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Neutrinos have a mass

Motivations for direct mass measurement

Phys. Rev. D 110. 030001 (2024)
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Neutrinos have a mass

Motivations for direct mass measurement
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e Neutrino oscillations imply that neutrinos do have a
non zero mass ¢
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e What is the absolute scale? And the mass ordering? g A - IGI A
— from neutrino mass qc) s
measurements )
_ - Norm_al :
o  via cosmology (depends on model, e.g. ACDM) _% eu ordering =
- %1 ® AV —
o  via OvBp-decay (relies on Majorana nature) i - Lnr‘c’l‘zrrtiﬁg =
o  via B-decay (direct measurement, this talk)
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&) Direct measurement of the neutrino mass

From (3-decay kinematics
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e probe effective electron anti-neutrino mass m?2 = E Uei |2m?

=1
e Spectral distortion near end point

— low background (< 1 cps)
— high energy resolution (~1eV)
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W) Direct measurement of the neutrino mass

From (3-decay kinematics
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KATRIN experiment principle
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2) KATRIN experiment principle
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KATRIN experiment principle
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KATRIN experiment principle
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KATRIN experiment principle
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KATRIN experiment principle
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KATRIN experiment principle
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The main spectrometer -
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e MAC-E (Magnetic Adiabatic Collimation
combined with an Electrostatic filter):
Only electrons with E,>qU., reach the detector

KATRIN collaboration, JINST 16 (2021) T08015
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Main spectrometer

— Vary retarding energy to scan spectrum

— Count events at the detector

— Integral spectrum (2-3h in total)

— Repeat scanning procedure a few 100 times to obtain
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W) Analysis strategy

Principle
Eq
maximum likelihood fit of analytical model: | T'(¢U) x A / D(E;m3, Eo) R(qU, E)dE + B
with two-steps blinding procedure v

integral spectrum measured at T, decay experimental response
the detector — differential spectrum (source, transport and spectrometer)
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#)) Data taking status

m, < 0.8 eV (90% CL)

[M. Aker et al., Nature Phys. 18 (2022) 2, 160-166]

and experimental improvements

On-going analysis

1000 days
of neutrino mass data!
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W) Data taking status

and experimental improve

m, < 0.8 eV (90% CL)

[M. Aker et al., Nature Phys. 18 (2022) 2, 160-166]

ments

1000 days
of neutrino mass data!

On-going analysis
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e 259 measurement days
e 1757 [3-scans and ~36 Mio electrons
e  experimental improvements

— reduce the background by a factor 2
[Lokhov et al., EPJ C 82 (2022)]
Precise calibration measurements:

— with 83MKr circulation (electric potential, field mapping...)
[Lokhov et al., EPJ C 82 (2022)] 6
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— with an electron gun (gas density, energy loss)
[Aker et al., EPJ C 81 (2021)]



Fit results and systematic uncertainties

[KATRIN collaboration, Science 388,180-185(2025)]
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Fit results and systematic uncertainties

[KATRIN collaboration, Science 388,180-185(2025)]
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Fit results and systematic uncertainties

[KATRIN collaboration, Science 388,180-185(2025)]
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Neutrino mass limit

[KATRIN collaboration, Science 388,180-185(2025)]

) . . 1 Lokhov Tkachov
e KATRIN's new upper limit: BN Feldrman Cousins

m < 0.45 eV (90% CL) 0.3 F ---- Best fit (-0.14 eV?)

using Lokhov-Tkachov construction
[Lokhov, Tkachov, Phys. Part. Nucl. 46 (2015) 3, 347-365)]

e Feldman-Cousins limit:
m_<0.31 eV (90% CL)

[Feldman, Cousins, Phys. Rev. D 57 (1998) 3873-3889]
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probing llght Sterile neutrinos [The KATRIN collaboration, Nature volume 648, pages 70-75 (2025)]

e  KATRIN can probe eV-sterile neutrinos
signature near the tritium end point

e Analysis of KNM1-5 (259 days of
measurement)

e 2 additional parameters:
— m,: 4" neutrino mass
— sin(@): 4" neutrino mixing

------- Active branch
---- Sterile branch
—— Active + Sterile
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probing llght Sterile neutrinos [The KATRIN collaboration, Nature volume 648, pages 70-75 (2025)]

e  KATRIN can probe eV-sterile neutrinos 10 _
signature near the tritium end point ] o.1.:A ¢ KATRIN data with 10 error bars x 10
= .1 '™ (3 + 1) v best fit model
10° = .
e Analysis of KNM1-5 (259 days of 5 E .,
measurement) 9 o m
© .
fa 10—1 - X v
e 2 additional parameters: = “'.b E,
— m,: 4" neutrino mass S [N B
4 . . 10-2 - )
— sin(@): 4" neutrino mixing ++ t i + ¢ t

:i ------- ACtI\_/e branch 1.00 Frrerrerrrramrarserimnanns
L ---- Sterile branch sin20 - .
2 —— Active + Sterile 2 0.98 - : (3 +1)v simulation
© ° sin%(Bee) = 0.05
) 0.96 - \ m2 =100.0 eV?2
@ —
© ~ |
4= '*\\\ m
HQ: sin%0 \\\\ my 4
1 \\ L — . dlo,lb
18560 18565 18570 18575 i

Energy (eV) CQO\)Q‘J : 14


https://doi.org/10.1038/s41586-025-09739-9

Beyond the neutrino mass

probing llght Sterile neutrinos [The KATRIN collaboration, Nature volume 648, pages 70-75 (2025)]

10°
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signature near the tritium end point (Ster;o )
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W Conclusions and outlook

Take away messages

KATRIN direct neutrino mass bound:

m < 0.45eV (90% CL)
[KATRIN collaboration, Science 388,180-185(2025)]

Data taking concluded at the end of 2025
— towards 0.3 eV sensitivity

Beyond neutrino mass analysis

— new eV sterile neutrino rejection limits
[The KATRIN collaboration, Nature volume 648, pages 70-75 (2025)]

— Relic neutrino, Lorentz invariance violation...

