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Dark Matter

Dark Matter (DM)

 Makes up ~25% of the universe

« Mainly interacts gravitationally with
ordinary matter

Indications include:
« Galaxy rotational curves
» Galaxy cluster dynamics
« Gravitational lensing
* ... Many more

Numerous DM models
* Mass (30 solar masses to 1021
eV)
* SM coupling
» Cross-section (in case of
scattering experiments)

Techniques include direct detection and
indirect detection (depending on model)

Mass, in electron volts (eV)

ULTRALIGHT

.\ DARK MATTER

Mass range
~10-22 eV to ~1076 eV

Experiments
CASPEr, MAGIS-100

AXIONS

Mass range

~10-% eV to ~10-3 eV
Experiments

ADMX, MADMAX,
QUAX, CAPP-8TB

yd

~1to ~30
solar masses
Experiments
LIGO/Virgo

Mass range
~1 GeV to ~1 TeV

Experiments
XENONNT,
PandaX-4T,

LZ, CRESST, DAMA,
COSINE-100

SUB-GeV
DARK MATTER

—
Mass range

~1 keV to ~1 GeV
Experiments
SENSEI, TESSERACT

Countless theories: What can we actually detect?
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Dark Matter

Beyond the Standard Model

Dark Matter (DM)

 Makes up ~25% of the universe

* Mainlz interacts gravitationally with
ordinary matter

Indications include:
« (Galaxy rotational curves
« Galaxy cluster dynamics
« Gravitational lensing
e ... Many more

Numerous DM models
« Mass (30 solar masses to 10-21
eV)
* SM coupling
« Cross-section (in case of
scattering experiments)

Techniques include direct detection and
Indirect detection (depending on model)

ULTRALIGHT

.\ DARK MATTER

Mass range
~10-22 eV to ~1076 eV

Experiments
CASPEr, MAGIS-100

Mass, in electron volts (eV)

PRIMORDIAL
BLACK HOLES
| Mass range
- ~1to ~30

solar masses

Experiments
LIGO/Virgo

WIMPs

Mass range

What Could ~1GeV to ~1 TeV

A : Experiments

Dark Matter ' XENONNT,
Be 9 PandaX-4T,

LZ, CRESST, DAMA,

COSINE-100

SUB-GeV
DARK MATTER

Mass range

~1keV to ~1 GeV
109 .
Experiments

SENSEI, TESSERACT

Image Credit: Samuel Velasco/Quanta Magazine

Countless theories: What can we actually detect?
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Axions and Axion-like particles (ALPs)
Solving the strong CP problem

Axions originally proposed to solve strong CP problem
WISPs (Weakly Interacting Sub-eV Particles) aVaVaVa '}/

Axions or ALPs could constitute all or part of cold dark matter
Many cosmological hints (e.g. anomalies in stellar evolution) cl =¥~ gawh
SM-coupling to two photons

Detection via Primakoff-like Sikivie effect
Possible ALP production by photon-ALP — oscillation in the presence - — —
of strong magnetic fields f)/ ALP

P4 x gng?H
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Axions and Axion-like particles (ALPs)
Solving the strong CP problem

Axions originally proposed to solve strong CP problem
WISPs (Weakly Interacting Sub-eV Particles)

Axions or ALPs could constitute all or part of cold dark matter (DM)
Many cosmological hints (e.g. anomalies in stellar evolution)
SM-coupling to two photons

Detection via Primakoff-like Sikivie effect
Possible ALP production by photon-ALP — oscillation in the presence - — —
of strong magnetic fields ALP

P4 x gng?ﬁ

mm) Light Shining Through Walls (LSW) experiments "‘\28"

K. Ehret et.al.,
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The ALPS Il
experiment

Image Credit: Scicom Lab



Any Light Particle Search with ALPS I

Searching for Axion-like Particles

150kW Schematic of the ALPS Il experiment PB 40,000
Production Cavity o _ Regeneration Cavity
Axion-like-particle
1064 nm
— —
Wall Detector
30W HERA dipole magnets string HERA dipole magnets string
\ J
|
53T 100m (each)

Detection probability:
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Any Light Particle Search with ALPS I

Searching for Axion-like Particles

150kW Schematic of the ALPS Il experiment PB 40,000
l
Laser I.
1064 nm
— —
Wall Detector
30W HERA dipole magnets string HERA dipole magnets string
\ J
1
5.3T 100m (each)

Detection probability: Single-photon detection

) .4 414 requirements for ALPS II:
P’Y_WJ—VY OC. RC ga'y'yB L

Low energy photon detection

Low background (less than 1
photon/day)

