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assessing neutrino masses: the three-fold way

- 313-decay: - B-decay: 3H - LSS: CMB,
5Ge,136X e | , _ EC: 163Hg GRS, lensing
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n-masses from kinematic studies i the challenge ﬂ("’

Karlsruhe Institute of Technology

A setting the stage: experimental observables m(n,) in R-decay and m,. in OnRR-searches
(Majorana/CP-phases)
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Moore’s law of direct n-mass sensitivities
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Complementarity: tritium R-decay & EC of 163Ho QAUT

Karlsruhe Institute of Technology

Tritium
3H

T

3,01604

kinematics: shortt,, & low E,
(super-) allowed transition
good understanding of final state
high isotopic purity & source stability
well-established procurement method

only two isotopes of choice:
tritium & holmium
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Complementarity: tritium R-decay & EC of 163Ho QAUT

Karlsruhe Institute of Technology

2 x 10 atoms
for 1 Bqg

4 x 108 atoms
for 1 Bqg

[3-source requirements

°H: super-allowed AENEHEEE SRR, Le3Dy*: line width

(super-) allowed transition

E, 18.6 keV _ _ E, 2.8 keV
o 12.3y .goc.>d und.erstar]dlng of final stat-e- t, 4570 y
\ ; high isotopic purity & source stability
! well-established procurement method | v ’
molecular X _ . . atomic, in solid state,
condensed X (but charging) only two isotopes of choice: embedded in
atomiC, gas (’?) tritium & holmium

(ordered) crystal
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direct neutrino mass experiments i read-out ﬂ(“'

MAC-E filter

Karlsruhe Institute of Technology

thermal p-calorimeter

min. longitudinal 3-energy Eg4
DE = 0.9 eV (100% transm.)

f : ——q.._ .
—— = o — et
] T L,
™ z el N N,
N\ ! N
ES

released decay-energy
DE ~ 5 eV (FWHM)

[3-detection requirements
= || cover large solid angle (~ 2p)

E very low background rate at E, calorimeter:
. . source e
high energy resolution (~ eV) detector

short dead time, no pile up

cyclotron radiation ~ MAC-Etiter:
highest energy resolution
max. transversal R-energy E released decay-energy

DE = 2-3 eV (FWHM) DE = 2-5 eV (FWHM)
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direct neutrino mass experiments 1 the projects ﬂ("’

MAC-E filter

Karlsruhe Institute of Technology

thermal p-calorimeter

min. longitudinal 3-energy Eg4 released decay-energy
DE = 0.9 eV (100% transm.) DE ~ 5 eV (FWHM)

Tritium
3H

T

3,01604

cyclotron radiation metallic magnetic calorimeter

max. transversal [3-energy E(_2 released decay-energy
DE = 2-3 eV (FWHM) DE = 2-5 eV (FWHM)
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m(n,) < 225 eV (1987)
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electron capture & n-mass ﬂ(“'

Karlsruhe Institute of Technology

A EC-process of 163Ho : 63Ho + " Y n, +163Dy* (only from s,, or p., orbitals)

=1 | after EC: n, carries away energy & momentum
67

N
Qe Q-value of EC-process Ho'
M(163Ho) i M(163Dy) = 2833 (30)(15) eV

Holmium

- measured by SHIPTRAP

- Independently measured by MMCs
QEC - (2 843 + 9sta'[ B 6Osyst) eV

no capture from K, L shells possible due
to small small mass difference Qg

A. De Rujula, M. Lusignoli, Phys. Lett 118B (1982)
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electron capture & n-mass

AT

Karlsruhe Institute of Technology

A EC-process of 163Ho : 163Ho + e” Y n, +163Dy* (only from s,, or p., orbitals)

- T atomic hole state de-excites to atomic g.s. E Auger & Koster-Kronig electrons, X-rays

102 ;_ N1 full de-excitation spectrum
. ©
< | M1
> 108 N2
= B

0 1l finite hole t:

= Breit-Wigner
% 101 " resonance (G)
~ 1020

108,

0 0.5 1 1.5 2

. (keV)
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electron capture & n-mass \‘(IT

Ml’ M2 Karlsruhe Institute of Technology
A shape: 9 —(Qq. - T) Qf(Que - To)2- mE(r, )G n @, 07 B & S MM
dT. 20 (T E)+G /4
B full de-excitation spectrum
10° ¢ s P o 14k spectrum close to Qgc

u > =
— = @ "
S 105 o M1 =~ 12: N\
Q : u o 0
L1 gr;gﬁ_\r;\clailet: s 8k : m(n.) =0 eV
L | gner _ -
= 10+ resonance (G) < 65_ )
_ = S 4F / )
= N S L
1020 = 2FE m(n)=05ev

= S R B B BT B B .

