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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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Neutrino mass observables

And complementarities

[NUFIT 5.3, nu-fit.org]

Courtesy of A. Schwemmer
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W) Direct measurement of the neutrino mass

From (3-decay kinematics
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e (molecular) Tritium B-decay: T, —3 HeTt +- + 1, — molecular binding energies 'W.“

e  Spectral distortion near end point
— low background (< 1 cps)
— high energy resolution (~1eV)
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The KATRIN experiment principle
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The KATRIN tritium source

Windowless Gaseous Tritium Source

To the rear
section

T, injection

10 m, 29 cm

To the
detector

Search for neutrino mass - 8 decades of tritium source

evolution
Beate Bornschein

KATRIN

o
Why a solid tritium source was not an option for /\/\
Lutz Bornschein —




The two ends of KATRIN

fih-

r : To the rear
section

Rear section

T2 out T, injection

Rear wall: @ 145 mm gold coated back wall
of the source

Calibration systems (e.g. Electron gun)

T, out

To the
detector
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W) The two ends of KATRIN

To the rear To the
section detector
Rear section Focal plane detector
T, out T, injection T, out
SV R Segmented Si PIN diode
anad E ..... O3 mmm e » - @ 90 mm
e Qeb : ..... O mm e » - 148 piXEIS

Rear wall: @ 145 mm gold coated back wall Active veto and shielding

of the source _
Energy resolution: ~ 1keV

—_{| P Topical session: Data analysis
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—» Sanshiro Enomoto

Calibration systems (e.g. Electron gun) Wl
Electron backscattering at the Focal Plane Detector o /\ 0’16
(FPD) of KATRIN 22 N\agS,L
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FSRU
%) The main spectrometer

e MAC-E (Magnetic Adiabatic Collimation
combined with an Electrostatic filter):
Only electrons with E,>qU., reach the detector
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W) The main spectrometer

e MAC-E (Magnetic Adiabatic Collimation
combined with an Electrostatic filter):
Only electrons with E,>qU., reach the detector

Electrostatic filter principle:

« Ca] ”»
the mini golf * electron

source
KATRIN collaboration,
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W) The main spectrometer

Electrostatic filter principle:
“the mini golf”

electron

height of the
slope = qU_,

detector

spectrometer

source

"Golf ball" energy [eV]
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W) The main spectrometer

Electrostatic filter principle:
“the mini golf”
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W) The main spectrometer

Electrostatic filter principle:
“the mini golf”
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W) The main spectrometer

Electrostatic filter principle:
“the mini golf”
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W) The main spectrometer

e N

Electrostatic filter principle:
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W) The main spectrometer

Electrostatic filter principle:
“the mini golf”
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W) The main spectrometer

Electrostatic filter principle:
“the mini golf”
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W) The main spectrometer

e MAC-E (Magnetic Adiabatic Collimation
combined with an Electrostatic filter):
Only electrons with E,>qU., reach the detector
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Magnetic adiabatic collimation principle:
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Main spectrometer
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W) The main spectrometer

e MAC-E (Magnetic Adiabatic Collimation
combined with an Electrostatic filter):

Only electrons with E,>qU., reach the detector

Magnetic adiabatic collimation principle:

Enough E, (= E + E ) but not enough

E//

=> transform E N into E//

Analysis plane
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W) The main spectrometer

e MAC-E (Magnetic Adiabatic Collimation
combined with an Electrostatic filter):

Only electrons with E,>qU., reach the detector

Magnetic adiabatic collimation principle:

Enough E, (= E + E ) but not enough

E//

=> transform E N into E//

Analysis plane

ks
,,,,,,,,,,,

Main spgctrometer

B, =25T B,,=6.3x10%T B, =42T

— Energy resolution from the minimum E at the analysis
plane:

B
AE~FE. 2%
B

= 2.8eV (@18.6keV)

max
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W) The main spectrometer

e MAC-E (Magnetic Adiabatic Collimation Analysis plane
combined with an Electrostatic filter):
Only electrons with E,>qU., reach the detector
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one measurement campaign (KNM¥*) 361016
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W) Data taking status

Latest results and future analyses

L

=O0=—=03
o

Analysis strategies for determining the neutrino mass with the
final KATRIN data set
Jan Pl6Rner, Karo Erhardt, Khushbakht Habib, and Svenja Heyns

On-going analysis

L33

m, < 0.8 eV (90% CL)
[M. Aker et al., Nature Phys. 18 (2022) 2, 160-166]
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W) Data taking status

