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Signal is ,,in reach®: Minimal mass scales exist!
‘m(v,)* > 10 meV (normal mass ordering)

m(v,)* > 50 meV (inverted mass ordering)

NASA’.s Webb Delivers Deepgst Infrared Image of Universe Yet, © NASA, ESA; CSA, and STicl ' : ~
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Ways to access the neutrmo mass

Observable
Present upper

limit

Model
dependence

o

Cosmology Search for OvBf
M,=> . m mﬁﬁ—‘z U2 mz|
0.12 eV (0.064 eV) 0.156 eV
- Majorana v

- contributions
other than m(v)?

- nuclear matrix
elements, g,

T. Schwetz-Mangold, T 63.1, Thu. 11:00
D. Gruen, T 63.3, Thu. 12:00

Multi-parameter
cosmological model

3He’

B-decay
& electron capture

mig = 32 |Ueil* m;

0.45 eV

Direct, only kinematics;

no cancellations in
incoherent sum

This talk
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Direct mass experiments

Direct, model-independent access to neutrino mass

ﬁ(_) decay m% = Zz |(]l,33'|27r"]|7"&32 d_No(;\/(EO_E)Z_mg(_;4

dE g
X—->Y+e + 176 10 F
Measurement of kinetic energy of electron ‘g 8
o " Tiny
Electron capture Syt fraction
-
— : -
X + e (shell) » Y* +v, Y* > Y+ E, 37
ol
Measurement of internal excitation of daughter atom -3 -2 -1 0

(Anti-) neutrino mass determined from shape distortion near kinematic endpoint
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Challenges for achieving mass low sensitivity

dN ;
dE \/(EO ~E) Low kinematic endpoint, high decay rate

'?cé 8 [ Chosen isotope SH=T 163Ho
5l m,,= 0 eV
% . _ Tiny Endpoint 18.6 keV 2.8 keV
§ [ fraction Half life 12.3 years 4570 years
o2Ff
© of m,=1eV Typ. production n-capture in D,O  n-irradiation of 162Er

-3””-2““-1““0I”

E-E, (eV)
High signal (= statistics) High energy resolution (2 sensitivity)
Low background (= statistics) Low and quantified systematic effects
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Established measurement principles

Calorimeters

= Low-temperature
micro calorimeters

= Measuring energy by
temperature change

KIT



Quantum sensors as high resolution differential detectors

Electron

Radioactive \ -/

source —
(e.g. 1%3Ho)
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__—— Absorber

eaLa Weak thermal link
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Temperature

Tbath V

Ctot

Thermometer

Time

7 27.02.2024

= tiny heat capacity (C,,;) = strong temperature signal
= low temperature (T,,4) =2 low noise
= |ow activity (or rate) per pixel = no pile up

Advantages

= Energy resolution O(eV) compared to
conventional detectors O(100 eV)

= Nearly 100% quantum efficiency

absorber

—r

Metallic Magnetic Calorimeters (MMC)

= Temperature-dependence in
sensor magnetization

Transition-Edge Sensor (TES) \ ﬁ{

L » SQUID
= Strong resistivity change near critical temperature <
of superconductor AT

Sensor



Electron capture in Holmium-163
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10 — m,=0eV
-- m,=5eV
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" 2.80
B energy / keV

counts / 0.1 eV (normalised)
o

energy N._V

ECD H@{.MES

https://www.kip.uni-heidelberg.de/echo/  https://nolmesl.mib.infn.it/holmes/

= 1,, 24570 years (2*10% atoms for 1 Bq)
» Qg = (2863.2+0.6) eV

Ch. Schweiger et al.,
s  Nat Phys. 20, 921-927 (2024) AT



Ongoing phases of holmium experiments

Ec

Metallic Magnetic
Calorimeters (MMC)

ECHo-1K (2024)

= ~ 60 pixels

= ~1Bq/ pixel

= ~120x10° events
= 8.3 eV resolution

= Previous limit

m < 150 eV
Eur. Phys. J. C (2019) 79:1026

Absorber (Au)

/ Host (Ag)

163Ho

V’/ Stems (Au)
'~ Sensor (Ag:Er)

Pick-up coil (Nb)

m(v,) < 19

2500
Energy / eV

eV 9

nary

4000

0% C.L.

H%MES

- 2 4m
’ 250um‘i

absorber

Multiplexed Transition
Edge Sensors (TES)

= Run 7/9 (2024)

= 48 pixels
multiplexed

= 15 Bq (tot)
= ~70x106 events
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HOLMES New results and next steps
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Combination of 1000 calibrated spectra

Spectrum modelled by few
terms, not correlated with m,,

—-—= 27 @90%
=== 32 @95%

Pearson correlation coefficients
between parameters of the fit
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Eo = 284817 eV

arxiv:2503.19920

0 20 40 60 80
mg (eV/c?)