10310 | L 1.4 -12 -10 -08 -06 -04 -02 O
0 0.5 1 1.5 2 .
T~ 1 eV
TC (keV) C QEC ( )
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calorimeters to measure %3Dy* atomic de-excitation

AT

Karlsruhe Institute of Technology

A MMC: metallic magnetic calorimeters
with paramagnetic sensor Au:Er

A

absorber

thermal link

EIEE T

dT in absorber from EC-decay
E change in magnetism dM of sensor

M M .1 .
signal: aF ¢ ~ S alilq ) O nldif e il =
\ n " Ctot

~

A thermal micro-calorimeters with
TES read-out

absorber

4

dT in absorber from EC-decay
E changein temperature dT of TES thermistor

thermal
I|nk

calorimeter signal:

\_
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163Ho-experiments: overview

AT

Karlsruhe Institute of Technology

A Common challenges to reach sub-eV sensitivity:

- source:
- detector:
- analysis/theory:

production of high purity 163Ho source:
high energy resolution & small pile-up rate: goals: DE ~ 2-3 eV, f;, ~ 10°
description of spectral shape & features (shake-off satellites, 2 holes)

goal: A=1kBqY

1 NIBq

JeHo

- 14 institutions with ~ 50 scientists
- read-out technology: MMC
- main funding:

~

H@)\LMES

- 6 Institutions with ~ 40 scientists
- read-out technology: TES

- main funding:

~

“ . _Au-absorber

UFG ““ﬂiﬁ with 63Ho
\ ] -} . P
e, :€FC O
Deutsche Saseet - N \;\,}
Forschungsgemeinschaft i
European Research Council D R TES
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EC on holmium T sensitivity ﬂ(“'

Karlsruhe Institute of Technology

A requirements for sub-eV sensitivity ) ~ 10 | | | |
O
- good statistics in endpoint region: § — Qgc=2.833keV
N,, > 10 Y overall A~ 1 MBq > 8r fou=10° AE v =2V -
>
.. . )
- limit unresolved pile-up (f,, ~a - t,) c 6t i
fo, <10° ~
fort, <1 s E limit pixel a ~ 10 Bq %
4 - -
-
- very good energy resolution at endpoint ;
DE(FWHM) < 3 eV g ol i
‘0
- very low background level 5
Rpg < 10-5 events/eV/pixel/day © 0 ' ' '
K 1010 1012 1014 1016
Based on 2018 transparency by L. Gastaldo event ensemble N,
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EC on holmium i source challenges ﬂ(“‘

Karlsruhe Institute of Technology

A generating a large number of Ho-163 atoms (> 1017 atoms Y > MRBQ)

- pathway: n-irradiation of Er-162
- chemical separation of radioactive contaminants

HOINIM
15.0 m 0y
1+ 2-

%

2 x 1018
atoms

| lll H@LMES 2.7 x 10%°

H’%164 Hoi65
atoms

B NEUTRONS
FOR SCIENCE®

K “ EC EC
- _ : —
A embedding of Ho-163 atoms into detectors laser for on optics . (0@
o _ lonization | V N
- resonant ionisation of chemically Ho-163 | —-— _ %
purified Ho-163 sample via laser sample dipole St Y‘. ’:
- very good mass separation ,mp|antat,on
- lon implantation energy 30-50 kV ion optics Into pixel
- optimised beam focalisation onto pixel
.
KIT-KCETA
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EC on holmium i spectral challenges

~

A challenges to be met for sub-eV sensitivity
- limit pile-up to fraction f,, ~ 10°
- detailed understanding of 2-hole excitations

108

106

>
b
N
~ 4
% 10 -
- \ -
- -
Q 102} structures due to
2-holes shake-up theory
100 k processes (?)

| [

0 05 10 15 20 25
energy (keV)
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EC on holmium i spectral challenges & spectra ﬂ(“’

Karlsruhe Institute of Technology

A ECHo data with limit on m(n,) to be released . 4pixels, about 4 days
in the nearer future 10 ' ' ' ' '
- more dedicated theory works on spectral shape oL N EC@ . |
| 1 | P
108 i > 1071
(9]
> 108 ] @ 107}
© S
N S 107
” 104 .
S P 10"
Q 102} structures due to
2-holes shake-up  Eiaf=Ye): 107 ' - ' - ,
E | keV
0 Oj5 11_0 1I_5 2I_() 2_15 A. Faessler et al. A. De Rujula et al.