Latest results and future analyses

m, < 0.8 eV (90% CL)
[M. Aker et al., Nature Phys. 18 (2022) 2, 160-166]

On-going analysis
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[KATRIN collaboration, Science 388,180-185(2025)] — reduce the background by a factor 2
[KATRIN collaboration, Nature volume 648, pages 70-75 (2025)] [Lokhov et al., EPJ C 82 (2022)]

@ Precise calibration measurements:

— with 8™Kr circulation (electric potential, field mapping...)
a [Lokhov et al., EPJ C 82 (2022)]
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.' — with an electron gun (gas density, energy loss) e

By [Aker et al., EPJ C 81 (2021)] CGO“Q 13



Neutrino mass analysis
and latest result
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W) Data taking status

Latest results and future analyses

m, < 0.8 eV (90% CL)
[M. Aker et al., Nature Phys. 18 (2022) 2, 160-166]

On-going analysis
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W) Data taking status

Latest results and future analyses

m, < 0.8 eV (90% CL)
[M. Aker et al., Nature Phys. 18 (2022) 2, 160-166]

On-going analysis
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Spectrum modeling and input parameters

Integrated SpeCtrum @fp Topical session: Data analysis

908 Khushbackht Habib and Sanshiro Enomoto

~

Ey

(qU) A / D(B;m3, Eo) R(qU, E) dE + B
qU
integral spectrum measured at T, decay experimental response
the detector — differential spectrum (source, transport and spectrometer)
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& T m
L _ " ll®" 5 |
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= g e
= ) m?
_ a Eo
18550 18560 18570 18580 18570 18572 18574 0 20 40 60 80
qu (eV) E (eV) E—qU (eV)
L) with free ,
. ) theoretical (Fermi theory, molecular excitations)
squared neutrino mass m ?, . . -
] v and experimental inputs (calibration measurements)
endpoint £, = inputs/systematics 2
y G

background B 690\39‘1 15
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KATRIN SYStematiCS over VieW @ Topical session: Background and
000 Systematic

~~"" Sonja Schneidewind

Fields related
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s @ Topical session: Calibration
2,9\2 Christoph Kéhler and Rudolf Sack




Spectrum modeling and input parameters

KATRIN systematics overview @i Topical session: Background and Eﬁ Topical session: Calibration
(o]

Systematic . p
2 Sonja Schneidewind Q,Q,Q Christoph Kéhler and Rudolf Sack

Jaroslav Storek and Karo Erhardt

o/\/\ Measurement of the source electric
=——| potential the KATRIN experiment
G ana max

Starting potential Fields related

e )

" . "
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- L
\
o 88 &% g%y source
. Ll
I G I density =% y .
e | A\ Measurement of the Tritium Column Density at the
1 KATRIN Experiment
\ V4 ——==|| Christoph K¢hler and Neven Kovac

-

Extended range measurement of the W\

-
- amy - /ﬂ
/s . KATRIN energy loss function up to 200 eV
~o.. Inelastic Justus Beisenkgtter
2020

Rearwall &= l
Molecular Source related ‘;' scattering
-

states
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Simulation of source scattering systematic

for KATRIN q
Chloé Goupy and Xaver Stribl C .Go\)Q
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W) Spectrum modeling and input parameters

KATRIN SyStematiCS OverVieW @ Topical session: Background and
Qo8

Systematic
~~"" Sonja Schneidewind

£y
dl(p Topical session: Calibration
Q,Q,Q Christoph Kéhler and Rudolf Sack

Penning-induced
background (time G Bana B
Fields related ~ dependant) SRR X
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. scatterin Background related
Rear wall &2 N ." g 1
‘ Electron backscattering at the Focal Plane "/\/\
<4 Detector (FPD) of KATRIN
Philipp Lingnau i
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Neutrino mass result, KNM1 to 5

59 “stacked” spectra with

(e
o @ Topical session: Data analysis
208 Khushbackht Habib and Sanshiro Enomoto

27 + 28 + 14x28 + 28 + 14 x 28 + 14 x 25 + 14 x 28
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Neutrino mass result, KNM1 to 5

Two steps blinding procedure and
two analysis frameworks:

- spectrum calculation (optimized calculation/neural network)
[M. Kleesiek, et al., Eur. Phys. J. C 79, 204 (2019)]  [Karl et al., EPJ C 82 (2022)]
- fitting

e Bestfitresult (p-value: 0.84): m2 = —0.1470-13 eV?