Bayesian 13 parameters analysis yields m,<27 eV (90% C.L.) and E, = 2848 + 7 eV
Next: prove that a m, experiment for sub 0.1 eV sensitivity is doable:

= Reduce cost per channel, increase multiplexing factor

= Reducing the critical temperature of the TES — higher resolution

KIT



ec@® Next steps

ECHo-XX

Aim: m(v,) <1eV 90% C.L.

Activity per pixel: 10 Bq

Number of detectors: > 20000
Readout: microwave SQUID multiplexing

Fabrication of 10x 3” wafer with 40 chip each
Implantation of 10 Bqg/pixel on wafer scale

optimization of the multiplexed readout of
MMC arrays
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F. Bohm, T 39.2, Tue 16:30

N. S. Buermann, T. 39.5, Tue 17:15
L. Calza, T 39.6, Tue 17:30

R. Pandey, T 101.5, Fri 10:00

R. Jeske, T 101.6, Fri 10:15
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Tritium beta decay experiments

Direct, model-independent access to neutrino mass

electron
anti-neutrino *

tritium

E, = 18.6 keV
T, =123y
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Molecular decay

Atomic decay
tritium electron

. anti-neutrino ®
\

» ©

‘ yd electron

helium-3
Decay from a molecule

Probability
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0.000 1
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+ further inner excitations (rotation / vibration)

Final-state distribution
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Excitation energy (eV)

Molecular effects need to be
taken into account in

neutrino mass analysis

»,model-dependence”
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Established measurement principles

Calorimeters MAC-E filter

= Low-temperature = Magnetic Adiabatic Collimation
micro calorimeters with an Electrostatic Filter

= Measuring energy by = Measuring energy by applying a
temperature change high-pass filter

e H%MES

14
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Windowless gaseous source

T, in T2 out Electron
TQ out L‘/ T
2
¢ HeT*
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electron gun

Pitch angle /
P/ "‘ |
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adiabatic colimation Cyclotron Field line direction
Bsrc =g 5l motion

15

Electrostatic high pass filter

Main spectrometer

Segmented

detector

KIT
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MAC-E filter principle
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= -> sharp filter transmission (resolution)
Bmax E
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Karlsruhe Tritium Neutrino Experiment (KATRIN)

https://www.katrin.kit.edu

ultra-stable high-luminosity
tritium electron windowless gaseous tritium

anti-neutrino * source (10 Bq) 70 m long setup

Electrostatic high pass filter at KIT campus north

R RRRRIRINN

D

N \\":—“
: T‘ E

Segmented
detector

- Transport and 3 ’
Tritium source . & LR X AAE
Rear wall and pumping

electron gun

T~

Main spectrometer

high-resolution MAC-E filter
JINST 16 T08015 (2021) with ~ eV energy resolution

KATRIN’s aim: Direct measurement of m, with a sensitivity of 0.3 eV/c?

17 KIT



Tritium Laboratory Karlsruhe (TLK)
A facility for high activity tritium experiments

® Licensed for 40 g Tritium

® Two missions: . .
@ Closed tritium cycle for recycling and

® Fuel cycle for fusion reactors purifying tritium in gram amounts
® KATRIN Experiment

B > 50 experience scientists, engineers and
technicians

We develop safe tritium technology and We are able to setup and operate a
versatile tritium analytics since 1993 large variety of experiments with tritium

18 KIT



KATRIN data releases and neutrino mass results

2019: m, < 1.1 eV (90% CL) i Reliable long-term data-taking of KATRIN & TLK
PRL 123 (2019) 221802 4 <10
PRD 104 (2021) 012005 9 257 T T ’HHH%MMH%?H*
c 1€ € g =
© . ~
C _ -
2 207 //
2022: m,< 0.8 eV (90% CL) o e
= ~6x10% counts S5 /
0 A
Nature Phys. 18 (2022) 160 E) /
5 v
. . © 1.07 1|
2024: Data in latest analysis $ ¥
= 259 measurement days = 0.5 /
L. Laschinger, T 81.2, Thu. 16:30 = ] /
= 1757 fp-scans B. Bieringer, T 102.5, Fri. 10:00 & | Vad
= ~36 x 106 counts J. Storek, T 102.6, Fri. 10:15 3, 0—?""-/-- 1 1
: : Yoo = e & O
= Meticulous measurements to quantify and S Ny NN N S
N N NN N N

Improve systematics

19 Programs and Topics I: Topic MU-MRU - Magnus Schlosser, Markus Steidl ﬂ(IT


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.221802
https://www.nature.com/articles/s41567-021-01463-1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.012005

Count rate (cps)

