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Neutrinos

Matter generation

* What is their mass and its origin?
* Is the neutrino its own antiparticle?

* Are there more than just three neutrinos?

Susanne Mertens (MPP, TUM)



Unique probe: Beta Decay

Double beta decay Single beta decay

Susanne Mertens (MPP, TUM)



General idea

dN/dE(E / Q[5 B)
[§®]

Susanne Mertens

Only ~1 decd
per ton and y¢

Discovery of Ovf3[3:
* Shed light on matter-antimatter asymmetry
* Half life reveals neutrino mass

—57 = Gov(Q.2) - IM®|? - mjg
1/2

Key requirements:

* Large exposure (tonne-scale)

* Excellent energy resolution (~ 1% @ Qgp)
* Low background (< 1 cts/year/t/ROI)

Ap-Dgz 3£



LEGEND Experiment
Be

Jh anne Vertens

Search for OvBp in 7Ge

Staged approach
LEGEND-200 (200 kg of Ge detectors)
LEGEND-1000 (1-ton of Ge detectors)

T,/, (30 DS) > 10% yr
Mg < 10 - 17 meV (inverted ordering)

More by Iris tomorrow



Our contributions

M. Willers (PD)
F. Edzards (PD)
F. Henkes (MSc)

* Electronics integration for
LEGEND-200

M. Willers, tech lead for electronis

* Development of ASIC-based
read-out for LEGEND-1000

F. Edzards et al 2020 JINST 15 P09022

Neutrinos
Dark Matter
M .

SFB 1258

e Surface background
characterization

F. Edzards, L. Hauertmann, et al
Particles 4 (2021) 4, 489-511

Thanks to Iris group

Susanne Mertens



Unique probe: Beta Decay

Double beta decay

Single beta decay




General idea

Direct neutrino mass measurement

* Independent of neutrino nature

* Independent of cosmology

Key requirements:

* Strong tritium source (10! decays/s)
* Excellent energy resolution (~ 1 eV)

* Low background (< 100 mcps)

Susanne Mertens (MPP, TUM)

1.0

0.8

0.6

0.4

0.2

0

entire
spectrum

2 6 10 14 18
electron energy E [keV]

o
(o)}

3
S,
)
“—
©
S
[0)
—

o
(N}

©
@

o
o

region close to I8 end point

m(ve) =0 eV

only 2 x 10713 of all
decays In last 1 eV




Karlsruhe
Tritium
Neutrino
Experiment
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KATRIN Working Principle

AT AHA
w1l

Transport and Segmented
Tritium source pumping Main spectrometer detector

Rear wall and
electron gun

-~ =
AAAAAAAAAA

70m

Susanne Mertens (MPP, TUM)



KATRIN Working Principle
- Wi e B

o) rb
hler (Php Forward Beam Monitor: N (Ppp ) bt 11l
Activity monitoring @ 0.1%/min
Segmented
ee Main spectrometer detector

Electron gun:

Determination of 'm‘y?}%‘%‘??‘if?:‘z?:

gas density .. Il “\
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[oe)
o
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60| <7 | source:
EM field M
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Susanne Mertens (MPP, TUM)



KATRIN Working Principle

B-decay background
spectrum : region

Transport and Segmented 101 =)
Tritium source pumping Main spectrometer detector :
Rear wall and .
electron gun - P
AIROETT T o : g_:
%) : O
~ ol
Q o)
i ot -
7{'; B H m E v
e\ B e 45 :
- ‘i— i 907
3He

ey
.
.
.
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B
B

Scaninterval: E,—40eV,E, +135eV

=
o
1

Scan time: 2 hours

Hundreds of scan per campaign

Measuring
time (h)
3]
o

Ollllllllllllll I““ :

18540 18560 18580 18600 18620
Retarding energy (eV)

Infer v-mass from spectral fit

Susanne Mertens (MPP, TUM)



KATRIN Data Taking Overview
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Susanne Mertens (MPP, TUM)



KATRIN Data Taking Overview

SINN
9NN

29 November 2019

New PDG reference! 7 MASS (electron based)

