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What is the nature

Are neutrinos their What is the mass

of dark matter ?

own antiparticle ? of neutrinos ?
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General idea

Discovery of Ovf3[3:
* Shed light on matter-antimatter asymmetry

* Prove that neutrinos are Majorana particles
and that Lepton number is violated

dN/dE(E / QB B)
[§®]

* Half life reveals neutrino mass:

L 60,(0.2) - MO 2
7oy = Gov(@ i
1/2
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The challenge

Key requirements:

* Large exposure (tonne-scale)

@ * Excellent energy resolution (~ 1% @ QBB)

* Low background (< 1 cts/year/t/ROI)

dN/dE(E / QB B)
[§®]

Only ~1 decd
per ton and y¢

Susanne Mertens (TUM)



LEGEND experiment

- P,
-+ - -~
e

= E .1 =

" Successor of GERDA and MAJORANA

* Experimental site (1 stage): Laboratori Nazionali del Gran Sasso (LNGS)

« International Collaboration (250 members)

+ Sensitivity: Ty, (36 DS) > 102 yrs and mg; < 10 - 17 meV SIET | (N =
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LEGEND working principle

* Search for Ovpp in 7°Ge

* High-purity Ge detectors (enriched to 87% in 75Ge),
immersed in liquid argon active shield

* Point contact geometry provides:

* excellent energy resolution
(0.12% FWHM @ Qgp)

* excellent pulse-shape-discrimination against
background

e Staged approach

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




LEGEND electronics

Low
background:
amplification
: FAR from the
Low noise: ) detector
amplification

CLOSE to the
detector

v’ Solution:
Low-mass and high-radiopurity front-end electronics

Susanne Mertens (TUM)



LEGEND electronics

LEGEND-200:
o discrete low-mass front end electronics

o electronics integration, optimization, characterization
F. Edzards et al Particles 4 (2021) 4, 489-511

o highlight: LEGEND-60 kg (27 detectors) operational

108 ‘hannel g03: ( ) (Pos 1) 105 ( ) at String 1 (Pos 2) 105 Channel g036 - 04545A (ICPC) at String 1 (Pos 3)
[ energy [
10* 10* 10*
10° 10° 10°
102 10? 10?
10! 10" 10}
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Energy [keV] Energy [keV] Energy [keV]
105 Channel g037 - 05266A (ICPC) at String 1 (Pos 4) 105 Channel g038 - 05268B (ICPC) at String 1 (Pos 5) 105 Channel g039 - 052612A (ICPC) at String 1 (Pos 6)
[ energy [ energy [ energy
10* 10* 10*
10° 10° 10°
10% 10? 10?
10! 10! 10! llds
500 1000 1500 2000 2500 3000 500 0 500 1000 1500 2000 2500 3000

Energy [keV]
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LEGEND electronics

e LEGEND-200:
o discrete low-mass front end electronics

o electronics optimization
F. Edzards et al Particles 4 (2021) 4, 489-511

o highlight: LEGEND-60 kg

16 mm

/]

/1

~ meters

o LEGEND-1000:
o miniaturized ASIC-based read-out

o first successful tests with ASIC + Ge-detector

(resolution, pulse-shape analysis, radiopurity)
F. Edzards et al 2020 JINST 15 P09022

o further R&D ongoing

SFB 1258 | Neutrinos
Dark Matter

Messengers *  Strong collaboration with B. Majorovits




Large Enriched
/ \ Germanium Experiment
\A for Neutrinoless BB Decay

LEGEND Perspective

* Ty (30 DS) > 102 yr, mgg < 10 - 17 meV*

10% g i i
= > cover inverted mass orderlng
1029 - .-
[LEGEND -1000 oo Lot e
28| SO
710 E AT T e
S = D s
> - P S = | Simulated LEGEND-1000 example spectrum for Ty, = 10?8 yrs
8 1027 E“LEGEND ....... 200 ............................... gpaifosnass See i S g 5| Bl < 10—5 CtS/kEV/kg/y, after CUtS, 10 years Of data
8 E - . ............ : 4
o L R i
- 10?8 =...GERDA .................... ety e ' 10 mg‘ﬁi“ range z 2vBB OvBp
EMAJORANA .-~ . 5 © 3 v
- e : : i~ Background free
L S - = = 0.1 counts/FWHM-t-y 2
10° : : ==" 1.0 count/FWHM-t-y
= e 10 counts/FWHM-ty !
1024 | [ || ! 1111 llli | L1l Ii | L1111 Ili | L 111 lIlI 1 L1l () l()J(] l()(.[] 1()8[) ‘)(]()() .)()‘)() 9()4() .)()(.() ‘)()8[)
10°° 1072 10 1 10 102 10° ‘ " ‘ - - - - .
Exposure [ton-years] 0.1% FWHM AE Energy (keV)
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Timeline & Connections

2022 2024 2026

2028

2030

Nature of
neutrinos

Susanne Mertens (TUM)

