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Neutrinos and their oscillations

e Neutrino — fundamental, electrically neutral particle

e  Originally predicted to be massless

e  Neutrino oscillations verify non-zero neutrino mass

o mass eigenstates differ from flavour eigenstates

e  Oscillations provide information on mass squared differences

o Am.?=m?-m2?
ij i

e  Still unknown: exact mechanism of mass generation, mass hierarchy,

and absolute mass scale
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Neutrino Mass observables

Lokhov, Mertens, Parno, Schlosser, Valerius,
Ann.Rev.Nucl.Part.Sci. 72 (2022) 259-282
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Tritium B-Decay: A key to measure m_

e  Decay scheme: T, — 3HeT" + e~ + v, + Q(Ty)

e  Effective neutrino mass determined through kinematic parameters and energy conservation principles

Rp(E) o« (Eo — E)\/(Eo — E)? —m},

my = 1 /Z |Ue21|m12

Why Tritium:

—

e  Half-life: 12.3 yr
e Low endpoint energy: 18.57 keV
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Collaboration: ~ 120 people @ 20 Institutons
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KATRIN Experimental setup

e  Tritium source: high-activity (~100 GBq) windowless gaseous molecular source

e  Spectrometer: high-resolution (~1 eV)

e Segmented detector: measures electron counts with a 148-pixel silicon PIN diode at the focal plane
-  Conducts integral spectrum scans, discrete retarding potential steps

Analyzing plane
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Full setup description: KATRIN, JINST 16 (2021) T08015
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Modeling the tritium Spectrum
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Eo
R(qU)=A- Rg(E;m3, Ey) - f(qU, E)dE + Ry,
qU

3 2
with free parameters m/S, E,Aand Rb’g

Analysis window: [E,-40 eV, E +135eV]
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Data Analysis

Approach Challenges

e Twoindependent analysis teams with e Handling of multiple campaigns maintaining high
different analysis frameworks
o  Highly optimized model evaluation precision (over 1500 data points)
o  Neural network-assisted fast model
predictions

EPIC 82, 439 (2022) e Around 180 fitting parameters to manage

e A two-step blinding strategy: e ~150 correlated systematic parameters

o  Fixing analysis procedure using

MC-generated data e Computationally expensive model-calculations
o  Using blinded model with unknown
modifications of final states and fitting procedures
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KATRIN data taking overview

Second result: m < 0.8 eV (90% CL)

[Aker et al., Nature Phys. 18 (2022)]

KNM = KATRIN Neutrino Mass
(measurement campaign)
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Experimental Data: Campaigns 1-5

e  7different configurations e  parameter correlations across datasets
e 59 stacked spectra e fourth campaign split post unblinding,
e 1609 data points impact ~0.1 eV?
e ~ 36 Mio counts in total
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Experimental Improvements in new data

e Shifted analyzing plane configuration

o  Achieved two-fold reduction in background

[A.Lokhov et al., Eur. Phys. J. C 82, 258 (2022)]

e 33mKy co-circulation mode

o Used to determine both source potential and spectrometer fields

[A. Marsteller et al 2022 JINST 17 P12010]

e Improved electron gun
o  Mono-energetic angular-selective photoelectron source

o Better calibration of the scattering effects
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Systematic Uncertainty Breakdown: For measurement campaigns 1-5

. . .. . Statistics 0.108
e 6-fold increase in statistics, 2-fold reduction Systematics 0.072

of background - - - - - - .
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Gas density 0.052
Energy loss
e Improved control over source-related effects Penning bg

Source potential
Non-Poisson bg

=  Statistical uncertainty dominates, improved Bg qU dependence

. . . . . . Analysing plane
calibration precision in recent campaigns

KNM1-5

Bsource 0.004 I background-related
Bmax 0.004 I source-related
Rear wall 0.004 I field-related
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Further improvement for campaigns
beyond KNM5

1-0 m2 uncertainty (eV?)

