogenic bolometers

« Detection of both heat and light signals to discriminate 8/a events Crystal:

48deplCaMoQ4 /
Li2MoOa4

Reflective film

« Metallic magnetic calorimeter (MMC) + SQUID for signal readout:
Fast signal (~msec signal rise-time) and a good energy resolution (~10 keV FWHM). l

AMoORE-I: Phonon sensors

150K T T T T T T ] 1042 ' [ p‘recut['_l;PSD/LH‘-xAnti-co‘incidenceSr ] . . .
* Crystal 02 (CMO) awore- preimnary + AMORE-II in YemilLab (1000 m depth), Civil work done.
1.47 : . s ~ . . . . .
i $u0 shielding installation in progress.
1.44 ¥ - - %
W i Sensitivity goal: T9%, ~ 6 - 1026 yr
=l * NG AT T mpg~ 16 — 30 meV
T T T T T T 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 R _ _4
;. o] | | e ievee | Background level: B ~ 10 count/keV/kg/yr.
£ 0.175 AMORE-I Preliminary —— All crystal (4.68 kg-yr) i . . .
20K o T ool —uwecoen | Preparing to startin 2022 with 90 LMO crystals
1.5 : - ;"30125_ T10/V2 > 1.05)(1024 years RO?: [2999, 3066] keV ’ | .
» - 003 o | 5 - et | (29.4Kkg), to be upgraded to 178 kg in 2024.
0.5 . ‘.: i %o.o75j_|_|( o E
W R e - =
0 1 2 3 4 5 6 7 8  ogem= | [III[]] | [
Energy (MeVee) 2900 2950 3000Energy (k:\(jfo

courtesy: Yeongduk Kim
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S N@ is an operating neutrino detector at SNOLab with 780 t
of liquid scintillator (2.2 g/L PPO in LAB)
Water Phase: completed

- setworld-leading limits on invisible nucleon decay
- measured the 8B solar neutrino flux with very low backgrounds

Pure Scintillator Phase: now

- detecting low energy 8B solar neutrinos

- detecting reactor (and geo) antineutrinos to independently
measure Am?,

- supernova neutrino live
courtesy: Christine Kraus

Double Beta Decay Phase:

- add up to 4,000 kg of 13%Te to the detector

- with sensitivity in the IM Ordering parameter space

- Tellurium systems are built ready for operation:
Full-scale test batches in 2022 and 2023

- Goal: Begin loading Te in the detectorin 2024

AISM-INFN

CUORE (2019)

s
‘GERDA (2020)
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 Telluric acid purification Te-diol synthésis

L. . . . T, x G'V
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Liquid scintillator detector KamLAND in Kamioka with nylon balloon with LS and DBD isotope *3¢Xe
e Q-value 2.458 MeV, dissolved into LS ~3% by weight, enrichment ~90%

KamLAND-Zen 400: past KamLAND-Zen 800: present Latest result: KamLAND2-Zen: future
320-380 kg of Xe 750 kg of Xe, cleaner KamLAND-Zen 800 (523.4 d): 1t of Xe
Data taking 2011-2015 DAQ started in 2019 T(1h/’z >2.0-1026 yr Better energy resolution
. S , ey
&' 1L ﬂ‘ [ Sineles Data T izz: OuppUL) —— 2:@1%25311%2:) / A fTﬁ”l 5
r _j_l e ; ) j,‘\_ : ‘; % 104 %"LL 136Xe 2upp ﬁcz:;)lilalsrgllation products // ] A7 \— \\
EY IR 8 & 4 Aﬁ’ﬁ—@“ B & Z p= [=, ™ ———- IB/External RI a8 & - o W A]\_
1 /,’f 5 ,:" R 8 E I‘-LH_ T Solar neutrino ES+CC ,/ ' D‘\I
| S 1% by it D ] |
&y g [/
9 > E |
g : " 10,
Hh el i
g 7777 7:‘}” Visible Energy (MCV)
> N Combined KamLAND-Zen 400+800:
. i/
L od ool T1), > 2.3-10% yr 1l
mpg < 36 — 156 meV Goal: (2.6 MeV): 4% — 2%
courtesy: Azusa Gando arXiv:2203.02139 mgg ~ 20 meV
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Rate (counts/(MeV yr))

