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Neutrino masses

Wealth of v oscillation data:

« Neutrino mixing & m(v,) # O established

* Oscillation experiments: tiny mass splittings

Am’ = (232707)x10 eV’

atm

Am’, = (7.5+€02)x107eV’  (PDG, 2014)

* Which mass ordering (normal, inverted)?

« What is the absolute v mass scale?

m2 A

— W. Rodejohann,
Neutrino properties

AT

Karlsruhe Institute of Technology
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So far: only upper (< 2 eV) and lower bounds (>0.01 resp.
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Complementary paths towards the v mass scale _\g(“'

Karlsruhe Institute of Technology

Tool

Observable

Present upper
limit

Potential

Model
dependence

Cosmology
CMB+LSS+...

mZ::Zimi

0.2-1eV
20 — 50 meV
yes

Neutrinoless p-decay endpoint
double p-decay and EC

/
mﬁﬁ3:|zi Uami| m53:(zi|Uei|2mf)l 2
0.2-04¢eV 2eV

20 - 50 meV 200 meV

no: direct meas.

yes from kinematics

— B. Schwingenheuer — this talk
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Direct neutrino mass measurement _\&(IT

Karlsruhe Institute of Technology

Imprint of m_on of B spectrum (similar for EC):

j—]g = C-F(Z,E)'p'(E+me)'(Eo—E>'\/(FEO__E)2_<‘m2(jV6) \\+m2(ve) = 2 |U.,

observable: effective squared mass

2 2
m;

. [ region close to 8 end point
Key requirements / g P
0.8
» Source isotope: =
) 10 - © B
« Low spectral endpoint Q oestrim el M(ve) =0 eV
08 © L
. Large decay rate (short T,,) Zoaf e
. 06 = [ only 2 x 107" of all
* Instrument: 02 F decays in last 1 eV
0 04 L
» Excellent energy resolution m(ve)=1eV
0
« Very low background - T
7 0 -3 -2 -1 0
2 6 10 14 18
electron energy E [keV] E-Ey[eV]
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Direct neutrino mass measurement _\g(IT

Karlsruhe Institute of Technology

Imprint of m_on of B spectrum (similar for EC):

j—]g = C-F(Z,E)'p'(E+me)'<Eo—E>'\/(FEO__E)2_<m2(jV6) \\+m2(v6) = 2 |U.

observable: effective squared mass

2 2
m;

Key requirements Experimental options

« Source isotope: 3H (B) 187Re (B) 163Ho (EC)
* Low spectral endpoint Q Qvalue | 18.6 keV 2.5 keV ~2.5 keV
« Large decay rate (short T, ,) T,, 123 yr 41 Gyr 4.5 kyr

* |nstrument:
» Excellent energy resolution
* Very low background

technique spectrometer : cryogenic micro-calorimeter

source # det. source within detector

present <2eV 1 <15-30eV <225eV
7 m(v) sens. Mainz, Troitsk : Milan, Genoa Livermore

~2004 ~2004 1987
®  ® W
e e e
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Tritium B-decay
experiments
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Spectroscopic technique for tritium B-decay QAT

Karlsruhe Institute of Technology

MAC-E filter technique Sharp high-pass filter:

Magnetic Adiabatic Collimation with Electrostatic filter A

Picard et al., NIM B63 (1992) 345

electrode
=
~<J

) 52
solenoid /' &<
== // .5

transmission

; : )
+ AE  energy

Steps of filter potential
— integrated 3 spectrum

B - . . . . .
U LBJ:”” B Combination of high luminosity
and high energy resolution:
@:_) Bmin . 1
v o= B const E By, 20000
B (at KATRIN)
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KATRIN: overview AT

sensitivity on m(v,):
2 eV — 200 meV

Karlsruhe Institute of Technology

~70 m

KATRIN Collaboration, March 2014

Mo FRR
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KATRIN: main components ﬂ("'

Karlsruhe Institute of Technology

3He q Tritium Laboratory Karlsruhe 3 22 “"':'./m )Ki_i h“-, |
5 L i '/ = 1]
T 0T T hd A i e -

calibr. & diff. & cryo

monitoring tritium source pumping
spectrometer detector & DAQ
N— T 7
TN N
Source & transport section Spectrometer & detector section
« Windowless gaseous tritium source « Spectrometer UHV (p < 10" mbar)
* Intensity (10"" decays/s) « Energy resolution (<1 eV at 18.6 keV)
« Stability (103 h-1) — Poster  High voltage stability (sub-ppm/month)