Khushbakht Habib for the KATRIN collaboration - Blois 2024

12



Fit results

e Simultaneous maximum likelihood fit performed, using a common mvz parameter
e  p-value of 0.84

e  Best fit value of mvz :
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Neutrino-mass limit: For campaigns 1-5

e  New world-leading direct upper limit on the neutrino mass:

m < 0.45 eV (90% CL)

based on Lokhov-Tkachov confidence interval

construction (ensures upper limit is not reduced by

negative m2 values)

[Lokhov, Tkachov, Phys.Part.Nucl. 46 (2015)]
e  Feldman-Cousins limit:

m_ < 0.31 eV (90% CL), benefits from negative best-fit

e  Latest results after 259 days of data taking: available at

https://arxiv.org/abs/2406.13516
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https://arxiv.org/abs/2406.13516

Beyond Neutrino mass physics with KATRIN

Search for a sterile neutrino Relic Neutrinos New light bosons

KATRIN sterile neutrino analysis KATRIN Relic neutrino analysis Theoretical basics & study

Phys.Rev.Lett. 126 (2021) 9, 091803

Phys.RewD 105 (2022) 7, 072004 Phys. Rev. Lett. 129 (2022) 1, 011806 JHEP 01 (2019) 206
Kink search: Close to the end-point . . ..

of B-spectrum P Peak search: Probe for local Shape distortion: Additional BSM
oop overdensity of relic neutrinos bosons coupling to leptons —real emission
in B-decay

General Neutrino interactions (GNISs) Lorentz invariance violation

GNIs search with KATRIN Experiment KATRIN first data search for Lorentz-violation
arXiv:2410.13895 Phys.Rev.D 107 (2023) 8, 082005
Shape distortion: Search for spectrum Temporal variation: Search for
distortions due to exotic electro-weak Lorentz-violation by spectrum’s sidereal
interactions modulation
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Analysis Outlook: Extended Range Study

We record data in a wider energy window below the endpoint E (60 eV and 90 eV ranges)

Use only 40 eV range for the analysis

Idea: to go for higher ranges below E  to increase statistical power, but have to ensure good control
over (energy-dependent) systematics
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Conclusion and Outlook

e  New world-best direct neutrino mass upper limit
0.5
m_<0.45¢€V (90% CL)
v - ¢ Nature Phys. 18 (2022) 221802
e  KATRIN data taking continues until end-2025 3 1 This work
.. € —0.5 1
o  Aiming for 1,000 measurement days .
o  Target sensitivity: below 0.3 eV 7107 PRL123 (20191160 * Bestfit
T d T J T T
. . . . . 1.6
e  BSM physics searches: sterile neutrinos, relic neutrinos and more .. ]
1 ¢ PRL123(2019) 160
08 ] / ¢ Nature Phys. 18 (2022) 221802
e  TRISTAN detector upgrade in 2026 d
. . . £ | o This work
o  Focused on detecting keV-scale sterile neutrinos 0.4 o v
[Mertens et al., J.Phys.G 46 (2019)] 1 ® Upper limit (90% CL) i
o Projection (90% CL)
e  KATRIN++ (beyond 2027) 2 00 200 300 1000

o  development of differential detection and atomic tritium
technologies

Beta scan time (days)

Khushbakht Habib for the KATRIN collaboration - Blois 2024

17



Thanks for

KATRIN Collaboration your attention

ST |1 B

0
Karlsruher Institut fiir Technologie BERKELEY LAB

. s Nuclear
Vi Physics
" 5 Institute
Z%J BERGISCHE
4 UNIVERSITAT HEIDELBERG /
WUPPERTAL ZURLBET,
SFIT 1386 n .

