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Direct neutrino mass searches

- introduction

- spectroscopy in ß-decay + EC

- EC of Ho-163: ECHo & HOLMES

- ß-decay of H-3: Project 8 & KATRIN

- searching for keV-sterile neutrinos

- conclusion & outlook
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assessing neutrino masses: the three-fold way
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- ß-decay: 3H 

- EC: 163Ho

- model-

independent:

conservation of E,p
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GRS, lensing
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- ßß-decay: 
76Ge,136Xe, é

- model-

dependent:

Majorana-n
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n-masses from kinematic studies ïthe challenge

normal hierarchy

Âsetting the stage: experimental observables m(ne) in ß-decay and mßß in 0nßß-searches

(Majorana/CP-phases) 

from: C. Weinheimer, arXiv:0912.1619 
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ß-source requirements

kinematics: short t½  & low E0

(super-) allowed transition

good understanding of final state 

high isotopic purity & source stability

well-established procurement method

Complementarity: tritium ß-decay & EC of 163Ho 

e-

only two isotopes of choice:

tritium & holmium

T2

(3HeT)+

e-

(3H)2Ÿ(3He-T)+ + e- + ne

_

ne

_

163Ho + e-Ÿ 163Dy* + ne

ne
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Complementarity: tritium ß-decay & EC of 163Ho 

e-

only two isotopes of choice:

tritium & holmium

G. Drexlin ïdirect neutrino mass searches

3H: super-allowed

E0 18.6 keV

t1/2 12.3 y

molecularX

condensedX (but charging)

atomic, gas (?)

4 × 108 atoms

for 1 Bq 

163Dy*: line width

E0 2.8 keV

t1/2 4570 y

2 × 1011 atoms

for 1 Bq 

atomic, in solid state, 

embedded in

(ordered) crystal

ß-source requirements

kinematics: short t½  & low E0

(super-) allowed transition

good understanding of final state 

high isotopic purity & source stability

well-established procurement method
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ß-detection requirements

cover large solid angle (~ 2p)

very low background rate at E0

high energy resolution (~ eV)

short dead time, no pile up

MAC-E filter

min. longitudinal ß-energy Eớ

DE = 0.9 eV (100% transm.)

direct neutrino mass experiments ïread-out 

cyclotron radiation

max. transversal ß-energy E
ƍ

DE = 2-3 eV (FWHM)

thermal µ-calorimeter

released decay-energy

DE ~ 5 eV (FWHM)

metallic magnetic calorimeter

released decay-energy

DE = 2-5 eV (FWHM)

MAC-E filter:

highest energy resolution

G. Drexlin ïdirect neutrino mass searches

electron energies

calorimeter:

sourceė

detector
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MAC-E filter

min. longitudinal ß-energy Eớ

DE = 0.9 eV (100% transm.)

direct neutrino mass experiments ïthe projects

cyclotron radiation

max. transversal ß-energy E
ƍ

DE = 2-3 eV (FWHM)

thermal µ-calorimeter

released decay-energy

DE ~ 5 eV (FWHM)

metallic magnetic calorimeter

released decay-energy

DE = 2-5 eV (FWHM)
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EC ON HOLMIUM-163: ECHo, HOLMES

G. Drexlin ïdirect neutrino mass searches

m(ne) < 225 eV (1987) 



KIT-KCETA10 Sept 14, 2018

electron capture & n-mass

ÂEC-process of 163Ho : 163Ho + e-Ÿ ne + 163Dy*  (only from s½ or p½ orbitals)

M-shell

163

ECe
-

ne

QEC: Q-value of EC-process

M(163Ho) ïM(163Dy) = 2833 (30)(15) eV

no capture from K, L shells possible due

to small small mass difference QEC

A. De Rújula, M. Lusignoli, Phys. Lett 118B (1982)

G. Drexlin ïdirect neutrino mass searches

¬ïafter EC: ne carries away energy & momentum

- independently measured by MMCs

QEC = (2 843 ± 9stat - 60syst) eV 

- measured by SHIPTRAP
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electron capture & n-mass