S. Rupp

« Isotopic purity (> 95%)
« Tritium retention (factor > 10"4)

High detection efficiency (10-3...103 cps)
Low background rate (102 cps)

» Adiabatic transport of electrons _, Poster F. Harms
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Windowless gaseous tritium source ﬂ("‘

Karlsruhe Institute of Technology

T, pumping

 Closed loop processing ~10'6 Bq tritium / day

« 107 relative stability of T, column density:

— injection & pumping rate, isotopic purity, W < . T, pumping
temperature stability & homogeneity N

T, injection

novel 2-phase
neon cooling

30.35( ‘ ..................

L 4h measurement i
S ]
l_'a 30.30[ 10x better than 7
) KATRIN specification
:::5 Catesis e e 5= S e
5 i
o 30250 5
o B ——
E _
S

30.20( -

[ “Demonstrator” (2010-12): ]

. successful cold test on site -

N L v L0 ]

06:00 07:00 08:00 09:00 10:00
S. Grohmann et al., Cryogenics 55-56 (2013) 5

(LIS FER YeW T

[N W) W Ry W
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Transport and pumping sections

12

Differential pumping section (DPS)
e Turbomolecular pumps

 Tritium retention ~10%

» Magnetic guiding of B's (5.6 T)

AT

Cryogenic pumping section (CPS)
* Cryo-sorption on 3-4 K argon frost

th Py
Ar A

 Tritium retention >107
* Magnetic guiding of B's (6.6 T)

CPS under construction,
delivery to KIT early 2015
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Spectrometer and detector section ﬂ("‘

Karlsruhe Institute of Technology

Detector tests (until spring 2013)

rate (cps)

148 pix. Si-PIN diode

!1000

800

Bake-out at 300°C
(Jan 2013)

Mid-2013: commissioning phase |

of main spectrometer & detector

13 - 1o !ME y Direct v-mass experiments K. Valerius (KIT) 30.09.2014
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KATRIN: commissioning measurements

Spectrometer & detector commissioning: phase I, summer 2013

AT

Karlsruhe Institute of Technology

Characterisation of transmission

Monoenergetic, A
point-like ‘ ‘
electron source >

[=)

transmission probability

- x Ug= -02kV, o=(803+0.2) meV
-+ Ug =-186kV, 6=(83.3=0.3)meV

0.8]
06|
04f

0.2}

0.0f

energy spread

! - —angular spread
\ .
N - = combined spread
e |
\ ~ <
A -~ - 7
\ - =
=X S B

E.-qU.4 (meV)

- Transmission characteristics of main spec.

as expected (limited by e-gun systematics ...)

contribution to linewidth (a.u.)

Characterisation of backgrounds

e\
ra yvr

and cold baffles —” |§§

First tests of
wire electrode

~ 2.0¢ N
E [N SN USRS U S S— -+~ warm baffle |-
§_ 1 65 . : . —+ cold baffle |
£ " F mean total rate: 0.78 £ 0.20 cps |
by N s s N o
g = S A DU i : s s
E 1.2 :_.........?............E...........‘E ........... ;..._..._Er_._ ...... ; ............ ; ........ 1—.-?-_.;._
8 ;_ ........... ........... ........... +_._+ .. . -
08 e
£ £ L e
= Tl I S b
g g4ttt

""E| mean total rate: 0.47 + 0.09 cps

0.0 1.0 2.0 3.0 4.0

radius in analyzing plane (m)

- Discriminate cosmics/Rn-induced bg
- Need to cut down total rate to ~0.01 cps

14
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Next steps for KATRIN AT

Karlsruhe Institute of Technology

Spectrometer & detector commissioning: phase Il starting 10/2014

improved background suppression software package

» passive: double-layer for field calculations
wire electrode, cold baffles & particle trajectories

» active breaking of storage . .
S W&o
. - SN A ‘

conditions: electric dipole,
—_ coming soon:

magnetic pulses
/ ////,/f— g LT

N

YA\ ‘J'\\ Y

s e - o
& —

. refined system
upgrade of e-gun : alignment
improved angular and imaging of flux tube
energy resolution onto detector

‘ "‘ ,15""’

upgrade of
vacuum system

electrical heating of
NEG pumps

improved B-field
homogeneity

de-magnetization of
spectrometer building
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KATRIN: v-mass sensitivity

> 1200 200 meV: 90% CL
£, 350 meV: 50

O ; | | |

< 800

S 600\ |

> ?

