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Axions
Photon coupling and Maxwell 1864

Exploited by many experiments as relatively “simple”.

B, Photon-axion mixing in a background magnetic dipole filed
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The concept
Light-through-a-wall
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The challenge
Any-Light-Particle-Search ALPS Il
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Y

Probability:

P(y—»a—y) ~(g-B-L)*

g: axion-photon mixing (particle physics)
B: strength of the magnetic field
L: length of the magnetic field

ALPS II:

g =2-10111/GeV (astrophysics)
B=53T

L=105.6 m

P(y—»>a—y) =5-1034

Still invisible?
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How to look: three kinds of experiments at DESY

* Purely laboratory experiments a a
“light-shining-through-walls”, v WV\/\% > > gf\/\/\/L Y
optical photons

B B
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How to look: three kinds of experiments at DESY

« Haloscopes
looking for dark matter constituents,
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How to look: three kinds of experiments at DESY

Axion/ALP photon mixing in magnetic fields

« Haloscopes
looking for dark matter constituents, MADMAX
microwaves.

« Helioscopes
Axions emitted by the sun, BabylAXO
X-rays

« Purely laboratory experiments
“light-shining-through-walls”, ALPS I
optical photons
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How to look: three kinds of experiments at DESY

Axion/ALP photon mixing in magnetic fields

« Haloscopes
looking for dark matter constituents, MADMAX
microwaves.

« Helioscopes
Axions emitted by the sun, BabylAXO
X-rays

« Purely laboratory experiments
“light-shining-through-walls”, ALPS I
optical photons 1st science run
just started!
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Context: particle physics at colliders

A very simplified picture
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Particle mass
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Particle physics beyond colliders
Axions and other Weakly Interacting Slim Particles (WISPs)
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/ Can we find dark matter here?

>
Axions and similar particles: Particle mass

Interact much too weakly to be seen at colliders.
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Generate and detect
axions in a purely
laboratory-based
experiment.



Any Light Particle Search |l

Constructed in a straight section of the HERA tunnel: started in 2019

Cleanroom with
cavity optics and
HET detection.

HERA hall North
(former H1
experiment at HERA)

and optics to match
both optical cavities.

Cleanroom with “wall” el
%. \8 /\:;&\9(
Qs% . \ > et O

Cleanroom with
high power laser.
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Any Light Particle Search |l

Exploiting mode matched optical cavities

Production Cavity Regeneration Cavity
— Ipe=12m — 4 CH o =122m —
Laser SRR R R EREEEEE COB Al

b Lg=106m — b— Lg=106m —

Yay~y B ’
10-19GeV =1 1T 10m

NL

Detector

1 _
Py oy = 16 ']:PC]:RC'(QQ'Y'YBZ)4 = 6-10 SS'FPCFRC' (

/]

=102 5,000 40,000 0.2 5.3 10.56
30 W cw Laser 1064 nm: 3-10° Photonen / s (5-10-24W). Motivated by astrophysics

8ay = (0.29£0.18) x 107 GeV~*
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Any Light Particle Search |l

Autumn 2020
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Any Light Particle Search |l

Autumn 2022: all components ready for operation

DESY. ALPS Il | DESY Summerstudent Lecture 2023 | AL, JARG, CS Page 20



Any Light Particle Search |l
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Any Light Particle Search |l
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Any Light Particle Search ||
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Any Light Particle Search |l

More magnets
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Any Light Particle Search |l

More magnets

/

.// ,‘
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Any Light Particle Search |l

More magnets
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Any Light Particle Search |l

Joachim Mnich, Wim Leemans,
Director for Director for
particle physics accelerators

(now at CERN)
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2 ressure :

Any Light Particle Search |l
Technologies =
ﬁ' - ﬁ” !

| ressure
pressure._fi———— il pressu pressure

ressure

« 12+12 superconducting dipole magnets Pree T
built for the former HERA proton accelerator, fog Sh”Zh ;ifvf;";gfi;li"%é}jﬁﬁi‘fiz‘f}iii%’ii;’zi e b s D T
. eformation yields the largest achievable horizontal aperture.
needed to straighten the cold mass. - Physics Letters B

Volume 689, Issues 4-5, 31 May 2010

« Extremely low 1064 nm photon flux detection:
10-2* W sensitivity with heterodyne sensing and
a superconducting transition edge sensor (TES).

Phys.Dark Univ. 35 (2022), 100914

PoS EPS-HEP2021 (2022), 801

« Optics:
long baseline precisions interferometry based on
GEOG600 and aLIGO experience,
10-12 m precision!

Design of the ALPS Il optical system,
Phys.Dark Univ. 35 (2022), 100968
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ALPS Il iImprovements

Sensitivity increase for the axion-photon coupling g,,

ALPS I'in 2010
OSQAR in 2015

magnets: 24

ALPS Il will increase the sensitivity by
three orders of magnitude. optics: 49

Signal-to-noise will improve by 102!

photon detection: 3

ALPS Il
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ALPS Il optics
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ALPS Il optics

Based optical resonators

Production Cavity Regeneration Cavity
— Lpe=12m —— U i =122m —— MR

o e e e e o e e e e

NL

T e ! o e Bl o e o e o el i R

Detector
P Lg=106 m — b Ly;=106m ——

Nuclear Physics B

Volume 358, Issue 1, 8 July 1991, Pages 3-26

Proposed already in 19911 |

Production and detection of light bosons using
optical resonators

F Hoogeveen &, T Ziegenhagen
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ALPS Il Optics

Based on optical resonators

Set-up: two semi-transparent mirrors with 80% reflection (in this toy example).

Cavity Cavity
De-tuned time: 0.00 Tuned time: 0.00

Sum electrical field
Sum electrical field

Tuned:

« The mirror system becomes transparent.

 The power in between the mirrors gets amplified.
80% reflectivity: factor 5.
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Any Light Particle Search |l

Actuators: picometer position accuracy required

%E-
cP = .

Phase lock between PC transmitted

Additional reference laser
coupled to RC length

A N\

light and reference laser -
- e S— N

Production Cavity
(PC)

High Power
Central Optical Bench
(COB)

Laser
e
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Regeneration Cavity Local
(RC) oscillator

Laser
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Any Light Particle Search |l

Complex optics
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Any Light Particle Search |l

Challenging working conditions
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DESY News 27 October 2022

ALPS Il achieves world record

“Dark-matter experiment at DESY manages to
store laser light in-between two mirrors for the
longest time ever”

“DESY’s very own dark-matter experiment ALPS Il —
for “Any Light Particle Search” — hasn’t even started
up yet, but is already breaking world records. The
team, whose experiment sits in the tunnel of the
former HERA accelerator and uses upcycled HERA
magnets to (hopefully) send light through a wall, has
managed to store laser light for 6.75 milliseconds. “We
believe this a world record for the longest amount
of time laser light spends circulating between two
mirrors,” says ALPS Il researcher Todd Kozlowski,
PhD student of the University of Florida.. ..."
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Any Light Particle Search |l

Looking for 5:10-* W @ 1064 nm
Option 1: heterodyne sensing

« Mix weak signal with a frequency f shifted
local oscillator and demodulate at f.

« Detection of a photon flux corresponding to
5-10-21 W demonstrated.

« Sensitivity of 10-2* W demonstrated.

The first science runs of
ALPS II will use
heterodyne sensing.
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“Coherent detection of ultraweak electromagnetic fields”,
Z. Bush et al., Phys. Rev. D 99, 022001 (2019)

HPL
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Production cavity

RL LO
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N -

‘ Regeneration cavity

1 I
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ALPS Il initial science run
Started 23 March 2023

Magnets ramping up 24 May 2023
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ALPS Il initial science run
ALPS Il Fest 30 May 2023: 20 years after discussing the first axion search ideas at DESY
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ALPS Il initial science run

Initial science run:

* No “production cavity” to
optimize for
stray-light searches.

Production Cavity Regeneration Cavity
« About 100-fold improvement NL | Loc=122m , CH | Lec= 122 m , NR
on the axion-photon coupling. o e e e e o e e
The last factor of about 10 E ——-L I-U--------- '::.'::.'::.'::.‘.'.'.'.'.‘.'.'.'.'.‘.'.'.'.'.'.'f'
will Come with ’Fhe Laser e AR R RS COB e Detector
production cavity. — Lg=106m — —— Ly=106m
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ALPS Il initial science run
Sensitivity reached with 1.9 days of good data (preliminary)

The “signal channel™: Sensitivity reached by now:
10.14E R R R N .. S S 10—6 From Ciaran O’Hare: https://cajohare.qithub.io/AxionLimits/
I AW Science detector with phase correction ]
F] . R . — — Science detector without phase correction 1
100 averages of science detector noise 1 10 =7
10710 £ Shot noise limit g
~— 1078
|
10716 £ 3 =9
- - % 10
=
5. ) ] = 10710
g : é‘
2 Lo 1071 E
>.418 L ] -
g 10 E | 10_12 '§
5 3
10710 £ 4 10_13 B LALALLLLLL SSSUURLLLLY BUUILLLLY DLUALLLLL BULALLLL BSUUALLIL LSUILLLLL UULLLLLL MSSUALLLLLL B SUALLLLL! LA DAL
] 407407 40 40 407 407 40 407 40T 40 40 A0
-20 | _
10 m, [eV]
R 100 o 107 100 1o e e Already about 100 times more sensitive than previous experiments!

Time [seconds]
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Outline Jose

 Light-shining-through-a-wall
« 3 different kinds

« Any-light-particle search: the ALPS Il experiment
« ATransition Edge Sensor (TES) for ALPS Il

« More Dark Matter Searches with a TES

e Summary

DESY. ALPS Il | DESY Summerstudent Lecture 2023 | AL, JARG, CS Page 47



800 Im

23% of power glarrov:/j pupil {
converted to light mm diameter
4.8 « 1012 v/s

23W - 624108 y/s

A
v

1m

DESY.



https://en.wikipedia.org/wiki/File:HST-SM4.jpeg

DESY.

1y/s

800 Im

23% of power
converted to light

23W - 6.24 %108 y/s

Narrow pupil
2 mm diameter

4.8 102 y/s

(e

v

A

1m

> 2.19 %103 km




https://en.wikipedia.org/wiki/File:HST-SM4.jpeg

DESY.

1y/s

800 Im

23% of power
converted to light

23W - 6.24%108y/s

Narrow pupil
2 mm diameter {
4.8 102 y/s

v

A

1m

» 2.19 % 103 km

107°y/s — 6.92 x10° km

3.84 * 10° km

https://en.wikipedia.org/wiki/Moon#/media/File:FullMoon2010.jpg



Single photon detector

Requirements for ALPS II:

Sensibility to very low rates (1-2 photons a day).

Low energy photon detection (1064 nm equivalent to 1.16 eV).

Low background rate: < 7.7 - 10~®cps ~ 1 photon (1064nm — like) every 2 days.
High detection efficiency.

Long term stability (~20 days).

The Transition Edge Sensor (TES) could meet these
requirements.
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Transition Edge Sensor (TES)

TES CURRENT

TIME

TES

- O Thermal link

SQUID readout

Schematic adapted from Katharina-Sophie Isleif.

DESY. ALPS Il | DESY Summerstudent Lecture 2023 | AL, JARG, CS

Tungsten microchip at critical transition region (~140 mK)

Temperature increase: Single photon (1064nm = 1.16eV)

heats TES by ~100 uK

!

~6.6 () resistance increase: from superconducting to normal

conducting

Current change (voltage-biased circuit)
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Transition Edge Sensor (TES)
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Transition Edge Sensor (TES)

25 um X 25 ym X 20 nm
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Transition Edge Sensor (TES)

Real Signal

fiber feed
through

readout temp_pulse reduced

electronic =
fiber ECE Entries 400000
= 9 Mean 8.713
o | M T — F Y © StdDev 2056

=

. LS E PC a O
iber : 22 e
attenuator 40K ; 5 % i =
; Ez2-
diode laser (Suk) : N -5
(@1064nm) fiber - ST
splitter L
Eaﬁenuator heed 1/99 - Pulse-fitting ~10F
~uW ~10pW analysis B
calibrated optical ~15 [ < .
power reference B Relaxation
optical table _20F
_ ¥2Indf = 6795.6/3995
Amplitude = (22.5 +- 0.2) mV
_ _ o p——— t, = (-0.739 +- 0.016) us
Schematic adapted from Katharina-Sophie Isleif. ry Tdecay = (0.406 +- 0.010) us

T, =(2.60 +-0.03) ps
V, = (-1.331 +- 0.026) mV

Arrival of the photon

-20 -10 0 10 20 30 40 50 60
Time [us]
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Transition Edge Sensor (TES)

Real Signal
. . temp_pulse_reduced
Pulse Integral in Time g S ———
Q gauss_signal = 5 Mean 8.713
c 140 Entries 4275 o] Std Dev 2056
3 - Mean  0.1317 = 0
O - Std Dev  0.01349 a
120 1064 nm photons E
L -5
100~ Energy Resolution: i
I 10
[ —=(9.96 £ 0.12)% [
80 MU B
: —15
60— -
- -20[
_ n ¥2ndf = 6795.6/3995
40 o5 N Amplitude = (22.5 +- 0.2) mV
L Constant = (126 +- 2) —£I t, = {-[1.739 +-0.016) us
[ 1= (0.1315 +- 0.0002) 10° Vs - Tjecay = (0-406 +-0.010) us
20— =(0.0131 +-0.0002) 10° V soF T, =(2.60 +-0.03) ps
[ olu=1(9.96 +-0.12) % —oVE V, = (-1.331 +- 0.026) mV
0-"'|"'|"'|"' "'I"'I"'I' :IIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIII
0 0.020.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 20 -10 0O 10 20 30 40 50 60
Integral [10™ Vs] Time [us]
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A PhD thesis outline

Optimizing a Transition Edge Sensor detector system for low flux infrared
photon measurements at the ALPS II experiment

3 Simulation of intrinsic background
3.1 Populations of intrinsic background events
3.2 Construction of a TES model

4 Simulation of Black Body Radiation as main photon-like contributor to
extrinsic background
4.1 Perfect Black Body

o

Description of energy resolution
5.1 Analysis in time domain

5.2 Simulation of TES signal from signal model and baseline noise

6 Optimizing analysis for background reduction
6.1 Analysis in frequency domain to recover SST parameters

6.2 Pulse height as compromise between energy resolution and TES linear response
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A PhD thesis outline

Optimizing a Transition Edge Sensor detector system for low flux infrared
photon measurements at the ALPS II experiment

3 Simulation of intrinsic background
3.1 Populations of intrinsic background events
3.2 Construction of a TES model

4 Simulation of Black Body Radiation as main photon-like contributor to
extrinsic background
4.1 Perfect Black Body

o

Description of energy resolution
5.1 Analysis in time domain

- Understanding the signal

5.2 Simulation of TES signal from signal model and baseline noise

6 Optimizing analysis for background reduction
6.1 Analysis in frequency domain to recover SST parameters

6.2 Pulse height as compromise between energy resolution and TES linear response
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Understanding the signal

Real Signal
. . temp_pulse_reduced
Pulse Integral in Time > S ———
w gauss_signal % 5 Mean 8.713
£ 140 Entries 4275 ro} StdD 20.56
2 [ 1064 nm photons Vean 04317 E ekt
O | _ Std Dev  0.01349 [} 0
120 Energy Resolution: c%
= o
- L= (9.96 + 0.12)% _5
100
- —10
80— :
: —15
60 -
- TES physics? -20 )
_ n ¥¥ndf = 6795.6/3995
40 o5 N Amplitude = (22.5 +- 0.2) mV
L Constant = (126 +- 2) —£I t, = {-[1.739 +-0.016) us
[ 1= (0.1315 +- 0.0002) 10° Vs - Tjecay = (0-406 +-0.010) us
20— =(0.0131 +-0.0002) 10° V soF T, =(2.60 +-0.03) ps
[ ofu=(9.96 +-0.12) % Bt V, = (-1.331 +- 0.026) mV
0-||||||||||||||| |||I|||I|||I| :IIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIII
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 20 -10 0 10 20 30 40 50 60
Integral [10° Vs] Time [us]
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Understanding the signal

Real Signal
. . temp_pulse_reduced
Pulse Integral in Time | g S ———
2 00 S?QSS_S@Q?S' . Mean 8.713
c — ninies =] Std D 2056
2 [ 1064 nm photons Vean 04317 E ekt
© L _ Std Dev  0.01349 a
120 Energy Resolution: c%
= o
- L= (9.96 + 0.12)%
100f
- 10—
80 Electronic :
i noise? -15F
60— -
- TES physics? -20 )
_ n ¥2ndf = 6795.6/3995
40 o5 N Amplitude = (22.5 +- 0.2) mV
[ Constant = (126 +-2) —eo ty = (-0.739 +- 0.016) us
[ 1= (0.1315 +- 0.0002) 10° Vs - Tjecay = (0-406 +-0.010) us
20— =(0.0131 +-0.0002) 10° V soF T, =(2.60 +-0.03) ps
[ olu=(9.96 +0.12) % —Vr V, = (-1.331 +- 0.026) mV
0-||||||||||||||| |||I|||I|||I| :IIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIII
0 0.020.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 20 -10 0O 10 20 30 40 50 60
Integral [10™ Vs] Time [us]
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Simulation of electronic noise

~ 10° =
T =
= ~
T E Noise
§ i extracted from
;é data
= 10 E_ --L"--IL_

- S / Simulated noise

e
— Mean FFT
|| —— Noise in Data
—— Noise in Simulation
10—1 ] 1 | | | |

—1
10 1 Freql]gncy [MHz]
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Simulation of electronic noise

~ 10° =
T =
= ~
T E Noise
§ - extracted from
;é < data
= 10 E_ .---L"--IL_

- S / Simulated noise

e
— Mean FFT
B Noise in Data
Noise in Simulation
10—1 ] 1 | | | |

—1
10 1 Freql]gncy [MHZz]

- 200 kHz harmonics
- White noise
- Brownian noise
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Simulation of electronic noise

Pulse U vs. t
% oh
T 10E ¢ |
% - = s
T E Noise -
g - extracted from o
3 data =
= W .
- S / Simulated noise + 20—
— ) 725;
1= 7‘72‘0‘ I ‘(l)‘ ‘ ‘2|0‘ ‘ ‘4‘0‘ ‘ ‘6‘0‘ ‘ I8‘()I ‘ I1(‘)0I ‘ ‘12‘0‘ ‘ ‘11‘10‘ ‘ ‘.1é0‘
— Time [us]
Z Mean FFT ‘
|| —— Noise in Data Pulse U vs. t
— Noise in Simulation 5
1071 1 1 1 1 1 11 I 1 1 1 1 L1 11 | 1 1 1 1 1 111 | 1 % 5
1 g
10 1 Freql]gncy [MHz] 5 o
-5
kHz h ' oE
- 200 kHz harmonics =
. . 15—
- White noise "
- Brownian noise o5
30—
7‘72‘0‘ ‘ ‘(l)l ‘ ‘2‘0‘ I ‘4‘0‘ ‘ IG‘O‘ ‘ ‘8‘0| ‘ ‘1(‘)0‘ I ‘12‘0‘ ‘ |1¢|10‘ ‘ ‘16‘50‘
Time [us]

DESY. ALPS II | DESY Summerstudent Lecture 2023 | AL, JARG, CS Page 65



Simulation of electronic noise

> 10
E
4]
2 [
5 0
g -
101
_o0 Fit parameters:
. y?/ndf = 7284.3/3995
- A =(18.6 +- 0.1) mV
_30__ to = (0.573 +- 0.010) us
. T, = (0226 +- 0.007) us
- Tgecay = (3.88 +- 0.04) us
-40— V, =(1.633 +- 0.027) mV
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

20 -10 O 10 20 30 40 50 60
time [us]

DESY. ALPS Il | DESY Summerstudent Lecture 2023 | AL, JARG, CS

Pulse Integral in Time

w 140 gagss_agnal
= | Entries 4194
3 - Mean  0.1309
© 120'_ StdDev  0.01321
100
80
60
40
- Constant = (127 +- 2)
- 1 =(0.1308 +- 0.0002) 10° Vs
20~ 5 =(0.0130 +-0.0001) 10° V.
| o/u=(9.90 +- 0.12) %
0O 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Integral [10°° Vs]

Data Analysis:
Energy Resolution
(9.96 + 0.12)%

Simulation:
Energy Resolution
(9.90 £ 0.12)%

Studying other phenomena
- Rejection of pileup
- DAQ trigger efficiency.
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Single photon detector

- Sensibility to very low rates (1-2 photons a day). \/
- Low energy photon detection (1064 nm equivalent to 1.16 eV). \/

- Low background rate: < 7.7 - 10~®cps ~ 1 photon (1064nm — like) every 2 days. | Yes, for intrinsics

. . .. T . Characterizing a cryogenic, low-background,
- High detection efficiency. Yes: Preliminary >80% efficiency low energy single photon detector —
Doctoral thesis by Rikhav Shah

- Long term stability (~20 days). \/

And also ... first results on simulating our system
new cryostat for R&D
studying feasibility of the TES for direct dark matter detection
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New cryostat for R&D

—

d
)

AN
[
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Outline Christina

 Light-shining-through-a-wall
« 3 different kinds

« Any-light-particle search: the ALPS Il experiment
« ATransition Edge Sensor (TES) for ALPS Il

« More Dark Matter Searches with a TES

e Summary
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Sub-GeV dark matter?

Limits of nuclear recoil experiments

—

S
@
©
|

L \\ \ ;;}u:

§ 10- 10 5
E = —
g 10742 L 1076 g
a g TTTTPS . ;
o
S 10744 1078 S ~—/§ %’ H;
_8%_; § A\ \\\
§ 10746 | 10710 §
=10 i b102E

’ = Dm tn

: raet
10-50 | 77 L |||l 1 | 77117 ] |||l 1 | P11 |||I 1 T FBA (9de‘c ho'\o)
1 10 100 1000 nucleus .

Cern Courier (2017) WIMP mass (GeV/c2) eulshc_ y

ER ~ 30 keV
(WIMPs)
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Sub-GeV dark matter?

Limits of nuclear recoil experiments

—_

S
w
[*3
|

107

9
5
1

L1074
10742 ~ 1078

1044 107

1
=)
MP-nucleon cross-section (pb)

10-46 —

WIMP-nucleon cross-section (cm?)

10712

=
&
I

10-50 LR | 1 LI R | I LR | 1 T TTTTIT

1 10 100 1000
2
Cern Courier (2017) WIMP mass (GeV/c?)
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DM mass: m,, target mass: mr

v (1 —cos(0Rr))

reduced mass: p = —xX"T
my +mr
: : _ ld? _ p?
recoil energy: Er = 5 — = —

For m, < mp: p~m,

2

m
%ERNm—;

Sketch adapted from Benjamin V. Lehman
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Sub-GeV dark matter?

Limits of nuclear recoil experiments
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Sketch adapted from Benjamin V. Lehman
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Sub-GeV dark matter?

DM — electron scattering

Assume:

10—38_
= ol - * Characteristic DM halo velocity vy ~ 1077
f;’ ? * Scattering via mediator (heavy or light) coupling to EM charges (e.g. dark
é 1072 g photon as massless, light mediator)

@
g g
S 10-44- S
8 g Maximum Energy transfer E7 in scattering event is entire kinetic energy of
£ 107 2 DM particle with mass 772y :
= , s
=08 : WIN. _ ,zaens = _
0....‘-:-‘-’_..32“:(;;“8“6andDSNB ETmax f— Ekln ~ mx?j2 ~ 10 6mx
10-50 lllllll I I IIIIII' 1 1 Illllll 1 LU
1 10 100 1000
WIMP mass (GeV/c?)

Cern Courier (2017)
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Sub-GeV dark matter?

DM — electron scattering

10738 || \ 102
- : -3
< Ig = * Characteristic DM halo velocity v, ~ 10
oo 10+ 5
= \ =
S = . .
g 1072+ -10° 8 photon as massless, light mediator)
g il i 10-8 g
SN 0= *an. B e 2
% BBe\:/}{\ 5
S t -10 S . .
F 02 DM particle with mass 772 :
a
= — =
= 1048 ALSH = rees 107123
. M ?‘:‘5:“_:‘0;9‘:8_; and DS\ ¥ E T
a max
10_50 lIIlIl[ I I IIIIII' I I Illllll I il eipla R
1 10 100 1000 .
Cern Courier (2017) WIMP mass (GeV/c?) - Energy range for given mass range:
keV MeV GeV
| 1 1 N
I | I 7
Mx
meV ev keV
: ; : >
S rconcluctors /E-

Assume:

* Scattering via mediator (heavy or light) coupling to EM charges (e.g. dark

Maximum Energy transfer 7 in scattering event is entire kinetic energy of
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— 2 —6
= Fxin ~ m,v° ~ 107°m,,
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Sub-GeV dark matter?

DM — electron scattering

Assume:
10—38_
- : -3
= _ * Characteristic DM halo velocity v, ~ 10
g’ g * Scattering via mediator (heavy or light) coupling to EM charges (e.g. dark
§ 1082 % photon as massless, light mediator)
g 10-44_ g
8 g Maximum Energy transfer 7 in scattering event is entire kinetic energy of
2 107 = DM particle with mass 772 :
4 d X
= =
= 10748 N, DARWIN. _ 5 awedss = _
'~...‘.:.’.’--'-;““;;neﬂca“st“B ETmax — Ekin ~ mX’UQ ~ 10 6mX
10-50 llllll[ 1 T IIIIIII 1 1 IIIIII| 1 LU
1 10 100 1000

Cern Courier (2017) WIMP mass (GeV/c?) — Energy range for given mass range:

TES?

Supercor\duﬂ’O‘S
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Direct DM detection Low noise

Suitable devices Large’ target mass

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

Were able to set new bounds on parameter space with only one 3hr
measurement (no background signals, 0.76 eV energy threshold)

Light mediator

10—22 i
~.o Preﬁo‘{ﬂ?ﬂ]}i
10725 - T B
Now pound
10—28 _

Terrestrial

1074 - S Al kg-yr (10meV)
10743 . . . .
1073 1072 101 109 10! 102

mpm [MeV|

Hochberg, Y. et al. arXiv:2110.01586 (2021)
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Direct DM detection

Suitable devices

Low noise

‘Large’ target mass

Example: principle proven for SNSPDs (Superconducting Nanowire Single

Photon Detector)

Were able to set new bounds on parameter space with only one 3hr
measurement (no background signals, 0.76 eV energy threshold)

Proposal: Apply same idea to TES!
v Superconductor

v" Low noise

v" Energy resolution

v' Lower energy threshold

X Lower mass (0.2 ng)

DESY. ALPS Il | DESY Summerstudent Lecture 2023 | AL, JARG, CS

5 um
|

Light mediator

TES? New pbound

Terrestrial

o e = A ks (10meV)
10~ , ' ; '
103 102 10 10° 10! 10
mpwm [MeV]

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

Suitable devices Large’ target mass

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

Were able to set new bounds on parameter space with only one 3hr
measurement (no background signals, 0.76 eV energy threshold)

Proposal: Apply same idea to TES!
v Superconductor

v" Low noise

v" Energy resolution

v

X

Terrestrial

Lower energy threshold

(248 meV)
Lower mass (0.2 ng)

/

10~ 10"1 l(l)0 1(')l 10
Ongoing measurements and research! mpym [MeV]

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

 Light-shining-through-a-wall
« 3 different kinds

« Any-light-particle search: the ALPS Il experiment
« ATransition Edge Sensor (TES) for ALPS Il

« More Dark Matter Searches with a TES

e Summary
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Instead of a summary

A dream

Q
/ ‘\|.|i’G " first data taking in 2023:

« Determine the axion-photon coupling model-independently.

L/\XO , first data taking of BabylAXO in 2028 ?

« Determine the absolute solar axion flux using the ALPS Il result.

» Do axion-photon mixings differ in vacuum and dense plasmas?

« Measure the axion-electron and axion-nucleon couplings.

J\/\AD /V\AX, first data taking in 2030 ?

« Axions make up the dark matter in our universe.

* Precisely measure the axion mass and the dark matter velocity distribution.
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DESY in Hamburg in the 2020-ties

HERA: still a unique site for potential breakthrgoidah-results in particle physics

Halle Ost (HERMES) |
Hall East (HERMES)

Halle West )
Hall West Elektronen / Positronen

Electrons / Positrons

Protonen
Protons

<Ay Photonenstrahlung
Photon Radiation
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DESY in Hamburg in the 2020-ties

HERA: still a unique site for potential breakthrg
‘\ '/‘."

h-results in particle physics

Halle Ost (HERMES) |
Hall East (HERMES)

Halle West )
Hall West —a— Elektronen / Positronen

Electrons / Positrons

< Protonen
Protons

<Ay Photonenstrahlung
Photon Radiation
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