High quantum efficiency
High detection efficiency

0

Expected rate of low energy (~ 1.16 ¢V') photons: N,Y ~ 2.8 10_5% R~ 1day

(for gary =2-107 GeV™)
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TES

Transition Edge Sensors

E=hy a7
R
: a8
vouf‘
cold badh SQUID Teadout

» Cryogenic microcalorimeters
« Operated at superconducting transition temperature
 Thermally connected to cold bath

* Read-out using Superconducting Quantum Interference
Devices (SQUIDs)
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TES

Transition Edge Sensors
E=h-yp T

* Operated at T, ~ 140 mK
— * Incident photon leads to temperature increase

« Small temperature increase leads to large variation

Vs In resistance
IAKA ,A 5
7 1R
hormal -
Vot Cbm(uc/fhg
Cou. L)a:”q S@viD TCaJOU“ SQPU' -

cond ual:hg

b | T
Tc
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TES

Transition Edge Sensors
E=h-yp T

IR A%

aR iI N B't

Encryy :
l:{?jw 2 2 . , E=V f T d¢

Voot Cbm(uc/fhg
Cou. ba:”q S@viD TCaJOU“ SQPU' -
Con dual:hg

« Change in resistance is measured in
changing current
« Signal is proportional to photon energy

b | T
Tc

DESY. | Optimizing TES detection systems for extremely low background dark matter searches | CS | MT Student Retreat | 28/09/2022 Page 13



TES for ALPS I

Optimized optical stack

0.6 S — TES mount:
f\ Optical stack 2x TES wire-bonded to SQUID-chips

0.5

IR i i i i SiNX 127 nm
0.4 i e

I S A R —aSi 2nm
-w 20 nm
0.3 = A S —

“‘a Si 2nm
i "SiNx 132 nm
“~Ag 80nm

*— Sj substrate

Reflection fraction

v

ol i | i a
400 600 800 1000 1200 1400 1600 1800
Wavelength, nm

» Optical stack optimized for 1064nm photons
» Higher reflection for other wavelengths
« Optimized efficiency
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TES for ALPS I

TES Setup

 TES mount in dilution refrigerator (cooling & shield)
« Background measurements:
* Intrinsic (without fiber connection)
« Extrinsic (with fiber connection)
* Intrinsic background (6.9 x 106cps) viable for
ALPS II!
« Good quantum efficiency and energy resolution
(~8%)

Single-photon detection
requirements for ALPS I
Low energy photon detection

Low background (less than 1
photon/day)

High quantum efficiency
High detection efficiency

readout
electronic

40K

wavelengths
> 1550nm
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TES for ALPS I

TES Setup

 TES mount in dilution refrigerator (cooling & shield)
« Background measurements:
* Intrinsic (without fiber connection)
« Extrinsic (with fiber connection)
* Intrinsic background (6.9 x 106cps) viable for
ALPS II!
« Good quantum efficiency and energy resolution
(~8%)

Still to do:

* Optimize and determine system efficiency

* Reduce extrinsic background (e.g. blackbody
filtering, fiber curling)

* Determine linearity of TES response

Single-photon detection
requirements for ALPS I
Low energy photon detection

Low background (less than 1
photon/day)

High quantum efficiency
High detection efficiency

fiber feed
through

readout
electronic

40K

wavelengths
> 1550nm
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fiber feed %
through -Box

TES for ALPS 1I readout

electronic
TES Setup

i

« TES mount in dilution refrigerator (cooling & shield)
« Background measurements:

* Intrinsic (without fib

« Extrinsic (with fiber
* Intrinsic background (6.

ALPS I Promising Technology

« Good quantum efficiency

. with possible further
* Optimize and determine appllCathnS7

* Reduce extrinsic backgro
filtering, fiber curling)
* Determine linearity of TES

Single-photon detection
requirements for ALPSII:
Low energy photon detection 140mK
Low background (less than 1 i | IPTES ;
e
High quantum efficiency
High detection efficiency
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Detection of
sub-MeV DM




Sub-GeV dark matter?

Limits of nuclear recoil experiments
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Sub-GeV dark matter?

Limits of nuclear recoil experiments
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Sub-GeV dark matter?

Limits of nuclear recoil experiments
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Sub-GeV dark matter?

Limits of nuclear recoil experiments
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Direct DM detection Low noise

. . ‘Large’ target mass
Suitable devices Low energy threshold

Example: principle proven for SNSPDs
(Superconducting Nanowire Single Photon Detector)

* New bounds on parameter space with one measurement
* No background signals in 3 hrs
« 0.76 eV energy threshold

N previous bound |
Now pound

10—28 n
%‘ 1031 Terrestrial
s NbN 177 g Y" (248 meY)
s 1073 4 Q

10—37 _

10—40 |

1074 . . . .