S 400 T——

@ 200 S

c | | | | |

Q 0 2 4 6 8 10

12

full beam time [months]

AT

Karlsruhe Institute of Technology

Reference neutrino mass sensitivity

» Start of first tritium measurements:
mid-2016

» After 3 yrs of data (5 calendar yrs):
balance of statistics and systematics

— Poster
M. Kleesiek

O ..«(Mm?) = 0.018 eV?

(even 0.016 eV? with optimized measuring time distribution)

200 |
=
= _ mlm ~-INERNE
18545 18550 18555 18560 18565 18570 18575 18580
retarding potential (V)
O.,(M?) < 0.017 eV? — total systematic uncertainty budget

» Source-related (final states, energy loss, column density, plasma potential, ... )
» Other (HV fluctuations, transmission function, non-Poissonian backgrounds, ...)

16
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KATRIN: v-mass sensitivity ... and more:

Explore physics potential

- close to the spectral endpoint E:

standard
mode for

AT

Karlsruhe Institute of Technology

era’(\oﬂ
WATRN

RH currents
Bonn et al. (2011)

Violation of Lorentz symmetry
Diaz, Kostelecky & Lehnert (2013)

Constraining local
CvB overdensities

e.g. Kaboth & Formaggio (2010)

Fassler et al. (2013)

08 é\
o

%
08 m(ve) =0 eV »

E-EpleV]

capture of
relic von
B-instable
nuclei

A

Search for eV-scale sterile v

A

’)')?|V4

~1 eV?

- and further away from E

search for keVV-mass scale sterile v as DM candidates
Steinbrink et al. (2013), Mertens et al. (arXiv:1409.0920)

17
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Search for eV-scale sterile neutrinos ﬂ("‘

Karlsruhe Institute of Technology

Additional kink in : : pmemmm AN ]
B spectrum g—g = cos’6, g—g(mi) +1sin”0, g—]g( 2)
at E = E0 - mg O o S ;

“Reactor anomaly” | Am2 ~1 eV?2
I\/]enhon et al., PI'?D 83 (2011) 073006 sin2(293) ~0.1

100 I = T = =T T o e Py 3
’ 1
I
— 10 :
> KATRIN exclusion 3
2 (3 net years) ]
=4 2J_M. Kleesiek, doct. thesis,
g ' KIT (2014)
1 3
’ 3
;\ See also:
haa | | Formaggio & Barrett (2011)
0.1 &4 Sejersen Riis & Hannestad (2011)
Esmaili & Peres (2012)
0.01 0.1 1
sin’ 20,
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UW/Seattle, MIT,
UC/Santa Barbara
Yale, Pacific NW,
Livermore, NRAO,

KIT

— novel approach to 8 spectroscopy _\ﬂ(IT

Karlsruhe Institute of Technology

Energy measured via cyclotron frequency of
electron in magnetic field:

A

6 LI
5 u LE %‘/
B =
[ 2
- i 104E =
S 40 E
< ST T T S N ST T S TN (N T T TN S [N T SO 1
LU/ : 26 26.05 26.1 26.15 26.2
— | ’ ‘[
O 3|
5 | :
& | £
2 - :
B (%)
- g
|- E
1 =
0 L | 1 | I | L | | 1 1 | 1 1 1 | | | 1 I 1 | | | 1 1 1
25.6 25.8 26 26.2 26.4 26.6 26.8 27
Frequency (GHz)

19

242

antenna array

N
P
electron
>
VAVAVAY, B

NN ) LA L4

single electron
in trapping volume

B spectrum
10° simulated decays
B=1T

Formaggio & Monreal,
Phys. Rev. D80 (2009) 051301(R)
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Project 8 — phase | ﬂ(".