Advantages: High energy resolution (1% FWHM),
double electron from vertex ID, goal Ba** tagging

X (mm)

NEXT: a high pressure 136Xe-enriched TPC

Bt NEXT-White data

(mm)

mmmmm

60

2008-2014

Demonstration of detector concept

[ Prototypes \ ( NEXT-White \

2015-2021

Background model assessment

2vpp measurement for 136Xe

[ NEXT-100 \

2022-2025

Background model assessment

Neutrinoless double beta decay
search in 136Xe

/ NEXT-HD \

2026?
Neutrinoless double beta decay
search through inverted neutrino
mass ordering

NEXT-BOLD

Barium tagging for background-free
experiment

2009

20142015

2021 2022 2025

2026

Status: NEXT-White: precision measurement of DBD half-life by measuring with/without enriched xenon

NEXT-100: target background rate: 4 x 104 counts/(keV-kg-yr), or ~1 count/(ROI-yr)
NEXT-HD/-BOLD: 1t symmetric TPC with central electrodes, tracking plane with dense SiPMs,..

1.2

1.0
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Tagging of Ba++: Single molecule fluorescent imaging

- developed custom barium chemosensing molecules
demonstrated single ion response in dry environments:
- Turn-on: @) @) Phys. Rev. Lett. 120 (2018) 132504, arXiv:2109.05902

- Bi-color: @@ » @ Nature 583 (2020) 7814, 48-54 , arXiv:2201.09099

Single
detected
ion

1.0

12

1.4

16 18 20 22
Event energy (MeV)

2.4

2.6

>8 _|CHEP 2022

courtesy Juan J. Gomez-Cadenas

Fluorescence Intensity

per Pixel (arb)



Charge
collection

nEXO: a single phase 13¢Xe-enriched LXe TPC

nEXO: LXe TPC

enriched 13¢Xe: 5t

energy resolution: ~ 46 keV (FWHM)

background index: B =7-10"° counts/(FWHM kg yr)

T3}, > 1.35-10%8 yr (90% C.L.)

175 nm scintillation
light detecting APDs
B <

N L7

— expected sensitivity (10 yr):

— expected sensitivity (10 yr):

mm; <5 —20 meV

G Adhikari et al. (nEXO Coll.) J. Phys. G: 49 (2022) 015104

TPE 100
EXO-200: | nEXO: Improvements: .
Thin-walled Thin-walled Lower background
HFE 7000 Vessetl :nd commercial Cu | electroformed
CIyoSta wWIHFE Cu w/HFE
High Max voltage: 25 | Operating Full scale parts tested in LXe prior to installation to = 10~! {PRL 123, 161802 (2019) ll
- voltage end-of-run voltage: minimize ris [ /
LXe Esi Itag kV (end-of: It 50 kV k i
Cu clad Cu clad Same cable/feedthrough technology, R&D identified —~ I O ,’
Cables polyimide polyimide 10x lower bkg substrate and demonstrated digital % e
S PM (analog) (digital) signal transmission S
-2
| S ) e lifetime 3-5ms 5 ms (req.), Minimal plastics (no PTFE reflector), lower surface to le
10 ms (goal) volume ratio, detailed materials screening program = II
Charge c —_— Gridless R&D performed to demonstrate charge collection with - ll
/ \ collection rossed wires modular tiles tiles in LXe, detailed simulation developed N. O !
- I
Light APDs + PTFE SiPMs around SiPMs avoid readout noise, R&D demonstrated 10—3 E \\ ]
Outer Cryostat collection reflector TPC barrel prototypes from two vendors ™ ! i : : : :
. , . — 107 107 102 107t 107" 107* 1072 1070 10°
Energy 1.29 1.2% (req.), Improved resolution due to SiPMs (negligible readout V V
vV resolution <l 0.8% (goal) noise in light channels) Mmin [e Mmin [e ]
acuum . Minimize readout noise for light and charge channels,
: 2 . Conventional In LXe ASIC- i
FI e|d RI ngs Electronics room temp. Bechd.desian nEXO prototyp(_es demonstrated in R&D and follow . .
from LAr TPC lineage courtesy Giorgio Gratta
Inner Cryostat Background | Measurement of | Measurement of | RBC program _follows successful strategy
v Cathode control all materials all materials demonstrated in EXO-200
errral >2 atten. length | >7 atten. length Exponential attenuation of external gammas and more 1 1
2EHEeuSZe at center at center fully contained Comptons