LEGEND-2

Aﬁﬂ;)r’f

Caldwell,
Majorovits

Ge-detectors
&

Ovpp

LEGEND-1000

11
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What is the nature

Are neutrinos their What is the mass

of dark matter ?

own antiparticle ? of neutrinos ?
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Neutrino mass

Takaaki Kajita and

o oscil

Arthur

] Nobelprize.ord

Susanne Mertens (TUM)

B. McDonald

Matter generation

Upper bound
from direct measurements

meV

eV

keV MeV

GeV

TeV

i . L

0.001

Lower bound

1000 1 x 108
Mass m [eV]

from oscillation experiments



Neutrino mass

Cosmology

E:Zmi

| —— normal ordering
| —— inverted ordering

10° E

2 (eV)

1071

10°

Susanne Mertens (TUM)

Neutrinoless BB decay B-decay kinematics

msg = \/ Z \UZ|m?
i

mgg = | > _ UZm|
7

10°; ¥/, KATRIN

mpgp (eV)

10 \

1073

1072 107! 10°

m; (eV)

102 101!
m; (eV)



General idea

3H

super-allowed -decay

T, 12.3 years
E, 18.56 keV

Susanne Mertens (TUM)

1.0

0.8

0.6

0.4

0.2

0

entire
spectrum

] | | ]
2 6 10 14 18

electron energy E [keV]

rel. rate [a.u.]

mZ(Ve) = Elueilz . mlz
[

region close to 8 end point

m(ve) =0 eV

only 2 x 10713 of all
decays in last 1 eV




The challenge

 Strong tritium source: 10'! decays/s
* Low background level: < 0.1 cps
* Excellent energy resolution: ~1eV

1.0
0.8

0.6

0.4
0.2

0

Susanne Mertens (TUM)

Precise understanding of the spectral shape

entire
spectrum

2 6 10 14 18
electron energy E [keV]

rel. rate [a.u.]

region close to 8 end point

Only 1013 of
all decays in
last 1 eV




Karlsruhe
Tritium
Neutrino
Experiment
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Working Principle =

i b b
il L]

Tritium source Spectrometer Detector
* 100 pg of gaseous T, * Electrostatic filter * Counts electrons
e 10 T,decays/s * MAC-E filter principle * Rate vs potential

70m

Susanne Mertens (TUM)



I " " : B-decay : background
Working Principle w
g 1001 é
A
Tritium source Spectrometer . )
* 100 pg of gaseous T, * Electrostatic filter £e
. .. @ & 20
* 10M T,decays/s * MAC-E filter principle g-ﬁ | | ‘
0 =

18540 18560 18580 18600 18620
Retarding energy (eV)

.........

......

70m

Susanne Mertens (TUM)



Working Principle

Detector

* Retarding-
potential
dependent
efficiency

Background
* Retarding-potential
i dependence @
' f E | * Time-dependence
Tz
B W7 TN

- -

-~ -~
Vol A

O TV s~

Electron

¢ T

¢ HeT™
Tritium source Beamline © Rydberg atom
*  Molecular final states * Magnetic fields ¢ Penning cation
* Scattering in the gas * Electric potentials

Susanne Mertens (TUM)



Data analysis strategy

* Fit of theoretical prediction: I'(qU) o« A - f:;‘; D(E;m?%Ey) - R(qU,E) dE + B

| X100 ] . .
1.0 — D(E) R(E, qU) —
- 0.8
3 0.8 1
—~ 10%E = S
@k > 2 0.6 1
g £ 0.6 kol
] S £
s 5 Soa{[
o 804 E T ..
100k g Fermi theory [ Spectrometer transmission
F < 0.2 . . 0.2 .
4 B Molecular excitations | Energy losses in the source
1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1
18540 18550 18560 18570y °%0 25 50 75 100 125 150 175 003 20 40 60 80 100
Retarding energy (eV) Energy (keV) Surplus energy (eV)

* Free parameters: mlz,, Eo, B, A + O(20) nuisance parameters (constrained via calibrations)

e Blinded analysis: 1. MC twin data, 2. model blinding, 3. independent analysis teams

Susanne Mertens (TUM)



New analysis framework: Fitrium

v’ Complete analysis chain

v’ Official framework used for the
neutrino mass analyses
v’ Application for calibration analysis

v E-gun measurements
(gas density)

v Gaseous krypton
(E&B fields)

Susanne Mertens (TUM)

Data
selection

combination

Spectrum
model

Systematic
uncertainties

Final fit

= Fitrium &

Project ID: 136 [?:

-0-1,310 Commits ¥ 47 Branches <7 0Tags [ 2.9 MB Project Storage

Modelling and fitting tools for the KATRIN experiment

\



Latest results

' Spectrum 15t campaign
with 1 o0 errorbars x 50

| Spectrum 2" campaign
with 1 o errorbars x 50

Count rate (cps)

¢
1

——

0 50 100
Retarding energy — 18574 (eV)
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PHYSICAL
REVIEW
RS

First campaign:
 total statistics: 2 million events
* best fit: m? = (—1. Of(l’j?) eV?2(stat. dom.)

PRL. 123, 221802 (2019)
Phys. Rev. D 104, 012005 (2021) (corresponding author MPP/TUM)

Second campaign:
 total statistics: 4 million events
* best fit: m?2 = (0.26133%)eV?(stat. dom.)

Nat. Phys. 18, 160-166 (2022) (corresponding author S.Mertens)



Latest results

1 Lokhov-Tkachov (90 % CL)
---7 Feldman-Cousins (90 % CL)

2.0; First campaign:
Lk * total statistics: 2 million events
€ amw T * best fit: m?2 = (—1.0*}7) eV?(stat. dom.)
i * limit: m, < 1.1 eV (90% CL)
R 4 PRL. 123, 221802 (2019)
L Phys. Rev. D 104, 012005 (2021) (corresponding author MPP/TUM)
0.0 ' E : ' '

mj . (€V?) Second campaign:

* total statistics: 4 million events
* best fit: m?2 = (0.26133%)eV?(stat. dom.)
e limit: m, < 0.9 eV (90% CL)
Nat. Phys. 18, 160-166 (2022) (corresponding author S.Mertens)
02 _________________ « Combined result: m,, < 0.8 eV (90% CL)
000576205 00 05 10 L5

mS, e (€V?)

Susanne Mertens (TUM)



Beyond neutrino mass

Constrain local

Y Singularity

overdensity of big-bang

neutrinos
(peak search)

— Best limit based on

terrestrial experiment
Phys. Rev. Lett. 129, 011806 (2022)
(corresponding author MPP/TUM)

Susanne Mertens (TUM)

@ v v

electron tau
neutrino neutrino

Search for eV sterile
neutrinos
(kink search)

— Complementary results to

oscillation experiments
Phys. Rev. Lett. 126, 091803 (2021)
(corresponding author MPP/TUM)
Phys. Rev. D 105, 072004 (2022)
(corresponding author MPP/TUM)

Search for Lorentz
invariance violation
(sidereal modulation)

— First limit on oscillation-

free LV parameter
arxiv:2207.06326 (2022)
(corresponding author S. Mertens)



Beyond neutrino mass

ecting An
ser to Det
A Step Clo
Neutrinos
Constrain local N | 15 85 sensity signal of cosmic 1€
Singularity June 29,2022 . Physics 15, constraints on the overde Lusive particle.

f spotting this

overdensity of big-bang

neutrinos
(peak search)

entists improve laboratory

3 ances O
e nce that should improve the -

Using radioactive triti

neutrino

— Best limit based on

terrestrial experiment
Phys. Rev. Lett. 129, 011806
(corresponding author MPP/TUM)

Susanne Mertens (TUM)



Cosmic neutrino background

Neutrinos decouple 1 s after the Big Bang

Comic microwave background
@ 380 000 years

Detection would confirm Big Bang theory l

About 400 v‘s per cm? today

Challenge: tiny cross-section

Comic neutrino background
@ < 1 second



Signhature of Relic Neutrinos

* Neutrino capture on tritium:
no energy threshold

* Electron peak above endpoint Beta-decay spectrum ﬂ

. 3H+ve—> SHe + ¢

induced electron
peak

m, c* m,c
Electron energy

\ J

|
<1 eV: very good energy resolution

Susanne Mertens (TUM)

S—

100 g
tritium
yields

10 v
captures
per year



Results of Relic Neutrino Search

* Test for large overdensity 1 of neutrinos in our galaxy (based on 1%t and 2"¥ v-mass campaigns)

* Improved limit by 2 orders of magnitude wrt previous laboratory limits

KATRIN Collab. PRL 129, 011806 (2022)
Ringwald, Wong JCAP 0412 (2004) 005 corresponding author MPP/TUM
m LB LLLL B R L T lllll"] T llnll'l] T T 1T — . 9 T T T T T T T T T T

mmmm ---------------------------------------...........
ssmmsns
b=

m, = 0.45eV

- m, = 0.6eV L
10 E

.1 3 | Majorana: a=1
S a e excluded
h . Dirac: a=1/2 I
—g S 1011 5 L g e m B B S B e
g 1 & o =T
g ...... KNM1
£ my = 0.3eV my = 0.15eV — = KNM2
£ 10 = —
g 3 KNM1+2
£ ] = == i KATRIN projected 3-yr sensitivity
g ] o e e s
\‘ 4 0T e e ———
1 ool vyl Tyl vl Tl 1010 s
1 10 100 1 10 100 1000 0 0.2 0.4 e 05 =
distance to Milky Way center ~ (h~" kpc) m2 (eV2)
v
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KATRIN Data Taking Overview

x10[7 il it ] .
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Aﬁn 2 pr 21 Okt 9. Jul 21 Okt 21 Apr 14 Okt 02 Mai