10t F

100}

Best fit and upper limit

Improvement of spectral quality

J. PI6Rner, T 39.1, Tue. 16:15
A. Schwemmer, T 101.3, Fri. 9:30

H. Henke, T 16.5, Mon. 17:45
Ch. Kdhler, T 101.1, Fri. 9:00
J. Lauer, T 23.7, Tue. 17:45

Improvement of statistics and systematics

i —— Knml ] I statistical uncertainty
' %‘5@ ~b- Knm2 1 227 I systematic uncertainty |
® Knmb
® . . 0-8 ] i
& Best fit compatible
b with vanishing neutrino mass <064 i
Q ©
2 10.13 72 b
m-v — _014_015 eV 0.4 - B
oo . 0.2- .
poO-—-Q-—--—-~- O mmmmm e ——————————— ©
...................................... 0 - .
18550 18575 uﬁgr din;ﬁ‘:gy (23‘;50 18675 18700 KNM1 (2019) KNM1-2 (2022) KNM1-5 (2024)
Resulting in most stringent upper limit Final KATRIN analysis
my, < 0.45eV (90% CL) (post 2025 after 109V A)
Systematics and statistics will
KATRIN 2024, arXiv:2406.13516 (accepted for publication) lead to 0.3 eV sensitivity
20 Programs and Topics I: Topic MU-MRU - Magnus Schldsser, Markus Steidl
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https://arxiv.org/abs/2406.13516
https://www.nature.com/articles/s41567-021-01463-1
https://www.nature.com/articles/s41567-021-01463-1

Established measurement principles

Calorimeters MAC-E filter

= Low-temperature = Magnetic Adiabatic Collimation
micro calorimeters with an Electrostatic Filter

= Measuring energy by = Measuring energy by applying a
temperature change high-pass filter

Eo H@\LMES

PTOLEMY

21

CRES

= Cyclotron Radiation
Emission Spectroscopy

= Measuring energy via
frequency

KIT
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Cyclotron Radiation Emission Spectroscopy

Differential mea}sure_ment with antenna arrays ) ““ & Event 0 from Phase |
around a (atomic) tritium source ‘\a,b//", —

e ;
> Frequency measurement ““0 = z
uE e e f ; —
Antenna , - e
E 7 2 Energy loss *
O 24.787F - s T s 2
. f — fc — 9 =
— T — q) >
Y y ;',' 24.784F " scattering :
“p Microwave 1 eb - i , :
radiation 2rm, + Evin 2418\l e e
~ fw power " ca/lr;aI frequer;cy '
24.778 e T == L
- 0.079 0.08 0.082 0.084 0.085
Time [s]
o _ _ _ PRL. 114, 162501 (2015)
€ Background B-field determines the operational frequency
. B. Monreal and J. Formaggio, Phys. Rev D80 (2009) 051301 ﬂ(IT



PI'OjeCt 8 - ReSultS ‘

Phase I: First use of CRES for 175 —— Frequentist intervals
electron spectroscopy (83™Kr) [ s00e + o Lierawre
Phase II: First use of CRES for tritium beta 1507 H o 150
decay electron spectroscopy 1251 Sy
— Neutrino mass limit (mg < 155 eV) o g 2
Cryocooler E 100__ _150 i
3 : —2002-
O -
. 754
Signal i .
I : Trilum dae 18500 18600
1 ---- Bayesian best fit )
50 - 15 Bavesi il .Endpoint (eV)
Gas Supply ] o Bayesian quantiles E
) 5 1 — Frequentist best fit I H
Waveguide 2 25 1 e Literature £, H
HH Eo 10 Bayesian credible interval
0-: H Ey 10 frequentist confidence interval 0000000000
superconducting 2 16500 17000 17500 18000 18500 19000 19500
olenond Mzgnet : Reconstructed kinetic energy (eV)
Gas Cell and s PRL 131, 102502 (2023)
Trapping Coils
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History of neutrino mass sensitivity 0 ECh [\
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5 *
—_ 4 %
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2
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5 107 | mmm KATRIN (T3) >,
S | mEE MAC-E filter methods (T>) * N
8 1 I other methods
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8 1 I Calorimetric (Re-187)
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10~ L
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Year of publication
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.221802
https://www.nature.com/articles/s41567-021-01463-1
https://www.nature.com/articles/s41567-021-01463-1
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5 107 - .Scaling of MAC-Technblogy 7 -

8 : 100 x better
= statistics &

10-1 4 systematics
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.221802
https://www.nature.com/articles/s41567-021-01463-1
https://www.nature.com/articles/s41567-021-01463-1

Going beyond KATRIN

KATRIN final: < 0.3 eV (90% CL)
Distinguish between degenerate and
hierarchical scenario