CUPID:
CUORE Upgrade With Particle IDentification

Next generation decay Ovpp: replace the CUORE TeO,
detector with 1596 Li,MoO, scintillating bolometers:

o 450 kg of Li,1%Mo0,

EE 100 5 . CUPID rationale N
EE 2 4 O kg Of M 0 (h I gh Q) pure(t::eorfal (::ector ) 'cl::;ltD+ Iig“r:lt0
EE o 5 7 tOW e rS Of 2 8 C rys ta IS , ‘ (bolometer) ‘ (scintillating bolometer)
- each instrumented with == e o o CUPID-like tower
a Light Detector T%i:?i_ﬂ """""""""" %AM s (not enriched)
e o i Now in operation
scintillating bolometer technology: enables PID 2% o SondT 0 sy @LNGS

10°E

Goals: fully probe the “Inverted Hierarchy” region

improve sensitivity to mgg by factor of ~5 relative to CUORE

energy resolution: 5 — 7 keV (FWHM)

background index: B =1-10"* counts/(keV kg yr) 2
— exp. sensitivity (10 yr): T97, > 1.4-10*7 yr (90% C.L.) : Normal erdering
— exp. sensitivity (10 yr): Mgp < 10 — 17 meV courtesy: Mauran Pavan :

CUORE sensitivity

Inverted ordering

Mgy (meV)

Christian Weinheimer — Neutrino Mass and Nature — ICHEP 2022




based on GERDA+Majorana technologies
enriched 76Ge, PPC/BEGe/ICPC detectors (—event topology) & active veto

LEGEND-200: commissioning & start data taking with 10 strings in 2022
(=~ 150 kg), goal: 12 strings, goals: B = 1.0 - 10~* cts/(keV kg yn), T}, sens.: 1027 yr

\

/ \ Pure water\

/ : Liquid Ar
Ovpp signal candidate (single-site) v-background (multi-site) \ e

/

Weighting Potential and Charge Drift Generated Signal Weighting Potential and Charge Drift Generated Signal

Ay
10001 Acceptance Window 4 pr— V B \
‘ f ) p o -

|

"l I ‘ ‘ ‘
(i | AR | Wiy
T | |
—Bnu ! J ] !) | “ |
ey ‘
Bl » I S {iwmmm
200 / Q I I }: ‘
= i | |
w o 200 4

/ o
ol - a
2 | _-- 7\ PEN
%0 60 800 1000 1200 1400 1600
St Y Optical

|
fibers / \

1997 Acceptance Window 7 Charge signal

[
- Y L
3 oo i

&

accepted ’s"

10°
Future plan: LEGEND -1000 [ e san consmetonin 2025 -
a rXiV: 2 1 O 7 . 1 1 4 6 2 (PC D R) , LEGEND-1000 Commissioning has started ’{///{’ ’::.—-'

