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. Motivation

Why is the neutrino mass scale important?



http://symmetrymagazine.org

The role of massive neutrinos ﬂ("'

Karlsruhe Institute of Technology

Mass measurement:

Mass generation: new concepts

new concepts
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Three-flavour neutrino oscillations

3 X 3 unitary mixing matrix
analogous to CKM:

“Pontecorvo Maki
Nakagawa Sakata”

(PMNS)

- 3 mixing angles: 0,,, 053, 045,

- 1 Dirac phase: 0, possibly 2 Majorana phases a2 3‘.—'-"“""‘
- 2 independent “splittings” Am? and lightest mass mo
1 0 0 \( cosb, 0 sinB,e™) (cosd, sinO, 0
U=[0 cosB, sinf, | 0 1 0 ‘| -smnB, cosO, O
|0 -sinB, cosb,, | |-sinB,e™ 0  cosh, 0 0 1
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The big picture:

What have we learned from oscillation data?

e Large neutrino mixing and New!

I ' . hysics!
tiny neutrino masses m(v;) # 0: = BSMPWSZC

e Non-zero 613 measured
e Hints for non-maximal 623 # wt/4

* Expectation of CP-violating phase &

* Majorana vs Dirac nature of neutrinos?

e Absolute mass scale cannot be
determined from oscillations

e Expect m, > 10 meV for normal ordering,
m, > 50 meV for inverted ordering
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1. How can we measure
neutrino masses?

AT

Karlsruhe Institute of Technology

Indirect (model-dependent) probes:

* Observational cosmology

« Search for Ov[3f3

Direct (less model-dep.) probes:

« Supernova v time-of-flight

« Kinematics of weak decays
(3H B-decay, '63Ho electron capture)

s 2
.. ..
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Overview: Neutrino mass observables

AT

Karlsruhe Institute of Technology

B decay and EC
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Neutrino mass from -decay kinematics A\‘(IT

Karlsruhe Institute of Technology

Theory: Starting from Fermi's Experiment: Tritium identified early
seminal paper (Z. Phys., 1934) on as most suitable B-emitter

*% NATURE August 21, 1948 vol. 162
[

Beta Spectrum of Tritium

THE B-spectrum of tritium (3H?) is of particular
interest because : (1) the relatively simple structure
of the H? nucleus makes it well suited to a test of
the Fermi theory of f-decay ; (2) the unusually low
energy of the [3-particles means that the shape of
the spectrum near the upper limit is_an extremely
sensitive function of the rest mass of the neutrino if
the Fermi theory is confirmed ; (3) a theoretical dis-
crepancy?! exists between the half-life? and the upper
energy limit, as recently measured®; (4) the mass
difference (,H* — ,He?) can be accurately determined.

Curran et al.
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Neutrino mass from -decay kinematics Aﬂ("‘

Karlsruhe Institute of Technology
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Neutrino mass from -decay kinematics A\‘(".

dI’

dE

B decay rate in s'eV"
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pv
1x10%; - Key requirements & technologies
—m = 0 me
= 1000 mev| | ¢ Low-endpoint B/EC nuclide:

5x1072 |

E,= 18.6 keV for 3H

R ———— | <« High-activity source:
-2 -1 0 | T4 =12.3 yr for 3H

E-E,ineV

« Excellent energy resolution

o 1000  E,=18575
electron energy E in eV
Kinematic measurement can probe for Spectral distortion measures
heavier neutrino states “effective” mass square:
: : i 2 . 2 .2
=» eV-scale and keV-scale sterile v m=(ve) := ZZ |Uei|*m
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lll. Experimental techniques
for direct v-mass measurement
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High-resolution spectroscopy with electric and
magnetic fields

Source: isotropic
emission of 3-electrons

Transport: magn. guiding
and adiabatic collimation

Spectrometer: variable
electrostatic filter

AT

Karlsruhe Institute of Technology

Detector:
electron counter
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MAC-E filter technique ;\‘(lT

Karlsruhe Institute of Technology

Magnetic Adiabatic Collimation & Electrostatic Filter Sharp high-pass filter:
=» integrating electrostatic filter (Ey, > eUy) 4
=» “clean” analytic response function AE _ Bhrin é
- AE <1 eV at 18.6 keV E  Bumax 5
analysing plane ! AE eneEy