10°

S o . New | New technologies: <0.05 eV
2 16 technologies cover inverted ordering and below
3 e el A
shared aim by
10—2 i NO &

103

m; (eV)

KIT
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Improving neutrino mass sensitivity

100

=
o
o

m sensitivity (eV) at 90% CL
S

=
o
W

27

Stat only
... 10 eV region
.......... 2, ing 1000 days
..... _ G'Q,.a/ e
......... I 7
...... . el 4 <
........ .0
~.o [~ Crens., e 70,03)
= (Fu, T
Inverted ~. Hig < 02, e
ordering ~af0m ~i - 2 bg < 0 *
’ O'/'ﬁfer .~ CDS/eV)
enf/'a/(FW'\.\,\
) HM:O = —
Normal g eV bg < ‘~.
ordering = b 70"50,0 ®
3 St
Z
s _—
= Preliminary
X
10%° 1020 101 1022 10%3

number of T atoms (at constant density)

= Better use of statistics

= Lower background

Atomic tritium

= Avoid broadening (~ 1 eV)

= Avoid limiting systematics of T,

KATRIN++ mission

= Next generation m, experiment
= |dentify and develop scalable technology
= Use KATRIN/TLK infrastructure

for R&D phase (~ 7 years)
S. Heyns, T 101.4, Fri. 9:45

Programs and Topics I: Topic MU-MRU - Magnus Schldsser, Markus Steidl
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KATRIN as R&D facility for differential detector

Option 2
Time-of-flight via electron tagging

= 1000 Hz single electron tagger

with high SNR
R. Salomon, T 99.3, Fri. 09:30

® eV resolution for differential detection
®immune to MAC-E filter backgrounds

28

Differential detector
technology 106 x

W

e- R
"‘Oe {ANNAERCORTEE RS A\\\

\

.....

AT AT NS

Option 1
Micro-calorimeters / Quantum sensor

= Operation in magnetic field (=20 mT)
= Coupling of mK cryo-platform with RT spectrometer

N. Kovac, T 102.4, Fri. 9:45 ﬂ(IT



ELECTRON: e spectroscopy with guantum sensors

8 channel detector chips
& front-end SQUID chips

Metallic Magnetic Calorimeters (MMC)

K-

32

v [l Kovaé et al. 2025, arXiv:2502.05975

I, J 4]
= 10
=\ \\\\* _ e x-ray and
= e electron lines
e 1 i 103..
— L-94
; L-32

Counts / 15.0 eV
)

0 Kr'83m

5 10 15 20 25 30 35
Energy / keV

Calorim. Kr-83m spectrum @ highest resolution
Next: tritium spectroscopy

KIT-IMS (Kempf group) N. Kovag¢, T 102.4, Fri. 9:45
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FWHM ~ 25 eV

[ SDD Spectrum
. MMC Spectrum

Normalized Counts / 5 eV

0.00+
1%000 12200 12400 12600 12800 13000 13200

Energy / eV

0 " —— e signal: 30.4 keV
\ e~ signal: 17.8 keV
X-rays: 12.6 keV

o
\\

Lin scale
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0.0 R e ]
. R TR
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CRES plans aiming at 40-50 meV sensitivity
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Frequency measurement of electrons emitted
Inside of atomic tritium source
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CRES plans aiming at 40-50 meV sensitivity

1 S
ﬂ@ﬂ;:wWe ppppp . OTNM

-h_'_,'_u-

N ; N . == I
( i

H/D/T atom supersonic beam Iluamum T-achnuluques for
discharge source (30 K) S Nautrino Mass

Magnetic o
state selector Injection
region

e [T permanent magnet
_ hexapole guide

, Geometry / B-field matching CRES region (66 Halbach arrays)
S resonant MW cavity
Concept: CRES readout Concept: CRES readout
In magneto-gravitational trap for atomic tritium In race-track for atomic tritium

a1 KIT



Ongoing research at PRY:

Demonstrating of CRES in resonant

: ’
_ _ 1000  PhaseIV: 10 copies of “Pilot” Project 8’s path
33mKr N-line spectra o QZ:EEIS:SZE‘mT(‘;zeV neutrino mass
-I...'.‘.'.‘:‘. E p=+- e ® .
With Phase | : . sensitivity
resolution of ' «
1.66 eV FWHM ._E_, i Phase lll mid-scale: o
2 b 1 Low-Frequency Apparatus (LFA) Atomic tritium
3l c ® Sk LFAwith Li beam, then source and
i C(.:A 5 LFA+ with atomic T beam ;oolllng
resolution of = Sensitivity to evelopment
0.3eV FWHM g mME=0.2-0.4 eV
32000 3210 3211 3212 3213 :
Energy (keV) 0.001 R. Re|mann, T 393
STl ) . =____ . B .
Tue 16:45 Shase |l
; o = ¥ : e I Limit set:
{ | S ’ mg<152 eV
? ﬂ‘\l
— N, sstut f Bt ot Phase Il precision: e
gimbals pantograph [ .
high-voltage | i | Sy Norcetacmer *Cawty CRES Apparatus (CCA)
feedthroughs "W . Mg : . L ! . . " I " L L N TR
0.5 1.0 1.5 2.0

il || g™ Energy resolution FWHM (eV)

