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B decay rate in s'eV

Direct kinematic determination of m(ve) A\‘(IT

ar _

dE

Karlsruhe Institute of Technology

CF(Z,E)p(E +me) (Eo — B) 32, |Ueil*/(Eo — E)? —m?(v;)

2x107™ 1

—
X
[y
o
.
w

1x10™°

—m = 0 meV |

— m, = 1000 meV | 1

E—EoineV

'10(')00' - 'E0':1'8575

electron energy E in eV

/

Key requirements:
» Low-endpoint B/EC nuclide:
E,= 18.6 keV for 3H,
2.8 keV for 153Ho
» High-activity source:
T4 =12.3 yr for 3H,
4.5 kyr for 1¢3Ho

« Excellent energy resolution
(MAC-E filter or calorimeter)
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Direct kinematic determination of m(ve) &‘(IT
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Key requirements:
» Low-endpoint B/EC nuclide:
E,= 18.6 keV for 3H,
2.8 keV for 153Ho
» High-activity source:
T4 =12.3 yr for 3H,
4.5 kyr for 1¢3Ho

« Excellent energy resolution
(MAC-E filter or calorimeter)

Spectral distortion measures
“effective” mass square:

m2(Ve) = Zz ’Uei‘2 m@z
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B decay rate in s'eV

Direct kinematic determination of m(ve) &‘(IT
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Kinematic measurement can probe for
heavier neutrino states
=>» eV/-scale and keV-scale sterile v
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Tritium beta
spectroscopy
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The Karlsruhe Tritium Neutrino Experiment

Sensitivity: 2 eV = 0.2 eV
» Improvement x100 in statistics and systematics
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Status of the KATRIN source

Gaseous molecular tritium source of
* high activity (~170 GBq)

* high isotopic purity (et > 95%)

* high stability (0.1%)
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Gaseous molecular tritium source of
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Status of the KATRIN source AT
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Gaseous molecular tritium source of q‘.’.? g Closdutumeye | 4
¢ h|gh aCt|V|ty (~17O GBq) I I;‘”—30 K - ﬁv\d_%__l_l___________e!z' _______
° h|gh |SOtOp|C purlty (ET > 95(%)) @ | @ Superconducting‘magnets 36T

_ . DPS1-R WGTS
* high stability|(0.1%) 4

g
Length of beam tube

29.70

Specified Stability: +30 mK/h
Measured Stability: +£10.1 mK/48 h

Temperature in K

29.65}
29.60 WWWWWWMWWWWWWWWW
2953« 2-phase neon cooling concept fully validated
« ~800 sensors & valves tested successfully
29.50

06:00 12:00 18:00 00:00 06:00 12:00 18:00
Timespan 12 Nov 2016 - 13 Nov 2016
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Transport & pumping sections A\‘(IT
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» Fully adiabatic, lossless electron transport in 5.6 T magnetic field
o

» Reduction of T2 flow rate to spectrometers by factor >1014:
magnetic chicane with differential and cryo-pumping

» lon diagnostics & ion flux blocking by electrostatic barrier argon frost at 3-4 K
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KATRIN main spectrometer ﬂ(“.
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Magnetic Adiabatic Collimation and Electrostatic Filter

analysing plane
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E Biax

UHV system for 1250 m3 spectrometer

—-e '

Large Helmholtz coil system
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Spectrometer-related backgrounds &‘(lT
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Spectrometer-related backgrounds A\‘(IT
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» 8 sources of background investigated and understood

« 7 out of 8 avoided or actively eliminated by
fine-shaping of special electrodes

inner electrode (wire grids on neg. potential)
symmetric magnetic fields

cold traps (LN2-cooled baffles to remove *'*Rn)
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Spectrometer-related backgrounds A\‘(IT

internal
radioactivity

Karlsruhe Institute of Technology

» 8 sources of background investigated and understood

» 7 out of 8 avoided or actively eliminated by
fine-shaping of special electrodes

inner electrode (wire grids on neg. potential)
symmetric magnetic fields

cold traps (LN2-cooled baffles to remove *'*Rn)
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Spectrometer-related backgrounds A\‘(IT

internal
radioactivity

Karlsruhe Institute of Technology

» 8 sources of background investigated and understood * 1 out of 8 remaining:

- 7 out of 8 avoided or actively eliminated by 2'%Pb on spectrometer walls
- fine-shaping of special electrodes (thermal ionisation of neutral H* atoms)
- inner electrode (wire grids on neg. potential) » Countermeasures:
- symmetric magnetic fields - extensive bake-out (done)
- cold traps (LN2-cooled baffles to remove ?"°Rn) - irradiation by strong UV source

(ongoing investigation)
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KATRIN milestone: QAUT

gearing up for tritium with 33mKr
narrow (< 2 eV) CE lines at 7 ... 32 keV
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KATRIN milestone:

AT

gearing up for tritium with 33mKr
narrow (< 2 eV) CE lines at 7 ... 32 keV
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KATRIN krypton campaign: 3-19 July 2017
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KATRIN milestone:

AT

gearing up for tritium with 33mKr
narrow (< 2 eV) CE lines at 7 ... 32 keV

83mKr 83Rb 100 T T T T T
g gyb’ 1)
EC: z s0F L 18
41.6 kev / T12=86d < N
2 60 19
g =
IC, vy & ol _ E
T12=1.8h = 4799* o,
9.4keV v = > N
z 20F @9% Q\’% 12
£ : o @
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KATRIN krypton campaign: 3-19 July 2017

Hardware readiness
from source to detector
with 83mKr as short-lived

“tracer”
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KATRIN milestone:

gearing up for tritium with 33mKr
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narrow (< 2 eV) CE lines at 7 ... 32 keV

83mKr 83Rb 100 T T T T T

X /\),Q)-b’ 1)
EC: § 80 F o S
41.6 keV T1,2=86d < N @
EM 60 . g
IC! Y gm 40 %

= i ]
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9.4keV v 2 > | 8
2 20F XY S ©
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KATRIN krypton campaign: 3-19 July 2017

Hardware readiness
from source to detector
with 83mKr as short-lived

“tracer”

Data chain from raw
data & slow control
parameters to
high-level analysis tools
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KATRIN milestone: QAUT

gearing up for tritium with 33mKr
narrow (< 2 eV) CE lines at 7 ... 32 keV

83mKr 83Rb 100 T T T T T
g gyb’ 0
EC: z sob Y . 18
41.6 kev / T12=86d < G| e
2 60 | 19
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KATRIN krypton campaign: 3-19 July 2017

Hardware readiness Data chain from raw System characterization with

from source to detector data & slow control mono-energetic & isotropic CE:

with 83mKr as short-lived parameters to sharp transmission of MAC-E filter,

at . high-| | Ivsis tool detector properties, system alignment,
racer Igh-ievel analysis 1001s absolute energy scale calibration, ...
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Three complementary krypton sources at KATRIN ﬂ(“'

stitute of Technology
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Three complementary krypton sources at KATRIN ﬂ(“'
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“imfetemic
=

1. Gaseous 83MKr source

* Krypton decays inside
WGTS beam tube (100 K)

« Homog. spatial distribution

1 K. Valerius: Direct v-mass measurements




Three complementary krypton sources at KATRIN

Karlsruhe Institute of Technology

11

1. Gaseous %3MKr source 2. Condensed 83MKr source
* Krypton decays inside  Thin film on cold substrate

WGTS beam tube (100 K) || . spot-like source, can be

« Homog. spatial distribution moved across flux tube

« Ca.1MBq?&Rb

K. Valerius: Direct v-mass measurements




Three complementary krypton sources at KATRIN A\‘(lT
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1. Gaseous 83MKr source

* Krypton decays inside
WGTS beam tube (100 K)

« Homog. spatial distribution

Karlsruhe Institute of Technology

. Condensed 83mKr source

3. Implanted 8™Kr source
Thin film on cold substrate

Spot-like source, can be
moved across flux tube

Ca. 1 MBq 83Rb

« Parallel measurement
at Monitor Spectrometer

« Excellent stability proven
over several years

K. Valerius: Direct v-mass measurements



Integral conversion line spectra A\‘(IT
(gaseous Kr source)