Steps of filter potential

electrode — _
' </ <) — integrated B spectrum
o AN

solen0|d / "‘*., \\ solenoid

— = =
source

detector
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The Karlsruhe Tritium Neutrino Experiment:
working principle

2 <1els
10" e-/s T, flow reduction >1014

e

KK LM

i ~q \ < P

pre-filter a0 .';r \\\\x\\;%%%
~103 e /s ‘5 =

Sensitivity goal: 2 eV = 0.2 eV
» Improvement x100 in statistics and systematics
» Background comparable to predecessors

» Scaled-up dimensions; 70 m total beam line

e
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KATRIN’s epic voyage
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count rate (s-1)

rel. difference

meas. time (d)
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Measurement principle of KATRIN
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Direct shape measurement
of integrated B spectrum

Four fit parameters:

spectrum spectrum
norm. N endpoint Eo

background squared

rate B mass m2
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Windowless gaseous tritium source ﬂ(IT

Karlsruhe Institute of Technology

Gaseous molecular tritium (T2) source: ,, ” Closed tritium cycie | 4

« high activity (~100 GBq) ' g,L_'"':soK - vvg@=:: ______
° hlgh |SOtOp|C purlty (ET > 95%) @ | @ Superconductingvmagnets 36T

Challenge: gas column stability (0.1%) R il
n~er-p-V/(R-T) | 3

precision “electron gun”
to measure scattering
of electrons in source

gas composition

activity monitoring (BIXS) (laser Raman spec.)
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KATRIN main spectrometer ﬂ("'

Karlsruhe Institute of Technology

IWAer

3t clech troe esystem
b%k@rcu ppEssion & potential shaping:

Glant spectrométér
hlgh energy resolution'& acceptance

UHV system for
spectrometer
(~1240 m3)

Large NEG pumps to reach p~10""mbar
and LN,-cooled baffles for radon trapping background suppression & B-field shaplng
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Background sources in KATRIN AT

internal
radioactivity

Karlsruhe Institute of Technology

B Actively eliminated 7 out of 8 known sources of background.

® Remaining backgrounds predominantly originate from main spectrometer:
stored particles from radon decays, ionisation of Rydberg states.

@ Currently investigating how to mitigate these further (e.g. field configuration).
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2018 milestone: First Tritium campaign

AT

Karlsruhe Institute of Technology

@ Commissioning of the system with traces of tritium, 0000 0200 0400 0500 0800 1000 1200
. . 30.08
but nominal loops operation: D2 (99%) + DT (1%) e ;
30.06
< 3005

(

® Demonstrate 0.1% global system stability

30.04
30.03

Temperature
K

® Obtain high-quality beta spectra with good statistics 3002

30.01

(~500 MBq), large energy window (few 100 eV)

15.84

B Study systematic effects, verify analysis tools &
model

15.83

Buffer pressure
(mbar)

15.82
15.81
15.80

1.0

(%)

0.9

DT concentration

First tritium injection
Friday, May 18th, of stable,
7:48 UTC reliable operation
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Analysis of the first tritium beta spectra ﬂ("'

Karlsruhe Institute of Technology

_k o : ® Shown: single run (3 h), single pixel
L 7.5- preliminary | —— Fitresult

< {  Measurement @ Extended energy range out to 400 eV
+ 5.0~ . .

G . @ Three-parameter fit: m2(v) = 0 fixed
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0.05 | | | r I
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3 ;5 @ Excellent match of model expectation
8 o and data in rate and spectral shape.
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2019 milestone:
Start of v-mass data-taking of KATRIN

Approx. number of 3-decays in 1016

lel6
- [3-decays provided by the source
4 1 B-decays provided during m(v) scans
reduced by scan efficiency
3- Detector
calibration
break
2 -
1 -
0 -
> e & 2 & 2
Q ~ Q oy
N qg’b q’gb‘ O)Qb‘ 0)96 0)96
\ 3\ 3 & 3 3\
X X 0k D D A

Ca. 300 spectrum
scans recorded

April 10 - May 13:
spectrum scans at
~2 1010 3-decays/sec

Gradual ramp-up
to source strength
90x “First Tritium”

March 4th: Start of
tritium circulation
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First release of

What to expect from this first science run? results coming up
at TAUP 2019!