103 102 101 109 10! 10%

mpm [MeV|

Hochberg, Y. et al. arxiv.2110.01586 (2021)
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Direct DM detection Low noise

. . ‘Large’ target mass
Suitable devices Low energy threshold

Example: principle proven for SNSPDs
(Superconducting Nanowire Single Photon Detector)

* New bounds on parameter space with one measurement
* No background signals in 3 hrs
 0.76 eV energy threshold Light mediator

e
TES? New b()und

Proposal: Apply same idea to TES!
/" Superconductor

«/ Low noise

/" Energy resolution

" Lower energy threshold

Terrestrial

(‘.’. “‘ “\(‘\‘ ‘

X Lower mass (0.2 ng) P
X Smaller target area 107904 e 0meY)
1()_43 T T T T
16r® 102 10! 10° 10! 10

mpm [MeV]

Hochberg, Y. et al. arxiv.2110.01586 (2021)

DESY. | Optimizing TES detection systems for extremely low background dark matter searches | CS | MT Student Retreat | 28/09/2022 Page 24


http://arxiv.org/abs/2110.01586

TES simulations

Simulating (electronic) noise background and low energy pulses

Simulate background — Simulate background and pulses

From fitting measured data set To optimize analysis for certain energies
) t=0.001849 Pulse U vs. t
\PSD comparison - Puise number 1
¥ £ Entries 10000
£ F > Mean 102.3
< B g Std Dev 68.46
a I S
@ i
1 e e ‘ —
- Threshold at -8 mV
- u-T;rrreshoId at—-17 mVv
107" =3
E VPSD
b — NOise in Data | I 1 1 1 | 1 1 1 ] 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 [ 1 | 1 | 1 1 1
—— Noise in Simulation 40 60 80 100 120 140 160 180 200
= 1 1 M| ! Lol L Lo a il 1 time [us]

-1
10 1 Freque1n%y [MHZz]

Can we discern low energy pulses from noise?
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TES simulations

Simulating (electronic) noise background and low energy pulses

Simulate background — Simulate background and pulses

From fitting measured data set To optimize analysis for certain energies

Test background rate for low triggers after analysis:
« Simulation of noise-only data

Prgirpézn[g)ngor _ Applying cuts & analysis optimized for 1.165eV and 0.583eV

No noise passing analysis & cuts in 88 min of simulated time with
54.9% acceptance of 0.583eV pulses

searches!
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Summary
and Outlook

Image Credit: Scicom Lab




Summary and

« TES technology will be used in ALPS |

« TES intrinsic background viable for ALPS I
searches

« But: TES not only suitable for ALP searches
« Technology could be interesting for direct dark
matter searches in the sub-MeV DM mass range

(electron-DM scattering)

« Similar measurements have been conducted using
SNSPDs

» Usage of TESs has been proposed in literature

* Would our TES be viable?

Outlook

Perform intrinsics measurement as comparison

Investigate linearity of TES response for different
energies

Investigate and optimize system efficiency

Investigate alternative TES modules
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Backup

Sensitivity Projection

— 1076

| A DO d D

E 1077 Application of two photon-measurement schemes:
—= 1078 :

S Heterodyne detection:

1079 gl - Detects photon fields
~ B -+ Mixing of regenerated fields with a local oscillator

~10 L AR
10 ALPS-T : g and measurement of resulting beat note
1074

- iR - $3 ..

-2l % Transition Edge Sensor (TES):
0 3 <3 + Single photon detection
10-13E H 4+ Using superconducting tungsten chip
10—14% =
10—15é_ é
1016} 57 ]
10—17 - /..«/.

T T T T 1 STV I U e T T
mg (eV)

IAXO Collaboration, arXiv:2010,.12076v1 (2020)
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Backup

Sub-GeV dark matter — nucleon scattering?

WIMP-nucleon cross-section (cm?)

L1072

1072

-107°

]
=)
S
WIMP-nucleon cross-section (pb)

~46 — N\ — — e | 10—10

10 INSa___ _— o 10
Ay B ont

o % \_———”XEN ‘__— _12

48 . S sy se
10 By, NN Q‘:R_:‘; -‘c-i;“:’ SNB v 10

*2ppans ne m
10-50 IIIIIII 1 T IIIIII| T 1 lllllll 1 T TTTTT
1 10 100 1000
WIMP mass (GeV/c?)