VALUE (eV) CL% DOCUMENT ID TECN COMMENT
<11 90 1 AKER 19 SPEC 3H 8 decay

Cumulative electrons in ROI
w

" ysical Society %gs% e BN
o KATRIN Collab, Phys. Rev. Lett. 123, 221802 (2019)
. KATRIN Collab, Phys. Rev. D 104, 012005 (2021)
12Jun 26 Apr ~ 210ct 09 jul 21 Oct h 21 Apr : 09 Oct
2018 2019 2019 2020 2020 2021 2021

Susanne Mertens (MPP, TUM)



KATRIN Data Taking Overview
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Susanne Mertens (MPP, TUM)



MPP analysis team

\
C. Wiesinger (PD)
Schwemmer (PhD)
C. Karl (PhD)
C. Kéhler (PhD)
L. Schlater (PhD)
M. Weidenthaler (MSc)
F. Kellerer (MSc)
X. Stribl (MSc)
T. Lasserre (staff)

MC propagation technique
» Systematics propagated by 10° fits
* Developed by M. Slezak and C. Karl

1 stat-only

/N dN/dm?

Thanks to the

<«——68.3%

1 systematics

MPCDF

/N dN/dm?2

<«<—— 68.3%

1/N dN/dm?2

«—— 68.3%

-08 -06 -04 -02 0.0 0.2 0.4 0.6 0.8
m2 (eV?)

Covariance matrix method

e Systematics propagated via cov-matrix
obtained from multiple simulations of the
spectrum

* Developed by T. Lasserre and L. Schluter

%1078

Fractional covariance
A b M A o 24 v ow A~ oo

-40 0 135
Retarding energy - 18574 (eV)

Susanne Mertens (MPP, TUM)



Result of 2"4 campaign

101‘§

100-E

Count rate (cps)

Spectrum 15t campaign
with 10 errorbars x 50

Spectrum 2"¥ campaign
with 1 o errorbars x 50

—

0-0 :. ..0 .o.. .

—2.54 « Uniform

Residuals (o)

Stat. Stat. and syst.

T T T T T T

50

|

Time (h)

251

I

15t campaign
mm 2" campaign

0

50 100

Retarding energy — 18574 (eV)

Susanne Mertens (MPP, TUM)

Main achievements wrt. 1%t campaign:
 tritium activity increased by a factor of 4
* background reduced by 25%

Final result:

total statistics: 4 million events

excellent goodness-of-fit: p-value = 0.8

best fit: mZ = (O. 26f8;§2)evz (stat. dom.)
new limit: m, < 0.9 eV (90% CL)

KATRIN Collab, arXiv:2105.08533 [hep-ex], in print



Historical context

-200  -100 O e KATRIN (2021):
Los Alamos (91) 1 * . . . .
Tokyo (91) - . . ‘ first direct neutrino-mass experiment
Zirich (92) A = o = to reach sub-eV sensitivity and limit
Mainz (93) - ————
Beijing (93) - ; .
Livermore (95) - e 1stand 2" campaign combined result:
Troitsk (95) - o
Mainz (99) 11 . e m? = (0.111)33 )eV?
Troitsk (99) - - . - . ) o
Mainz (05) 1- — ! * 1stand 2"d campaign combined limit:
Troitsk (11) - ———— .
KATRIN (19) 1- o ! m, < 0.8 eV (90% CL)
KATRIN (21) - - :
KATRIN(Comb')"...,.........,.m.... .
-8-6-4-20 2

200 -100 0
Best fit m2 (eV?)