[Aker et al., Phys. Rev. Lett. 129, 01180 (2022)]
[M. Aker et al., Phys. Rev. D 107, 082005 (2023)]
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Take away messages

KATRIN direct neutrino mass bound:
m < 0.45eV (90% CL)
[KATRIN collaboration, Science 388,180-185(2025)]

Data taking concluded at the end of 2025
— towards 0.3 eV sensitivity

Beyond neutrino mass analysis

— new eV sterile neutrino rejection limits
[The KATRIN collaboration, Nature volume 648, pages 70-75 (2025)]

— Relic neutrino, Lorentz invariance violation...

[Aker et al., Phys. Rev. Lett. 129, 01180 (2022)]
[M. Aker et al., Phys. Rev. D 107, 082005 (2023)]

Conclusions and outlook

Outlook beyond KATRIN

2026-2027: search for keV sterile
neutrino with TRISTAN detector

[Siegmann et al., J. Phys. G: Nucl. Part. Phys. 51 085202 (2024)]

[S. Mertens et al., JCAP02(2015)020]

Sensitivity publication to be released
in a few days
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Recent results from the KATRIN
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Sub-eV neutrino mass detection and eV-sterile neutrinos




Neutrino mass observables

Neutrinoless BB-decay\ [ Cosmology [ B-decay kinematics

mgp =Y Uzmil =Y m mg = > [U&Im?
\_ ’ Y, \_ i \_ '

—— normal ordering
—— inverted ordering

100 .

| — normal ordering 100 -
| =—— inverted ordering

KATRIN (2024)
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10-3 4 —_ 10724 —— normal ordering
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Analysis challenges

and how to handle them

e Highly segmented data (1609 data points)
high granularity and dimensionality

e complex model, differential spectrum integrated
over response
— Computationally expensive model evaluations

e 144 correlated systematic parameters

e Double-layer blinding scheme
o fixing analysis procedure on MC data
o using model blinding, unknown modification
of final states

Two independent analysis teams and frameworks
o  optimized model evaluation
o  fast model prediction with a neural network

output nodes,
rate prediction

input nodes,
model parameters
22 2 8

— Simultaneous fit with common m 2 in O(min)

N
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W) Spectrum modeling and input parameters

KATRIN systematics overview

Penning-induced
background (time B B
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W Experimental improvements: summary

KNM2 = KNM5 Courtesy of A. Schwemmer
D | e

KATRIN final
sensitivity projection

Statistics

e  Statistics dominated, systematics non-negligible

Systematics

->  Still statistics dominated, significant 000 05 010 015 020 0 0%

P 2" campaign (2019)

improvements of systematics By overdispersion o = 2 cameain 201
Bg time dependence g relates
e Background-related systematics dominate Gas density % %/—\ = source-elsted
o 18 g8 Sl mm field-related
Energy loss o, A\ /
->  Successful mitigation: New measurement mode SR ‘g

(SAP), removal of Penning trap Bnalyzing piane fiels
Lokhov et al., Eur. Phys. J. C 82, 258 (2022) Source el. potential

Molecular final states

e Significant contribution from analysing plane
fields Brax

->  High-statistic 8™Kr calibration campaign D O S e
K. Altenmilller et al., J.Phys.G 47 6, 065002 (2020) L uncertairity (€]
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W Analysis challenges

59 stacked spectra with

27 + 28 + 14x28 + 28 + 14 x 28 + 14 x 25 + 14 x 28
= 1609 data points
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Analysis challenges and methods

Neural network surrogate

Maximum likelihood fit of analytical model

Ey
I'(qU) x A D(E;m3, Eo) R(qU, E)dE + B
qU

— High granularity, numerous parameters:
computationally expensive model evaluations

Two independent analysis teams and frameworks
o optimized model evaluation

o fast model prediction with a neural network
[Karl et al., EPJ C 82 (2022)]

0(100 000)

Sampling/training 0(10) s

Fitting

N\\\

NN
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NN
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7 £77
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input nodes,
model parameters

output nodes,
rate prediction

— Simultaneous fit with common mv2 in O(min)
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W) Analysis challenges and methods

2-steps blinding procedure

1- Analysis of simulations (Asimov twins)
— data-like twins
— only study effects included in simulations
— can point input mistakes/training mistakes
i.e. hide the data

2- Analysis of data with blind-model
— Unknowingly modified final state distribution = unknown bias of the neutrino mass result
I.e. hide the result -
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3- Analysis of the data with final model and final inputs b
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®) Light sterile neutrinos

[The KATRIN collaboration, Nature volume 648, pages 70-75 (2025)]

Grid scan
a Simulated data b Simulated data
» Grid points » Grid points
X Best fit: m2 = 63 eV2, sin? (9,,) = 0.03 % Best fitt m2 = 63 eV?, sin? (6,,) = 0.02
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Light sterile neutrinos

Contour shape

[The KATRIN collaboration, Nature volume 648, pages 70-75 (2025)]
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Light sterile neutrinos

. . . [The KATRIN collaboration, Nature volume 648, pages 70-75 (2025)]
Systematlc uncertamty 1mpact

= Statistical uncertainty Non-Poissonian background
= Combined systematic uncertainties Analyzing-plane magnetic field
-=«= Column density X inelastic cross section and potential

«== Source magnetic field

- qU-dependent background slope

== Rear-wall residual tritium background
== Maximum magnetic field

- Energy-loss function
=== Scan-step-duration-dependent background
= Source-potential variations
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