T — ——

@ Excellent quality of data: Endpoint value
observed to be stable in time and over pixels.

@ About 2 million counts in region of interest
close to endpoint Eo =» stat. error dominates.

0.2

0.1

0.0

Eo, et — (Eo, eff) (€V)

W Expected m, sensitivity including systematics
estimate: ~1.13 eV (90% C.L.)

-0.1

-0.2

Background slope Breakdown of systematics for first

pdo science run based on Monte Carlo
B-fields
Stacking £ 101 0JS L _pre“m-\naw -
FSD =
ELossf—}
000 o005 olo o1s om0 o5

1-0 uncertainty on m?2 (eVv?)
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First release of

What to expect from this first science run? results coming up
at TAUP 2019!

@ Excellent quality of data: Endpoint value
observed to be stable in time and over pixels.

@ About 2 million counts in region of interest
close to endpoint Eo = stat. error dominates.

H0.2

-0.1

0,eff) (€V)

0.0

Eo, et — (E

W Expected m, sensitivity including systematics
estimate: ~1.13 eV (90% C.L.)

-0.1

-0.2

Outlook:

@ Next v-mass run (at full source strength) coming this Fall.

@ Expect to be running until 2024 for target my sensitivity of 200 meV.

S cryotrap cryotrap S

g B-spectrum regeneration, B-spectrum regeneration, B-spectrum g

I= scans calibration, scans calibration, scans I=

£ background background £
60 days 60 days 60 days
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AT

Karlsruhe Institute of Technology

lll b. Novel approaches

1T T 1T LN UL L
= ()
2 | /8|5
10° = = o1 o
u Q =51 =
: e ¥V &3
| »n o =
[ Planck +BAO+ ‘-§'3_— 'é_' Challenges for further improvement:
W o o1 = « Upscaling requires much larger
) = @ |, dimensions (resolution, source opacity)
10 = = , :
" NO 10 % 1 & « MAC-E filter measures integral spectrum
- o —
C ol b B « Molecular final state excitations (vib:
10° 102 10" ~100 meV) as ultimate limitation for T>

m, [eV]
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Karlsruhe Institute of Technology

Energy
measurement
through cyclotron
radiation

“‘Never measure anything but frequency.” — Arthur L. Schawlow

K. Valerius | Neutrino mass measurements



Cyclotron Radiation Emission Spectroscopy /‘3

(C RES) "“““rv; Seattle, MIT,

Case Western Reserve, Pacific
NW, CfA, Yale, Penn State,
Livermore, U Mainz, KIT

Non-destructive measurement of

electron energy via cyclotron Appeal of the method:
frequency:
@ Source transparent to microwaves
1 fC eB
f(W) — ® No e transport from source to detector

27T Y e + Ekin

® Precision inherent in frequency techniques

I Magnetic trap

AR R Challenges of the method:

5 3H.3H low-pressure
SN gas cell @ Energy resolution: AE/E ~ Af/f ~ ppm
P N ® Frequency resolution: Af ~ 1/At

e e L
Senne S At ~20 ps — 1400 m at 18 keV

S need multiple passes in a trap

29 [Monreal & Formaggio, PRD 80 (2009) 051301] K. Valerius | Neutrino mass measurements



Cyclotron Radiation Emission Spectroscopy /‘t\

(C RES) "“"Jrv‘v Seattle, MIT,

Case Western Reserve, Pacific
NW, CfA, Yale, Penn State,
Livermore, U Mainz, KIT

Non-destructive measurement of
electron energy via cyclotron
frequency: From theoretical idea to experimental
reallty W|th|n S years
1 fC eB |

f(’}/) 27T Y ~ e + Ekin

L TTT— —

I Mmagnetic trap

. 3H-3H low-pressure
B gas cell
B OV H X

I antenna array

EISASAYAA =» Proof of principle of CRES technique

B S

30 [Monreal & Formaggio, PRD 80 (2009) 051301] K. Valerius | Neutrino mass measurements



Cyclotron Radiation Emission Spectroscopy ‘(lT
— some practical points e e

Larmor formula gives emitted power:

Pe
1 2 q4BQ ) 5 pitch angle 6
P(v,0) = — (7° —1)sin“ 6
deg 3 ms B field
Noise temperature: Ter = 150K ﬂnaer:mifh

Realistic case: . )
+ 1.7 fW for 30.4 keV at 8 = 90° = ——— % e

= ignal

. - [} = | :

'window:
s - _I] . | oPPH 9:‘?:»1: |::R::m WR.28 Tranas
— B Wavegwde
e LOW-| F reque ySt ge

* 1.1 fW for 18 keV at 6 = 90°

High-Frequency Stage -:

&

=» Need low-noise cryogenic RF system

from S. Boser
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Project 8: phased approach A\‘(".

Karlsruhe Institute of Technology

® Phase | (2010-2016): proof of principle
Single-electron CRES demonstrated with conversion electron lines from 83mKr

792
>
— %
g 790 BES
O
N 4 collisions with
L % residual gas
O O :
S 786 S | initial trapping e
| = of ~ 30 keV
5 784 8 1 83mKr electron ’__/,,?
c TJ '
S : .- steady energy
g 192 decrease by
- ] cyclotron emission
780 = ~1 fW radiation loss
778

Time (ms)

32 [Asner et al., PRL 114 (2015) 162501] K. Valerius | Neutrino mass measurements
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Project 8: phased approach ﬂ("'

Karlsruhe Institute of Technology

® Phase | (2010-2016): proof of principle
Single-electron CRES demonstrated with conversion electron lines from 83mKr

@ Phase Il (2015-2019): tritium demonstrator
- Improved waveguide, read-out, energy resolution, systematics studies
- Continuous T2 B-spectrum, m(v,) ~ 100 ...10 eV

\ 3, 3nuovoiovy W:c TS

Phase Il set-up

T2 data-taking started in fall 2018

K. Valerius | Neutrino mass measurements
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Project 8: phase Il results

B First tritium CRES events observed in October 2018

{11

Karlsruhe Institute of Technology

A

® Spectrum describes the data well; no events recorded above endpoint Eg

® Currently taking another 100-day run to complete phase |l

Frequency - 25 GHz (MHz)

922

921

920

919

918

917

916

915

|IIII|III]|Illllllll|IIII|IIII|IIIII

lJlllllllIllllLIJllIllllIllllllllllllllllllLI

Omrrr

0.5 1 1.5 2 2.5 3 3.5 4 4.5
Time (ms)

10

Power (arb. units)

K. Valerius | Neutrino mass measurements



Project 8: next steps ;\‘(lT

Karlsruhe Institute of Technology

Phase lll (2016-2020): large volume demonstrator
- 105 Bqg in 200 cm3 volume (10-20 cm3 effective) =» 1 yr for m(v,) ~ 2 eV

- Open-bore MRI magnet: cryostat moved in on rails
- Phased-array read-out, digital beam-forming
- Ongoing design for trap, cryo-system, antenna array

35 K. Valerius | Neutrino mass measurements
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Project 8: towards atomic tritium AT

Karlsruhe Institute of Technology

Phase IV (2017+): development of source concepts R (R Mainz)

- goal: sub-eV sensitivity at inverted hierarchy scale
- R&D for large-volume magnetic trap for atomic tritium (< 50 mK)
- 1018 atoms (~10° Bq activity) in fiducial volume of 10+ m3

lies (hot
S“’F’F tes (ho ) Atom and B Electron Trap

Eritium atoms Rejects all Tz and
te cooling hot T atowms
stages

A

\1 T N\ ~10 m?

B=3T > 30 mK Tritium Atoms

*.: Cracker Accommodator Magnetic Velocity Selector

© 2500 K 4K

-

Cools atoms Continuous F:rala

b\j collisions Loading via opening
ko aboutk § K i magnetic wall

from A. Lindman
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Calorimetric
approach
using 1%3Ho

AT

Karlsruhe Institute of Technology
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v-mass from 163Ho electron capture AT