K-32 line (17.8 keV, I ~2.8 eV) L;-32 line (30.47 keV, I" ~1.4 eV)
| SRR e |° *] + bom
: A easuremen ] S Y g easurement -17.5
35 1 b } } b+ } . ’/ \\‘ Fit result [ 5S ] th L bt } ‘ “. Fit result S
: t '} }{» !\ --- Differential shape % 50 - . 4 ——- Differential shape [ 150
2 301 P 4 S e ) 1258
< ] YN 4 - & P =
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17820 17824 17828 17832 302165 301'170 302175 304:180
Retarding energy (eV) Retarding energy (eV)

« Example runs (two out of many line scans)
* Only central detector ring shown (x30 more statistics available)

- High-resolution scans of narrow N, ;-32 doublet (670 meV hyperfine splitting,
sub-eV natural widths, background-free at 32 keV) currently being analyzed
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Line stability & absolute calibration *‘(IT
(gaseous Kr source) e e T

. Line position stability (L3-32) well '
within KATRIN goal of + 60 meV ¢ |
— 50 -
= Excellent stability of Krypton S |
source and HV system I k++*+ 777777777 b S o .
% . preliminary
% ~50+
_100‘ ........................
0 1 2 3 4 5
Time (days)
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Line stability & absolute calibration *‘(IT
(gaseous Kr source) ——

. Line position stability (L3-32) well "1
within KATRIN goal of + 60 meV ¢
— 50 -
= Excellent stability of Krypton S '
source and HV system g “‘H‘“ﬁ fffffffff bbb - b
% , preliminary
-% —50‘.
-100+——"""7-"-"-"-"-""—————
0 1 2 3 4 5
Time (days)

* Absolute calibration of HV divider with nuclear standard

 Line position difference L3-32 — K-32
(5 — source-related systematics cancel
In cooperation with — ~5 ppm preliminary uncertainty on energy scale

gi:?c])?ong;?:gt?tilte (very good agreement with 2013 PTB calibration value!)

13 K. Valerius: Direct v-mass measurements
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Outlook

next steps for KATRIN

System complete

S TTTE——

KATRIN
beamline

!

loops system i

TLK
infra-
structure

Central Tritium Retention System
& isotope separation

[B. Bornschein et al., Fusion Sci. Technol. (2017)]

Tests with inactive D>
=» with traces of T»

AT

Karlsruhe Institute of Technology
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Outlook: next steps for KATRIN AT

Karlsruhe Institute of Technology

System complete Physics commissioning
S e.g. energy loss measurement
8 j 0.8 =
~ | KATRIN y AR = - ™ S
% beamline | 777 - 0.7h ......... 03 S
P B o6k di ] =
= ¢ loops system ¢ S o) {1 =
e R e S | b g
2 TLK o : o f f 7
5 infra- Central Tritium Retention System O O LI\ § B
< | structure & isotope separation ﬁ 0.3 | ; ; ; g
S~ CU
< E 0.
% e : e 0.1 S
2 Tests with inactive D2 | Mm@ .
o =¥ with traces of T2 0075 10 20 30 40 50
o AE [eV]
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Outlook: next steps for KATRIN AT

Karlsruhe Institute of Technology

0 10 20 30 4'0 50
AFE [eV]

=>» with traces of T»

System complete Physics commissioning
S e.g. energy loss measurement
@ 0.8 <
~ | KATRIN s B mdll : N =
£ beamline | 775 . e : | S
2 B 06k | &
= ¢ loops system ¢ S o) {1 =
c @ 05y H &
2 TLK o : o f f 7
u%j infra- Central Tritium Retention System N 04 iy N 2“
< | structure & isotope separation ﬁ 0.3 | ; ; ; g
o (o}
2 £ 0.2 é
% e : e 0.1 S
2 Tests with inactive D> ' T
S 0.0 =
m
22}

Tritium data-taking: start in 2018

EE—
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count rate (s)

rel. difference

meas. time (d)
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KATRIN: neutrino mass analysis & sensitivity A\‘(lT

retarding energy qU - E in eV
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Karlsruhe Institute of Technology

» Relative shape measurement
of integrated 8 spectrum

» 4 fit parameters:
’ Eo ’ AS ’ RBg

3 yrs (5 cal. yrs) to balance
statistics and systematics

at design parameters:

> 1200 cooie| 200 MEV: 90% CL
£ 1000 .| 300 meV: 30

= . | 350 meV: 50

o 800 : i ; ! 5

o | | | |

& 600 | |

> NG

'S 400 N

@ 200 —

-

0 2 4 6 8 10 12
full beam time [months]
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Future prospects in direct neutrino mass search &‘(lT