e  Statistics dominated, systematics non-negligible

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

(e
o @ Topical session: Data analysis
208 Khushbackht Habib and Sanshiro Enomoto


https://www.science.org/doi/10.1126/science.adq9592

Neutrino mass limit

@ﬁ% Topical session: Data analysis
Q’Q,Q, Khushbackht Habib and Sanshiro Enomoto

0.6
e Bestfitresult (p-value: 0.84): m2 = —0.1473-13 ev? B [Ealshox ikl
: ZZ1 Feldman Cousins
0.3} ---- Best fit (-0.14eV?)
e KATRIN's new upper limit:
m < 0.45 eV (90% CL) 0.5
using Lokhov-Tkachov construction
[Lokhov, Tkachov, Phys. Part. Nucl. 46 (2015) 3, 347-365)] & <0.45 eV S
3 02 d
e Feldman-Cousins limit: | 0 g
m < 0.31 eV (90% CL) ¢ T E
[Feldman, Cousins, Phys. Rev. D 57 (1998) 3873-3889]
. . . . 0.1 fommmmmmm e Y /- - <0316V,
e Bayesian analysis, publication in preparation 103
J0.2
.40
Y -0.2 0.0 0.2 0.4 0.6
. | my . (eV?)
Square neutrino mass best fit: m 2 =-0.14 eV? "
[KATRIN collaboration, Science 388,180-185(2025)] ,S“N\
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KATRIN beyond the neutrino mass
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W) Probing Light Sterile neutrinos

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

Analysis of KNM1-5 (259 days of
measurement)

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

------- Active branch
---- Sterile branch
—— Active + Sterile

/

~
~

sin@ ~~__

Diff. decay rate (a.u.)

My

~

AY -

18560 18565 18570 18575
Energy (eV)

—0=—0=

Sterile-neutrino search based on 259 days of

KATRIN data
Christoph Kéhler and Xaver Stribl

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


https://doi.org/10.1038/s41586-025-09739-9
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W) Probing Light Sterile neutrinos 2] s o

rrow N
Christoph Kéhler and Xaver Stribl

]
/ A
\ J) [The KATRIN collaboration, Nature volume 648, pages 70-75 (2025)]
e  KATRIN can probe eV-sterile neutrinos 10 _
signature near the tritium end point ] ‘-}f‘ ¢ KATRIN data with 10 error bars x 10
- o ] %o, (3 + 1) v best fit model
10° = .
e  Analysis of KNM1-5 (259 days of S :
measurement) 9 ' . m
© ] L ] v
U X
e 2 additional parameters: 5 ; LY E,
— m,: 4" neutrino mass S . ] o — B
— sin(6): 4™ neutrino mixing 10— = ot t I t $ $
= N ACtI\_/e branch 1.00 Frrrrrr
o ---- Sterile branch : _
21 — Active + Sterile 3 0.98 - (3+ 1)v simulation
© 5 sin%(Bee) = 0.05
= L 0.96 - ' mZ =100.0eV?
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https://doi.org/10.1038/s41586-025-09739-9
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KATRIN can probe eV-sterile neutrinos
signature near the tritium end point

e New exclusion limit:
— almost excludes the whole Gallium
anomaly allowed region
— excludes Neutrino-4
— synergy with short baseline reactor
experiments:
- Prospect
- Stereo
- DANSS

AmZ, (eV?)

—
—

115y

Sterile-neutrino search based on 259 days of
KATRIN data
Christoph Kohler and Xaver Stribl

103-:
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100-:
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(95% C.L.)

Prospect
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BEST+GA
(20)

BEST+GA+SAGE
best fit

RAA

(95% C.L.)

Neutrino-4

(20)

KATRIN exclusion

KNM1-5 (95% C.L.)

_ KATRIN sensitivity
KNM1-5 (95% C.L.)

KATRIN exclusion
KNM1-2 (95% C.L.)
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General neutrino interactions

> [The KATRIN collaboration, Physical Review Letters 134, 251801 (2025)]
R
P
X
/ =
. Search for new light bosons / o
3 active neutrinos () e
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https://link.aps.org/doi/10.1103/PhysRevLett.129.011806
https://link.aps.org/doi/10.1103/PhysRevD.107.082005

Just after KATRIN neutrino mass...
Comes TRISTAN
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But heavier!
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Search for keV sterile neutrino with the
TRISTAN detector at KATRIN
Anthony Onillon
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TRISTAN sensitivities and analysis challenges

[https://arxiv.org/abs/2603.23256] b
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TRISTAN sensitivities and analysis challenges
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About next-generation direct

neutrino-mass experiments
R&D Using KATRIN and TLK infrastructure




SR

Parzr N

100_

10—2_

generation R&D?

