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Neutrino mass

cosmology
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R-decay kinematics

3H
Super-allowed decay
Q = 18.6 keV
T1/2 - 12.3 yr

Based on kinematics and energy conservation

> independent of neutrino nature
> independent on cosmology

= spectral distortion maximal at the
endpoint energy E,
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Experimental challenge
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Super-allowed decay

Q = 18.6 keV P
Ty, =123 yr

= Strong tritium source: 10! decays/s
" Very low background level: < 0.1 cps

" Very high energy resolution: ~1 eV

" Precise understanding of the spectrum shape
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e R Karlsruhe

\ Tritium
Neutrino
Experiment

KATRIN collaboration

* International collaboration (150 members)
* Experimental site: Karlsruhe Institute of Technology (KIT)
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Working principle N,

Gaseous tritium source Transport section Spectrometer Detector section
. molecular tritium in closed loop . magnetic guidance . MAC-E (Magnetic adiabatic . focal plane detector, 148 pixels
. 30 pg of gaseous T, . tritium gas/ion removal collimation + electrostatic filter) PIN-diode
— 10 T, decays/s — reduction by > 10 — high resolution: O(1) eV . counts electrons: rate vs potential
— large acceptance angle: 0-51° —»><le.st
Electron ¢ Radon atom
Rear section o1 ¢ Rydberg atom
. rear wall ¢ °HeT' ¢ Positive ion

. high intensity e-gun

7R R RRRAIABSEEREE AN
L ([T —— | }

R AN

> precise determination of  raxis
column density and

b
energy-loss function il |
5T
.,J

P e

’ . - ' > :
r . " - - —
- ' - \ -".‘ﬁl"- :
] y e 't - . g 5%
.”"' - e s .. S Y { 3 : . !!!g 3 A
< ") E_' ~ Ab——T ) - il i ’ . -l i

R )| N Transport and ATAw ya Segmented
i . Tritium source pumping Yo ' \AF AR RSl detector
Rear section ; -
Main spectrometer

Pitch angle / .' B -a2T 7 O m
’V“' 0 [EEERS " Bya=6.3x107T

- THAGHBNE=""r=""""" e Field-line direction

adiabatic collimation Cyclotron

- otio
B.=25T motion 6/27



Measurement strategy

Uret
Electrostatic high-pass filter @

Integral spectrum measurement

B-decay spectrum
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Background region
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Data taking overview

Cumulative electrons in ROI

15t and 2"d campaigns
6.10° e” in the RO
- published -

1t to 5t campaigns
~30.10° e in the ROI
- analysis in progress -
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Analysis strategy

Beta spectrum:

theoretical inputs (Fermi theory, molecular excitations)
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> free amplitude 4
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> squared neutrino mass m >
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Latest v — mass results

First campaign:
—_ + Spectrum 15t campaign
2 with 1 o errorbars x 50
% 10" - _4_ Spectrum 2nd campaign = Total statistic: 2 million events
4@ with 1 o errorbars x 50 = Best fit: m127 _ (_1. Ot(l)fi) a\/2
‘g 10° - = Limit: m < 1.1 eV (90% CL)
S U — +
1%—; — — . .
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Systematic breakdown

statistics

systematics

0.00 0.05 0.10 0.15 0.20 0.25 0.30

bg rate overdispersion
bg time dependence
plasma

bg voltage dependence

KATRIN preliminary (MC)

B fields

gas density

molecular states

energy loss - m KNM2

0.00 0.02 0.04 0.06 0.08 0.10 0.12
1-0 m? uncertainty (eV?)