2018 2019 2019 2020 2020 2021 2021 2022

* Commissioning e 1t m, campaign e 2"d'm, campaign
e Only 0.5% tritium * m,<1l1leV * m,<0.8eV
EPJ C 80, 264 (2020) PRL. 123, 221802 (2019) Nat. Phys. 18, 160-166 (2022)
Phys. Rev. D 104, 012005 (2021)
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KATRIN Data Taking Overview
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New challenge:

 Combined fit of multiple-campaigns at different experimental conditions
> 1000 data points and > 100 nuisance parameters

e Fit with analytical model becomes unpractical

Susanne Mertens (TUM)




Novel analysis with Machine Learning

ORIGINS

Excellence Cluster

* neural network = “smart” interpolator ° o
* negligible uncertainty and bias on m,? achievable /ﬁ/ \g}%;;,{,/ \ﬁ\\
7 AN }‘; ?'5 _/”Ii
* speed improvement by 3 orders of magnitudes —pe—v 0 S \EN\\
\\.::/ 2 /i/‘v’ﬁ v NN

EO . RS 1777
\ KT iAd

Sy ]
L EAY G/ gz

A\
N \‘\{\ N \
\§§§\§§§:\\\§§‘ @ R(18535eV)
NN \ N R T
NV

) NN

27
T A
S
Z
24 4

Karl, Eller, Mertens, EP) C 82 (2022) 5, 439

R(18540 eV)

RN R(18545 eV)

—— neural net fit Bsrc -. R(18550 eV)

t reference Monte Carlo rho d sigma @)

cps)
=
o O
[=] =

R(18555 eV)

L eloss shift @7

L2557
7o 4. R(18560 eV)
&7

@ /;;‘,,,1;,1; R(18565 eV)

V 00
4 AT 2

o /%f% 7
L7
Y
B /;/

.

norm. residuals count rate

PR S R SN TR W TR N
18550 18600 18650 18700
retarding energy (eV)
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Historical context and outlook

15t and 2"¢ campaignh combined limit:
« m, < 0.8 eV (90% CL) II
o N
* first direct neutrino-mass experiment to 1024 Z v s
reach sub-eV sensitivity and limit ] ¢ F \t _
—_ . ] 52 \I\ o
First five campaigns = % ov . 3 2
. . < c 2 o0 o PP
e Analysis performed with NN c Lot & g = % I\ S >
= ] - S =
* Sensitivity of m,, < 0.5 eV (90% CL) S : a8 I\\ % 32
© " RN 'S =z &
* Unblinding in < 2 weeks in Munich - 2 I NF = é
: I 5 x S Z
Final sensitivity P A = S A I I;
: o) N S~
e m, < 0.2—0.3eV(90% CL) ] - " 5 oo
o ,

1950 1960 1970 1980 1990 2000 2010 2020
year

Susanne Mertens (TUM)



Historical context and outlook

15t and 2"¢ campaignh combined limit:
e m, <0.8eV(90% CL)

 first direct neutrino-mass experiment to
reach sub-eV sensitivity and limit

First five campaigns

e Analysis performed with NN

e Sensitivity of m,, < 0.5 eV (90% CL)
* Unblinding in < 2 weeks in Munich
Final sensitivity

e m, <0.2—-0.3eV(90% CL)

Susanne Mertens (TUM)

KATRIN now /

10477

S - - - -

10—1?

mg (eV)

----------------------------------------------------------------------------

10‘21

\ KATRIN final

What‘s next?

103

m; (eV)

1072 1071 10°



Beyond KATRIN

Cyclotron Emission Radiation
Spectroscopy (CRES)
v’ eV-scale differential measurement
v’ ,source = detector” concept

* CRES technology demonstrated by

Project-8 experiment

Phys. Rev. Lett. 114, 1162501 (2015)
J. Phys. G44 (2017) no.5, 054004

e Ultimate goal: 40 meV sensitivity
Phys. Rev. C 103, No.6. (2021)

e Potentially strong contribution from MPP

through microwave-detection expertise
(MadMax)

Susanne Mertens (TUM)

5 T
" 3 % 5 K . I5cmwaveguide
v U UV

792
790
788
786 ‘
784

782

Frequency - 24GHz (MHz)

Time (ms)



Timeline & Connections

2022 2024 2026 2028 2030
Nature of LEGEND-20(

neutrinos

LEGEND-1000

Mass of
neutrinos
Project - 8

Reimann,
Dvali

micro-wave

detection &
neutrino

theory

Susanne Mertens (TUM)



: ! ) - -
. . . WU %» R R
- - . 3\ . v '.“ :\l ?'
. . . . N b Y

\ .
- e . "

E

. « R . y ” 7 5 o
e N K ‘L : « 5 v o5 ey : ’
) ubsticke SRR TR
< : . " , : al . . Re.
s . G .e n q ‘e : | On.: ; . " e b S b - % . 3
~ . o B . e . g ‘> i, . - .
.’l. ¥ " "l . 9 “. -
. . . L Mle o i 2 B . ” - ) o | -
. 3 .....‘ .. 5 . ~ . ‘e .. iy v R ;;}'.@'. : g s 4 ot . ' 3
> O Rk - - » n . i - ‘ L. : ! Y o
v X o - - P B : s R e : go =
- . : " LA PR g . -’ '-. ol i 7 . " ;: '.. ' . ‘.

What is the nature

Are neutrinos their What is the mass

of dark matter ?

own antiparticle ? of neutrinos ?

-
~ 2 3
 C5 - = .
- o “J,-‘Q -
. ’ 4 e Y
» - ""'iﬁ T—

-t 3 -
-i' e . . S
- ’ - . :, - -
- - 7 . -
-



Dark Matter Candidates

ueV meV eV keV MeV GeV TeV

. AXIONS WIMPs

Susanne Mertens (TUM)



Sterile Neutrinos

No right-
handed
neutrino in
the SM

Susanne Mertens (TUM)

Leptons

Standard Model (SM)

2.4 MeV 1.27 GeV 171.2 GeV
2/3 u 2/3 C 2/3 t
up charm top
4.8 MeV 104 MeV 4.2 GeV
-1/3 d -1/3 S -1/3 b
down strange bottom
<1eV <1eV <1eV
"% "V "V
\L> u T
0.511 MeV 105.7 MeV 1.777 GeV
-1 -1 -1 "E
electron muon tau




Sterile Neutrinos

Sterile neutrinos in the
keV mass range are dark
matter candidates

Susanne Mertens (TUM)

Leptons

Minimal Neutrino Standard Model

2.4 MeV 1.27 GeV 171.2 GeV
2/3 u 2/3 C 2/3 t

up charm top

4.8 MeV 104 MeV 4.2 GeV
-1/3 d -1/3 S -1/3 b

down strange bottom

sterile

sterile

neutrino neutrino
0.511 MeV 105.7 MeV 1.777 GeV
=1 = =1 T
electron muon tau

L. Canetti, M. Drewes, and M. Shaposhnikov, PRL 110 061801 (2013)




Sighature in beta decays

o
Ul
IIIII

209dr
JERAETN ) —== sin%63z(my)

o
IN

|IIII|IIII|II1..III

—— sin203L(my) + cos26 Jx(mp)

Active .
branch

o
W

o
N

Sterile branch

©
[

Differential decay rate (a.u.)

S R C T m,= 10 keV
- sinZ @ TSeal < .
O 0 i 1 1 1 1 | 1 1 I\\J | 1 1 lJ\g_L
0 5 10 15

Energy (keV)

Susanne Mertens (TUM)



The challenge

Susanne Mertens (TUM)

Differential decay rate (a.u.)

o
U

o
IN

o
W

o
N

o
[

o
o

:_ * High flux of electrons

A TN * Precise description of entire
o beta-decay spectrum

g Active

- branch

E Sterile branch

S N m,= 10 keV

i sinZ 0 TSeal < >
i 1 1 1 1 | 1 I\\J | 1 1 lJ\g_L
0 5 10 15

Energy (keV)




A first deep look

Low-activity (0.5% of nominal) KATRIN run, down to 1.6 keV below E, with (10° electrons)

v’ excellent agreement of model and data (p-value = 0.6)

v’ improved sensitivity to sin? 8 < 103 @ m, = 0.4 keV (arxiv 2207.06337, corresponding author S. Mertens)

10°

1075

nuU-mass region

10724

sin2f

¢  KATRIN Data
1073§

Fit result

L e B e e e e e e e B B e L

stat. stat. + syst.

...' & ) Exclusion BF Troitsk 2013 Holzschuh 1999
1074? *  Best Fit Mainz 2013 Hiddemann 1995

Troitsk 2017

Residuals (o)

T T T T T T T T T T T T T T T T T T

L L L L L B T T T T T T
—1500 —1250 —1000 —750 —500 —250 0O 102 107! 10°
E - Eo (eV) My (kCV)
Susanne Mertens (TUM)



Full spectrum measurement

» Develop a novel >1000-pixel focal plane detector

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

Susanne Mertens (TUM)



TRISTAN Detector

Silicon drift detector (SDD) with > 1000 pixels
v’ Capability of handling high rates (> 108 cps)
v’ Excellent energy resolution (300 eV @ 20 keV) - diff. measurement

v’ Integrated read-out — focal plane design

integrated FET E‘. | field strips

|
— -V —

21

path of

= =)
n- silicon ©a electrons

mMPar
3 mm, 220 fF

Susanne Mertens (TUM)



TRISTAN Detector

130 eV (FWHM) @ 6 keV @ 1 us shaping

104 4 - Fit
[\ ~ == X-ray peaks
] / ‘\ 1 Measurement
103 - l' \
] I { \
f i \ /‘i
8 /! \ \ v’ Multiple iterations and optimizations
S 102 - ry"l '{ h ‘
o ] l'l | | fi . . . .
RS WY WY 1. . sl '}L;;,’ \ v’ Detailed characterization with x-rays and electrons
| I ik B I ' 1 \J
107 - i |‘| ! '; v’ Excellent performance (resolution, noise, linearity)
.' AT
. I 1 |1 |
100 4 l, || 'l “ Il I
B SN ML (I
4.5 5.0 5.5 6.0 7.0 7.5

Energy (keV)
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TRISTAN Detector

Ettore ASICs

Rigid flex PCB carrying 400
signal lines

166-pixel SDD with
integrated JFET

Silicon carbide (CeSic)
cooling link on copper cooling block

Susanne Mertens (TUM)



TRISTAN Detector

entrance window side

Susanne Mertens (TUM)

200

190

180

170

=
(®))]
o
FWHM (eV)

150

140

130

120

v’ Largest monolithic SDD ever operated ©

v" All pixels working

v’ Average resolution of 160 eV (FWHM) at 6 keV
v Homogeneous performance

v’ Integration in KATRIN
1 module (2022), 9 modules (2024/2025)



KATRIN/TRISTAN sensitivity to steriles

10—1_
Preferred region from BEST Current laboratory constraints
10—3 i Phys. Rev. Lett. 128, 232501 (2022)
N
— 3 Overproduction (relaxed)
105 - v,\y‘ . hys. Rev. D 100, 115035 (2019)
50 \\ll U\
& 1077 v,\\ rg Xeray constraints (relaxed)
é |Phys Rev. D 100, 115035 (2019)
10_9 T \‘n
\
|,‘,I“‘\""
10—11 J ‘"‘."
Short-baseline oscillation Dark matter T
13 anomalies  candidate
10 - >
10_15 L | T T AL L L L L | T T AL L | AL | LI | AL | T
1073 1072 1071 10° 101 102 103
ms (keV)
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KATRIN+TRISTAN sensitivity to steriles

10—1 i \\‘~\\\ ,’ »First deep look”
3 - lab constraints
10731 _
—— KATRIN (1% & 2"¢ campaign) - -
10-51 Phys. Rev. Lett. 126, 091803 (2021) KATRIN = ma e B ction
TR/ST < .
Phys. Rev. D 105, 072004 (2022) AN '\lff‘L\ J
-~ \ [} N
. . S~ wh
%’0 10_7 ----- KATRIN projection KATR//V ~~~~_~~ ‘v'\ o
.>< /STA/V ~~~~~ " 1
g tatll'ml_t~~~__].
10_9 T \‘n
W
|/‘f/“‘\
10_11 ¢“,‘,‘"‘ X-ray constraints
Short-baseline oscillation Dark matter RS
anomalies candidate
10713 - >
10_15 AL | T T AL L L LR | T T AL L | AL | AL | LA | T
1073 1072 1071 10° 101 102 10
ms (keV)
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Dark Matter Candidates

ueV meV eV keV MeV GeV TeV

. AXIONS WIMPs

Susanne Mertens (TUM)



1078 T T T T T T T
101° ?H O ORNL, Harvard
= o <% e MIT, BNL
S 10 " = A _PNP -
) 3 M & ¥ Sussex, RAL, ILL
. o ¢ g - . ¥ nEDM at PS| -
2 Axion ! s O = T
S 10 ™ .
1x 8 o —
Particle physics Cosmology -E 102 u : % .
=  10* fa'v .
8. -25 A A
- 10726 \4 |
v’ Solution to the strong CP problem = i
~ LIJ 3 >
6 QCD GHv GHV < 0> A IITTIITIIIT IR
o - 10 \\Standard Model calculatlonsx\\\\\\\\\\
v Promising dark matter candidate 1033 S NN N N N N NN NN RN NN NN NN NN

1950 1960 1970 1980 1990 2000 2010 2020 2030
Year of publication
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|IAXO: working principle

Solar Sunset | Sunrise
system X-ray telescope system

axion flux
Vaud -

Shielding

X-ray detector

Susanne Mertens (TUM)



|IAXO: the challenge

Solar Sunset VA Sunrise
axion flux X-ray telescope system
S il l
——————— >

Shielding

Y

* Ultra-low background x-ray detector: < 10”7 cts/keV/cm?/s
 Comparable to deep-underground detectors (e.g. CRESST)
* Never achieved at shallow depth

Susanne Mertens (TUM)



Our idea: low background SDD system

v’ Designed for x-ray detection

v Almost 100% efficiency in interesting energy region
v’ Excellent energy resolution (150 eV @ 1 — 10 keV)
v’ Low energy threshold (0.5 eV)

v No/little cooling, flexible footprint and pixel number

» technical implementation feasible

» improve the physics case of IAXO

o Can we reach the background goal ?