Karlsruhe Institute of Technology

Proof-of-principle goal:
detect single electrons from 83MKr

Hz

&)

/

Cy

Cyclotron frequen

20

270
0.9459 T magnetic field -

265 Successful measurements with
26.0 prototype system at UW/Seattle
755 83mK+ conversion electrons

T endpoint . .
250 ; gas lines

83m

245 (5MKr)
2405 10 20 30 40

Electron kinetic energy / keV

electron
trapping

magnet (~ 1T)
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Project 8 — phase | results _\\J(IT

Karlsruhe Institute of Technology

First observation of cyclotron radiation from single electrons

21

Frequency - 24 GHz (MHz)

792

790

788

786

784

782

780

778

Asner et al., arXiv:1408.5362 [k

N
o

“lumps” = collisions

with rest gas _\/

—
(8}

Signal-to-noise ratio (linear)

steady energy
decrease by
cyclotron emission

sudden onset
of narrow-band
emission

10

1 2 3 4 5
Time (ms)
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Electron capture
experiments

Direct v-mass experiments

AT

Karlsruhe Institute of Technology
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13Ho-based experiments: basics AT

Karlsruhe Institute of Technology

1067 T T T T T ] F T T T T
7 ] 163 163Qy* + v -
ol Ho — "*°Dy* + v_:
5 lowest Q. ~2.5 keV
g short T, , ~ 4570 a
© 1005
107 0?5 1!0 1!5 2i0 g%/ 3.6 0-22.550 2.5ISS 2.5;60 2.5165\ 2.570 2.575
L. Gastaldo Energy [keV] Energy [keV]
Atomic de-excitation of 163Dy*: | Example:
Metallic magn. calorimeter
. X-rays Fleischmann et al. (2009)
» Electrons (Auger, Coster-Kronig)
— Cryogenic calorimetric measurement absorber -
SQUID loop
oM E
A(I)S oC : thermal link
a T CVsensor—l_ C'absorber
A\ & v J
thermal bath
AT T <100 mK S
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13Ho-based experiments: overview AT

Karlsruhe Institute of Technology

EC@ H@{.MES LANL

Heidelberg (Univ., MPI-K), U Milano-Bicocca, Los Alamos,

U Mainz, U Tubingen, TU Dresden INFN Milano/Genova/Roma, NIST,

U Bratislava, INR Debrecen, U Lisboa, U Miami, U Madison

ITEP Moscow, PNPI St Petersburg, NIST, JPL and others

IIT Roorkee, Saha Inst. Kolkata

» Started R&D in 2011 « Established in 2013 » Since ~2011

« MMC technology (previous R&D in MARE) « TES technology

« Prototype: currently * TES technology « Source production
most precise calorimetric * Multi-channel readout & detector
1%3Ho spectrum development

Different technological approaches, but common challenges:

« Detector characteristics: energy resolution, pile-up

« Source preparation: isotopic quantity & purity, implantation process
« Scalability for eV (and sub-eV) sensitivity: large arrays

24 Direct v-mass experiments K. Valerius (KIT) 30.09.2014



183Ho-based experiments: challenges

Detector

« Statistics: N, = N, - Ag -t
— N, > 10" requires Ny, - A; ~ 10° Bq
for t,, ~ few years

« Pile-up fraction: f,, ~ Ag - 7, << 10*
— Fast & large number of detectors

 “Moderate” resolution;: AE ~1-10 eV

Source implanted into absorber
e Production: 108 Bq — N('%3Ho) =2-10""
» Implantation: Preserving detector features

« Background: Radiochemical purity

25

statistical sensitivity 90% CL [eV]

AT

Karlsruhe Institute of Technology

Galeazzi et al., arXiv:1202.4763

10 rrm

[AE =1eV,f, =10 Q=2600 eV

| | L PR Ll L
1010 1011 1012 1013 1014
total statistics N_eV

12
10 T T ‘ T T T T T ‘ T T
& — 163 -
> 0l Ho theo
- - ( ‘[‘ ' —163Ho + pu |
o N 1 f“ I\ i
4\9 106 T MV“\ ;‘l‘v“‘i‘ |/ A‘ ‘f/"\\y \ ’ ’ R
5 ) (uw‘ W \\ AN | VA
3 'y S N 2
g .
102} \
o | L. Gastaldo, ‘v2014\f
10 L Ll L L L1 | L
0 1 2 3 4 5