energy (keV) Phys. Rev. C 91, 045505 (2015) arXiv:1601.04990v1
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HOLMES T status mid-2018 & plans

A HOLMES source production and purification:

130 MBq available for tests and experiments

A Detector arrays - characterization: Prs
: : Elenav
- very good single pixel performance | Fervi

The HOLMES Experint.-

- DEpyim = (4.9 £0.1) eV Sty & Perspectives

- operating microwave SQUID multiplexing

- upcoming: loading of TES arrays with Ho-163

A timeline

- proof-of-concept (2013-18), 64 channels, 1 month running

- full scale (2019ff), 1000 channels, 3 years
Based on /2018 transparency by L. Gastaldo
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ECHo i actual status ﬂ(IT

Karlsruhe Institute of Technology

Absorber

A ECHo-1k = 2 == —
detector arrays ol = |

Meander

lllllll

3-inch wafer:

64 pixels

(loaded with 63H0)

+ 4 detectors for
diagnostics

Sensor

A Design performance

DE(FWHM) ~ 5 eV
t,~90ns :single channel
t, ~ 300 ns : multiplexed

HHEB. HBHEBFEEHBEB

HHIE‘BE“HHP‘HBHFHHH_
'HE.BHEE’JB“HF‘HEHHSP‘ .

Tes HHTHEE BEEE
g o

M X

read-out

Based on /2018 transparency by L. Gastaldo S.Kempf et al., J. Low. Temp. Phys. 176 (2014) 426
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ECHo T sensitivity & timeline ﬂ(“.

Karlsruhe Institute of Technology

~ ECHO-1k: 2015 - 2018 k ;
- demonstrate scalability of arrays X > 10 ' '
- MMC: DEgyu < 5 eV, multiplexing A present limit 225 eV
total activitiy A ~ 100 Bq X BN |
- achieve 10'° decays after 1 year: O
. E sensitivity 10 eV (90%CL) S
(@)
. ECHO-100k: 2019 - 2021 ) = 1004 ECHOTK ™\ ool
- 20 arrays x 500 pixels x 10 Bq =
A =10° Bq (100 kBq) 0 T,
- MMC: DEFWHM <3 eV % 100 FUPUOTIOR rrbor B e et SOOI SRR PO A
X E sensitivity 1 eV (90% CL) PR ECHo-10M N
® ECHO-10M: 2021-2027 (LSM?) £ 101 . .
- 5 cryostats with 108 pixels (10 Mbq) 10 10° 1012 1016
- DE (FWHM) < 3 eV
i E sensitivity 0.3 eV (90% CL) event ensemble N,
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Sept 14, 2018 G. Drexlin i direct neutrino mass searches

== : \
S annunss™E Yn\.\ :

OJECTS8, KATRIN

AT

Karlsruhe Institute of Technology

KIT-KCETA



tritium 3-decay: kinematics ﬂ(“'

Karlsruhe Institute of Technology

Pal

A continuous R-spectrum described by Fermi’s Golden Rule, measurement of
effective mass m(n,) based on kinematic parameters & energy conservation

%:CQQE"'”E)QEO' E)Q/(EO- E)° ¢ mch(E,Z)@](EO- E-m)

m(v) = 0eV

______ m(ve) = 1.0 eV

- m(ve) =3.0eV
— m(v,)=0.0eVm(v) =3.0eV
...... m(ve) =1.0eV m(vg) =3.0eV |

| Gy

-
(&)}
|

only 2-10-13 of all |
R-decays in last 1 eV -

~
~
. ~
~ ~
~ ~
~ -~
~ ~
~
~ ~
~ -
~ ~
~
~ i
~
. >
~
~
~
-~

-~ ~
S S N
- . e
e .
S

wra
~ |
-
~.

0 5 10 15 4 3 | 2 \; 0
electron energy (keV) electron energy (eV)

rel. rate (a.u.)
=

count rate (arb. units)
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R-spectroscopy: integrating & differential QAUT

A R-spectroscopy of tritium: integral scan (MAC-E-filter)
differential read-out (CRES, MAC-E-ToF)

differential tritium [3-spectrum integrated tritium 3-spectrum
v T T T . .'q_') H : : : :

© —m, =0eV

@ e 10" ----m, -= 1eV
= .