Karlsruhe Institute of Technology

163Ho — 163Dy* + v, Proposed by de Rujula & Lusignoli (1982)
Low Qg ~2.8 keV and T,,, ~ 4570 years Present limit: m(v,) <225 eV (90% C.L.)
800 . : .
i — m(vy)=0 eV/c?
JUUEEEN } 500 B ——- m(v,)= 2 eVic® |
v X-ray photons 1 = \ —=- m(v,)= 5 eVic®
()
S | 3
j \ Auger electrons 3 3 400 |
i oo g 18
\ . 200 .
A j calorimetric 1
TTeeee-- - measurement ®00 05 10 15 20 25 30 02826 2828 2830 2832 2834
Energy / keV Energy / keV
[L. Gastaldo]
Ty
dw 2 27
:A(QEC - EC) 1- ZBH(pH 2
dEC (QEC 2 FH
(EC -E. )+t
4
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v-mass from 163Ho electron capture

Challenges (experiment):

* Production & purification of isotope 163Ho

* Incorporation of 163Ho into high-resolution
detectors (2-10"" atoms for 1 Bq)

» Operation & readout of large arrays

EllGl Er162 Ell63 Erl64 Er165 Erl66

_ 4 Laser Beams

RISIKO at Mainz

Separator Slit
/

" Post-

focalisation
|

Deflectors

\

\

30 kV Extraction o

\

Quadrupole Lens

) Positioning ~ .
Einzellens

Implantation Areé with

Ion Source
Ion Current Measurement

\‘ —Sample Reservoir

AT

Karlsruhe Institute of Technology

Challenges (theory & spectral shape):

 Precise understanding of calorimetric
spectrum (nuclear/atomic physics +
detector response)

 Independent determination of Qec by
Penning-trap mass spectrometry

Counts / 2 eV

Impact of higher-order
excitations on
10°L  '63Ho EC spectrum

PRC 91 (2015) 045505, 064302]

[A. Faessler et al.,

00 05 1.0 1.5 2.0 2.5
E | keV
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v-mass from 163Ho electron capture: technologies A\‘(IT

Karlsruhe Institute of Technology

® Two experiments to address sub-eV neutrino masses by calorimetric spectrum

® Two different techniques for temperature sensing

H@D\LM ES approach: EC@ approach:

Resistance R at superconducting transition: Magnetization of paramagnetic material
Transition Edge Sensors (TES) Metallic Magnetic Calorimeters (MMC)
R 4 A
24 b
[ & =

T T !

[Cryogenic Particle Detection, (ed. C. Enss), Topics Appl. Phys. 99 (Springer, 2005)]
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Evaporation  90° Magnet

TES technology: H%MES /m i

7 Faraday
;}"’A/CUID

Sputter lon
Source

o
s
o
s
N
NS
AN
|

5 0 5
o x [mm]

Custom mass-separator ion implanter at Genova

350

counts / (0.5 eV)

300': (:;i
- ) HOLMES design & timeline:
50 —
200; * 6.5 x 1013 nuclei 3Ho (~300 Bq) per pixel
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MMC technology: EC@

AT

Karlsruhe Institute of Technology

Metallic Magnetic Calorimeters (MMC) with paramagnetic Au:Er sensor
read out by SQUID

1 absorber N source
3
— L paramagnetic > :
_ sensor (Au:Er) N & .
thermal link QS <
~ X \ \\\"\-\

thermal bath T

OT in absorber from EC-decay

= change in magnetization M of sensor « Fast rise time (~130 ns) and excellent

linearity & resolution (AEFwHm < 5 eV)

signal: 0® ~%-AT~8M- 1 -OF « Multiplexed readout of MMC arrays
> aT 9T C
tot
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MMC technology: EC@

Precision 163Ho spectrum
first calorimetric measurement of Ol-line
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64-pix detectors
optimized for
implantation

microwave
SQUID
multiplexing
readout
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ECED timeline QAT

Karlsruhe Institute of Technology

ECHo-1k — revised (2015 - 2018) ECHo-100k (2018 — 2021)

Activity per pixel: 5 Bq

Activity per pixel: 10 Bq
Number of detectors: 60 Number of detectors: 12000

Readout: parallel two-stage SQUID

Readout: microwave SQUID multiplexing
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First v-mass result from 2019
science run about to be released!