MaxFl

—_N THE UNIVERSITY ]G‘U

Im of NORTH CAROLINA UNIVERSITY of
$ at CHAPEL HILL WASHINGTON JOHANGE;IE}‘E'TRES,:‘TBA'E[’?“S”‘

Carnegie = »
Mellon =~ == = universitat UAM
University Miinster  Univ

4

UNIVERSITAT

POLITECNICO
MILANO 1863

SSUNIVERSITA'

&

DrusTUDL
INFN
IGOCCA

HELMHOLTZ % Bundesministerium
RESEARCH FOR GRAND CHALLENGES ] fiir Bildung DF
—

und Forschung
‘G

MAX PLANCK

GESELLSCHAFT

MINISTRY OF EDUCATION
YOUTH AND SPORTS

W

Collaboration meeting in October 2024, Karlsruhe

Khushbakht Habib for the KATRIN collaboration - Blois 2024



Back up

19

Khushbakht Habib for the KATRIN collaboration - Blois 2024




Ey

Systematic effects R(qU) = A- Rg(E;m3, Eo) - f(qU, E)dE + Ry
qU

| Background )
- Non-Poisson component
- Retarding potential slope
- Penning trap J
(Final States e N 2\
SO A ) W= \\

Final States Energyloss

“;,0
C

W‘f&\\%\%‘% <

’A A\\““‘

(][

P

i

=14 ’
\& OO EXRAL L,

\"k—i@;’_l 0 2""»’2 ~~~~ (S ) . Electron
e o T
3

: Source Magnetic fields & “HeT”
= Colymn density } - Source Bee ® Rydbgrg atqm
- Activity fluctuations n/w - Analysing plane Bua € Penning cation

[w —_ - Plasma U_ - Maximum Biax
—_— wviain specrromecer
electron gun /
/ / =T 4’— ----------- »
[ ------------------------------------- 7 Bynax —_— 42T
Magnetic v Z=axis Bana =6.3 x107°T
adiabatic collimation Cyclotron Field line direction 20

Biye =257T motion



Experimental Improvements in new data

e  Shifted analyzing plane configuration

o  Achieved two-fold reduction in background

r(cm)

o  Inhomogeneous spectrometer fields

m  Increased segmentation of data by factor of 14
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The MAC-E filter principle =

Karsruhe Institute ¢

N air coils

(a) transmitted electron

Source o, e ———

Detector
(upstream) . | % (downstream)
Bs ; -- e anal oin Iane e Bmax  BD
Q0N O Lo e e TR g
(b) reflected electron \ - - - - (c) trapped electron
=|Umax| § Bmin
| | ] " | o n m | | | | | | | | | | 1 |
B i i e T e g ) =
electron momentum vector (no electric field) B
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Tritium source

® 10m long Windowless Gaseous Tritium Source (WGTS)
® Stable amount of tritium (o ~ 0.1%/h)

® Gas composition with high tritium purity (>95%)

® Activity ~100 GBq

@ Stable cryostat temperature (mK scale)

36T
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sectiont™ —— — ~ _ — analysis
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Gas injection
capillary

Gas buffer  compositional
analysis

Pressure and temperature
controlled buffer vessel
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Model Blinding:

e Unknown broadening of molecular final state

distribution
e unknown shift of m?

1.25 < r1.25
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The theoretical B-decay spectrum is calculated with Fermi’s golden rule
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Differential

TRISTAN @ KATRIN

decay rate

e Search for keV sterile neutrinos
o Novel SDD array for high rates

e Target sensitivity to mixing of 10

6

o Ongoing systematic and modeling studies

e Timeline

o 2024 — Assembling a full detector replica
o 2026 — Installation in the KATRIN beamline

O
o

1.0 — Without sterile
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084 Active branch: cos® 0 45(m;)
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2026-2027 — keV sterile neutrino search

Single module

166 pixels 9 modules
~1500 pixels :
S. Mertens et al., J. Phys. G46 (2019); S. Mertens et al., J. MAX PLANCK
Phys. G48 (2020); D.Siegmann et al., J. Phys. G (2024) SEMICONDUCTOR _&G LAB 22
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TRISTAN detector in KATRIN setup
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A(—2log(L))
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Rate per pixel (cps)

Measurement

Data 36 Mio counts in total

59 stacked spectra with
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Backgrounds
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KNM4 Data Combination

e Split KNM4 into KNM4-NOM and KNM4-OPT

e nominal and optimized time distribution

e Sourcepotentialdriftof60mV during KNM4 wasnottaken
into account

e Modification causes shift of m?by - 0.1 eV?

e Additional analysis steps before unblinding in the future
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Measurement time
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