> Total uncertainty dominated by statistical
uncertainty

> Significant systematics

= dominated by background-related
uncertainties

= significant source plasma uncertainty
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v — mass outlook

15t and 2"9 campaigns combined
= 6.10°% e in ROI
" m < 0.8 eV (90% CL) — statistic dominated
" first direct neutrino-mass experiment to reach
sub-eV sensitivity and limit

First five campaigns (work in progress)
= ~30.10°e"in ROI
" m < 0.5 eV (90% CL)
" data unblinded during the summer

Final target (2025)
= ~70.10° e in ROI
" m < 0.2-0.3 eV (90% CL)
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Beyound neutrino mass in KATRIN
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| Search for exotic weak
g s erorbare e 0 interactions (" Search for Lorentz invariance "\
= 10 E ' Spectrum 2"9 campaign : :
o 4 S < _ _ violation
4@ with 1 o errorbars x 50 // - Shape dlStOT'thn -
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relic neutrinos o —  am3, = eV-scale sterile neutrinos
[Phys. Rev. Lett. 129, 011806] "\ spectrum e o~ : :
pEE b Spec | P v . keV? = keV-scale sterile neutrinos

= peak search
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. _ Y
eV-scale sterile search motivation
Reactor antineutrino anomaly (RAA) Gallium anomaly
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respect to the predictions of ~20 experiments baseline measurements with Gallium

~ 30 deficit of reactor and Gallium flux measurement to prediction

= Hint for the existence of light sterile neutrino?
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Imprint of sterile v on B-decay spectrum

= 4% mass state will appear as a kink in the spectral shape

Kink close to the endpoint: excellent energy resolution required
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= Accessible in current data sets

My= 10 eV

analysis published for the first 2 campaigns of KATRIN combined
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Sterile neutrino fit

— 3uv+1 best fit model
Active branch

-------- Sterile branch

{ KATRIN data with 1o error bars x 50

[Phys Rev D 105 072004]
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Maximum likelihood fit of model for3v + 1

> free amplitude 4

> squared neutrino mass m*
» endpoint £,

> background B

> 4th neutrino mass and mixing: |U,4|?%, mﬁ

No significant sterile-neutrino signal is
observed in KATRIN = sensitivity
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Sterile neutrino systematic breakdown

Statistical uncertainty
= Combined systematic uncertainties
= =Non-Poisson background
—==Source-potential variations

Magnetic fields
Molecular final-state distribution
qU-dependent background e

Column density X inelastic scat. cross section ===Theoretical corrections
Scan-step-duration-dependent background = -High voltage stability and reproducibility

Activity fluctuations
Energy-loss function
Detector efficiency

[Phys Rev D 105 072004]
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= Uncertainty budget dominated
by the statistic for all masses

= Dominant systematics:
- background

- source plasma potential
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Overview of sterile experiment results
RAA Gallex/Sage/BEST
L S S
| ‘ = Exclude large Amj, solutions from the reactor
antineutrino and gallium anomaly
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95% C.L. exclusion contours
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Overview of sterile experiment results
RAA Gallex/Sage/BEST
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L A e —
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0 ~ e ~— . _ .
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. 2
Sin (2914)

95% C.L. exclusion contours

18/27



keV-scale sterile neutrino search motivation

Right-handed neutrinos: natural extension of SM and
straightforward way to introduce neutrino mass

Excellent candidate for warm dark matter

2.4 MeV 1.27 GeV 171.2 GeV
s l l L C % t
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-5 d - S -4 b
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— electron muon

1.777 GeV

tau

Unexpected x-ray emission line around 3.5 keV observed in nearby galaxy

& Hint of sterile neutrinos with a mass around 7 keV?
... or anything else?

= Need of model independent measurements across a
wide range of mass

THE ASTROPHYSICAL JOURNAL, 789:13 (23pp), 2014 July 1

© 2014. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

DETECTION OF AN UNIDENTIFIED EMISSION LINE IN THE STACKED
X-RAY SPECTRUM OF GALAXY CLUSTERS

EsrA BursuL!-2, MAXIM MARKEVITCH’, ADAM FosTER!, RaNDALL K. SMmiTH!,
MICHAEL LOEWENSTEIN?*, AND SCOTT W. RANDALL'

doi:10.1088/0004-637X/789/1/13

! Harvard-Smithsonian Center for Astrophysic
2 CRESST and X-ray Astrophysics Labor

$ NASA Goddard §

4 Department of Astronomy|

Received 2014 Februar

We detect a weak unidentified emission line

of 73 galaxy clusters spanning a redshift ran
(Perseus, Centaurus+Ophiuchus+Coma, and
independent MOS spectra and the PN “all