Karlsruhe Institute of Technology

| I T TTTTI | I T T Immimmimininicl
g' 2 2 Several new avenues:
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b
-1 = N
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Challenges for further improvement:
» Opacity of gaseous T2 source (already optimised for KATRIN, ~40% no-loss €°)
 MAC-E filter measures integral beta spectrum
» Molecular final state excitations (vib: ~100 meV) as ultimate limitation for T>

16 K. Valerius: Direct v-mass measurements



Frequency-based
approach

Karlsruhe Institute of Tec
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Cyclotron Radiation Emission Spectroscopy 7 O
(CRES) SRoOE

UW Seattle, MIT, UCSB,
Pacific NW, CfA, Yale,

Non-destructive measurement of Livermore, KIT, U Mainz
electron energy via cyclotron
frequency:

We eB
W) == 4
Y kin T+ e

I uniform B-field,
\.J,;'/""\; }-»‘47“} \”'i.\lg \”’:'\il‘ H
AR R X magnetic trap

, 3H-3H low-pressure
- gas cell

WO, & X

|

I antenna array
.‘ —

VAVEVAYE

18 [Monreal & Formaggio, PRD 80 (2009) 051301] K. Valerius: Direct v-mass measurements



Cyclotron Radiation Emission Spectroscopy /(\x

(CRES)

Non-destructive measurement of
electron energy via cyclotron

frequency:
(+) We eB
W = — —
7 Y Ekin + Me

I uniform B-field,
VA 7B S v magnetic trap

3H-3H low-pressure
gas cell

IS antenna array

18 [Monreal & Formaggio, PRD 80 (2009) 051301]

prott

UW Seattle, MIT, UCSB,
Pacific NW, CfA, Yale,
Livermore, KIT, U Mainz

Phase | system

=» Proof of principle of CRES technique

—
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Project 8: phase | results A\‘(IT
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First observation of cyclotron radiation from single keV electrons

792 >
2%
— )
g 790 MBS
(7)) o = :
~ @ collisions with
T 788 3 residual gas | ‘ | ‘ | | |
O = g 14t 83mKr |i SRR A N
NIL | < | initial trapping N Ll pUllists b
| § « of ~ 30 keV :l- AE =14 eV | ?t 3.3 eV(FWHM)
vd Yl | 3 8°™Kr electron e AT 7 A s S
c e ] e e e
g . steady energy U N T e e
S 782 decrease by -
L =R cyclotron emission D0
780 - ~1 fW radiation loss = R I R e et | R

i i i i i i i
30.20 30.25 30.30 30.35 3040 30.45 30.50
Track Initial Energy [keV]

778

Time (ms)

19 [Asner et al., PRL 114 (2015) 162501; La Roque et al., NEUTRINO 2016] K. Valerius: Direct v-mass measurements
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Project 8: staged approach
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Project 8: staged approach

 Phase |1 (2010-2016): proof of principle

Single-electron CRES demonstrated
with conversion electron lines from 83mKr

AT

Karlsruhe Institute of Technology
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Project 8: staged approach

 Phase |1 (2010-2016): proof of principle

Single-electron CRES demonstrated
with conversion electron lines from 83mKr

 Phase Il (2015-2017):
tritium demonstrator

- Improved waveguide, read-out,
energy resolution, systematics study

- Continuous T2 B-spectrum, m(v,) ~ 100 ...10 eV

20

Phase Il

‘ gas inlet

AT

Karlsruhe Institute of Technology

Ztrap coils ~ calibration

K. Valerius: Direct v-mass measurements
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Project 8: staged approach ﬂ(“.

Karlsruhe Institute of Technology

Phase | (2010-2016): proof of principle Phase |

Single-electron CRES demonstrated
with conversion electron lines from 83mKr

Phase Il (2015-2017):
tritium demonstrator

- Improved waveguide, read-out,
energy resolution, systematics study

- Continuous T2 B-spectrum, m(v,) ~ 100 ...10 eV

Phase Ill (2016-2020): Phase lli
large volume demonstrator

- Conceptual design for “open” receiver array, MRI magnet
- 10° Bq in 200 cm? volume (10 cm? effective)
- Tritium data competitive with m(v,) ~ 2 eV (1 yr)

N

K. Valerius: Direct v-mass measurements



Project 8: staged approach ﬂ(“.