,,,,,,
........
——————

-t
-

-t
-

Ty, sensitivity: 1028 yr

ls: B =1.0-107° cts/(keV kg yr) §
goals: B = 101075 cts/ eV g ) gy |
B

%
IIIIIIII| IIIII|'|T| IIIII|'|T| IIII|T|T| LBLRLLLLLL

— 0.025 counts/FWHM-t-y
= == 0.1 counts/FWHM-t-y
= ==+ 1.0 count/FWHM-t-y
[ sweenne 10 coUNtS/FWHM-ty

102 RN W R RT] BRI W RN T] R ST I R N1 R ST W U T] B S AW T IT] R S W ARt T
107

talks by Ning Burlac,

Michael Willers

. . -3 -2 -1
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Median Sensitivity Median Discovery 3
at the 90% C.L. Potential at 30 2107
8 W nEXO | i W nEXO %
' &
' 5
4' ; .,4
wn
g 0' A éw-z :
©g. LEGEND-1000 | : LEGEND-1000 © .
- ' / : :
“5 Inverted Neutrino 1 Inverted Neutrino Technically
e 4 - Mass Ordering - : Mass Ordering ready | | | |
: Q a n
-g 0 ! I I — ; | @ CUplD.rea::”loqrLEGENDq':::*// A nda.\'.,,,:o::"lvo:_i::/yo £Xo
= 8- W CUPID | i W CUPID A. Giuliani, Neutrino Telescopes 2021
1
44 : Others:
| 1_! « Xenon dark matter experiments will also look for Ovp[3:
0 5 1015 2025 O 5 10 15 20 25 LZ, Par;SlaX 4T, XENONNnT and DARWIN (sensitivity:
{mgg) [MmeV] (mpgg) [MeV] 2.4 -10%7 yr, EPJC 80 (2020) 808)

courtesy :Giorgo Gratta T, values used [x1028 yr]:

nEXO: 1.35 (90% sens.), 0.74 (3o discov.)
LEGEND: 1.6 (90% sens.), 1.3 (35 discov.) °© New proposals:

CUPID: 0.15 (90% sens.), 0.11 (3¢ discov.) R2D2, a spherical HP Xenon TPC

Christian Weinheimer — Neutrino Mass and Nature — ICHEP 2022




E— Complementary ways to the neutrino mass

Direct neutrino mass search ,
No further assumptions are needed:

m?(v,) = mg = %,|Uy|* - m?(v;) use EZ

| =p} +m} ~m
no further assumptions needed

Determine mZ from beta electron spectrum

p: Z_Z = K-F(E,Z) p-Ev* (Eg— Ee) - X |Ug;i|* - \/(EO —E_.)? —m?(v;,)
LYJ \_Y_“ Y J L . )

Kinematics of weak decays, phase space: p. E; E, D,

e.g. tritium (p-), %3Ho (EC)

Time-of-flight measurements
(v from supernova)

10

Counts [a.u.]

N [a.u.l

Also phase space x p,, - E
near endpoint of electron capture
deexcitation spectrum, e.g. 1¢3Ho

1 1 1 1 1 1
0.5 1.0 1.5 2.0 25 3.0

Energy [keV]
-5 —-25 -2 —1.5 -1 —-05 O 0.5
E—E, [eV]
measure charged decay products, Time-of-flight: only eV sensitivity for very far away, very strong sources,
use E-, p-conservation e.g. core-collapse supernova, e.g. SN1987a - m,, < 5.7 eV

R .
. a
rica Pomp
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Count rate (cps)

Residuals (o)

Time (h)