Perseus Cluster. However, it is very weak an
at the limit of the current instrument capabil
plasma at this energy. An intriguing possibilj
candidate. Assuming that all dark matter is in
to a neutrino decay rate consistent with previ
the line in Perseus is much brighter than ex
This appears to be because of an anomalousl|
dielectronic recombination line, although its ¢
difficult to understand. Another alternative is
K line also exceeding expectation by a factor
nature of this new line.

doi: 10.1103/PhysRevLett.113.251301

An unidentified line in X-ray spectra of the Andromeda galaxy and Perseus galaxy cluster

The natinire of dark matter (DM 1€ 9 anection of crmicial 1m-

A. Boyarsky', O. Ruchayskiy?, D. Iakubovskyi** and J. Franse':®
Mnstituut-Lorentz for Theoretical Physics, Universiteit Leiden, Niels Bohrweg 2, Leiden, The Netherlands
2Ecole Polytechnique Fédérale de Lausanne, FSB/ITP/LPPC, BSP, CH-1015, Lausanne, Switzerland
3Bogolyubov Institute of Theoretical Physics, Metrologichna Str. 14-b, 03680, Kyiv, Ukraine
4National University “Kyiv-Mohyla Academy”, Skovorody Str. 2, 04070, Kyiv, Ukraine
5Leiden Observatory, Leiden University, Niels Bohrweg 2, Leiden, The Netherlands

We report a weak line at 3.52 £ 0.02 keV in X-ray spectra of M31 galaxy and the Perseus galaxy cluster
observed by MOS and PN cameras of XMM-Newton telescope. This line is not known as an atomic line in the
spectra of galaxies or clusters. It becomes stronger towards the centers of the objects; is stronger for Perseus
than for M31; is absent in the spectrum of a deep “blank sky” dataset. Although for each object it is hard to
exclude that the feature is due to an instrumental effect or an atomic line, it is consistent with the behavior of a
dark matter decay line. Future (non-)detections of this line in multiple objects may help to reveal its nature.

The nrecent naner fakee a9 cten 1n thie direction

We nrecent
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keV sterile neutrino search with KATRIN
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Experimental challenge

= Handling of high data rates: 108 e".s*
" Good energy resolution: < 300 eV
= Low energy threshold: E,; < 2 keV

= New detector required for high
rate B-spectroscopy

TRISTAN project: “Tritium Beta Decay to Search for
Sterile Neutrinos”
— Future upgrade of KATRIN detector using

silicon drift detector (SDD) technology erc
— goal: ppm level on sin“0 s
Full TRISTAN detector —
= 21 identical modules _ \
= ~3500 pixels
TRISTAN detector
module with 166
pixels

S. Mertens et al JCAP02(2015)020
Mertens et al, J. Phys. G46 (2019)
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Staged approached

4 Characterization A
Prototype bench test
(7, 47, 166 px)
J

7 and 47 pixels prototypes

o v
00,060009690,094%,2,

........................

H E f =
SHS \
B [pdooocanannanaaao

3D focal plane design with
166 pixels

Ettore ASICs

Copper cooling and

166 px SDD holding structure

Silicon carbide (CeSiC)
thermal link

z ~
3 .
%, 2 &

TRISTAN Pt Nt

Phase 0 Phasel | Phase 2
One module in monitor detector in KATRIN beamline
spectrometer (166 px) 9 modules (1500 px) 21 modules (3500 px)

Prototypes: 7, 47, 166 px

= design definition and optimization

"= performance characterization with X-rays, electrons and laser sources
& energy resolution, linearity, timing, boundary effects ....

55Fe X-ra 157
210t oot | R
source 121
- 1109
- 13 T = Good performance
d, 2 | +t73 &
£ 2 el © demonstrated
@) A 200 o
O i : 3% % match TRISTAN requirement
100 ' ' 1 -
2 5.0
Energy (keV) 170_
Energy resolution 1o
. @ 5.9 keV ok 10
[J.nlma.2021.166102] entrance window side| 115 21/27




Staged approached

Characterization g Phase 0 A Phasel | Phase 2
Prototype bench test One module in monitor detector in KATRIN beamline
(7,47, 166 px) \spectrometer (166 px) y 9 modules (1500 px) 21 modules (3500 px)

Monitor spectrometer (MoS):

" refurbished MAC-E filter from Mainz experiment reassembled in KIT
" similar energy resolution as KATRIN main spectrometer

= Integration and first electron in september 2022!