20

Karlsruhe Institute of Technology

Phase | (2010-2016): proof of principle Phase |

Single-electron CRES demonstrated gas inlet Ztrapcoils calibration p
with conversion electron lines from 8mKr »

Phase Il (2015-2017):
tritium demonstrator

- Improved waveguide, read-out,
energy resolution, systematics study

- Continuous T2 B-spectrum, m(v,) ~ 100 ...10 eV

Phase Ill (2016-2020): Phase lli
large volume demonstrator

- Conceptual design for “open” receiver array, MRI magnet
- 10° Bq in 200 cm? volume (10 cm? effective)
- Tritium data competitive with m(v,) ~ 2 eV (1 yr)

N

Phase IV (2017+): atomic tritium source

- R&D for large-volume (200 m3) atomic tritium source
(< 1 K), magnetic confinement

- goal: sub-eV sensitivity at inverted hierarchy scale

Phase |V

K. Valerius: Direct v-mass measurements



Karlsruhe Institute of Technology

Calorimetric
approach
using ®*Ho

K. Valerius: Direct v-mass measurements



v-mass from %3Ho electron capture A\‘("'

Karlsruhe Institute of Technology

163Hg — 163Dy* + v,

Low Qg ~2.8 keV and T,,, ~ 4570 years

800 . . :
’ — m(v,)= 0 eV/c®
S R} 500 ——- m(v,)= 2 eVIc®
v X-ray photons 1 > - == m(v,)= 5 eV/c®
N © ©
3 5 5
2 \ o 1 < 400
5 » ' Auger electrons 3 a i
S’ é 0/7 g | &
2] O @]
> ] O
3 . 200 .
o8 ) _
o
.3 - -
E‘ calorimetric 1o . 1 . . .
o Tt - measurement 00 05 10 15 20 25 3.0 00826 2828 2830 2832 2834
=] Energy / keV Energy / keV
Challenges:
g Eri61 [SGH Eric3 BOSGE) Er166
. W . . + + 5/2- 0+
 Production & purification of isotope '%3Ho . PR .

| Ho165

* Incorporation of 163Ho into high-resolution detectors = -
» Operation & readout of large calorimeter arrays

» Understanding of calorimetric spectrum (nuclear & atomic physics + detector response)

m—
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World-wide efforts in 13Ho-based v-mass search A\‘(IT

EC - CERN
India Slovakia

Hungary Russia

- Metallic Magnetic Calorimeters
- AE <5 eV achieved

- m(v) sensitivity:
10 eV with ECHo-1k (2015-18)
sub-eV with ECHo-10M

|
~ ’,.;.
L

§Ea Sa 94 58 38 Iﬂ as ﬂﬂ -8‘

-lilllldll aﬁ L]
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Karlsruhe Institute of Technology

NuMECS Es——

- Testing concepts of

H@%LMES

- Transition Edge Sensors

— detectors from NIST "®*Ho-incorporation
— implanting at Genoa and TES read-out
— cryostat at Milano - AE ~ 35 eV achieved

- AE ~ 1 eV desi
eV aesign - sensitivity: mostly R&D up

- sensitivity: m(v) ~ 1 eV to now, maybe large array?
2018-20

Au-absorber L
with 1I53H0

i
-

TES N
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Karlsruhe Institute of Technology

TES technology: H%MES ST

Mn Ka, , lines at ~5 eV resolution, 7.~ few ps
700 T T T T T T

—Data
—Fit ||

D

S

(e
T

AEFWHM =62=+0.1eV

, Residual
[\

00 Il Il Il Il Il Il
5860 5870 5880 5890 5900 5910 5920 5930
Energy [eV]

24 [A. Giachero et al., JINST 12 (2017) C02046] [M. de Gerone, TAUP 2017] K. Valerius: Direct v-mass measurements



Sputter Target

_ Evaporation  90° Magnet ;
JOWEARN & Chamber £ ("®Ho)
TES technology: HOLMES [~ & !
echnology:
Faraday
: -EJ/Cup

