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The role of massive neutrinos

mν

AstroparticlePhysics

Cosm
olog

yParticle Physics

Neutrino masses bring in afundamental energy scale(besides Higgs scale)

Neutrinos as „cosmic architects“>300 ν/cm³ in the Universe

mν=0 mν>0

Neutrinos as key toastrophysical processes



Hilfslinien anzeigen über Menü: Ansicht > Anzeigen > Haken bei Führungslinien setzen

Die Linien und Flächen dürfen im Rahmen des Corporate Designs (siehe CD Manual) verändert werden.

3

Neutrino-mass observables

normal ordering inverted ordering

?
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flavour weak eigenstate

neutrino mixing matrix
mass eigenstate
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Known from oscillation experiments:
Particle Data Group, Phys. Rev. D 110 (2024) 030001𝑙 = 𝑒, 𝜇, 𝜏
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Neutrino-mass observables

Cosmological observables Neutrinoless double β-decay

Lokhov, Mertens, Parno, Schlösser, Valerius,Ann.Rev.Nucl.Part.Sci. 72 (2022) 259-282
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Direct neutrino-mass measurement
Direct, model-independent access to neutrino mass

(𝐴, 𝑍) → (𝐴, 𝑍 + 1) + 𝑒− + 𝜈𝑒

(𝐴, 𝑍) + 𝑒− shell → (𝐴, 𝑍 − 1)∗ + 𝜈𝑒

𝜷(−)

Measure kinetic energy of electron

Measure internal excitation of daughter atom
(𝐴, 𝑍 − 1)∗ → (𝐴, 𝑍 − 1) + 𝐸𝐶

• decay

• Electron capture

Fermi‘s Golden Rule:

Neutrino mass obtained from shape distortion near kinematic endpoint

𝑑𝑁
𝑑𝐸

∝ (𝐸0 − 𝐸) ∙ (𝐸0 − 𝐸)2 − 𝑚2
𝜈𝑖

𝑐4
𝑚2

𝛽 =
𝑖

𝑈𝑒𝑖
2 𝑚2

𝑖
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Neutrino-mass from tritium β decay
Direct, model-independent access to neutrino mass based on kinematic parameters & energy conservation

Fermi‘s Golden Rule:
Experimental challenges:
• High source activity
• Excellent energy resolution (~1 eV)
• Low background (≪1 cps)
• Spectrum and responsemodel
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∝ (𝐸0 − 𝐸) ∙ (𝐸0 − 𝐸)2 − 𝑚2
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Neutrino-mass from tritium β decay
Direct, model-independent access to neutrino mass based on kinematic parameters & energy conservation

Fermi‘s Golden Rule:

Tritum: E0 = 18.6 keV, T1/2 = 12.3 y

e-
𝝂𝒆

p

p p

n
n

n
tritium

helium-3

Experimental challenges:
• High source activity
• Excellent energy resolution (~1 eV)
• Low background (≪1 cps)
• Spectrum and responsemodel
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The KATRIN Collaboration
KArlsruhe TRItium Neutrino Experiment

~ 20 institutionsworldwide

~ 150 people involved
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Karlsruhe Tritium Neutrino (KATRIN) Experiment

Full system description & commissioning: KATRIN, JINST 16 (2021) T08015
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Modeling of measured tritium spectrum

● (2-3) hour scans, O(100) scans per campaign
● Stack data points with the samemeasurement conditions
● Analysis window: [E0 - 40 eV, E0 + 135 eV]

• Experimental response: f(qU, E)

E – qU (eV)

• Beta spectrum: Rβ(E;mν2,E0)

X
Background regionβ-decayspectrum

E0
mν2

Rbg

A

Calibration
with

electron gu
n and

83mKr convers
ion electro

ns
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Data analysis

Latest analysed dataset

2019:m𝛎 < 1.1 eV (90% C.L.)
2022:m𝛎 < 0.8 eV (90% C.L.)

(~ 6Mio counts)

2024:
• 259measurement days
• 1757 β-scans
• ~ 36Mio counts

PRL 123 (2019) 221802PRD 104 (2021) 012005 Nature Phys. 18 (2022) 160
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Key improvements since previous release
• Factor 6 improvement in statistics
• Factor 2 lower background using

“shifted analyzing plane” configuration:
o Smaller volume mapped onto detector
o Inhomogeneous EM-fields

 More segmented data x 14
 Calibration of fields needed

A. Lokhov et al., Eur. Phys. J. C 82, 258 (2022)
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Key improvements since previous release
Precise calibration measurements with
83mKr co-circulation:
● Probe of electric potential variation in

the source
● Field mapping in the spectrometer
● Source temperature: 30K → 80K
Installation of upgraded electron gun:
● Energy loss through scattering
● Tritium gas density

Spectrum of N1,2,3-32 lines of 83mKr

KATRIN collab, Eur. Phys. J. C 81, 579 (2021)

KATRIN Collab, Eur. Phys. J. C 85, 757 (2025),A. Marsteller et al., JINST 17, P12010 (2022)
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Key improvements since previous release
Measurement campaigns 4 + 5:
• Improved statistical sensitivity by optimised

scan-time distribution
• Eliminated trapped particle background by

lowering pre-spectrometer voltage
• Measured the residual tritium activity on

the gold-plated rear wall and reduced it
with ozone cleaning
M. Aker et al.,Fusion Science and Technology80, 303 (2024)

KNM4OPTimised

Time optimization Rear wall cleanedTrap background removed
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ground state
excited bound states

● Reduction of the molecular final-states uncertainties
Key improvements since previous release

e-
𝝂𝒆

p
p p

n
n

n
tritium

helium-3

Atomic decay: Molecular decay:
T

T
T

He3
e- 𝝂𝒆+ +

Reassessment of theoretical uncertaintyestimation:
S. Schneidewind et al., Eur. Phys. J. C 84, 494 (2024)
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Systematic uncertainties

• Statistical uncertainties dominate
• Significant reduction of background-relatedsystematics
• Better control over source scattering
o Increased conservative uncertainties inthis release

• Final-States uncertainty now negligible

* Reduced uncertainties upcoming

* *
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● Best-fit value

● Compatible with zero within
uncertainties

● Excellent goodness-of-fit (p-value = 0.84)
● Negativem² estimates allowed by the

spectrum model to accommodate
statistical fluctuations

● Agreement between both independent
analysis teams

KATRIN Results
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New KATRIN release improvesdirect neutrino-mass bound by a factor of 2

KATRIN’s new upper limitusing Lokhov-Tkachov construction:

• Returns sensitivity for negativem² best fits
• Statistical underfluctuations prohibited from

producing tighter limit

KATRIN Results

KATRIN Coll. Science 388 (2025) 180–185

Upper limit from Feldman-Cousins construction:
�� �� �� �������� ���� �	�
���� ���
��


