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Outline

1. The ALPS Il experiment
2. The Transition Edge Sensor (TES) detector for ALPS Il at DESY

3. Going beyond ALPS Il



How to search for the axion / an ALP?
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Axion dark matter



Light shining through a wall experiments

Primakoff Sikivie / Inverse Primakoff
d




Energy dependence of Photon-ALP oscillations

B=5.3T,L=12x8.8m, g, =2x 107" GeV~!, m,=107eV
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Plot produced with gammaALPs 5



https://gammaalps.readthedocs.io/
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ALPS 1l Collaboration
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Any Light Particle Search (ALPS) Il g=&5 -

150 kW
Bp» ~ 5,000
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Graphic from Katharina-Sophie Isleif

- Using 24 straightened HERA magnets

« Fabry-Perot resonators in production
and regeneration region



AR A Axel Lindner
' (DESY)
ALPS 11

Spokesperson

First science run started in May 2023
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Graphic from Katharina-Sophie Isleif

Commissioning optical setup without production cavity
« Simpler control scheme

« Stronger signals for stray light hunting

« Heterodyne (HET) Detector
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Preliminary ALPS Il sensitivities

Initial science run for scalar and pseudo-scalar particles completed

Next steps:

. |nstallation of
production cavity

—
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- Upgrade optics
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« Full science run

ALP dark matter

0CD axion « Possible full science

— ALPS I
ALPS Il 2024

O e ion run with alternative

Plot by Axel Lindner Ll
: detector

mass [eV] (depending on initial results and funding)

See also Aaron Spector's talk at

Axions beyond the dark matter paradigm Conference

January 2024 1


https://indico.desy.de/event/42124/

Transition Edge Sensor

e Superconducting single
photon detector

« Demonstrated quantum

efficiency: 2 95 % at

near infrared
[Lita et al. 2008]

0.

R [fraction of Ry]
©

— R(T)
® WP (7o, Ro)

O
=

temperature T°

e Demonstrated low dark
current < 10 Hz

[Shah et al. 2022]
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Transition Edge Sensor
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Transition Edge Sensor

- Tunneling current through junctions
experiences phase shift in presence of
external magnetic field:

2e 2e O
SQUID module; based on Josephson Junctions O — — PA - dl = — Bds = 27—
h n @,

B

- Makes SQUIDs extremely sensitive
magnetometers sensitiveto < 1 nT

14



Single photon pulses

Example Light Pulse

1064 nm Pulse, Free Fit

x_‘g._l.. ‘w‘ -.1““

X2/ dof = 4.83E+03/1894

x2: 2.55E+00

Amplitude: 1.74E-02 +- 1.09E-04 V
Decay Time: 5.93E-06+- 6.85E-08 s
Rise Time: 2.39E-07+- 7.95E-09 s
Constant: 8.08E-04 +- 5.75E-05 V
Pulse height: -2.94E-02 +- 1.44E-03 V

>
k=
b
50
<
—
e
>

1.5 2.0 2.5 3.0 3.5
Time in s x107>

SQUID Teadout
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Experimental Setup at DESY

Vacuum Feedthroughs

Friederike
Januschek
TES team lead
at DESY
Optical Fiber
from ALPS I

e Operate TES and SQUID electronics in a Dilution
Refrigerator

AU

o BlueFors SD system, reaching base temperature
of 7' < 30mK

e Current: For initial characterization, optical
fibers from reference 1064 nm laser

o Future: Optical fibers from the ALPS |l setup

16



Determining the system detection efficiency

UHH and SDU Post docs
Gulden Othman
Elmeri Rivasto

Adjustable with  Adjustable with
mm screw screw

50%

CW Laser Calibrated
Power meter
1064nm High gain

Laser power
Monitoring

Function generator P -
2 Ch DC output

P 1n To TES

2 _ hc P TES
TES — nTE87

~

Pin — Pol()LtOtllo




Arrival times: Poisson distributed?

Example for one 4s measurement

Bl observed time delays
expected distribution

0 1000 2000 3000 4000 5000 6000 7000 8000
Time since last event (us)




Arrival times: Poisson distributed?

Example for one 4s measurement

KS Test result:
D=1.472e-02

p-value=3.203e-01
—— observed CDF
- expected CDF 1 — exp(—nest)
-- Max diff.

107
Time since last event (us)




Results

Using trapezoidal filter for pulse finding

>

O

-
2
=
4=
LLJ

« 5 x4stime lines taken

. P appears to correlate with 7ppg
as expected

. Large fluctuations in P, under
Investigation

n 2 0.9

20



New Sensors with single stage SQUIDs

« Currently redoing measurements with « Only one-stage SQUIDs, less amplification
New Sensors but much reduced 200kHz noise

Old sensors New sensors

106° 106
Frequency f (Hz) Frequency f (Hz)

Al
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Calibration and energy resolution

— 880 nm
1064 nm
—— 1310 nm
1640 nm
2051 nm
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Energy [eV]
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S .
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0.04

0.02

(.00

TES1 - pulse_integral

880 nm

1064 nm
1310 nm
1640 nm

Hl)
pulse integral [us mV]|

« Different laser diodes used for calibration

- Also determines energy resolution as

AE/E = o/u

. 0, U determined from histogram of pulse integral

See C. Schwemmbauer’s talk at IDM2024
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TES1 Parameter: pulse_integral

1.0 1.1
energy [eV]

TES1 Energy Resolution based on pulse_integral

1.0 1.1
energy [eV]

1.2

1.2

1.3

1.3

1.4
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Gulden Othman
PhD student
Christina
Schwemmbauer


https://agenda.infn.it/event/39713/timetable

External background Sources for TES

Black body radiation from laboratory, Luminescence in optical components Parametric noise in non-linear optical
components @300K or fibers components or fibers

Ph osPL\as -
éscimce

Courtesy of Katharina-Sophie Isleif

- Without fiber disconnected: radioactivity, cosmic rays

- With fiber connected:
 Blackbody photons from warm components
- Luminescence within the fiber itself and optical components
- Parametric noise

- Suppressing backgrounds also relevant to other guantum sensing applications

yAC



Background suppression: Cold optical filter bench

Current design (by Katharina Isleif — Initial design by Benno Willke, Aaron Spector, Jan Pohl)

fibers

|dea:
- narrow bandpass filter

« suppress photons at
wrong wavelength at level
below energy resolution

Alignment of Ti fiber
couplers performed at room
temperature

Misalignment during cool
down (thermal contraction)

Transmission drops to < 20%




Background suppression: Cold optical filter bench
Design under development

fibers

Vibrational isolation

. Filter can be aligned with piezo
stages inside cryostat

r

. Cold optical filter bench
+ Rotational stage to compensatet o1 OpHEAl TIEr Dene

Tip-tilt piezo

for wavelength shift of filter piston stage ~. | —
NV, D
- Vibrational isolation and . ), - d
housing made of Invar coupler 2 \ -
-1 =12 Rotational piezo

stage

25



Development at SDU

SDU Post doc

Optimization started in the warm with preliminary filter design Elmeri Rivasto
Will then be tested in cryostat at DESY

B

3 angles + distance between fibre-end
and lens

Rotator tunes filters transmission window
Vibrational damper stabilizes the system

Expecting 70-80% transmission
coefficient




DATA: SIGNAL

Output Voltage (mV)

100
Time (us)

100
Time (us)

100
Time (us)

50 100
Time (us)

150 200

DATA: BACKGROUND

Output Voltage (mV)

100 150
Time (us)

100
Time (us)

100
Time (us)

100
Time (us)

[MM et al., arXiv:2304.08406]

Output Voltage (mV)

Background

CLASSIFIER TRAINING

MULTI-LAYER
PERCEPTRON

o= :

Tdecay .04) )
) 100 +0.15)mV .
Time (us) 4+0.01)us ‘
Cdecay =004 £ 0.04) '
" K .02
A .0.f. =2.45

FEATURE EXTRACTION ﬁh

RANDOM FOREST

CNN ARCHITECTURE CAM EXAMPLES

2 output

input
P classes

time line

Output Voltage (a.u.)

channels fully connected

global average
pooling

convolution
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Background Rate n, (Hz)

Efficiency e,

Significance S (o)

l—l
o
&

|
o
&

Machine learning approaches

For improved signal and background rejection (no fiber attached)

RESULTS

— RF
— MLP

—— CNN
— == Cut based analysis

0.7 0.8
Threshold ¢



http://arxiv.org/abs/2304.08406

Data sets simulated to find best
architecture of convolutional neural
network

Background simulation to produce light
pulses at slightly wrong energy

Simulated data set of 50,000 time lines

CNN appears to outperform random forest

28
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Beyond ALPS Ii



Measuring photon number distribution of s o
squeezed light at DESY

Schmidt et al. (2018)

TES can measure photon number distribution

ldea: Measure even number photon

distribution of squeezed light source at
1064nm

Necessary step to realizing Gottesman- _
Kitaev-Preskill (GKP) States for Quantum Pulse height (arb. u.)
Computation (QC)

GKP qubits have not yet been realized in = 2] ) | W oz
photonic QC |

Expected photon number distribution

Pockels Cell | 6 dB squeezing

assuming conservative 20% losses

In cooperation with Roman Schnabel’s group
at University of Hamburg (hold world record
In squeezing)

PBS S----m

6 7 8 9 10 11 12

Plots and simulations by PhD student Stephan Grebien, seed funding

S0 obtained by Gulden Othman


https://link.springer.com/article/10.1007/s10909-018-1932-1

TES as direct dark matter detector

DESY PhD student
Christina
Schwemmbauer

Light mediator

TES prelim.

