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Dark Matter Candidates

AXIONS WIMPs

— Talk by Jochen Schieck



Neutrinos

Upper bound
from direct measurements
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Sterile Neutrinos

Quarks

Leptons

Standard Model (SM)
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v—Minimal Standard Model
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L. Canetti, M. Drewes, and M. Shaposhnikov,
PRL 110 061801 (2013)



Dark Matter Sterile Neutrinos




Experimental searches

Indirect Detection

Direct Detection



Tritium [R-decay

. o
3Hd\\ ¢

dE

3He

5= C R p (F+me) (o= ) (B~ Ey2=m?

Differential decay rate (a.u.)

=
o

o
o

o
o))

o
I

o
N

o
o

Signal of neutrino mass

---- mg=0eV
—— mg=02eV

)
N
=

15+

104

Differential decay rate (a.u.

SS
~
~
~
<
~
~
~———

. 4.5 4.6 4.7 4.8 4.9 5.0
S Energy (eV) +1.857e4

o

5 10 15

Enerqgy (keV)



Imprint of sterile v's on [B-spectrum

Neutrino from
tritium B-decay

Heavy sterile
neutrino

Light active
neutrinos
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The world’s strongest tritium source
@ KATRIN
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Working Principle




Working Principle

Tritium source
100 pg of gaseous T,
10 T, decays/s




Working Principle

Tritium source Transport section
100 pg of gaseous T, * Guidance of electrons
10 T, decays/s * Removal of tritium

70m



Working Principle

Tritium source Transport section Spectrometer
100 pg of gaseous T, * Guidance of electrons * Electrostatic filter
101 T, decays/s * Removal of tritium * MAC-E filter principle




—— Model

{  Measurement

Working Principle

8 105—
01:;400 18450 18500 18550 18600
Retarding energy [eV]
Tritium source Transport section Spectrometer Detector
* 100 pg of gaseous T, * Guidance of electrons * Electrostatic filter * Counts electrons
e 10 T,decays/s * Removal of tritium * MAC-E filter principle * Rate vs potential

70m



New KATRIN result

Data set:
* 250 days of data (5 campaigns)
* 63 Mio electrons

Result:
* Best fit:
m? = (—0.141313 )eV? (stat. dom.)

e New limit:
m, < 0.45 eV (90% CL)

Neutrino-24 (2024)
arXiv:2406.13516 (2024)

Final goal (in 2026):
*m, <0.3eV(90% CL)
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Extending KATRIN

10! decays/s
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Extending KATRIN

High flux of
beta electrons
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A novel detector system

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

Mertens et. al. JCAP 1502 (2015)



Detector Requirements

Our first visit to HLL in 2015
The detector

needs to handle
high rates

we need a good
energy resolution,
to resolve the kink

The detector needs to

cover the full electron

beam, without much
dead area

Thierry, Kai, Marc

David, Susanne
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Silicon Drift Detector (SDD)

v"Small readout contact
» Small detector capacitance — Low noise (good resolution) for high rates

v’ Large detector area
> Large area coverage, not too many pixels

v’ Integrated amplification (nJFET)

» Focal plane arrangement

integrated FET & field strips
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Cha”eﬂges > 1000 pixel SDD

O - 21 modules (each 166 pixel)

o Large pixel number

o Focal plane configuration n
Il 1l

o Operation at high magnetic field and high vacuum

o Ultra-precise beta spectroscopy

integrated FET & field strips
D

— =Y —

LTI

path of
electrons

n- silicon

")
back contact

3 mm, 220 fF

A



A long SDD journey...

2017 2020 2022 2023

7-pixel SDDs with integrated nJFET Layout Final production
prototype SDDs 166-pixel devices optimizations Our first modules



A long SDD journey...

Chearacterization Optimizetion Integration
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X-ray characterization

Excellent performance demonstrated ). phys. G46 (2019)

v’ energy resolution
v’ noise characteristics

v’ linearity
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Electron spectroscopy

X-ray Electron Electron Electron

S10, 10 nm

Energy loss in Back- Charge sharing at
entrance window scattering pixel boundary

Si 450 um
sensitive volume Pixel 1  Pixel 2



TRISTAN Hot Cathode (THC) E-gun

v’ mono-energetic electrons with kinetic energy
up to 30 keV

v electron rates up to 100 kcps per pixel

v’ illumination of the area of one TRISTAN
detector module (40 x 38 mm?).

K. Urban et al, JINST 19 P06004 (2024)

AL ST AA ALY




Electron spectra

v High statistic electron spectra

v'Good agreement of model with data

10 nm

29 X 10 nm 449.7 pym

K. Urban et al 2022 JINST 17 C09020
A. Nava et al, NIM-A 1046, 167812 (2023)
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0.4

0.2

Backscattering

v’ Measurement of backscattering coefficient
with two detectors

v'Good agreement with simulations

D. Spreng et al. arXiv:2405.12776 (2024)

¢ simulation ¢ experiment
E; =5.0keV E; =7.5keV E; = 10.0 keV
t 13 11
0 25 50 0 25 50 0 25
Or (°) Or (°) Or (°)




Pulsed light source

e Laser or LED (A =630 nm)

* Interaction in entrance window + small spot size + timing

X-ray detection light detection



Pulsed light source

450
—1428 —-1142 —857 -571

Depth (um)

Electric Potential (V)

Distance to Border (um)

v'Good understanding of drift times (incl. diffusion and repulsion)

v'Good description of charge sharing
C Forstner et al, ArXiv:2409.08901 (2024)
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A long SDD journey...