Sputter lon
Source

o
e
e
P
L
NS
N

"i” x [mm]
Custom mass-separator ion implanter at Genova

Mn Ka, , lines at ~5 eV resolution, 7.~ few ps
700 T T T T T T
—Data
600 [- —Fit ||
AE =62=+0.1eV

FWHM

, Residual
[\

5890 5900 5910 5920 5930
Energy [eV]

[A. Giachero et al., JINST 12 (2017) C02046]

00 | |
5860 5870 5880
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Evaporation  90° Magnet
&~ Chamber l

TES technology: H%MES

Faraday

Sputter lon
Source

o
e
e
s
SN
N
N
|

*‘i" N x[I(I)lm]
Mn Ka, , lines at ~5 eV resolution, 7.~ few ps Custom mass-separator ion implanter at Genova
700 : : l l l .
—Data
600 - —Fit | . . .
A, =62%0.1cV HOLMES design & timeline:
500 ‘ a —
£400f 1 * 6.5 x 10" nuclei "®3Ho (~300 Bq) per pixel
S300¢ - « AE ~1eV, 1,.~ 1 |S;
2007 l 1000-pix array operation expected for 2018
100 [ 7
NI, ; i « TES array + DAQ ready, first implant. coming up
§ 0 Mt A g 2 ;'s‘::::'::-:l‘-‘.'.:}-;:;zf;‘swﬁw‘ « Spectrum measurements to begin in late 2017
~

20060 5870 5880 5890 5900 5910 5920 5930 32 pixels for 1 month — my sensitivity ~10 eV

Energy [eV]

24 [A. Giachero et al., JINST 12 (2017) C02046] [M. de Gerone, TAUP 2017] K. Valerius: Direct v-mass measurements



T FOR2202,  Heidelberg (Univ., MPIK), U Mainz,
SUHBRILEL ) | UNIVERSITAT U Tubingen, TU Dresden,
SHAVie s HEDELBERG (EC@ )| U Frankfurt, HU Berlin, ILL Grenoble,

SEIT 1386 PNPI St Petersburg,U Bratislava,
IIT Roorkee, Saha Inst. Kolkata

MMC technology: EC@

Technology

source » Fast rise time (~130 ns) and excellent
linearity & resolution (AEFwHm < 5 eV)

absorber

SQUID .
sensor (Au:Er) " = « Production: 162Er(n,y)163Ho at ILL (Grenoble)

implantation at ISOLDE-CERN & RISIKO
» Multiplexed readout of MMC arrays

[Fleischmann et al. 2009; Gastaldo et al. 2013]

25
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[Fleischmann et al. 2009; Gastaldo et al. 2013]

[Ranitzsch et al., arXiv:1409:0071;

Gastaldo et al. 2014]
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MMC technology: EC@

sensor (Au:Er)

absorber source

paramagnetic

\

EOR2202 Heidelberg (Univ., MPIK), U Mainz,
UNIVERSITAT U Tabingen, TU Dresden,
HEIDELBERG ec@ U Frankfurt, HU Berlin, ILL Grenoble,

SEIT 1386 PNPI St Petersburg,U Bratislava,
IIT Roorkee, Saha Inst. Kolkata

Technology

Fast rise time (~130 ns) and excellent
linearity & resolution (AEFwHm < 5 eV)

Production: %2Er(n,y)'%3Ho at ILL (Grenoble)
implantation at ISOLDE-CERN & RISIKO

Multiplexed readout of MMC arrays

!!H

HEUEERAESE M

M new 64-pix detectors
optimised for implantation

M proof of multiplexed readout
™ first underground meas.

SR aaEzaaasa

1000 - N Pprecision
163Ho spectrum
800 | | — — ]
>
(0]
o
N 600 | i
g
£
3 400 | .
(@]
Ol MI
200 _
J 144pm
NII N W
0 EL_ 1 A ] MII
0.0 0.5 1.0 1.5 20

Energy E [keV]

[Gastaldo et al., J. Low Temp. Phys. 176 (2014) 876;

Ranitzsch et al., in prep.]