Energy [keV]
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ZeHo,

Absorber

Source

~0.01 Bg/pixel

Meander

4 micro-fabricated pixels

Ranitzsch et al., JLTP 167 (2012) 1004
Gastaldo et al., NIM A711 (2013) 150

26

— Metallic Magnetic Calorimeters ﬂ("'

Karlsruhe Institute of Technology

ECHo prototype

* Rise time ~130 ns
« Energy res. AE,  =7.6¢eV
at 6 keV

* Non-linearity <1% at 6 keV

Magn. Flux &g [Dg]

0.06

0.05

0.04

0.03

0.02

0.01

0.00

Ho MI

Ho NI

Time t [us]

Gastaldo et al., JLTP 176 (2014) 876
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EC@ — Metallic Magnetic Calorimeters AT

Karlsruhe Institute of Technology

Ranitzsch et al., arXiv:1409.0071 | High-precision
1500 | = | calorimetric
g 153Ho spectrum
S recorded with
~ 1000 .
2 New! 2 sensors
8 E=48eV]  theor. implantation
500 parameterization? contaminant -
/ i
ol | 4
0.0~ 0.5 1.0 - 2.0 25
Energy E/ keV 10" . | L. GaS'ItaIdO
— N=10""
— N=10"
— N=10"
Spectral fit: Q. = 2849 (5) eV T

Recommended value:
Other measurements:

27

Q. = 2555 (16) eV
Q.. = 2300 ... 2800 eV

— Large impact on m(v) sensitivity

statistical sensitivity 90% C.L. / eV
o

10-1 1 1 1 1
2.2 2.4 2.6 2.8 3.0 3.2

QEC / keV
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13Ho-based experiments: next steps

AT

Karlsruhe Institute of Te:

chnology

Precision parameterization of the EC spectrum

« Penning trap mass spectrometry to pin down Qg..:

uncertainty 30-100 eV SHIPTRAP, TRIGA-TRAP
1 eV PENTATRAP

— ongoing
— next few years

» Improved description of environmental effects

Source/absorber development

Test various '%3Ho production,
purification & implantation options

* Thermal neutron Y e/
activation of 162Er:
:) high prod. rate
:( contamination

« Charged-particle activation (e.g. "'Dy):

:( low rate, :) little contamination

Array development
* Pile-up: 10-100 Bqg/pixel tolerable

« Still need arrays of O(104-10°) pix.

« Read-out: microwave multiplexing

 ECHo: prepare test with 64 pixels
Aim: <10 eV sensitivity on m(v)

28

Direct v-mass experiments K. Valerius (KIT)

30.09.2014



29

Summary

Direct v-mass experiments

AT

Karlsruhe Institute of Technology
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Status and outlook

status

outlook

30

tritium B-decay

KATRIN is in construction
and commissioning phase

Project 8 prototype,
proof of principle with 8mKr

Reach sensitivity of
200 meV with KATRIN

Develop cyclotron
spectroscopy towards a
first tritium measurement

AT

Karlsruhe Institute of Technology

163Ho electron capture

e 3 experiments in various
stages, parallel R&D on

» detector technology
* high-purity '%3Ho production
» scalable arrays

* Operate small arrays
to collect ~10"° counts
for a sensitivity of 10 eV

* Prepare large-scale
experiment for sub-eV range

Direct v-mass experiments K. Valerius (KIT) 30.09.2014



(Breaking) Moore's law QAT

for dlrect V'm ass measu rements Karlsruhe Institute of Technology
1000 — : 1
- A
I A\“\K
100 & e i
c A E
C "A .\.\____ 187 ]
: l\-\%§ T Re
4 AL
i Sk ™
—~ ~.4A [ RN
- N 1634~
T % = < °Hos
= - g S ]
g I b k\l‘x A @:
7 f/f/u .
& ¢ moN
- .
C A Best sens. m Vg @
I = Calorimetry best sens. my, I
0.1 |
0.01 ! I I | | ! | !
1950 1960 1970 1980 1990 2000 2010 2020
Year

Adapted from J.F. Wilkerson/R.G.H. Robertson, L. Gastaldo
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