Susanne Mertens (MPP, TUM) KATRIN Collab, arXiv:2105.08533 [hep-ex], in print
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+ many more to come
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Susanne Mertens (MPP, TUM)



Outlook — reduced background

x10Q/
IR

Cumulative electrons in ROI
w

0 )

TSI SIS

New electro-magnetic field
configuration

e Background reduction by a

factor of 2

A. Schaller (PhD)

12 Jun 26 Apr
2018 2019

Susanne Mertens (MPP, TUM)

210ct  09jul 21 Oct 21 Apr 09 Oct
2019 2020 2020 2021 2021

ApDyz 4t

F. Frankle, A. Schaller, et al. arXiv:2011.05107
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Outlook — new analysis strategy

x10Q/
IR

CINN

New analysis strategy based
on NN

e Speed improvement by
3 orders of magnitude,

maintaining accuracy

requirement

R(18535 eV)
R(18540 eV)
R(18545 eV)
R(18550 eV)
rho d sigma @) R(18555 eV)

eloss shift R(18560 eV)

o

R(18565 eV)

Cumulative electrons in ROI
w

C. Karl (PhD)

/

0 /
| |
12 Jun 26 Apr 210ct  09jul 21 Oct 21 Apr 09 Oct
2018 2019 2019 2020 2020 2021 2021

Thanks to the Origins Data Science Lab
Susanne Mertens (MPP, TUM)



New Physics with KATRIN

Constrain local
overdensity of cosmiY 1
relic neutrinos
(peak search)

Singularity

— Best limit based on
terrestrial experiment

13 \ke\\e(e(

Susanne Mertens (MPP, TUM)

Search for Lorentz
invariance violation
(sidereal modulation)

— First limit on specific
LV parameter
.\C\Aes
). q\
c.W?

Ay-ﬂy?r’t

Search for eV-keV sterile
neutrinos
(kink search)
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Accessible in current
data sets

0.2 Sterile branch
sin2§ "~
0-0 I 1 | 1 1 I | 1 1 1 I 1 1 | 1 I
18560 18565 18570 18575

Susanne Mertens (MPP, TUM)

Energy (eV)
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m,= 10 eV
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Differential decay rate (a.u.)
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e, Measurement of full
0.4~ Active tritium spectrum
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Am3, (eV?)

eV-scale sterile neutrino search L Seig

/
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T R — ——
1072 10-1
sin?(2614)

Mertens (MPP, TUM)

Mainz 95 % C.L.

Troitsk 95 % C.L.
Prospect 95% C.L.
DANSS 95 % C.L.

Daya Bay 90% C.L.
Double Chooz 95 % C.L.
Stereo 95% C.L.

RAA 95% C.L.

BEST + GA 95.45% C.L.
Neutrino-4 20

KATRIN (KSN1) 95% C.L.

KATRIN (KSN1+2)
sensitivity 95 % C.L.

Projected KATRIN final
sensitivity 95 % C.L.

KATRIN Collab., Phys. Rev.

C KOhIEr
X. Strip,

v Improve MAINZ and TROITSK limit

v’ Improve exclusion with respect
to DANSS, PROSPECT, and STEREO

v’ Test recent interesting results
from NEUTRINO-4 and BEST

Lett. 126, 091803 (2021)

25



keV-scale sterile neutrinos

* |dea: make use of the KATRIN source to explore full beta spectrum to search for BSM physics

e Challenge: Precise modelling of full tritium spectrum with all experimental effects

— work in progress

1071
—_ B dr
:i 05 __ ...... Coszed_E(mB)
8 Y e ~—~ sin269L(m,) 1073 %
[ [
@ 0.4 = sin20 30(m4) + cos20 5k (mp)
> [ 107
©o03fF &
3] r £
© B @ 10—7<
B 02F
c B
) C
qu_) 0 1 r \ 10—9<
e R T T —— phase 1 stata limit
a s N S~ phase 2 already excluded
[ 1 1 1 ] 1 I I\\J | 11 I 1 J.."u- A I 10_11 - - T T v T T
0.05 5 10 15 00 25 50 75 100 125 150 175
Energy (keV) ms (keV)

Mertens et al, Phys.Rev. D91 (2015) 4, 042005
Mertens et al, JCAP 1502 (2015) 02, 020



A

T. Houdy (PD)
F. Edzards (PD)
A. Onillon (PD)
D. Siegmann (PhD)
. : K. Urban (PhD
keV-scale sterile neutrinos ity
D. Spreng (MSc)
C. Bruch (MSc)
C. Forstner (MSc)

* |Idea: make use of the KATRIN source to explore full beta spectrum to search for BSM physics
* Challenge: Precise modelling of full tritium spectrum with experimental effects

* Challenge: New multi-pixel detector system

-
2=
-
-

2=

== =

Tritium source: Signal rate of up to
10! decays/s 10electrons/s

Mertens et al, Phys.Rev. D91 (2015) 4, 042005
Mertens et al, JCAP 1502 (2015) 02, 020



TRISTAN detector design

Silicon drift detector (SDD) technology
v’ Capability of handling high rates (> 108 cps)
v’ Excellent energy resolution (300 eV @ 20 keV)

v’ Large area pixels (3 mm diameter)

/MIPG/ 7
@7,

Susanne Mertens (MPP, TUM)

Thanks to the Max Planck
Semiconductor Laboratory

n+ anode

field strips

p+ back contact

28
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Technical challenges

o Largest SDD array ever operated

B
35
5
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%3'%

Full detector

S
33

o Focal plane design

o KATRIN environment (UH vacuum, B-field)

(3000 SDD pixel)

o Precise modelling/calibration of electron detector response
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Detector module

(166 SDD pixel)

29

Detector pixel

P, TUM)

Susanne Mertens (MP



SDD characterization

v’ Excellent performance for x-rays
S. Mertens et al, J. Phys. G46 (2019)

v’ Linearity (0.1%)

v" Noise (10 e at 1us shaping time)
v Resolution (140 eV @ 6 keV)

020°0%0%020%02

©
.

v Detailed characterization with electrons (electron microscope, krypton, e-gun, laser)
S. Mertens et al, J. Phys. G48 (2020)

v’ Dead-layer
v’ Charge-sharing
v’ Backscattering

Susanne Mertens (MPP, TUM)
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Scaling up: 166-pixel module

OHC copper cooling
and holding structure

Ettore ASICs

Rigid flex PCB carrying Silicon carbide (CeSic) 166-pixel SDD with
400 signal lines cooling link integrated JFET
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=

Susanne Mertens (MPP, TUM)



Recent Highlights

v’ Largest SDD array ever operated (planar)

v’ Successful operation of 3D module in KATRIN
monitor spectrometer (-40° C, 10° mbar, 0.4 T)

BEEH B ESEEE

Susanne Mertens (MPP, TUM)
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Staged approach

* Integration of 9 modules in KATRIN beamline in 2024

e Option of scaling up to 21 modules

Susanne Mertens (MPP, TUM)



Spin oft’‘s: SDDs for...

IAXO: Solar axion experiment
* Member of IAXO since 2021

* Challenge: ultra-low background
107 ¢/s/keV/cm? (1 — 10 keV)

* First measurements in UGL and design
optimizations ongoing

ComPol: compton polarimeter in a Cube-Sat to
observe hard x-rays from Cygnus X1

* Part of ORIGINs Laboratory Rapid Space
Mission (LRSM)

» Test launch to ISS planned for 2022/2023

Susanne Mertens (MPP, TUM)



Posdocs

Michael Willers
Frank Edzards
Anthony Onillon
Christoph Wiesinger
Tobias Bode
Thibaut Houdy
Martin Slezak

PhD
*  Korbinian Urban
e Christoph Kohler
e  Christian Karl

* Lisa Schluter

* Daniel Siegmann
*  Matthias Meyer
* A.Schwemmer

* Frank Edzards
nna Pollith
st

Master

Florian Henkes
Cynthia Glas

Katrin Geigenberger
Lena Wunderl
Xaver Stribl
Matthias Weidenthaler

Vikas Gupta

Alessandro Schwemmer
Manuel Lebert

Fotis Megas

Cornelius Schatz
Madlen Steven

Pablo Morales

Dominik Fuchs

Martin Ha Minh

Federico Roccati

Bachelor

Juan Ulloa Beteta
Daniela Spreng
Christina Bruch

Christian Forstner

Xavier P WS

Int

erns
Thierry Lasserre
Aude Glaenzer
Paul Ripoche
Nathan Le Guennic
el Dai

Aidan Wright
Tiziano Bevilacqua
Gulden Othman
Julieta Gruszko

Alexey Lokhov
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