One order of
magnitude to gain!

m =50 meV

—— normal ordering (30)
---- inverted ordering (30)

10-3

10-2 101 100
Miightest (€V)

KATRIN++ mission:

— Next generation neutrino mass experiment
— |ldentify and develop scalable technology
— Use KATRIN/TLK infrastructure for R&D phase

After TRISTAN, can KATRIN be used for new

Next generation of direct neutrino mass
experiments:

e Electron capture on Holmium

e  Atomic Tritium sources

e Differential spectrum measurement
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1- Differential measurement
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Full use of data taking time
> gain of statistics

Need of sub-eV resolution
> To reach S 50 meV sensitivities

a next-generation neutrino mass experiment

]
Sensitivities beyond KATRIN: first steps towards /\/\
Chloé Goupy, Svenja Heyns and Neven Kovac —_—
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Not enough if we don’t use
atomic tritium

a next-generation neutrino mass experiment
Chloé Goupy, Svenja Heyns and Neven Kovac




SR

2 H
z, 2./
e £
& Zrrriom o

1- Differential measurement

Improve the sensitivity: 2-key parameters
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Full use of data taking time
> gain of statistics

Need of sub-eV resolution
>

To reach < 50 meV sensitivities

18573.7

Sensitivities beyond KATRIN: first steps towards /\/\
a next-generation neutrino mass experiment
Chloé Goupy, Svenja Heyns and Neven Kovac

2- Atomic Tritium

% Getrid of the intrinsic broadening of the molecular
tritium final state (~ 1 eV FWHM)

> gainin resolution
0.018 KATRIN preliminary
<> ' Molecular Tritium
0.016 —— Atomic Tritium
Molecular Tritium,
0.014 “77 FWHMger = 500 meV
= Atomic Tritium,
©0.012 "7 FWHMger = 500 meV
=
©0.010
>
= 0.008
Q
©
20.006 1
< i
a i
0.004 ; ‘,l
0.002 i@ aE
N \ ] 1
o 1|
0.000 Ao L1
: 0 2 4 6 8 10 12 14
Energy [eV]
3

X Larger ground state probability
(Molecular ~ 0.57 vs Atomic ~ 0.7)
% for gaseous sources: smaller scattering probability for
atomic tritium
> gain of statistics
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Time-of-flight by electron tagging
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@ RF-based methods e -~

2,9«'\ Andrew Gavin
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Improves energy resolution of the
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Test setup for a potential
electron tagger at KATRIN
Patrick Alexander Unkhoff

“KATRIN++": investigations of these two keys

|M£ J Strategy and synergies

,Q\,Q,Q\ Susanne Mertens

Quantum sensor array
Via MMCs or TES
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Magnetic Field Simulations for
the Next-Generation MMC-Based

KATRIN Experiment
Carlotta Buchner

ELECTRON - Development of High
Resolution Metallic Microcalorimeters for

a Future Neutrino Mass Experiment
Neven Kovac
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Differential measurement

Test setup for a potential
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“KATRIN++": investigations of these two keys

Time-of-flight by electron tagging |m Strategy and synergies
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1- Differential measurement

Quantum sensor array

Via MMCs or TES

O
Transverse energy compensator  Wild card & new ideas @8 0
Christian Weinheimer 202

Improves energy resolution of the
MAC-E spectrometer

sub-eV resolutions
detectors development
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Tritium atoms bound to graphene
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Production and trapping
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Challenges of tomorrow are addressed today

From room temperature to mK

Cold head
Layers of shielding

@'~ +  Cryostat

gnetic field d
detectors  SQUID multiplexer

electrons guided by
ambient magnetic fiekd

Sub-eV resolution detectors —
Development, production, and deployment of Superconducting o

QuantumSensor array (QSA)
QSA = Pixel-Detectors + SQUID Multiplexer + Microwave Readout

@ P Quantum sensors

208 Sebastian Kempf .
CGQ\)Q
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Atomic Tritium source

Ety
Willg D Topical session: Atomic Tritium
Q\,Q,Q\ Caroline Rodenbeck and Marco Rollig

Pathfinder at TLK

Now

2025-2028 > 2028

d & & &

Molecular
tritium

Tk,

Tritj
ium Laboratory Karlsryp,
e

Hot atomic
tritium

Cold atomic Trapped atomic
tritium tritium

84l UNIVERSITY
Wi OF TURKU

! ;

W) Challenges of tomorrow are addressed today

— extension of source@TLK / Tritium retention system




Take-home message

( . . :
e  KATRIN direct neutrino mass bound: b) @ ®  2026-2027: search for keV sterile °
m_ < 0.45 eV (90% CL) =/ neutrino with TRISTAN detector \/‘0) g
v iegmann et al.,
[KATRIN collaboration, Science 388,180-185(2025)] S o) 4

e 2027 onwards (KATRIN++):
Research and Development for next
neutrino mass experiments
— Differential methods ‘
— Atomic tritium

e Data taking ongoing until end of 2025
— towards 0.3 eV sensitivity

e  Beyond neutrino mass analysis
— new eV sterile neutrino rejection limits
— GNI, Light boson, Relic neutrino, Lorentz invariance violation ...