» environment close to the final setup — realistic condition
» largest SDD array ever operated
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Staged approached

Characterization Phase 0 g Phasel | Phase?2 A
Prototype bench test One module in monitor detector in KATRIN beamline
(7,47, 166 px) spectrometer (166 px) \9 modules (1500 px) 21 modules (3500 p)&

SSD wafer prototype
Phase 1 — start in 2025 =it

= Almost final module design
= SSD production started: final detectors in 2023

Phase 1
= 9 modules = First keV sterile neutrino search with KATRIN
= 1500 pixels
Phase 2
Phase 2 = Optimal experimental setup — reduced systematics

= 21 modules = 3 years of data taking — improved statistics

" 3500 pixels
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Spectrum modeling Theoritical B spectrum

=
(=)

Experimental effects

"Rear wall 502 ( Spectrometer A
. » Retarding potential
> Backscattering 2 / ‘6P €
. 0.0 » HV stability
» Surface activity s, o /’ > Adiabatic transport
- \ [~ Aciabatic transh Y
/Source @
» Scatterin Detector
> Ma neticgtra ; e/' » SDD response: backscattering,
> Stagilit P> e @\ dead layer, charge sharing, noise
\ Y / Full tritium k> Backscattering & backreflection
/Transport ) model
» Magnetic mirror /DAQ
» Magnetic coIIimationm 5> Threshold
» Synchrotron radiation=>=="— >  Electronics noise
\> Post-acceleration ) » Pileup, non-linearity
\_  crosstalk
Preliminary =
M (0 d e I . =004 ELp+ back-tsclati)eri:\g
charge-sharing
"= Analytical calculations + simulations 15000 Plee
= Non trivial effects: 12500 Differential spectrum
- backscattered e-at the rear wall . expected at the

- backscattered and backreflected e detector

at the detector

7500 1

5000 -

= Systematic effects smear the
sterile signature

0 5000 10000 15000 20000 25000 30000 35000 40000

Energy (eV) 24/27
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KATRIN sensitivity on keV sterile neutrino — Phase 1
10-3. sensitivity 95% Cl, statistics = 10'* electrons .
| — i:t :)-mSS;C: column density (o0 = 2%) Pre"minary I' |
ot t Gt dend Ieyer (a2 2 ! = Statistical sensitivity at 1.10° reachable in ~1 month
—— stat + det : cc width (o = 20%) ,'
—— stat + det : incident angle (o = 5°) /
ot + B B 9 = 0.1% :'I * = Systematic effects reduce the sensitivity by (at least) one
ot dua: e noe (0. 10%) ~ order of magnitude
3 il B Y| - rear wall dominate
= - important contribution of Bfields and detector effects
\\__’,"-'\_____,_
= Work in progress
L oeee— - model refinement
10-6. - missing systematics
| - experimental setup optimization
0.0 2.5 5.0 75 100 125 150 175
ms (keV)

Scenario hypothesis:
» Current KATRIN Bfield / rear wall configuration
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KATRIN target sensitivity on keV sterile neutrino
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KATRIN stat hypothesis:
» 3 years of data taking: 108 e~ collected

TRISTAN

» Several order of magnitude improvement of

current [aboratory limits expected

» Competitive and complementary to other keV

sterile experiment

» Work in progress to evaluate impact of systematic

uncertainties
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Conclusion and outlook

» First direct sub-eV neutrino mass limit
m,< 0.8 eV (90% CL)

» Targeted sensitivity with increased statistics and improved systematics
m_,<0.2-0.3 eV by 2025

» search for eV-sterile neutrinos with current setup, complementary results to short baseline experiments probe
» search for keV-sterile neutrinos with novel TRISTAN detectors after 2025

» But also... relic neutrino overdensity, Lorentz invariance violation in current KATRIN data

Thank you for your attention!
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