Susanne Mertens (TUM)
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10—9_

Background Demonstrator

v’ Design complete, assembly ongoing

v Operation at CanFranc underground laboratory and
TUM shallow underground laboratory from September

v’ Very promising background projections

GEANT-4-based background projections

deep underground
—— muons w/o veto
—— total

—— SDD
—— PCB/electronics
—— shielding

shallow depth

— SDD muons w/o veto
—— PCB/electronics —— muons w/ veto
—— shielding —— total w/ veto
e 2.1 e
T“M

0 10 20 30 40 50
energy (keV)

Susanne Mertens (TUM)
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Ultimate low background SDD

* Novel Active shield idel

* use deep-well Ge-detector as active
shield for SDD system
* combine expertise from TRISTAN and

LEGEND electronics
* Passive shield: dedicated for shallow-depth
 scintillator plates Ge-detector
* neutron shield: Pb/borated PE
* Projected bg-index: 10 cts/keV/cm?/s Si-detector

Cu-cryostat

Strong synergies with
K. Schaffner (Cosinus) and F. Pedricca (CRESST)

o
@
2,
0
=
o
<
%
=
2,
>
]
)
=
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Timeline & Connections

2022 2024 2026 2028 2030
Nature of LEGEND-200
neutrinos
LEGEND-1000
Mass of KATRIN
neutrinos

Dark matter,
BSM % |

SDD,

HLL, Axions,
Schaffner, Low back-
Pedricca, ground
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* Many exciting open questions ahead of us

 Search for Ovf33

 first detector strings of LEGEND-200 are operational,
* promising R&D for ASIC-based read-out to reach ultimate discovery potential

* Direct measurement of the neutrino mass
* first sub-eV kinematical limit on the neutrino mass with KATRIN
* |leading limits on relic neutrinos, eV-sterile neutrinos, Lorentz invariance violation
* new concepts (a-la Project-8) to probe the hierarchical neutrino mass regime

* Dark matter search
* finalized TRISTAN detector module: upgrade KATRIN to search for sterile ngutrinos
* new low-background SDD-detector for a solar axion search with IAXO 5

v Promising potential for discoveries in the coming years
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Backup slides
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Uncertainty budget in second campaign

1-0 m2 uncertainty (eV?)
0.00 0.05 0.10 0.15 0.20 0.25 0.30

statistics _

systematics

bg rate overdispersion
bg time dependence
source el. potential

bg voltage dependence

KATRIN preliminary (MC)

B fields
gas density
molecular states

energy loss

B 2nd campaign

0.04 0.06 0.08 0.10 0.12
1-0 m2 uncertainty (eV?)

0.00 0.02

Susanne Mertens (TUM)

inner surface: 650m?2
volume: 1400m3



Sneak preview

1-0 m2 uncertainty (eV?)

000 005 010 015 020 025 030 Major improvement:
statistiCSMW////////M * Background reduction (=+2) via new EM
| field layout
systematics

Lokhov et al arXiv:2201.11743 (2022)

bg rate overdispersion
bg time dependence
source el. potential

bg voltage dependence

B fields .\‘:\XQ':\‘
gas density —Qc

KATRIN preliminary (MC)

molecular states .
2nd campaign

energy loss B 5th campaign

0.00 0.02 0.04 0.06 0.08 0.10 0.12
1-0 m2 uncertainty (eV?)
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Calibration: e-gun, 83mMKr

2D & & v' Measurement of gas density
%E ) T, and energy losses

®© 0060 0060 \
(3
Fe aup : 9 /
s #ﬂh'—lg"_l.( | L Mg ! [ R Jl ! I T ‘
R e i e I & (]| - [P e . | "7 — —| O, manny _ - -
x Igur b -
100 . |
9?y
sof Y
)
"

60 i .
40 v ] . .
N & @{ @ %' @ v Measurement of E/M fields var. in

Intensity per 3™Kr decay [%)

20 w\q \,;“9’—
|- f;«s» the source and spectrometer
0 " 1 1 1 il
5 10 15 20 25 30 35

Energy [keV]



Lorentz Violation

* LV parametrized with a,, (vector field)

* KATRIN acceptance angle introduces a preferred “direction”

* Asthe earthis rotating, the relative direction of KATRIN to the LV-violating vector changes

e Signature: oscillation of tritium endpoint with sidereal frequency (23h 56 min)

A

earth

) a ) sun )

Susanne Mertens (TUM)



Lorentz Violation

S —1.0] } —— Dest fit, 2 =0.98
2 il e L M o
R- -1.51 ’| I Il | 'I i ||||| | | |l l” it ? II 1 il Wl (BT ] [ | | || it il IS .!!" I!!' 'i'
g_z-o ‘ i , \ \ { | il || { ﬂ} ﬁ ' i ) \
sl ) MR RR UL | il
0 100 200 300 400 500 600 700 800
time after first run (h)
0.081 —— total
* Search for oscillation in first nu-mass data ~  stat+NP
* No significant oscillation found > 0.061 w Zteastt'cf’irt"y
* First limit on a(S) <3-107° GeV < 0.04
( of )11‘ <
e arxiv:2207.06326 (2022), corresponding author S. Mertens 0.021 —_—
0.00
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eV-scale Sterile Neutrinos