DM mass: m,, target mass: mr

(1 — cos(0R))

M~ 11
reduced mass: p = —X——
mx+mT
: : _ lal? _ pPe?
recoil energy: Fp = Sy = mir
For m, < mp: p~m,

2
m
N2 X
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Backup

DM — electron scattering

Assume:

- Characteristic DM halo velocity vy, ~ 107°
» Scattering via mediator (heavy or light) coupling to EM charges (e.g. dark photon as massless, light mediator)

Maximum Energy transfer ) in scattering event is entire kinetic energy of DM particle with mass 77ty

- Energy range for given mass range: ET

max

_ 2 —6
= Fxin ~ my v ~ 107°m,,

keV MeV GeV
i i l %
M
meV eV keV
T | T /ET
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Backup

Energy loss function of dielectric materials %(—Ezl (w, k)) depends on longitudinal dielectric permittivity
Longitudinal dielectric permittivity responds to

- Charge density perturbations with frequency

- Momentum transfer ¢

After Lasenby, R., & Prabhu, A. (2022)electromagnetic sum rules and Kramers-Kronig relation lead to rules
that must be satisfied by materials in which DM — electron scattering happens:

/0 Yo w ) < T(1 - (0, 9))

w 2

Which gives the maximum possible material response during scattering.
Leads to gpnstraints on maximum average DM scattering rate in a material with DM-mediator coupling

strength  and mediator-EM coupling strength ge leading to:
[ < gX g? MMy Uy
Materials saturating this rate will be good candidates for direct DM detection!
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Backup

Thin films and plasma frequency

For thin layers per area scattering rate dependency on response function () can be used
instead of per volume scattering rate relying on 3(—e~')moves material response to lower

frequencies

Material response governed by plasma frequency wp, above which dielectric function of a
conductor (e ~ —wﬁ /w?) is positive (e\m waves can penetrate material). Waves with frequencies

below plasma frequency are reflected.

Thin layer response function for £.d values
between 0.05 and 10. Black line corresponds
to bulk material (w = w,)

—> Larger response for small thicknesses
even below plasma frequency

Im(R)/d

70¢
60f
sof
40f

30f

20F

10f /
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Backup

SNSPDs

(a) . DM scattering
_Ibias or absorption

(i)

Jﬁ «—— | DCBias
40K | ant Source

w
=~
=
o
o
~
—
=
e
L

(ii)

Oscilloscope

Hochberg, Y. et al., Physical Reviewl etters, 123(15). (2019)

Counter

Hochberg, Y. et al. arXiv:2110.01586 (2021)
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Backup

Simulation of pulses

Pulse U vs. t
=
¢
. s B
\PSD comparison =
) C 10— (f_fo)} [ (f_fo)})
— Alex —expy— + t=t
I : - fz(t)= ( p[ P — 0 0
—~— e
5f— Vi else
= + °
(o) -
) 20—
o -
25—
P U BN RS N T U T S RSN SN S NS SR N NS N S NS S S NN T S S W
20 0 20 40 60 80 100 120 140 160
Time [us]
Pulse U vs. t
s
E s
o —
% —
: o
-5
\PSD | =
| | —— Noise in Data -
—— Noise in Simulation =
— | 1 IIIIII| 1 1 IIIIII| | 1 IIIIII| 1 _20—_
107" 1 10 =
Frequency [MHz] a5
-3of
= ERETI TTE | | I | P BRI PRI
20 0 20 40 80 80 100 120 140 160
Time [ps]
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Backup

False trigger simulations

t=0.001849 Pulse U vs. t

— Pulse number 1

z Entries 10000
‘o Mean 102.3
g StdDev  __ 68.46
5

>

____________________________ N
t T Threshold at -8 mV

» Rate of triggered noise pulses for different thresholds
and sample sizes
« Without simulated pulses — only noise contributions

___________________________________ -

Thresholdat -17 mV

1 1 1 1 1 1 1 Il
160 180 200
time [us]

False Triggers - Rate of noise pulses passing different trigger thresholds

Usual trigger thresholds for 1064nm pulses Threshold/mV
-17 -16 -15 -14 D -12 -11 -10 -9 -8
Simulated time # Samples Rate 1/s (+/- statistical uncertainties)
9 sec 45 000 0 0 0 0 0 0.33 (0.19) 4.2 (0.7) 36 (2) 241 (5) /
8 min 20 sec 2.5e6 0 0 0 0 0.014 (0.005) 0.32 (0.03) 4.21 (0.09) 38.8 (0.3) 251.1 (0.7) 974(1)
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Backup

