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I. Motivation for a neutrino mass measurement

II. Tritium beta decay and the neutrino mass

III. Status of KATRIN measurements

IV. Prospects for the future?

Outline

Slide deck: K. Valerius (KIT), CERN EP-Seminar, 6th May

https://indico.cern.ch/category/3247/
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Neutrinos in the Standard Model

visualisation from Quanta Magazine

ÅNeutrinos are the only electrically neutral fermions

ÅNeutrinos participate only in the weak interaction

ÅNeutrinos are massless in the Standard Model é

é but neutrino flavour oscillations show that this picture is too simple!

Art McDonald  & Takaaki Kajita
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Neutrinos in the Standard Model

visualisations from Quanta Magazine & CERN Courier

ÅNeutrinos are the only electrically neutral fermions

ÅNeutrinos participate only in the weak interaction

ÅNeutrinos are massless in the Standard Model é

é but neutrino flavour oscillations show that this picture is too simple!

normal ordering inverted ordering

unitary 3x3 mixing 

matrix, analogous 

to CKM in quark 

sector
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Why measure the neutrino mass?

Cosmology

Massive neutrinos as 

ñcosmic architectsò

mɜ= 0     mɜ> 0     

>300 ɜ/cm3 in the Universe today

ÅNeutrino oscillations: Measure leptonic mixing matrix and squared-mass pattern ȹm2

ÅAbsolute neutrino mass not accessible through oscillations, but bears important relevance: 

Particle physics

Massive neutrinos as ñmisfitsò 

of the Standard Model

New mass-generating mechanism?

Astrophysics

e.g., ɜas probes of fusion in the sun

Massive neutrinos as key to

astrophysical processes
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Cosmology Search for 0ɜɓɓ
Precision kinematics of   

weak decays

Method
Structure of Universe at 

early and evolved stages

ɓɓ-decay of 
76Ge, 130Te, 136Xe, é

ɓ-decay of 3H, EC of 163Ho

Observable

Present upper limit 0.12 eV (0.064 eV) 0.036 ī 0.156 eV0.45 eV (from 3H)

Model assumptions

Multi-parameter    

cosmological model

(ȿCDM)

- Majorana neutrinos

- Contrib. other than m(ɜ)?

- Nucl. matrix elements, gA

Direct ð kinematics, phase

space;  no cancellations in

incoherent sum

6

Three paths to the neutrino mass scale
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I. Motivation for a neutrino mass measurement?

II. Method with tritium beta decay

III. Status of KATRIN measurements

IV. Prospects for the future?

Outline
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Direct -mass experiments: techniques

MAC-E filterCalorimeters

ǐ Cryogenic microcalorimeters,
implanted source

ǐ Energy measurement via 
temperature change

ǐ Magnetic Adiabatic Collimation with 
an Electrostatic Filter

ǐ Energy measurement via
high-pass filter

CRES

ǐ Cyclotron Radiation Emission 
Spectroscopy

ǐ Energy measurement via
frequency
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Neutrino mass from tritium ǟ-decay

Shapeof ɓ-decay spectrum sensitive to effective neutrino mass square

close to the endpoint energy E0: 

Method: No prerequisites other than decay 

kinematics and energy conservation.

3H: E
0 
= 18.6 keV,  T

1/2
= 12.3 yr 
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High-resolution spectrometer

Source Detector

Electrodes

Analyzing plane

magnetic collimation of momentum (w/o E-field)

Challenge:
Size of a multi-storey building 

Key feature:

Combines large acceptance

with eV-scale energy resolution

s.c. 

magnet

s.c. 

magnet

Magnetic Adiabatic Collimation with Electrostatic Filter (ñMAC-Eò)
(see Picard et al., NIM B 1992; Lobashev & Spivak, NIM A 1985)
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KIT Campus North

Tritium Laboratory Karlsruhe (TLK) at KIT

ð a unique research facility in Europe with 30 years of experience:

Development of tritium fuel cycle for nuclear fusion 

Closed-loop source operation (~10 kg/year) for KATRIN

(e.g., Hillesheimer et al., Fusion Sci. Tech. 80 (2023) 465)

Tritium Laboratory Karlsruhe (TLK)KATRIN@TLK

Why Karlsruhe?
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Overview of the KATRIN experiment

100 billion ǟ-decays 

per second

Electron energy filter:

Å Precision high-voltage (ppm level)

Å Magnetic fields (0.1 mT ðfew T)

Å Ultra-high vacuum (10-11 mbar)