[Aker et al., (2022)]
[M. Aker et al., (2023)]

Karlsruhe :
Institute of Technology
L



https://www.science.org/doi/10.1126/science.adq9592
https://link.aps.org/doi/10.1103/PhysRevLett.129.011806
https://link.aps.org/doi/10.1103/PhysRevD.107.082005
https://iopscience.iop.org/article/10.1088/1361-6471/ad4bf8
https://iopscience.iop.org/article/10.1088/1475-7516/2015/02/020

The KATRIN experiment




oSBZ
\9}) Neutrino mass observables

. ) ( ( . .
Neutrinoless BB-decay Cosmology B-decay kinematics
2
mgp =Y Usimil =3 m mg = |3 |UZ|m?
g ! J g i g '
104 —— normal ordering | = normal ordering 100 4
—— inverted ordering | = inverted ordering KATRIN (2024)
10—1 i 100‘:
3 ¥/, KamLAND-Zen (20 s E 10-14
& 10-2 1 eq. LEGENDL / W £
107" 17 planck, DESI (2024)
10-3 4 ] 1072 4 —— normal ordering
\ ’ e.g. Planck, DESI, EUCLID —— inverted ordering
10-3 1072 1071 100 10-3 1072 1071 10° 10-3 1072 101 10°
m; (eV) m; (eV) m; (eV)

Courtesy C. Wiesinger/ A. Schwemmer
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KATRIN systematics overview

Penning-induced
| . background (time G Bana Bmax
i Starting potential Fields related dependant) PRI IO L, A Q -

density < qU dependent background
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4  -e._/ Inelastic

- - . Background related
. amy -, ._' scattering
Rearwall &2 P
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)
Molecular Source related NN\asSlol
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KNM2 = KNM5

Statistics

. | — = ‘o~ o 2022

KATRIN final
sensitivity projection

e Statistics dominated, systematics non-negligible

Systematics

->  Still statistics dominated, significant 000 05 010 015 020 03 0%

P 2" campaign (2019)

improvements of systematics B EAvspian P w5 campaign (2021)
Bg time dependence % == bo-related
e Background-related systematics dominate Gias density e — e source-related
. |= o % mm field-related
Energy loss . \ & ]
- Successful mitigation: New measurement mode ..o ‘?

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

Molecular final states

e Significant contribution from analysing plane .
fields B

Rear wall

->  High-statistic 83™Kr calibration campaign S o et
K. Altenmiller et al., J.Phys.G 47 6, 065002 (2020) L uncertainity (€]



https://link.springer.com/article/10.1140/epjc/s10052-022-10220-4
https://iopscience.iop.org/article/10.1088/1361-6471/ab8480

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)
Fitting

Sampling/training 0(10) s

L
=20 ;%;;Z;;,
/
7

o

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 -

1.25
= KNM1 FSD T,
1.00 —— KNM5 FSD T, [1.00

o
N
v

Probability
(10 Y/eV)

©
%3
=}

Probability
(1/eV)

o
N
w

“»
/\/\— 0.25
—= n.00
0 1 2 4 20 25 30 35 40
Energy (eV)

o

o

o
w

3- Analysis of the data with final model and final inputs 6
o\
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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
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https://doi.org/10.1038/s41586-025-09739-9

Light sterile neutrinos

[The KATRIN collaboration, Nature volume 648, pages 70-75 (2025)]
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Result agrees with statistical fluctuations
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Light sterile neutrinos

Systematic uncertainty impact

= Statistical uncertainty
== Combined systematic uncertainties

m? (eV?)

108

102

10!

100

Non-Poissonian background
Analyzing-plane magnetic field

-=«= Column density X inelastic cross section and potential

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

-« Source magnetic field

- qU-dependent background slope

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

10°°

T

T lll"l L) Ll T 'll"l T "" ""'l T .' l”"l
10 102 1072
sin?(Bee) sensitivity at 68% C.L.

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