Chearacterization Optimizetion Integration




Science pushing technology

100

1. Epitaxial growth to reduce deadlayer
v' First tests look promising

Efficiency [%]

® Epitaxy
A Epitaxy-COV
V Standard thin
20 A *  Standard thick
—— Best Fit: s=2nm (fix), u=3.44nm, 0=0.04nm
—— Best Fit: s=2nm (fix), y=4.59nm, 0=0.0nm
—— Best Fit: s=2nm (fix), u=53.39nm, 0=105.0nm
—— Best Fit: s=21nm (fix), u=21.0nm, 0=0.0nm
° 0 5 10 15 20 25 30

Electron Energy [keV]



Science pushing technology

1. Epitaxial growth to reduce deadlayer

v' First tests look promising

—
o
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2. Optimized trace layout to reduce x-talk between pixels
v’ Significant reduction of cross-talk in final production
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aggressor pixel

Science pushing technology

1. Epitaxial growth to reduce deadlayer Lines more narrow and shifted,

v" First tests look promising additional grounding,

.. . improved bond pad design
2. Optimized trace layout to reduce x-talk between pixels : : J

v’ Significant reduction of cross-talk in final production

production 1a i production 1b
H H

| 4 | 4
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Science pushing technology

JFET IGRAnode R1

1. Epitaxial growth to reduce deadlayer 4 ;
v’ First tests look promising 20 2
8
2. Optimized trace layout to reduce x-talk between pixels £ 40 10 8
v' Significant reduction of cross-talk in final production N & §
3. Improved nJFET layout to eliminate charge loss % 20 0

Position X (um)

v" No more charge-losses observed
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A long SDD journey...

Chearacterization Optimizetion Integration




Assembly procedure

V

Assembly jigs %

CeSic cooling link
Glue wo spacers

400 bond wires |IFSIIEIIES

.\ -a210Z/90 ; : —



Final TRISTAN Module

Ettore ASICs

Rigid flex PCB carrying 400
signal lines

166-pixel SDD with
integrated JFET

Silicon carbide (CeSic)
cooling link on copper cooling block




Final TRISTAN Module

entrance window side

200

190

180

170

[
(@)
(@)
FWHM (eV)

150

140

130

120

v Among the largest monolithic SDD ever operated ©
v" All pixels working (not always...)
v’ Average resolution of 160 eV (FWHM) at 6 keV

v Homogeneous performance



Integration

»good
performance
demonstrated
under realistic
conditions”

o [,9
G 0
ﬂozo: Monitor spectrometex / 2024: Replica of KATRII\T\ Q / 2026: KATRIN beamline \

D. Siegmann et al 2024 J. Phys. G: Nucl. Part. Phys. 51 085202



Dark Matter Candidates

AXIONS WIMPs




NEDM upper limit 90%CL (ecm)

The strong CP (charge parity) problem

10-18 I I I I I I I

- O ORNL, Harvard | * Quantum Chromodynamics (QCD)
- . K ’;/'ILJTF;lBNL | predicts an electric dipole moment of
N v Sussex, RAL, ILL the neutron (nEDM)
12_22 % v nEDMatPs! | * Experiments do not observe any nEDM
102 ) - < * Responsibe term ¢p ﬁ“"GW must be
102 - A v ) set to zero
10%° . VA Ay A . T“
102 v 4 1 ¥
1027 1 dﬂu P

o

(oW
+ —» «—+

31 §\\\\\\\\\\\\\\\\\\\\\\\ ™
18_32 . Standard Model calculations\\\\\\\\\\\\\\\\ ~_
103 Ik\'\\\\l\\\.\\\\l\\\'\\\\l\\\'\\\l ' : ' : ' I \ . >
1950 1960 1970 1980 1990 2000 2010 2020 2030 T ~_ B

Year of publication

< |
=



The pool table analogy




Axion is like a photon with a small mass




Experimental searches

| I Relic axions

microwave
cavity

Laboratory axions

optical cavity

telescope

e ittt ® I

[Sikivie, PRL 51 (1983) 1415-1417]
48
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|AXO X-ray detector

Requirements:
e High efficiency for 1 — 10 keV x-rays
* Good energy resolution

* No/little cooling, flexible footprint




|AXO X-ray detector

Requirements:
e High efficiency for 1 — 10 keV x-rays

* Good energy resolution

* No/little cooling, flexible footprint

problem...




|AXO X-ray detector

Requirements:
e High efficiency for 1 — 10 keV x-rays
* Good energy resolution

* No/little cooling, flexible footprint

Challenge:

o Background level of 107 cts/keV/cm?/s
» Never achieved in above-ground laboratory




TRISTAN + WAXO = TAXO




cts /200 eV

10 A

TAX® demonstrator

v’ Measurements at Can Franc underground lab

—— LSC demonstrator, 116.1 d
background level

background level in [2, 10] keV
(5.6 £ 0.5)-10° cts/keV/cm?/s

15

20
energy (keV)

25 30 35 40 4

5

Pb brick

low-activity Cu

' Si X-ray shield
SDD on PCB

*0q & Al 9336d1)



Pb brick

TAX® demonstrator

low-activity Cu
' Si X-ray shield
v’ Measurements at Can Franc underground lab
°_d\
v Above-ground measurements in preparation 2 SDD on PCB
' &

Muon veto

Neutron shielding (borated poly)

...........

*0q & Al 9336d1)




rate (cts/keV/cm?2/s)

TAXO — background projections
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SDDs are highl useful to Astroarticle physics

1 v TRISTAN:
| High-precision B-spectroscopy with SDDs enables
B new physics searches, e.g. dark matter sterile
v ¥ neutrino

v 1AXO:
Ultra-low background SDDs enable rare event
searches, e.g. for solar axions
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Thanks to the HLL team,
and especially to Peter and Jelena!

Prof. Dr. Susanne Mertens
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