DM-electron scattering could break Cooper pairs

O(100 meV) threshold, sensitive to light dark matter

10"
MpM [1\ [(‘\f‘r]

TES dark current measurements can be used to set limits

TES never been used in direct dark matter searches before

Finished ~1 month of data taking at DESY, analysis on-going
[Schwemmbauer et al. (2024),

See C. Schwemmbauer’s talk at IDM2024 31 Hochberg et al. (2016)]



https://inspirehep.net/literature/2758852
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.011301
https://agenda.infn.it/event/39713/timetable

TES as direct dark matter detector

DESY PhD student
Christina
Schwemmbauer

-  Cumulative Data

end of measurement

cumulative number of triggers

DM-electron scattering could break Cooper pairs

O(100 meV) threshold, sensitive to light dark matter

TES dark current measurements can be used to set limits

TES never been used in direct dark matter searches before

Finished ~1 month of data taking at DESY, analysis on-going

[Schwemmbauer et al. (2024),

See C. Schwemmbauer’s talk at IDM2024 32 Hochberg et al. (2016)]



https://inspirehep.net/literature/2758852
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.011301
https://agenda.infn.it/event/39713/timetable

Simulation of
backgrounds

Coupled GEANT4 and COMSOL
simulations

Simulations produce light pulses
well

Possible to simulate different energy
depositions on detector

Decay of radioactive isotopes in Zr
fiber sleeve probably main
background contribution for dark
matter searches

ge [mV]

Vlolta

-401- —2128 nm
1064 nm

-50 532 nm
266 nm

-60

-5 -10 -5 |
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-20

-30

-40

-50

-60

r=0.4 mm
— Keorr = 0.03,
E=10keV
Kearr = 0.015,
E=10keV
Keorr = 0.015,
E =25 keV,
TES saturated

I , .
20 <15 <10 -5 O

PhD thesis of Josée
Alejandro Rubiera

Gimeno, finished
2024 at DESY

5 10 15 20 25
Time [us]




Second cryostat at DESY and new TES modules
Improved TES detectors for DM searches

« TES detectors without fiber
sleeves to be delivered

« Will be tested on 2nd
BlueFors cryostat installed
In 2023 at DESY




GW signals detectable with ALPS II?

Inverse Gertsenshtein effect

Detection of GW through conversion to
photons in external B field

Current design: possible to detect ultra-

high frequency GWs at f ~ 2 X 1014 Hz
No known astrophysical sources

Close-by mergers of primordial black
holes with asteroidal masses

Current theoretical study by ISA master
student Constant Peeters on going

ALPS lic/JURA (GW +B > Photon)

35

See also Aldo Ejlli’'s
talk on Tuesday

Gravitational Wave

Magnets

0] i
B

Ejlli et al. (2019) arXiv: 1908.00232v2



What could we expect from PBH mergers?
[work in progress]

SDU Master student
Constant Peters

« ALPS Il might be able to detect close-by merger of primordial black holes

. Masses must be m < 1()_11M® for current TES detector

— maximum detectable mass

2.00 1.75 1.50 1.25 1.00 0.75 0.50 0.25
T (S) le—-14

36



Future direction: search for a phonon-polariton

enhanced dark-matter axion signal

- Axions in B field generate
weak E field

 E field can couple to
atomic lattice with dipole
molecules and excite
lattice vibrations

« Excitations called phonon-

polaritons

- Can resonantly enhance
iIncoming field

Magnetic field B

37

DJE March et al. 2023



http://arxiv.org/abs/2209.12909

Future direction: search for a phonon-polariton

enhanced dark-matter axion signal

+ Boost ff = E

dielectric permittivity e(w)

/E.  depends on

ut

» [} experiences resonances close
to longitudinal optical frequency

Wy o of phonons

. For SiO2: @y o at MIR wavelengths

» Requires single photon detection
at MIR within high B field

Magnetic field B

38

DJE March et al. 2023



http://arxiv.org/abs/2209.12909

SNSPDs

Superconducting Nanowire Single-Photon Detectors

» Absorption of photon increases
resistance by ~ k€2 on timescale of

pS
» Produces digital pulse

« No energy resolution, only photon
counting

- Might withstand high magnetic fields
» Sensitive at MIR

[Verma et al., 2022]

[See review by Lita et al. (2022)] 39


https://ui.adsabs.harvard.edu/abs/2022SPIE12089E..08V/abstract

Plans at SDU: measure SNSPD performance in high magnetic field

[Lawrie et al. 2021]

» First studies suggest that
SNSPDs can be operated at
fields up to 6T

. Cryostat with B < 8T will be
delivered to SDU in October

« Launch pilot experiment for
phonon-polariton enhanced
axion signal



https://link.aps.org/doi/10.1103/PhysRevApplied.16.064059

Sensitivity estimates for phonon-polariton enhanced
DM signal

« Sensitivity estimates for * QCDet « | — SNSPD
disks of radius of 10cm

and thickness of
O0.0Tmm

- Might allow challenging
parameter space

m, ~ O(100 meV)

- Tuning could be . | . 631 794 100
challenging M (meV|

Curyry 68% CL

41 DJE March et al. 2023



http://arxiv.org/abs/2209.12909
http://arxiv.org/abs/2209.12909

Summary and outlook

ALPS |l has started data taking, full sensitivity down to

8ay 2 2 X 1011 GeV~! to be reached in next years

Single photon detection with TES as alternative detector
Characterization of TES at DESY is ongoing

Working on soft- and hardware based background suppression

TES many applications beyond ALPS Il: squeezed light, searches for light
WIMPs, ultra-high frequency GWs

Will start up working on SNSPDs in Q4 2024

42