25

MUNSTER

—~— wwu KArlsruhe TRItium Neutrino experiment KAT

T ?
= EEEE?::?:: ;;i f &f
LK 2l 5 AN Phys. Rev. Lett. 123 (2019) 221802
M e T Nature Physics 18 (2022) 160
a) h M A === == T\ E‘—,‘;‘—déab’y’ﬁ‘gﬁéhtneuﬂ’lﬂo
Spectrum 15t campaign % 1'2;_ = Knimid: ~0.96%355ev*
with 1 o errorbars x 50 m? (v) = (O_ Zﬁtggi) eV?2 5 1.0 — Knm2: +0.26253; eV
. : - - —— Combined: +0.11%333eV?
Spectrum 2" campaign ) . B osk
with 1o errorbars x 50 — compatible with zero s
(O} 0.6_—
Frequentist limit: m,, < 0.9 eV (90% CL) §,.4f
. ©
g { Bayesian: m, < 0.85 eV (90% Cl) £ 0.2F
2
Combine 1st & 2" campaign: 00— =2 o 2
: . m?2 (eVv?)
.01 . Frequentist: m, < 0.8 eV (90% CL)
; F///////////////////////////
—2.51 « Uniform Stat. Stat. and syst. Bayes: m, < 0.7 eV (90% CL) sysmmaticzbo P Ty v
Io) . . . e . R
501 w1 campaign Since 2019, significant improvements
] nd H o o bg voltage dependence =
: wmm 2T campaion || in background rate & systematics :
_ ‘h h | | much more data taken ... et
0 | . . . . . . . . . . . . . . energy loss s KNM5 —
0 >0 109 022 R e " 16

Retarding energy — 18574 (eV)



— —wwu KATRIN’s BSM searches near the endpoint

Search for sterile neutrinos: Search for overdensity of CvB nneutrinos
0.8 dr ( 2) dr,, 2 2 dT s 30 ' l ' '
B S5 = (1 - |Ueal?) 55 (m3) + |Uea|* 5 (m3) - >
3| aE = a () + 1Wetl g m2) 5 | | Fora T, source,
~ i Y Y > 10 | X 7 . .
% 0.6 B light neutrino heavy neutrino 2 ! | the rO'V|brat|Onal
; i : S 1410 L —— 3 decay, single FSD state ' ! 4 1
gl il e o U O T final states
g [ branc Characteristic distortion = g decay, standard FSD ' ’
% - of the spectrum 8 | gas| CB standard FSD ; ] Create
s | - [ | . .
§ 0.2} Sterile branch S : : an IrredUCIble
£ [ e 1020} : 1 background
[a) L A g - '
0'0 n Sll:l 1 1 1 r--l---l--T--I---I---I--I---I- 1 | : ; : '
18560 18565 18570 18575 . = '2E E V)O 2 &
Energy (eV) "Eg A€
........ R
NG DANSS 95% C.L. [
Daya Bay 90% C.L.
..... 1)Double C;I;);zgi% G Majorana: a=1
‘e . rospect 0 C.L. .
|  STEREO 9% C.L. Dirac: a=1/2
Neutrino-4 20
—— RAA95% CL
———BEST + GA 95.45% CL
[ 0188 NH 90% C.L. e e mm = = = = = -
ongIH%%C.L. 21011'_ -
—-—=- Mainz 95% C.L.
— — Troisk95%CL. [N 0 [ s KNM1
----- KATRIN (KNMI, 7’ =0 eV?) 95% C.L. == KNM2
== == KATRIN (KNM2, mi:OeVz) 95% C.L. =———KNM1+2 . o
—— KATRIN (KNM142. m = 0 V) 95% C.L. = == i KATRIN projected 3-yr sensitivity
----- KATRIN projected finalysensitivity o o B - —— —
(m’=0eV?)95% CLL. e ————
| 1010 i i i 1 i i i 1 i i i 1 i " " 1 P i i PRL 129 011806 2022
PRL 126, 091803 (2021) —— 0 0.2 0.4 5 20'6 0.8 1 ’ ( )
'8, RD 105 (2022) 7, 072004 m,, (eV7)
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—-—wwu  Future: search for sterile keV neutrinos with KATRIN

MUNSTER

X

N

2,
o

25

4th mass eigenstate of neutrino mixed with flavour eigenstates
— BSM particle, dark matter candidate 20

5= cos?(9)- S (my)