Cut-based analysis 1064nm signals

/

Pileup candidates

Method 1 — Time domain

Rise Time [ps)]

decay _vs_rise
Entries 4646
Mean x 3663
Meany  0.3839

StdDevx 1.062
Std Devy 0.1457

iy

Amplitude - Data

12 : 14
Decay Time [us)]

= Amphtude
€ & Entries 4648
3 - Mean 1864
o -
500 = Std Dev 3.107
C
-
400 p=
=
300 =
-
-
200f=
= Constant = (523 +- 10)
100 p= 4 = (19.0780 +- 0.0301) mV
- @ = (1.9724 +- 0.0263) mV
& oly = (10.34 +-0.13) %
oL P B | 1
0 10 20 30 40 60
Amplitude [mV]

Counts

eoop B 4538
-t if 1064nm
e Mean pulse
height: 28mV
Pulse Integral in Time
: e
§ = z
S Dev 002742 E
g
Pileup
candidates
Constant = (282 +- 6)
1 = (01355 +- 0.0002) 1p* Vs
omeiax] . . -
Noise triggers

00 005 0.1 0.15 0.2 025 0.3 035 04 045 05

Integral [10° vs)
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Method 2 — Frequency domain

Counts

Amplitude - Data

unstable

3636

180 5331

14.06
160
140
120
100

"

decay_vs_fne

Entries 4646
Mean x
Meany  0.7905
Std Dev x 1.03

Std Devy 0.2148

12 14
Decay Time [us)
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Example:

Backup 0.583 eV (2127 nm)

True trigger simulations and analysis - example

 Before analysis: Simulated trigger acceptance for different low energies and trigger threshold
« Assumption: Pulse-shape does not change for lower energies = only pulse height

True Triggers - Acceptance of triggered pulses - 5000 samples each
trigger threshold / mV (+/- statistical uncertainties)

Energy/eVv  -17 -16 -15 -14 -13 -12 -11 -10 -9
0.583 16.8 (0.6)% 29.2 (0.8)% 44.9 (1.0) % 62.7 (1.1)% 77.1(1.2)% 88.6 (1.3)% 95.3 (1.4)% 98.5 (1.4)% 100.0 (1.4)%

» Perform cut based analysis on pulses accepted by the trigger
» Analysis reduces acceptance based on pre-defined cuts (e.g. pulses with long decay times)

* Analysis initially optimized for 1.165 eV
- Comparison with additional cuts on pulse-heightfor 0.583 eV

non optimized 37.6 (1.2)%
Acceptance

improvement

optimized 54.9 (1.5)%
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Backup

Simulation — Analysis and Cuts 0.583 eV

* Pre Cuts * Post —1.165eV optimized - Cuts | Ppost — 0.583eV optimized - Cuts
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Examples in time domain
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Backup

ALPS Il analysis optimized for lower energies

Noise-only simulations

Using Simulations:
1. wi/o pulses — only electronic noise: rate after trigger Rate for -11 mV threshold
2. Withlight pulses to optimize analysis and cuts for different energies 4.21(0.09) Hz

« Assumption: Only pulse amplitude changes for different energies

nnnnnnn ~Time domain Method

Noise-only simulations & analysis

Test (electronic) background rate for low triggers after analysis: Rate for -1 mV threshold

« Simulation of noise-only data 1.165eV 0.0000(0.0004) Hz
* Applying cuts & analysis optimized for 1.165eV and 0.583eV

* No noise passing analysis & cuts in 88 min of simulated time with _—

54.9% acceptance of 0.583eV pulses

mssssssss) | Promising for direct DM searches!
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Backup

Current planning

« Commissioning of different laser sources
» Check functionality & specs
» Check safety requirements and permissions

Re-commissioning of cryostat (hopefully

* Intrinsics measurements with current setup
» Additional measurements (backup)

Wavelength

3200 Kelvin

~630nm

pulsed, 1064nm, 532 SHG
pulsed, 1064nm, 532 SHG
pulsed, 1064nm, 532 SHG
355nm

A05nm

808nm

1550nm

Power

150W

AmW

TmW

10mwW

8W

10-30mw?

)

* Linearity measurements with different lasers

* Further TES modules/improvements?
» Tunable laser source?
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1x

3x

1x

1x

1x

1x

1x

2%

1x

Laser

tunable (intensity) White Light Source LQ1600
SuK 5TFCM

LASER SYSTEM YAG CFR 200-MINI-ICE/SHG
LASER SYSTEM YAG CRF 200-20 ND

LASER SYSTEM YAG CFR 400-25-0OPO

Laser CNI-355-1 ow-TTL10kHz

Laser CNI-405-10-TTL10kHz-5

Laser CNI-808WS-8000-TTL-AC

Ria Laser
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