Guide electrons, 

circulate tritium in 

closed loop

Electron 

counter

70 m long beamline: ultra-pure gaseous T2 source combined with high-resolution electron spectrometer

Full system description:  JINST 16 (2021) T08015  ñVirtual KATRIN tour atvr.nawik.de

http://vr.nawik.de
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Overview of the KATRIN experiment

Full system description:  JINST 16 (2021) T08015  ñVirtual KATRIN tour atvr.nawik.de

70 m long beamline: ultra-pure gaseous T2 source combined with high-resolution electron spectrometer

http://vr.nawik.de
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Measuring the ǟ-decay spectrum

Each ɓ-spectrum scan:

2-3 hours, ~40 voltage points

Measuredindividual ɓ-spectrum:

=

Convolution of theoretical spectrum with experimental response

ἆ

Fermi theory with radiative corr., 

molecular excitations

Spectrometer transmission 

and energy losses in source

Fit analytical model with free parameters m’
2, E0, AS, Rbg.     Analysis window: [E0- 40 eV, E0 + 135 eV]
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Ingredients of precision -mass measurement

Activity fluctuations

- column density

- tritium

concentration

Molecular final states

quantum-chemical

computations

Fit model is informed by theoretical and experimental inputs, with all key systematic 

uncertainties determined by dedicated measurements.

Magnetic fields 
- source

- spectrometer

- detector

Energy scale
- spectrometer potential

- source plasma

- surface conditions

Energy loss by scattering Background

- energy dependence

- time structure due

to trapped electrons

Detection 

efficiency
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Progress of KATRIN data taking

ÅEach campaign: hundreds of ɓ-spectrum scans.

ÅUp to now: >190 Mio. electrons recorded, 36 Mio. analyzed.

ÅContinue until end of 2025 to complete 1000 days of data.

16 measurement campaigns successfully concluded as of today.

Spring 2019 Spring 2025
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Neutrino-mass results from initial data

KNM1: ά ρȢρÅ6ωπϷ#Ȣ,Ȣ
PRL 123 (2019) 221802;  PRD 104 (2021) 012005

KNM1-2:     ά πȢψÅ6ωπϷ#Ȣ,Ȣ
Nature Physics 18 (2022) 160

KNM1-5 data set:

Å 259 measurement days

Å 1757ɓ-scans

Å 36 Mio. counts

Å Expected sensitivity:  ά πȢυÅ6
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ṉ Factor 6 more statistics

ṉ Factor 2 lower background by fiducialization
ỉ Lokhov et al., EPJ C 82 (2022) 258; Aker et al., EPJ C 84 (2024) 12

ṉ Eliminated trapped-particle background

ṉ Optimized scan-time distribution

ṉ Precision calibration tools, e.g. new e-gun;

new co-circulation mode of krypton with tritium

to probe source plasma potential
ỉ Marsteller et al., JINST 17 (2022) P12010;

Aker et al., arXiv:2503.13221.

ṉ Reduced molecular final-states uncertainty
by dedicated assay using ab-initio calculations 
ỉ Schneidewind et al., EPJ C 84 (2024) 494

18

Key improvements since previous release

Uncertainty breakdown KNM1-5
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Analysis challenges

ÅMultiple campaigns, different operating configurations 

ÅHighly segmented data (1609 data points) 

Å144 correlated systematic parameters

ÅComputationally expensive model evaluations

Optimized direct model evaluation

Fast model prediction with a neural network 

ÅTwo analysis teams and frameworks,

double-layer blinding scheme

Fixing analysis procedure on MC data

Using model blinding, undisclosed modification of final states 

ỉ Karl et al., EPJ C 82 (2022) 439
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I. Motivation for a neutrino mass measurement?

II. Method with tritium beta decay

III. Status of KATRIN measurements
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Outline
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KATRIN Coll., Science 388 (2025) 180-185

published April 11, 2025

Results from KNM1-5 science runs
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Maximum likelihood fit with common m 2 parameter in 59 data sets (1609 data points)
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Retarding energy (eV)

Data from KNM1-5 science runs

Rate increase Background reduction Statistical optimisation Final optimised setting

KATRIN Coll., 

Science 388 (2025) 

180-185
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Combined best-fit value:

Compatible with zero within uncertainties

Excellent goodness-of-fit (p-value = 0.84)
Negative m2 estimates reflect statistical 
fluctuations allowed by the spectrum 
model

23

Result of combined spectral fit

Agreement between both analysis teams

KATRIN Coll., 

Science 388 (2025) 