CCA setup being constructed
32 [ at U Washington (Seattle)

KIT
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Ongoing research at ‘: 5

L

Quantum noise limited superconducting amplifiers
at 4 K and 18 GHz

Al w1re bondlng

—»WE

connector

SMA
connector

Gold-plated copper

enclosure

Supercond. Sci. Technol. 36 105010 (2023)
arXiv:2406.02455v2

Precise B-field mapping

using H-atoms
as quantum sensors —

Rydberg Magnetometry

with uT accuracy

33 Phys. Rev. A 107, 062820

OTNM

Ilua mum Tachnelogies ‘or

.-
Mautrino Mass

H/D/T-atoms confinement with storage ring

l||hhrry r

156¢) signal (arb.units)

Residuals

-10 —IS 0 5 10
Frequency - 38511 (MHz)


https://arxiv.org/abs/2406.02455v2

tritium

PonTecorvo / PrinceTon Observatory O :
for Light Early-universe Massive-neutrino Yield &

. n .
P p helium-3

p' =y /'\) |
» / electron
\ ele.ctron neutrino
Aim: direct detection of big-bang neutrinos; https://ptolemy.Ings.infn.it/

determination of neutrino mass is ,by-product”
PTOLEMY M.G. Betti et al JCAP07(2019)047

E
PRI B Gyad B 2
= 3
e 7
SO PO b ¢
3 5
St ) = g
cieletoreteteterele! ¥ I
st tenateterasetl &
I T m
Josereteleteteseretotel o 3
CRRLRHL RN <+— QO N
X KR EAEIK KRS
SRy E B
possssseeteseresetate & Final energy: > N
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XXX 0000:’:,:. bl"akll‘lg Micro R o>
295 INPUT - =
< Dynamic calorimeters g %
Target: RF antenna: Transverse Drift (TES) = &
f -+
Hydrogenated ast ¢ of Filter: (fast tuning) ST
(°H) graphene measurement o (p. removal) = (/I) . 5
< p. and pi: (Ms) _ S Microcalorimeter
»
o uw
Combine technologies (TES, CRES, novel drift filter) Start of technology demonstrator

with large scale O(1000) tritiated graphene target @LNGS soon

s KIT



Recent, selected R&D results from

Graphene loading chamber RF detection test stand Electron detection with TES
< 220 T T T T I T T T
S 200F Ve =100V 1 =
S oo wiiin
% 160;— ; | —
8 140 3 : abz o?:tr itclj: E
120F / E
100;— —;
Ay I?n:::r;s:(’;rometer: 80;_ _;
‘A‘ ;-: SRS RGA 100 60;_ _;
40;— =
= 4 | 0y 20 e
XN { ‘s“:“f“(‘ n 0:||||||| Luyy
. 010203040506 070809 1
Betti et all, Nano Lett. 22, 2971 (2022) TES amplitude (V)
Phys.Rev.Applied 22
Loading with H up to 90% (2024) 4, 1.041007

Kr inlet RF detection .
First measurement

of 100 eV electrons
with ~1-1.5 eV resolution

KIT

Next step: work on with
UKAEA on tritium design


https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00162
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.22.L041007
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.22.L041007

Final state probability
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TLK as R&D facility for Atomic source technology

S S S [ ® Molecular effects - spectral broadening

Intrinsic broadening
to about 1 eV FWHM

0.015 4

0.010 +

N l'-\ “ J
NN Q
H [ !
i i ;
L) '
RN e
~ A Quantum Technologies for
L - Neulring Mass

KATRIN++ of detection techniques

Atomic tritium trap is key independently

KIT



Atomic Tritium Demonstrator at TLK

2028... : : : :
2022-2025 2025-2028 KATRIN++/pg/ @ Alm for investigation
TLK TLK+Mainz : :
QTNM ® Develop atom cooling mechanism

Atomic ® Trapping times / max. densities
tritium
(trapped, injected)

Atomic
tritium

Molecular Atomic
tritium tritium
(hot, 2500 K)

® [nterplay of beta-driven plasma

(meV—eV) and ultra-cold
trapped atoms (neV)

Tritium atom throughput on
the order of 10 g/day (c.f. KATRIN: 40 g/day)

