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Towards probing the inverted mass hierarchy with
direct neutrino mass measurements

Svenja Heyns for the KATRIN Collaboration



Inverted
Neutrino mass beyond KATRIN - Ordering
Normal I - -

Ordering : 2

mass 1

e non-zero mass confirmed by
neutrino oscillation mass 2
— mass eigenstates #
flavour eigenstates mass 1 Zero mass 3
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See also: KATRIN Collaboration, Input to the
European Strategy for Particle Physics
- 2026 Update, https://indi.to/5TR9w

Neutrino mass beyond KATRIN -

closing the gap W i 2025
KATRIN final
] degenerate
. mass region
50 meV - < g
> 0.10 1
I mev KATRIN++ £ ]
0.05 ] ordering .............................
0.01
T Te ;
0.0001  0.001 0.01 0.1 1
Normal Inverted

Lightest Neutrino Mass (eV)

Ordering Ordering

L

i\% -3

oo

Design by Chloé C.
PASCOS 2026 - Towards probing the inverted mass hierarchy | Svenja Heyns ﬂ(IT

Karlsruher Institut fiir Technologie




Neutrino mass signature - Tritium beta decay

3 orders of magnitude /> 2.0 X107

smaller shape distortion
More statistics, Y,

higher resolution,
lower systematic budget,
lower background
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Source concept - 2 key strategies

| Atomic tritium source

KATRIN preliminary

molecular
atomic

by Chloé 'Goup'y

Final state distribution

molecular ground state intrinsically broadened by
rovibrational excitations of O.94 eV (FWHM)

atomic tritium reduces this broadening to zero
& higher ground state probability
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Detector concept - 2 key strategies

(a) fixed energy barrier
(b) resolve each electron’s

2 Sub-eV energy resolution energy individually

rate (cps/eV)
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Design by Chloé C.

m) Stronger signal with higher precision in short time
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Pushing down sensitivity - and technology...

How to reach inverted mass ordering
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Source species
Molecular tritium
Atomic tritium

Background level
107> cps/eV
1077 cps/eV
background-free

Molecular tritium naturally limited
by FSD broadening

Atomic tritium essential
once detector resolutions
< 700 meV FWHM available

No significant improvement
for background levels
below 107 cps/eV
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Pushing down sensitivity - and technology...

How to reach inverted mass ordering

1.4 x 10714 g
X 0z
S s
\\ o
0] S -8
N, RS =
s N N
3 N %y
o N ~ &8 >
2 2 N R R * - %
S 6x10724
) L 8
S Inverted Ordering @\
=
§ 4x1072 NG
© ~
> .
£
3x 10721 \*\.\
~.
\.
ke
4.0 1.0 0.4 0.1 0.04

Detector Resolution FWHM (eV)

1000 days of measurement
Tritium inventory as KATRIN source

PASCOS 2026 - Towards probing the inverted mass hierarchy | Svenja Heyns

Source species
Molecular tritium
Atomic tritium

50 meV

Background level
107> cps/eV
1077 cps/eV
background-free

Inverted ordering achievable with

atomic tritium source, KATRIN source strength
and effective energy resolution of 500 meV
FWHM
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Pushing down sensitivity - discovery of neutrino mass

Example setup configurations

fitted mg [eV]

KATRIN preliminary

100
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| T, Det. resol = 0.50 eV

[ Bckg = 1077 cps/eV
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| Bckg = 1077 cps/eV
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Atomic tritium source - Strategy

@)"QO §>I<§ @

Producing Cooling Trapping
I[dentify best dissociation Develop mechanism Magnetically trap
method for tritium for cooling to large inventory with
milli-Kelvin long life-time
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Atomic tritium source - Strategy
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Atomic tritium source - Identify best source )

KAMATE
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— Universitat
Miinster

Sub-eV energy resolution -
Transversal Energy Compensator & Time-of-Flight

e Transversal Energy Compensator
reducing broadening by
compensating longitudinal
with transversal energy

e Time-of-Flight detection
for quasi-differential measurement
with fixed retarding potential

and minimal impact electron
tagger

e Upgrade to KATRIN setup with
significantly improved energy
resolution & statistics

Main spectrometer
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Sub-eV energy resolution -
Transversal Energy Compensator & Time-of-Flight

Image current O

e-tagger
Q

’ Thermally triggered
super- conducting

nano wires @

Main spectrometer
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Sub-eV energy resolution -

Transversal Energy Compensator & Time-of-Flight
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Segmented
detector
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N. Kovac et.al., Comparison of the detector response and
calibration function of metallic microcalorimeters for X-ray
photons and external electrons, Nuclear Instruments and