180-185
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Confidence interval

(*) Lokhov & Tkachov, Phys. Part. Nucl. 46 (2015) 347; (#) Feldman & Cousins, Phys. Rev. D 57 (1998) 3873

Upper limit from Lokhov-Tkachov (*) construction

ά πȢτυÅ6ωπϷ#Ȣ,Ȣ

Ÿ  Returns sensitivity for negative ά best fits

Ÿ  Statistical underfluctuations prohibited from

producing tighter limit

Upper limit from Feldman-Cousins (#) construction

ά πȢσρÅ6ωπϷ#Ȣ,Ȣ

Bayesian analysis in preparation

KATRIN Coll., 

Science 388 (2025) 

180-185
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I. Motivation for a neutrino mass measurement?

II. Method with tritium beta decay

III. Status of KATRIN measurements

IV. Prospects for the future?

Outline
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ǟ-spectroscopy at 

high precision

& high stability

Search for shape 

distortion through exotic 

weak interactions

ỉ arXiv: 2410.13895

Line search for 

capture of local

cosmic relic ɜ
ỉ PRL 129 (2022) 

011806

ɜ
ɜ

ɜ

ɜ

ɜɜ

Physics beyond the neutrino mass with KATRIN

ñKinkò searchfor fourth 

(sterile) neutrino

eV mass scale:

ỉ PRL 126 (2021) 

091803               & 

PRD 105 (2022) 072004

keV mass scale:

ỉ EPJ C 83 (2023) 763

Search for Lorentz 

violation through

sidereal modulation

ỉ PRD 107 (2023) 082005

a



M. Steidl (KIT)  |  Latest results from KATRIN27
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eV é keV

masses!

ÅLight sterile neutrinos (eV mass scale): motivated by short-baseline oscillation anomalies

ÅHeavy sterile neutrinos (keV mass scale): motivated as a dark matter candidate

Search for sterile neutrinos with KATRIN



M. Steidl (KIT)  |  Latest results from KATRIN28

Search for sterile neutrinos with KATRIN

Spectrum data close to endpoint

Region of interest: 40 eV below and 60 eV above 

endpoint E0

Simulated signal: 3 active + 1 sterile 

Model param.: Mass m4 = 10 eV; mixing = 5%

analysis details: see PRL 126 (2021) 091803 & PRD 105 (2022) 072004

ÅKATRIN directly probes         and            as additional parameters in spectral fit

ÅCompare with short-baseline oscillations:                                ,  

light neutrino heavy neutrino
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New direct bounds on light sterile neutrinos
KATRIN Coll., 

arXiv:2503.18667

ÅSizeable improvement in 

statistics (x6 compared to 

previous release)

ÅNeutrino-4 claim excluded

ÅSynergy with short-baseline 

reactor experiments 

(Prospect, Stereo, DANSS)

ÅKATRIN bound dominates 

for              

> 5 eV2

ÅExpect further improvement 

of sensitivity with full data set

T. Lasserre (KATRIN coll.), Moriond EW, March 2025
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Aim: Measure the full tritium spectrum to search for keV steriles at ~10-6 admixture

Challenges: Energy range x 400, electron rate x 106, high energy resolution, control of systematics

Technology: Silicon Drift Detector (SDD) array with > 1000 pixels

30

Outlook I: KATRIN with TRISTAN detector

Mertens et al., J. Phys. G46 (2019) & G48 (2021);  Gugiatti et al., NIM A979 (2020) & NIM A1025 (2022),

Biassoni et al., EPJ Plus 136 (2021) 125, Siegmann et al., J. Phys. G51 (2024) 8, 085202, Spreng et al., JINST 19 (2024) P12009 

ṉCapacity to handle high rates (> 108 cps)

ṉ Excellent energy resolution (160 eV @ 5.9 keV)

166-pix module

tower assembly

with 9 modules

Timeline: Implement in KATRIN beamline for measurements during 2026-2027

replica beamline for system characterization
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Sensitivity to keV sterile neutrinos

ÅPresent direct lab-based constraints: 

mixing sensitivity ~10-3 

(e.g. from KATRIN commissioning, 

at reduced source strength)

ÅKATRIN with TRISTAN detector will 

reach ~10-6 statistical sensitivity with 

few months of data

ÅKey systematics under scrutiny 

(hardware adaptations, dedicated 

measurements)
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Outlook II: Towards a next-generation experiment

KATRIN

New 

technologies

n
3

n
1

n
2

n
1

n
2

n
3

IO

NO

Goal: Develop new technologies to fully cover inverted 

mass ordering (I.O.), and eventually (N.O.) of ’masses

Will a new experiment look like KATRIN??

ÅNew source concepts

(molecular Ỉatomic tritium)

ÅNew detector technologies

(differential spectroscopy, high energy resolution)

KATRIN collaboration input for 2026 

Strategy Update: https://indi.to/5TR9w  

Many ideas with exciting potential: 

e.g. CRES technology (Project 8), quantum sensor arrays & 

readout (ECHo, HOLMES), time-of-flight with electron tagger, é
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Stat only

10 eV region

1000 days

Preliminary

S. Mertens

Sensitivity beyond KATRIN

ÅKATRIN now:
Integral, DE = 2.7 eV, bg = 0.1 cps

More tritium would help, but ultimately need:

ÅDifferential* measurement (FWHM < 1 eV)
*) meaning: non-integrating spectroscopy

ṉ Better use of statistics

ṉ Intrinsically low background

ÅAtomic tritium

ṉ Avoid broadening

(~ 1 eV)

ṉ Avoid limiting

systematics of T2

R
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KATRIN as R&D facility for differential detector

06.09.2024

Option 2
Quantum sensors (MMC, TES)

106 x

ǐOperation in magnetic field (~20-50 mT)

ǐCoupling of mK cryo-platform with RT spectrometer

Option 1b
Time-of-flight via electron tagging

ǐ1000 Hz single-electron tagger 

with high SNR

ǐCRES, or image current sensor 

(cryogenic current comparator)

Option 1a

Transverse Energy
Compensator (idea: C. Weinheimer / U Münster)

ǐAngle-dependent acceleration of e- in ramped drift tube

ǐDemonstrated to improve MAC-E resolution by factor ~10

Goal: Sub-eV resolution for differential energy measurement.

Added benefit:  Immune to MAC-E filter backgrounds!
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8 channel detector chips

& front-end SQUID chips

170 µm

KIT-IMS (Kempf group)

Energy / keV

FWHM ~ 25 eV

ÅProof of principle: High-res spectrum of 83mKr

conversion electrons from an external source

ÅNext: measure electrons from tritium

Metallic Magnetic Calorimeters (MMC)

83mKr:
X-ray and electron lines

ELECTRON: eĬspectroscopy with quantum sensors

ỉ N. Kovac et al., arXiv:2502.05975

Time / ms

Energy / eV
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Key enabling technology for ultimate ɜ-mass measurement ð but interest also from other fields: 

e.g. atomic spectroscopy, material science, fusion research, cold plasma physics, é

36

Joint R&D on atomic tritium

courtesy M. Schlösser (KIT) & S. Böser (U Mainz)

KAMATE: Karlsruhe-Mainz

Atomic Tritium Experiment

ỉ joint R&D between 

KATRIN++ and Project 8
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TLK as R&D facility for atomic tritium

courtesy M. Schlösser (KIT-TLK)

Tritium Laboratory Karlsruhe as ideal location for pathfinder

Joint development of Atomic Tritium Pathfinder

> Develop atom cooling mechanism 

> Investigate trapping times, maximum densities

> Interplay of ɓ-driven plasma (meV-eV) and trapped atoms (neV)

Demonstrate large-

scale generation 

& cooling (10 mK)

of atomic tritium

Aim: tritium atom 

throughput on the order 

of 10 g/day (c.f. T2 in  

KATRIN: 40 g/day)

Realization at densities ~1017 m-3, mK temperature range, molecular impurities <10-4 needs R&D 

across many fields(tritium technol. & analytics, radiochemistry, atomic traps, surface physics, é)

H/D-dissociator characterization 
at U Mainz

Installation of first atomic tritium 
source at TLK in progress
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ÅMassive neutrinos are a signpost to physics beyond the Standard Model

ÅKinematics of weak decays offer a direct, model-agnostic way to determine the 

absolute neutrino mass scale

ÅCurrent best direct limit m(ɜ) < 0.45 eV (90% CL) from KATRIN

Åbased on five initial science runs ð now 5x more data on disk

Ådata-taking continues through 2025 for sensitivity goal < 0.3 eV

ÅPrecision ɓ-decay spectroscopy enables rich physics programme beyond the 

neutrino mass

ÅFuture plans: Detector upgrade for keV sterile neutrino search (2026-27), 

ideas for next-generation ɜ-mass experiment (R&D starting)

Summary