Impurity Essential for next generation neutrino mass experiment (e.g. KATRIN++):
processing Demonstrate the large scale generation and cooling (~10 mK) of atomic tritium

a7 KIT

Inline

. + - - -
reprocessing return T, + impurities
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Skimmer

Filament

Measurement of temperature

Atomic source R&D progress
profiles of H/D atoms

Sk \
% _—“'X'Tr ’ . .
‘,“0-“ :,f" \ Anode in super sonic beam
fun L r_i,' P ',o'\\'
C.] l’" Pulsed valve :\_ ',‘: ‘ Q't:rN M

S Caanlum TEChiwlog 26 o
S T Keuliinu Vs,

-
o
M |
®

——H Fit (MCP-1)

——H Fit (MCP-2)
 HExp. (MCP-1)
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<
)
Ml |

= = L V .’h“ ey
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[
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Joint Atomic Tritium Pathfinder

Installation of first ever H/D - dissociator : _

atomic tritium source characterization Demonstration of prototype trap loading

at TLK ongoing test stand at Mainz and storage with cool T atoms

D. Frese, P 19.4, Thu. 12:00 A. El Boustani, T 39.4, Tue 17:00

L. Hasselmann, T 99.1, Fri. 09:00 = TLK as ideal location

D. Kurz, T 99.2, Fri. 09:15 ﬂ(IT



Neutrino mass limit m, (eV)
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Status and outlook of direct neutrino mass experiments

103 4
107 E

101 4 R
| mEEm MAC-E filter methods (T>) *
1 I other methods (T5)

3 mmm CRES methods (T) * ok
B Calorimetric (Re-187) *

1 B Calorimetric (Ho-163)
10—1 _

10°

I KATRIN (T>)

1950 1960 1970 1980 1990 2000 2010 2020
Year of publication

2030

CRES
detection

Tagger
and ToF
measurement

Limits by cryogenic Ho-163 experiments around m, < ~20 eV
Most stringent limits by KATRIN : m, < 0.45 eV (0.3 eV after 2025)

R&D for beyond MAC-E filter technology picked up by community

B-field +44%4,
A

L A Acceptance Calorimeter/
il wrt B-field 4 ToF

Calorimeter

;’éﬂjh?ﬂévés E
‘ ¢ 3 ! :: 4
Suanvly,

Long term: Definitive neutrino detector @ normal ordering (=10 meV)
Mid term: inverted ordering (~50 meV)

array

= Complementary detector
technolgies: Calorimeters,
CRES, ToF, ...

= Joint effort: Atomic source

KIT



Backup
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The role of massive neutrinos and
motivations to measure it

| o Astroparticle
Neutrino masses bring in a P

fundamental energy scale Physics
(besides Higgs scale)

Ov3f3 observation not
necessarily points to a
neutrino mass

Signal is ,,in reach®: Minimal mass scales exist!
“‘m(v,)* > 10 meV (normal mass ordering)

‘m(v,)* > 50 meV (inverted mass ordering)
41

Cosmology and the role
of neutrinos therein may

be more complex
(what is DE, ...7?)

Normal hierarchy

Model for mass
generation needs:
mixing matrix AND mass scale

Inverted hierarchy

V2 TN

2
Amsol
"

Am?

atm

B Ve
Bv,
m v

v
vz T

0
m

2



NuFit, J. High Energ. Phys. 2020, 178 (2020).

Complementarity and need for direct mass measurements

Standard neutrino picture: observations have to be found in colored regions

Beta decay Ovpf decay
100 ¢
KATRIN(2022 5
10° | 2022) 'KamLAND-Zen (2023)
1071
y - ' Inverted ordering
_ 101} S
2 " Inverted ordering 9 402
~ —~ Q. —~
QX o - o
S S 3 | - .=
Normal ordering o
1072 § oy 3 )
' Normal ordering =2 10 X
c c
i @
1074 1073 102 107" 100 1074 1073 1072 10" 100

Lightest neutrino mass (eV)

KATRIN, Nat. Phys. 18 (2022) 160

42

Lightest neutrino mass (eV)

T. Schwetz-Mangold, T 63.1, Thu. 11:00

KamLAND-Zen, PRL 130, 051801 (2023)

xmy, (eV)

Cosmology
10° ¢

Planck (20@//

-1
10 I Inverted ordering DES|
e A
| Normal ordering § (2025)
X
[3)
c
L
1074 1073 1072 107" 10°

Lightest neutrino mass (eV)

Planck, Astron. Astrophys. 641 (2020) A6

DESI, 2503.14738
D. Gruen, T 63.3, Thu. 12:00

Tie-breaker needed to exclude exotic models in neutrino nature or cosmology

KIT

Inspired by IUPAP neutrino panel white paper, www.iupapneutrinopanel.org



Atomic source research

Atomic tritium trap is key independently of detection techniques

Mission: Realize (global) Atomic Tritium Pathfinder (at TLK)