S )

— &

% —

o o

&

o

elettronico
della velocita

|

0 E L | L | L | | T”IN.I\j . R 10-2 . ||] ..... e ] ..... e | .....I....'.'.‘.:.:;e....l ..... I. ——— f e
-2 -4 -3 -2 -1 0 1 -5 -4 -3 -2 -1 0 1
Ei E, (eV) Ei E, (eV)
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[3-spectroscopy: molecular & atomic tritium

25

P
?_2
@
O
o
o
)
molecular =
source (T,) 3
atomic
source (T)
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10 ] | | I

atomic tritium N
8 molecular tritium -
s L Anolecularwa | | fij| at

m(n,) ~100 meV /|
o

4 ro-vib | | —
2 -

|
0 L 1 1 1 i — 1 1
-10 -8 -6 -4 -2 0 +2

relative endpoint (eV)



estimated sensitivities (statistics only) QAT

Karlsruhe Institute of Technology

1 year live time

. 1100 S I 0
> - .
Q - PRELIMINARY 6 o
o= 10 = L4 Q
5 -8
(q\| : L 2 O
CIE) 1 - 3 x 10! T,-decays 1 g
o - e : D
S B o g
o 0.14 3x10% insufficient e- lifetime [ ? =
2 1 T,-decays \ , g
o) - ; .
- T2 final states N
o 0.01 = 3 x 1012 — 0.1 2
- : T.-decays S0 —
? : ? Y dB/B ~ 107 [6
~  0.001-+ 7 4
' 1 x 102 decays of atomic T '
-2

10° 10> 104 103 102 10! 10° 10! 102 10°
effective volume (m3)
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Project 8 T a novel spectroscopic approach _\g(“'

Karlsruhe Institute of Technology

A Cyclotron Radiation Emission Spectroscopy (CRES)

- CRES of trapped electrons from tritium 3-decay in homogeneous strong magnetic field B

mq) =2 = eB E precise measurement of w
g m+E_ . yields electron kinetic energy Eg i,

Eein = 18.575 keV

B=1T B-field s trﬁlp!a\edllglfgctrq!n D w~ 1/t
M g et AEAS sampling time
- : uali 22023 t, ~ several s
I ,"'1 ". ' I "". A'| . AN | f | ." | AL I\ ‘f, (magnetic bottle)
fo — WO / 2p é 27 GHZ vy i “f J IR, VELEERELYY HUARAARRARAS ..' | I
combined antenna signal DE =1eV

B. Monreal, J. Formaggio, Phys. Rev. D 80, 051301(R) (2009)
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Project 8 T single electron history

A first detection of cyclotron radiation from a single keV electron

792 25
’§ § scattering off residual gas:
S 730 % energy loss & change of : 20
: pitch angle
(I'; 788 §
< 786 5 15
(Q\|
— 5
> 784 5
- o 10
S 782 BEEE
g _. ~-> 1 fW synchrotron energy loss
. /80 e 5

*~->onset wE initial 8mKr electron E, (30 keV)

778

0 1 2 3 4 5
Asneret al., PRL 114 (2015) 16501 Time (ms)
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Harvard-Smithonian,
UCSB

German partners:
U Mainz
(plus support by KIT)
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Project 8 T single electron history

A first detection of cyclotron radiation from a single keV electron

Frequency i 24 GHz (MHz)

29

792

5 scattering off residual gas:
790 2 energy loss & change of

_ (b -

288 0 pitch angle

S
786 O

C
784 HEES

O

Q
782 o e L

*~-> 1 fW synchrotron energy loss
780 it
278 ‘- >onsetwE initial 83"Kr electron E, (30 keV)
0 1 2 3 4 5
Time (ms)
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83m Kr

17.8 keV

A

PRELIMINARY
Krypton line from
tritium-ready system

18.0 keV

v

20 20 60 80 100
Start Frequency - 25875 (MHz)
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Project 8 1 a staged approach _\3‘(“'

Karlsruhe Institute of Technology

- Phase i I: 2010-2016 T proof-of-principle
. Phase - Il
test measurements with 83mKr T2 and Kr-83
CRES observed for first time co-magnetometry

VoIUme
Window
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- Phase i Il: 2015-2018 - tritium demonstrator
Improved read-out
circular waveguide
runs with 83mKr
first tritium (T2) data
(second half 2018)
record continuous 3-spectrum
m(n,) ~ 10.. 100 eV