* Sterile neutrinos are a natural extension of the SM

» eV-scale motivated by anomalies in v—oscillation experiments

Susanne Mertens (TUM)

Reactor to detector distance (m)

E 1'1~II|1 | IIIIIII| [ \IIIII[ [T TTTTTT | IIII[JI’ [ IIIJIII| I l_

Q2 Tl T no_oscillation

D BE “TI NEY

= 09—_ T__i Solar |

e | 4v - l’_‘l Neutrino

g o] oscillation

Q 08—

3 -

D o7 Atmospheric

-8 i W—/ neutrino oscillation

[T

8 06— Reactor Antineutrino

= Anomaly

(1 - v-oscillation 7
o.4LLLL ool vl L1
' 0 10 100 1000 10000 100000
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Sighature in beta decays

83

3He q

Susanne Mertens (TUM)

0.2

Differential decay rate (a.u.)
o
D

eV-scale sterile neutrino

Accessible in current

data sets

18

565

Energy (eV)

A

v

m,= 10 eV



Sterile neutrino search in KATRIN

10%
= 5
O
= <
102} £ 7
c —
< © 0
: : :
= . i
10 = <
S =
< i
= -
10° E 7 <—) G. Mention et al Phys. Rev. D 83, 073006 (2011)
i_j A. P. Serebrov et al., Pisma Zh. Eksp. Teor. Fiz. 109, 209 (2019)
| V. V. Barinov et al. (BEST), arXiv:2109.11482 (2021)
10'1 Ll L L I T T | '
102 107 10°
sin®(20.,)
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Sterile neutrino search in KATRIN

103 F | e FEITY | I,,_ y \/Start probmg mterestlng parameters space
[ POt LA ’¢’ ]
[ . Re ]
:" ( ] Phys. Rev. Lett. 126, 091803 (2021), SFB corresp. author
"., N 1 Phys. Rev. D 105, 072004 (2022), SFB corresp. author
2L e,
10 [ .'.~ k
[ ee., < S
(\T-\ Q}‘ .'0. );?/
> W, Ve - - - -
()] /;/) ".‘ XQ + KATRIN data with 1 o error bars x 50
~ Sy ..‘ =3-v model
g 10 g 10 High
< g signal/back-
. = S 10%k ground
3 @)
10°F £ s o 1
: T 1 I I
:i__j 40 20 0 20 40
-1 |
10 g It ++ R ASS FENTII 208 e e + """" — 11
10-2 10 1 é reeee 3o Vmode+1+ HHM
Sin2(29 ) 098 . 3+1 modell t 3+1 SImlulatlon m, = lIO.O eV |Ue4| .=0'01 4
14 -40 -20 0 20 40
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Retarding energy - 18574 (eV)




Sterile neutrino search in KATRIN

v/ Start probing interesting parameters space

Phys. Rev. Lett. 126, 091803 (2021), SFB corresp. author
Phys. Rev. D 105, 072004 (2022), SFB corresp. Author

Al

2 | _ v’ Complementary probe to oscillation-based
NE; o'} \‘ | experiments

E :

DANSsS, arXiv:1911.10140 (2019)
STEREO, Phys. Rev. D 102, 052002 (2020)
PROSPECT, Phys. Rev. D 103, 032001 (2021)
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TRISTAN Detector characterization

Custom-developed electron-gun:

* Measuremet of dead-layer, backscattering,
charge-sharing

Custom-developed laser calibration source

* Measurement of charge drift times

Susanne Mertens (TUM)




LEGEND background projection

Ge internal — 232Th chain
Detector mounts ——— m 2387 chain
Front-ends —— Underground Ar
Cabling e m Ge cosmogenic
Optical fibers . m Surface o
Re-entrant vessels E—— = Cryostat steel 7/n
222Rp in LAy | e m Cosmic rays
42K in LAr
68 (e — -
60 —
Q. emitters emsm———
External v/n ——
p-induced | e——
Total =~~~ = w—— @@

108 10~7 106 105 10—4 10—3
cts / (keV kg yr)
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|AXO perspective
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KATRIN+TRISTAN sensitivity to steriles

10—1 i \\‘~\\\ ,’ »First deep look”
10—3_
—— KATRIN (1% & 2"¢ campaign)
10—5 Phys. Rev. Lett. 126, 091803 (2021)
Phys. Rev. D 105, 072004 (2022)
%O 1071 KATRIN projection
X
g
10774
10—11 J
Short-baseline oscillation Dark matter
anomalies candidate
10713 - -
10_15 AL | T T AL L L LR | T T AL L | T T T T T AL LI | T T T T T T
1073 1072 1071 10° 101 102 103
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