KAMATE

Possible partners:
Ubachs (VU Amsterdam), T,, DT, HT
Schiller (U Dusseldorf) HT*

Pohl (U Mainz) T e TS ATP*
~~~ Atom / molecular \s consortum
[ physics, ..
**placeholder name Mo communities

______________ - * CRES-based

e KIT



Physics analyses beyond the neutrino mass

Neutrino mass analysis
PRL 123 (2019) 221802

Nat. Phys. 18 (2022) 160,

KATRIN 2024, arXiv:2406.13516

Light sterile neutrinos

PRL 126 (2021) 091803
PRD 105 (2022) 072004
New data set in unblinding

Relic neutrinos
PRL 129 (2022) 011806

Lorentz Violation
PRD 107 (2023) 082005

General Neutrino

interaction
KATRIN 2024, arXiv:2410.13895

Dark MSW

Ongoing analysis

Light Bosons

Ongoing analysis

44

0.8}
—_ 103 4
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107"

Exclusion of sterile neutrinos - complementary to

short-baseline oscillation experiments

anomaly
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Neutrino-4

/1
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s
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https://www.nature.com/articles/s41567-021-01463-1
https://arxiv.org/abs/2406.13516
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.091803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.011806
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.082005
https://arxiv.org/abs/2410.13895
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.221802

Final R&D goal
Atomic tritium with Quantum sensor array

Warm/cold

Conceptual idea interfacing

Atomic T trap
A [ E—

flow In

Electron
filtering

tritium electron

. anti-neutrino ®
> — .
—
electron

helium-3

Sensor array

I_ I
Work started
- concept

$§ 1 3 1 8 "o

Flow out - R&D

e KIT




Beta decay and neutrino mass: KATRIN and beyond
2019-2025 2026-2027 2028-2034 Scientific

Phase 2 (differential) R&D phase for KATRIN++
keV-sterile v

goal

Neutrino

SIHeTelitial USELLL mass

Adomonctratoare

Atomic tritium R&D Atomic tritium demonstrator

o KATRIN on way to achieve 1000 d measurement time (final sensitivity mg < 0.3 eV).
Next mp result : ~ 0.5 eV sensitivity

o We will be ready for TRISTAN-Operation at the end of 2025 (Search for keV sterile neutrinos)

 Ultimate neutrino mass experiment (Normal Ordering; sensitivity on mg < 40 meV) requires
differential detector principle und an atomic tritium source - R&D Plan for PoF-V

« KATRIN++ invites research groups for tackling challenges together
4 A{]]



Atomic vs molecular tritium

" 10°; ~--- Molecular
' Atomic FSD s D pome
0.6 gt —— Combined
z ] : c |
FR ~70% of decays to electronic GS it
S04- - P T—
ﬁoj_; (%10—3
10-2} | -
. 18560 18565 18570 18575
e Energy / eV
o0 '6¢> z'o"'4'o"'.'eo"a'o"'lc':o."'uo'
~ 8 eV shift of endpoint
>\0.020—? Molecular FSD 2 -
= broadening
A i to about 1 eV
% 0.010 g I \;
= gl
0.005 1 | s ‘ || “W”"lli
0.000 1 | | - -Energ); (eV) | | -

0 20 40 60 80 100 120
Energy (eV) ﬂ(IT


file:///C:/Docs/Work/Applications/Future-Field/Calculation/FSD.jpg

Atomic Tritium Demonstrator at TLK
2028...

2022-2025 2025-2028
TLK TLK+Mainz TLK+7?/...
Atomic

tritium
(trapped, injected)

Atomic
tritium

Molecular Atomic
tritium tritium
(hot, 2500 K)

Inline
reprocessing

return T, + impurities

TLK is offering room and infrastructure
for extended atomic tritium experiments

" KIT



Improved measurement principle

200% Retarding voltage — Fiirosult | s
Integral measurement g:;g_ (scanned!) + Measurement —!- e rouns
(hlgh pass filter) S st . . C mm
Energy resolution © 1005 ° 7] .
determined by filter € 75¢ l -—-
“ Q 50F 2
- Detector ,only“ counts o T
.. SF .
- Reduced statistics 1] P PP i o s s e S =
18460 18480 18500 18520 18540 18560 18580 18600 —-
Retarding energy (eV) 0

surplus energy E-qU (eV)

%1013 arXiv:1806.00369v2
X :

j% All energies ] = skium  specrum

S at onces . s
Differential measurement 5 8 ‘]