K. Valerius: Direct v-mass measurements



EC@ : Timeline

« ECHo-1k (2015-2018)

- prove scalability with medium-sized array
- 1 yr meas. time for N ¢,~10':

- m(v,) < 10 eV

* Next step: ECHo-10M

- large-scale detector array for sub-eV sensitivity

- Starts taking data now
- New limit on m(v,) is
approaching

- sterile neutrino search at eV and keV scale

Chip fabrication for multiplexed MMC arrays

= i

= ooy B
2001104y

1111004y

1011404y

—
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Independent

determination

10° of Qg
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[A. Faessler et al.,

[courtesy L. Gastaldo]

PRC 91 (2015) 045505, 064302]
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Direct v-mass determination: status and outlook A\‘(IT

titute of Technology

current achievements e next goals
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Direct v-mass determination: status and outlook &‘(lT

Full beamline commissioning with
83mKr; start of T> data in 2018

current achievements

KATRIN

-
® *e

Karlsruhe Institute of Technology

Long-term data-taking for full
sensitivity (0.2 eV)

next goals
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Direct v-mass determination: status and outlook A\‘(IT

Full beamline commissioning with
83mKr; start of T> data in 2018

CRES proof of principle with 83MKT,
testing new cell for T>

27

current achievements

KATRIN

Project 8

-
® *e

Karlsruhe Institute of Technology

Long-term data-taking for full
sensitivity (0.2 eV)

Develop CRES for 10 — 2 eV,
and towards IH (atomic source)

next goals
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Direct v-mass determination: status and outlook A\‘(IT

Full beamline commissioning with
83mKr; start of T> data in 2018

CRES proof of principle with 83MKT,
testing new cell for T>

R&D for atomic source concept,
MAC-E + calorimeter

27

current achievements

KATRIN

Project 8

PTOLEMY

(n)
.7

-
® *e

Karlsruhe Institute of Technology

Long-term data-taking for full
sensitivity (0.2 eV)

Develop CRES for 10 — 2 eV,
and towards IH (atomic source)

Devise large-scale experiment
to tackle m(v) and CvB

next goals
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Direct v-mass determination: status and outlook

Full beamline commissioning with
83mKr; start of T> data in 2018

CRES proof of principle with 83MKT,
testing new cell for T>

R&D for atomic source concept,
MAC-E + calorimeter

27

current achievements

» Advanced detector development
(MMC and TES technologies)

» Test of scalable arrays

« High-purity °3Ho production
and implantation

KATRIN

Project 8

PTOLEMY

(n)
. "

-
® *e

ECHo
HOLMES
NuMECS

AT

Karlsruhe Institute of Technology

Long-term data-taking for full
sensitivity (0.2 eV)

Develop CRES for 10 — 2 eV,
and towards IH (atomic source)

Devise large-scale experiment
to tackle m(v) and CvB

next goals

» Operate medium-size arrays
(~107° counts) for 10 eV sens.

* Prepare large arrays
(~1074 counts) for sub-eV sens.

K. Valerius: Direct v-mass measurements
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Supplementing
slides
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Search for eV-scale sterile v in *H and 1%3Ho expts. ﬂ("'

Karlsruhe Institute of Technology

Tritium: KATRIN Holmium: ECHo
1007 =
— reactor anomaly
combined fit
90% CL
101
2 3
o v Q
E | S
< -
11 S
] < 90.00 % C.L.
107 -~ 95.45% C.L.
KATRIN ... 99.73%cL, EcHo
90% CL — Dis. 95.45 % C.L.
0.17 LI — Global 95.45 % C.L.
i ! 107F| — KATRIN 95.00 % C.L.
0.01 0.1 1 e —
sin’ 20_ sin” (20,,)
[M. Kleesiek, PhD thesis (KIT, 2014)] [L. Gastaldo, C. Giunti, E. Zavanin,

29

See also: Formaggio & Barrett, PL B706 (2011) 68; JHEP 06 (2016) 061]

Sejersen Riis & Hannestad, JCAP02 (2011) 011;

Esmaili & Peres, PR D85 (2012) 117301 . . .
Sterile v + non-standard weak interactions (e.g. RH currents):

O. Ludl & W. Rodejohann, JHEP 06 (2016) 040;
N. Steinbrink, S. Hannestad et al., JCAP 06 (2017) 015
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Sensitivity and background A\‘(IT

Karlsruhe Institute of Technology

* Further background

reduction measures —~ 3509 __, E .30 eV 558 mcps i
under investigation 5 1 o~ V€ non-optimized
\o i — EO T 45 eV . arv
. TR S - imin
In addition: several S 300l —T—E,-60eV pfe“ y & |