+sin?(0) - = (m,)
Look for the kink in the B-spectrum ®
Target sensitivity of sin26 < 10 10

— TRISTAN project in KATRIN

'\ signature of
sterile neutrino

requires developing a new detector & DAQ system with
- large count rates
- good energy resolution

1012 14 16 18 20

o°
NF
_h:_
ook

Successfully tested
first prototype module

— highly pixelized silicon drift detector (SDD)

e

S. Mertens etal., J.Phys. G46 (2019) 065203
T. Brunstetal., JINST 14 (2019) P11013
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—"— wwu EC with 13Ho cryogenic bolometers: ECHo

163Ho + e = 163Dy* + v, = 163Dy + y/e- + v, ECHo-100k baseline: multiplexing to read-out large # MMC
. ' ' G Number of detectors: 12000

— Mahan broadening _|

~ Experimen Activity per pixel: 10 Bq (2 x 1012 163Ho atoms)

Counts/5 eV

Present status:

\ High Purity 163Ho source:
% 2 25 30 » available about 30 MBq

Energy/keV

"rEP) € 79 (2019) 10
0.5 1.0

0.0

lon implantation system:
« demonstrated and continuously optimized

Metallic magnetic calorimeters

» reliable fabrication of large MMC array
» succesfull characterization of arrays with 1¢3Ho

Multiplexing and data acquisition:
« demonstrated for 8 channels

» development of the SDR electronics
 still to show scaling of the

ECHo: metallic magnetic calorimeters (MMC):

ECHo-1k phase:
sensitivity m(v,) < 20 eV

-EII!Ill-":lllIlilE.Iﬁ‘!i!u!!leli-

-“ T "z_

10cm 14 cm

ECHo-100k phase:
expected sensitivity: m(v,) = 1.5 eV

system
courtesy: Loredana Gastaldo ralk by Loredan
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MUNSTER

163Ho to be implanted in gold absorber
read-out: frequency multiplexing

20

EC with 13Ho cryogenic bolometers: HOLMES

HOLMES: superconducting transition edge sensors (TES)

3Bq/TES

10

m, statistical sensitivity 90% CL [eV]

1Bq/TES | |

smyet

TR T
| e [5)

64 channels

AE =3 eV
T, =2 Hs

| \
. 1 2 3 5

10 20 30

measuring time [month]

m_ sensitivity
depends on:

activity / TES
pile-up fraction
(time res.)

energy res.
# TESs
measuring time

HOLMES status:

—300Bq )X — fewBq
—10%

(15 ps)
— few eV @ few keV
— 103X — 64

— — expected 3 years

i uall vWelliiciie!r — INSULITTIU IVIadDD aliu INaLuIc — IClILD 2z 2z

Current work:

>>Fe
AEFWHM=4.1GV

Single Pixel
200
=150
Absorber £
5100
(D
50
Cu/Mo %2
=t
TES 8,

0 .

0 u.w"’."'.'a;"' ‘oLq.:- . "‘.' ICROSCRIVE R Y
. .

0

Y N _
e reliable '*Ho target

e ijon-implantation stability
e '®Ho handling procedure

Goal: first measurement still in 2022

o
5870 5888 5905 5922 5940
Energy

courtesy: Luca Origo

20



— " — WWU

MUNSTER

g %

Cyclotron radiation:

Wo qB
w = =
14 me + Ekin

Magnetic
trap

\ﬁ\ ny?Antenna

Cyclotron Radiation Emission Spectroscopy (CRES)
to reconstruct kinetic energy of electrons

Phase I & II 1400| —— Shallow trap data
—-—- Shallow trap fit result
1200
_ 1000
3 83mKr K-32
©
S 800 . .
2 conversion line:
§ 600{ instrumental
resolution 1.7 eV
400
200 J,./\JL
073 17.6 17.7 17.8 17.9 18.0

Reconstructed kinetic energy (keV)

Low background observed

First tritium run using CRES in 2019-2022
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Project 8: tritium 3 spectroscopy with CRES