ÂEC-process of 163Ho : 163Ho + e-Ÿ ne + 163Dy*  (only from s½ or p½ orbitals)

­ïatomic hole state de-excites to atomic g.s. ĔAuger & Koster-Kronig electrons, X-rays
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Âshape:
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calorimeters to measure 163Dy* atomic de-excitation

ÂMMC: metallic magnetic calorimeters

with paramagnetic sensor Au:Er

dT in absorber from EC-decay

Ĕ change in magnetismdM of sensor

signal: E
CT

M
T

T

M

tot

S dd ÖÖ
µ

µ
DÖ

µ

µ
F

1
~~

M

thermal link

SQUID

Âthermal micro-calorimeters with

TES read-out

dT in absorber from EC-decay

Ĕ change in temperaturedT of TES thermistor

thermal

link

absorber
ne

TES

VCV

E
T

Ö
=D
d

calorimeter signal: 

DR

s.c. n.c.

DT

TES SQUID
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163Ho-experiments: overview

- source: production of high purity 163Ho source: goal:   A = 1 kBq Ÿ 10 MBq

- detector: high energy resolution & small pile-up rate: goals: DE ~ 2-3 eV, fpu ~ 10-6

- analysis/theory: description of spectral shape & features (shake-off satellites, 2 holes)

ÂCommon challenges to reach sub-eV sensitivity:

TES

Au-absorber

with 163Ho

- 14 institutions with ~ 50 scientists

- read-out technology: MMC

- main funding: 

- 6 institutions with ~ 40 scientists

- read-out technology: TES

- main funding: 

G. Drexlin ïdirect neutrino mass searches
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EC on holmium ïsensitivity

Ârequirements for sub-eV sensitivity
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Based on n2018 transparency by L. Gastaldo

- good statistics in endpoint region:

Nev > 1014 Ÿ overall A ~ 1 MBq

- limit unresolved pile-up (fpu ~ a · tr)

fpu < 10-6

for tr < 1 µs Ĕ limit pixel a ~ 10 Bq    

- very good energy resolution at endpoint

DE(FWHM) < 3 eV

- very low background level  

Rbg < 10-5 events/eV/pixel/day
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EC on holmium ïsource challenges

Âgenerating a large number of Ho-163 atoms ( > 1017 atoms Ÿ > 1 MBq)

- pathway: n-irradiation of Er-162

- chemical separation of radioactive contaminants

G. Drexlin ïdirect neutrino mass searches

2 × 1018

atoms

2.7 × 1019

atoms

Âembedding of Ho-163 atoms into detectors

ion optics

implantation

into pixel

dipole

laser for

ionization
ion optics

30 kV

slit
Ho-163

sample

- resonant ionisation of chemically

purified Ho-163 sample via laser

- very good mass separation

- ion implantation energy 30-50 kV

- optimised beam focalisation onto pixel
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EC on holmium ïspectral challenges

Âchallenges to be met for sub-eV sensitivity

- limit pile-up to fraction fpu ~ 10-6

- detailed understanding of 2-hole excitations
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EC on holmium ïspectral challenges & spectra

ÂECHo data with limit on m(ne) to be released

in the nearer future

- more dedicated theory works on spectral shape 
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theory

MI

MII

NI

NII

4 pixels, about 4 days

A. Faessler et al.

Phys. Rev. C 91, 045505 (2015)

A. De Rujula et al.

arXiv:1601.04990v1
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HOLMES ïstatus mid-2018 & plans

ÂHOLMES source production and purification:

130 MBq available for tests and experiments

-DEFWHM = (4.9 ± 0.1) eV 

ÂDetector arrays - characterization:

- very good single pixel performance

- operating microwave SQUID multiplexing

Âtimeline

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

Based on n2018 transparency by L. Gastaldo

- full scale (2019ff), 1000 channels, 3 years

- upcoming: loading of TES arrays with Ho-163  

G. Drexlin ïdirect neutrino mass searches
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ECHo ïactual status

3-inch wafer:

64 pixels

(loaded with 163Ho)

+ 4 detectors for 

diagnostics

ÂECHo-1k

detector arrays

Based on n2018 transparency by L. Gastaldo

ÂDesign performance

DE(FWHM) ~ 5 eV

tr ~ 90 ns : single channel

tr ~ 300 ns : multiplexed
read-out

G. Drexlin ïdirect neutrino mass searches
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ECHo ïsensitivity & timeline

¬ECHO-1k: 2015 - 2018

- demonstrate scalability of arraysX

- MMC: DEFWHM < 5 eV, multiplexing

total activitiy A ~ 100 Bq X

- achieve 1010 decays after 1 year:

Ĕ sensitivity 10 eV (90%CL)

­ECHO-100k: 2019 - 2021

- 20 arrays × 500 pixels × 10 Bq

A = 105 Bq (100 kBq)

- MMC: DEFWHM < 3 eV

Ĕ sensitivity 1 eV (90% CL)

G. Drexlin ïdirect neutrino mass searches

present limit 225 eV

ECHo-1k

ECHo-100k

ECHo-10M
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®ECHO-10M: 2021-2027 (LSM?)

- 5 cryostats with 106 pixels (10 Mbq)

-DE (FWHM) < 3 eV 

Ĕ sensitivity 0.3 eV (90% CL)
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ß-DECAY OF TRITIUM: PROJECT8, KATRIN

m(ne) < 2 eV (2001) 
_
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tritium ß-decay: kinematics

electron energy (keV)
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ß-spectroscopy: integrating & differential 

integrated tritium ß-spectrumdifferential tritium ß-spectrum

Âß-spectroscopy of tritium: integral scan (MAC-E-filter) 

differential read-out (CRES, MAC-E-ToF) 
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ß-spectroscopy: molecular & atomic tritium
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molecular 

source (T2)

atomic 

source (T)

T2

(3HeT)+

e-
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molecular tritium

relative endpoint (eV)
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Ămolecular wallñ at

m(ne) ~ 100 meV



KIT-KCETA26 Sept 14, 2018

1 year live time

Insufficient e- lifetime

T2 final states

ŭB/B ~ 10-7

effective volume (m3)
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B. Monreal, J. Formaggio, Phys. Rev. D 80, 051301(R) (2009)   

f0 =w0 / 2på 27 GHz

B = 1 T 

Ee,kin = 18.575 keV

ÂCyclotron Radiation Emission Spectroscopy (CRES)

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

Project 8 ïa novel spectroscopic approach

kinee Em
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Ĕprecise measurement of w 

yields electron kinetic energy Ee,kin

combined antenna signal

trapped electron

T2 gas

Dw~ 1/ts
sampling time 

ts ~ several µs

(magnetic bottle)

DE = 1 eV

B-field
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Âfirst detection of cyclotron radiation from a single keV electron

Project 8 ïsingle electron history
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Asneret al., PRL 114 (2015) 16501 

1 fW synchrotron energy loss

G. Drexlin ïdirect neutrino mass searches

German partners:

U Mainz

(plus support by KIT) 

UW Seattle, Yale, MIT, 

LLNL, Pacific NW, 

Harvard-Smithonian,

UCSB

Phase-I  cryostat
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Âfirst detection of cyclotron radiation from a single keV electron

Project 8 ïsingle electron history
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Project 8 ïa staged approach

¬Phase ïI: 2010-2016 ïproof-of-principle

test measurements with 83mKr

CRES observed for first time

­Phase ïII:  2015-2018 - tritium demonstrator

improved read-out

circular waveguide

runs with 83mKr

first tritium (T2) data

(second half 2018)

record continuous ß-spectrum

m(ne) ~ 10.. 100 eV

Phase - II

G. Drexlin ïdirect neutrino mass searches

multiple trapping coils

T2 and Kr-83 

co-magnetometry
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