Sub_eV energy reSOIution - Methods in Physics ngarch (2025)
Quantum sensor arrays

Paramagnetic
Pick-up Coll Sensor
Particle Absorber by Neven Kovat
1.01 == SDlz:Sspecimm @
. MMC Spectrum
308
gO.B
3
-EOA
_ e Z02
Current-sensing
SRR %0 122 124 126 128
Sketch by M. Miller Energy / keV
e Successful proof-of-principle for Test setup at Institute of Micro- and
detecting external electrons in ELECTRON Nanoelectronic systems
project
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Sub-eV energy resolution - Planned demonstrator setup

by Carlotta Buchner
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Testing & commissioning of 10-
4cm? MMC detector array
with sub-eV resolution

Particle Absorber
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Energy filtering

Transport & pumping
- -
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Timeline - neutrino mass search
..with KATRIN++ & many more

KATRIN++ Future

KATRIN

m, < O3 eV

R&D phase with
infrastructure

at KATRIN and
Tritium Laboratory
Karlsruhe

Sterile neutrino search &
Inverted ordering R&D

Next-generation
neutrino mass
measurement
probing inverted mass
ordering

Differential demonstrator &
atomic tritium path finder

next-generation
neutrino mass experiment
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Timeline - neutrino mass search
..with KATRIN++ & many more

[\
i

KATRIN

m, < O3 eV

R&D phase with
infrastructure

at KATRIN and
Tritium Laboratory
Karlsruhe

Sterile neutrino search &
Inverted ordering R&D

Next-generation
neutrino mass
measurement
probing inverted mass
ordering

H%MES+

Differential demonstrator &
atomic tritium path finder

next-generation
neutrino mass experiment
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Timeline - neutrino mass search
..with KATRIN++ & many more

UL
KATRIN KATRIN++ Future 13

H%MES+

R&D phase with Next-generation
infrastructure neutrino mass
at KATRIN and measurement EC@
Tritium Laboratory probing inverted mass
Karlsruhe ordering
m, < O3 eV
| Sterile neutrino search &_ QTN
Inverted ordering R&D T e, |
R 7 — it
i/ / Differential demonstrator & next-generation
i / atomic tritium path finder neutrino mass experiment

PASCOS 2026 - Towards probing the inverted mass hierarchy | Svenja Heyns




The KATRIN Collaboration
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Neutrino mass beyond KATRIN -

NEUTRINO

&(| (o

e non-zero mass confirmed by
neutrino oscillation

— mass eigenstates #
flavour eigenstates
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Inverted
Neutrino mass beyond KATRIN - Ordering
Normal I - -

Ordering . 2

mass 3 mass 1

o ey e
9 meV
mass 2

- - mass 1 Zero

mass 3
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Neutrino mass signature - Tritium beta decay
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Atomic tritium - KAMATE Y

Hardware development

KAMATE

%

26

KAMATE 0.5 KAMATE 1.0 KAMATE 2.0 KAMATE 3.0

Identify best source. Ist Tritium Operation. Cooling I. Cooling II.

e Hydrogen setups e KAMATE OJ5 e DowntoIOOK e Down to IK

at TLK & Mainz with Tritium by wall- by expansion
at TLK interactions (nozzle)
(Accomodator)
Adapted from
Caroline Rodenbeck
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TEK é\}i{/ UNIVERSITY
Atomic tritium source - Trapping \3 s OF TURKU

e Trapping low-field seekers with magnetic walls

e Extending life-time & inventory g
e Same technological development for neutrino mass . ':."
experiments & precision spectroscopy . .':-
low field

Goal:
High field High field

Flux of IO P atoms/s

Karlsruher Insti nologie
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Sub-eV energy resolution -
Transversal Energy Compensator & Time-of-Flight
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Sub-eV energy resolution -
Transversal Energy Compensator & Time-of-Flight
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Sub-eV energy resolution - Demonstrator setup

Paramagnetic
Pick-up Coil Sensor

Testing & commissioning of colder than
4cm? MMC detector array the universe

with sub-eV resolution 20 milli Kelvin

Particle Absorber

. my
urrent-sensing

e Quantum sensor
detector array

Energy filtering

Transport & pumping
- -
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Sub-eV energy resolution - Cold Chicane

Hardware developme

Electron guidance towards detector: e 5 superconducting magnets
from 300 K to 100 mK e 20 mm radius
& ~1Tto30 mT e  Multi-layer cryostat shielding

by Carlotta Buchner
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Quantum sensor
detector array
(multi-channel)

Rear wall Atomic tritium source Tran5pon.ft and
(tritium atoms) pumping
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