Phase lll:

A future CRES experiment will
require large volumes and an
atomic tritium source

Cavity
Beamline and cavity for an

atomic T experiment Pinch coils

Halbach
or loffe

Atomic source (not shown)

Quadrupole guide

Phase IV:

Eventually, Project 8 wants to build an
experiment with sensitivity 0(40 meV):

J. Formaggio, NuMass 2022, Milano




——— Wwu PTOLEMY: R&D towards CvB

100 A Miightest = 50 meV LNGS prototype
- A=10 meV _ in construction
T 8 | "

% 10 o - Target
T 106 1= Het+e +7, : Endpoint of spectrum
> e NO
O 4 { w— O
5 10 CvB:v,+3T- 3He + e~
+— 107 -
-
S
2 10° 4
102 ; - ;
—200 —100 0 100 200 300
courtesy: Chris Tully e~ Q (mMeV) _.-acolorime’rer
4-9——_——*% ' e Goal 50 meV resolution R
N RI M == | World-record TES calorimeter
1Ds“TF%JETSFNAAEJETNRA&OFm 0 Pho ns W/50 meV resolution fOI' CNB
.l 1 photon | neutrinos
Infrared A= 1540 nm JOHN
2 photons PTOLEMY . TemprLETON [E
FOUNDATION

Photons (0.8 eV) &
C.-Pepe;E-Monlicane,-M.-Rajler i

4} 3 photons

CI’Measure P1:mean(C1) P2 miniC1) P3.(P1-P2) Pa ampliCa) PS:mean(F2) P& miniF2) P77 (P5-PB) PO
value 5.1 m -7 N 12.2 m™ =0 MmN



———— WWuU Conclusions

* Neutrino nature (Dirac < Majorana = LNV, would allow leptogenis & BAU, seesaw)
& neutrino mass (cosmology & structure formation, mass generation of super-light fermions)
are leading and timely questions of nuclear and (astro)particle physics as well as of cosmology

« Cosmology, search for Ovpf3 and direct search for neurino mass provide complementary imformation

» Search for OvBp is investigating neutrino nature and mass:
current sensitivity T;),~ 2-10%¢ yrand mgsz ~ 0(200 meV) by GERDA, KamLAND-ZEN, ...
Next generation experiments (CUPID, LEGEND, KamLAND-ZEN, nEXO, ...) will investigate inverted mass ordering
regime with sensitivities of T, ~ 10%® yrand mgg ~ 0(20 meV)
Main challenges: ultra-low background, large mass of DBD isotope (“¢Ge, 1Mo, 136Xe)

* Direct search for neutrino mass:
- KATRIN reached sub-eV sensitivity and has much more data, provides BSM limits on v, CvB overdensity
will search for keV sterile neutrinos
- Cryo-bolometers (ECHo, HOLMES) with 1¢3Ho aim for (sub)eV-sensitivity with large arrays of multiplexed pixels
- Project 8 (CRES-technology) is opening a new road towards sub-eV neutrino mass sensitivity with tritium
- Direct neutrino mass search with tritium at the extreme: towards CvB, R&D with PTOLEMY for the (far) future
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———— WWuU Conclusions

* Neutrino nature (Dirac < Majorana = LNV, would allow leptogenis & BAU, seesaw)
& neutrino mass (cosmology & structure formation, mass generation of super-light fermions)
are leading and timely questions of nuclear and (astro)particle physics as well as of cosmology

« Cosmology, search for OvpBB and direct search for neurino mass provide complementary imformation
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- Cryo-bolometers (ECHo, HOLMES) with 163Ho aim for (sub)eV-sensitivity with large arrays of multiplexed pixels
- Project 8 (CRES-technology) is opening a new road towards sub-eV neutrino mass sensitivity with tritium
- Direct neutrino mass search with tritium at the extreme: towards CvB, R&D with PTOLEMY for the (far) future
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