CRES proof of principle in 2014,
T2 operation started in fall 2018

current achievements

45

« Advanced detector development
(MMC and TES technologies)

 Test of scalable arrays, readout

* First v-mass result from ECHo-1k
IS coming up

KATRIN

Project 8

s
o ® *e

ECHo
HOLMES

Direct v-mass experiments: status and outlook QAT

Karlsruhe Institute of Technology

Long-term data-taking (5 yrs) for
full sensitivity (0.2 eV)

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

next goals

« Operate medium-size arrays
(~1010 counts) for 10 eV sens.

* Prepare large arrays
(~1014 counts) for sub-eV sens.

K. Valerius | Neutrino mass measurements
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IV. Extra course

AT

Karlsruhe Institute of Technology
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More physics questions for direct kinematic ﬂ(".

expe riments Karisube Insttute of Technology
® How many neutrino states @ Can kinematic experiments
are there? probe novel forms of interaction?

|\eft-right
symmetric right-handed
model charged currents

~non-\v.A
mteractions

47 Pontecorvo School |OgO by M. Bllenky K. Valerius | Neutrino mass measurements
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Imprint of sterile neutrinos on 8 spectrum
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Mixing: sterile v generates “kink”™ in B spectrum at E = E; — m,

light sterile v, m_ ~ few eV
motivated by oscillation anomalies

A mass
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gy

Ist there a fourth
(sterile) neutrino?

heavy sterile v, m_ ~ few keV
motivated as DM candidate
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Imprint of sterile neutrinos on 3 spectrum Aﬂ("‘

... close to the spectral endpoint E: light sterile neutrinos

107
10+ Reactor anti-nu anomaly
_10°%; ECHo-1M experiment
3
— 1071 -
NE KATRIN experiment
= 10-2] " RAA(G9%CL) e
| — ECHo-I1M (10%)  Tteel future 163Ho experiment
| — Future 63Ho (10%8) el '
10735 ___ 18 TSSClE
5 KATRIN (10°%) h: future atomic tritium exp.
| --- 3H differential (10'°) [
10~4 - —————— - ——————
1072 1071 10°

sin? 26
[compilation: Boser et al., arXiv:1906.01739]
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Imprint of sterile neutrinos on 8 spectrum Aﬂ(“‘

Karlsruhe Institute of Technology

light sterile neutrinos

... close to the spectral endpoint E: + novel interactions

Spectral shape distortion close to E,
due to interference term in left-right

symmetric model

N j |
S
»
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S
N, / 4
=z o
(52

—— c¢cp=-04

— cg = —0.2

— CIR — 0

— cr=0.2
SIS 210 ~8 6 1 ) 0
By (eV) — 18575.0 E — Ey(eV)
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Search for keV-scale sterile v with TRISTAN at KATRIN ﬂ(IT

Karlsruhe Institute of Technology

1072 1 <
- High count rates at ~few keV below endpoint LS\ ?f???f‘f\'\‘i'i\'i'?fff\&\\\\

- Tiny sterile admixture sin?(8;) expected | TTS=~.__A KATRINas-is ___ g

- Best sensitivity for differential measurement, |
need energy resolution ~300 eV or better | B. TRISTAN detector/

-
’/

o
0
0
.
.
.
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— = KATRIN e Statistical limit \\\" Holzschuh 99
—— TRISTAN /// Hiddemann 95 HI Troitsk 17
10—10 i i i i i i i i i
0O 2 4 6 8 10 12 14 16 18
initial ramp-up phase detector upgrade after completion Mheavy (keV)
of KATRIN at reduced of 5-year KATRIN running

source strength _
7-pixel SDD prototype

(MPP/HLL Munich)

-

Concept paper:
Mertens et al., J.
Phys. G 46
(2019) 065203
148 pixels ~ 3500 pixels 166-pix module test
KATRIN 2018/19 KATRIN ca. 2024 at KATRIN in 2019
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Summary A\‘(IT

The absolute neutrino mass scale is one of the big open questions
In astroparticle physics.

Complementary sources of information: cosmology, Ovf33 search,
direct kinematic experiments (3H,163Ho).

Several experiments have just started
and are delivering first results!

Much larger data sets and refined analyses are expected during the
next years. In parallel, new technologies are being developed.

Bonus: Precision B/EC spectra give access to a broad range of
physics topics, e.g. heavy neutrinos at eV and keV scales, exotic
weak interactions, ...

=» Stay tuned and/or join us!
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