- energy range of
spectral analysis

mitigation strategies -
- optimized scanning c _ M
';> 250- W

analysis interval | optimized scanning ]

S ~240 meV |
- flux tube compression - ME s N ks
. . + ) : : -Tie nm : T
by increasing B 'S 2004e TDRr 2004 AF ~2 5 o\ _
"5; optimized for T
GC) 10 mcps
0
150 - 1 rr°+°+1 "+ 1 ' "1 1 1
B 0 100 200 300 400 500 600

background rate in mcps
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differential rate (eV's™)
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Imprint of sterile neutrinos on 8 spectrum

AT

Karlsruhe Institute of Technology

Shape modification below E, by active (m_)? and sterile (m_)? neutrinos:

--------------------------------------------------------------------

——>

dN 2 dN 2 o 2 dN 2
—— =icos’ B —(m)i+:sin" @, —(m
dE 5 ' dE () *dE (m5)
light sterile v, m_ = 3 eV
4x10™%° T T T i T ? T
—— m_= 200 meV
) —— m_= 3,000 meV
31077 mixing with sin’d = 0.5 |
2x107%°
1x10%°
0_

electron energy E-E (eV)

dr/dE [a.u]

ad
at

ditional kink in 3 spectrum
E=E;,—m,

keV sterile v, m_ = 10 keV

0.02

0.018

0.016 4

0.014

0.012

0.01

0.008

0.006

0.004

0.002

no mixing

------
e ~~
hS
S

——— m=10keV, sif® =02

OO

IIIIIIIIIIIIIIIIIIIIIIIIIIII~I.[

2 4 6 8 10 12 14 16 18 20
E [keV]
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Searc.h for keV-scale sterile v with direct mass A\‘(".
experiments

» First measurements with KATRIN “baseline” set-up at reduced source strength
« Prototyping and sensitivity studies for upgraded detector system under way
« Sensitivity of holmium experiments restricted by low Q-value (2.8 keV)

courtesy S. Mertens & L. Gastaldo

HLL detector =107
=107
/ e KATRIN (low stat) ..
O~ | A1 A AR A
LBNL 10 . _naty
| ‘detector 10 P" e\‘m\“a
\ (: ( ' / - ;}:j\}\\ 10-7
¢ o D 1 0® IR - only stat) /J
4 R [V R
10°NMNnNINe @ =z el
1070 Phasespace AN (UMANWEIINA '
ase space
101 X-ray .
H ---- DM overproduction
10712 Laboratory
See also recent results from Troitsk exp. 1013 | . PR
(ms ~0.1 ... 2 keV): 1 10
Abdurashitov et al., JETP Lett. 105 (2017) 753 ms (keV)
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Search for keV-scale sterile v with KATRIN QAT

Karlsruhe Institute of Technology

The challenge:
- High count rates at ~few keV below endpoint

- Tiny sterile admixture sin?(6s) expected
- Best sensitivity for differential measurement (energy or ToF)
= Development of new techniques necessary!

ToF option:

electron tagger required

= 45‘ -, . sin?® = o ' e . . . .
2 35f e~ . res 2 3 Differential detection option:
2 Y sme=02 Al novel detector required
2.5 S 1 ° sinf® = 1 .
2F C TRISTAN* design study:
" « 108 cps (> 10 000 pixels)
F , . FWHM 300 eV @ 20 keV
of scosccoccss » « > 20 cm diameter
| I103 | | | i | flfl' Ihl I104
fime-orfight (ne) [Mertens et al. (2015)]
[Steinbrink et al. (2013), Robertson et al. (in prep.)] *) TRitium beta decay Investigation on Sterile To Active Neutrino mixing
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CIT

titute of Technology

KATRIN: Statistical & systematic uncertainties &‘

o(m,’) | |
Statistical o(m 2),.~ 0.018 eV?2
Final-state spectrum
T-ionsin T, gas o(m?), = 0.017 eV?

Unfolding energy loss
Column density fluct.
Background slope

HV fluctuations

Source (plasma) potential
Source B-field variation
Elast. scattering in T, gas

* Ostat : 10 mcps reference
background level

 Balance of osyst and total Ostat
after 3 years of data

* Re-evaluation of individual
systematics ongoing during
characterisation of components

S
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