- Energy resolution determined 3 1ot N 201
by *fi + ]
A) detector g
or _ _ = %0 5k 10k 15k | 20k N
B) time of ﬂlght Electron energy E in eV E, ,

surplus energy E-qU (eV)

s 27022024 More signal Less background




Next R&D goal:

Fast detector: stop

= Main spectrometer:
W sonnseme s delay line due to retardatiol

KATRIN Source: Tagger: start (~1000 HZ)Strategy

10~ Bg Single ch 1“ d
Single electron tagging is challengin ®,Single channel” detector
J J91n9 J g : < —> less complex than
Cyc.:loj[ron Coreless cryogenic — Z quantum sensor array (QSA)
rad.latl.on ~ current comparator/. -k ® Differential measurement
emISs tection : : | ]/ °°°°°°°°° 3 with ToF before QSA is ready
(CES’. T ny _Sl_gna S ) — ey (_ch @ Work on techniq ues to
.'-i-f.f-,'-_' -.'-.'-.'-.'-.'-.;_'-I-fsh.'-.'-.'-.'-.'I.' "I.'.'.-'—.".'-.'-f-.'-.'-; > VS m I n I m al F *;— E ; Improve TOF reSO|Utlon
""""""""" TN noise floor X jikdp g8 (U Mlnster)
See Project 8 : 82
gap .

50 «B&D ongoing at U North Carolina AT
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KAMATE -
Karlsruhe Mainz Atomic Tritium experiment

Scientific / technical goals
® Atomic beam characterization
® Atomic fraction
® Maximal flow rates / pressure limits
® |sotopic effects
® Angular dispersion
® Time-of-flight (upgrade)
| Wire-detector

\ Karlsruhe

® Cooling / accommodation (upgrade)
® Velocity measurement
® Recombination

Sophisticated setup based on Mainz setup
Multi chamber / collimation design, tilting mechanism,

beam control, source parameter control, beam analytics
SKIT




KAMATE -
Karlsruhe Mainz Atomic Tritium experiment

2024 Karlsruhe

KAMATE 0.5 (at Mainz) 2SN
Identify best source at MATS with H/D \’\?{J
KAMATE 1.0 (at TLK) Qﬁﬂ()

Al Operate KAMATE 0.5 setup with T.

< T(Beam) ~ 2500 K

>

8 KAMATE 2.0 (at TLK) Mainz

% Add accommodator as first stage cooling. PROJECT 8

n

T(Beam) ~ 150 K

KAMATE 3.0 (at TLK)

] : GUTENBERG
Add nozzle for second stage cooling and beam = UNIVERSITAT 1wz

temperature measurement setup (time of flight).
T(Beam) ~ 4 K

Y o »
TV s SRR 5
t B8 A o R AR

A. Lindman | 2028
52 IT



Systematic and statistical uncertainties

- iSti i i I statistical uncertainty
Statistical uncertainty dominates 14 o097 B < <tomatic uncertainty| |
= Reduced background

. . . 0.8 4 -
= Meticulous measurements to quantify and improve
systematics Tog i
: Shifted analyzing plane (;9
D R bt :
EPJ C 84 (2024) 1258 0.4 1 | -

AN

High-statistics krypton-83m calibration
JINST 17 (2022) P12010

g RN

{38 R L) KNM1(2019)  KNM1-2 (2022) KNM1-5 (2024)

Final KATRIN analysis
(post 2025)

AAAAA

Improved evaluation of . . .. .
theoretical uncertainties Systematics and statistics will

EPJ C 84 (2024) 494 lead to 0.3 eV sensitivity

53 Programs and Topics I: Topic MU-MRU - Magnus Schlosser, Markus Steidl ﬂ(IT


https://doi.org/10.1140/epjc/s10052-020-8278-y
https://iopscience.iop.org/article/10.1088/1748-0221/17/12/P12010
https://doi.org/10.1140/epjc/s10052-022-10220-4
https://www.nature.com/articles/s41567-021-01463-1
https://doi.org/10.1140/epjc/s10052-024-13596-7
https://doi.org/10.1140/epjc/s10052-024-12802-w

Technische

KATRIN with TRISTAN detectors MWl [T R85 Ll

MATTER AND THE UNIVERSE
Matter and Radiation from the Universe

New challenges

@ Differential measurement — new systematics

® Rate increase (from cps to Mcps)

TRISTAN X

module

— new detector technology

(Silicon Drift Detectors)

TRISTAN
tower

Status of preparations

® Detailed sensitivity studies identify key systematics

® Wafer processing finished — First modules under tests

® On schedule to start installation in January 2026

-~ New detector section

54 Programs and Topics I: Topic MU-MRU - Magnus Schlosser, Markus Steidl ﬂ(IT

KATRIN ready to open new physics program in 2026
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