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Mass range B =)

QCD axion WDM limit unitarity limit
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can be thermal

T. Lin, arXiv:1904.07915 (2019)
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Mass range B =)

QCD axion WDM limit unitarity limit

1022eV  Woey keV GeV  100Tev My 10 M
T " f | E— ——

“Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc) black holes

" Ultralight”

non-thermal
bosonic fields

dark sectors
sterile v
cam\be thermal

[ Wave-like: a(t) = a, sin(Qat)]

T. Lin, arXiv:1904.07915 (2019)
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Motivation
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« Directly detect dark matter candidates: axions and axion-like particles.
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Motivation

« Directly detect dark matter candidates: axions and axion-like particles.

» Use coupling of axions to photons:

Yay

FF“V
2 i

L=

Lagrangian L
a: axion field
Jay: coupling coefficient
F: electromagnetic field-
strength tensor
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Motivation

« Directly detect dark matter candidates: axions and axion-like particles.

» Use coupling of axions to photons:

) Yay

L= aky, JFW | ==

Lagrangian L
a: axion field
Jay: coupling coefficient
F: electromagnetic field-
strength tensor

0%E

=z — V2E = g4a(VXE)

wave equation for electric field E
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Motivation P ) e

« Directly detect dark matter candidates: axions and axion-like particles.

» Use coupling of axions to photons:

g 0%E _
L==TLaf, P | == =7~ VPE=gaya(VXE) | = Ap = gayla(t) — a(t —1)]

Lagrangian L wave equation for electric field E phase difference A¢ between left-
a: axion field and right-handed circular polarisation

Jay: coupling coefficient
F: electromagnetic field-
strength tensor
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Motivation B ) =)

« Directly detect dark matter candidates: axions and axion-like particles.

» Use coupling of axions to photons:

2
L= %als o | == | 2L g g awxE) | == | 8 = gala® —alt— )]

HY ot2
Lagrangian L wave equation for electric field E phase difference A¢ between left-
a: axion field and right-handed circular polarisation
Jay: coupling coefficient
F: electromagnetic field- / E \
strength tensor y

Observable effect:
Rotation of linear
polarisation! E,

© (& /
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Signal generation
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laser source

PDs-poI

readout

Input: linear s-polarisation.
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Signal generation

P o =)

laser source

PDs-poI

readout

Input: linear s-polarisation.

Effect: polarisation rotation.
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Signal generation

P o =)

laser source

PDs-poI

readout

Input: linear s-polarisation.

b PDp-poI
PBS

(polarising beamsplitter)

P p-pol

2f, (axion frequency)

t

Effect: polarisation rotation.
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Output: signal in p-polarisation.



Signal generation B e

PDs-poI
laser source
readout

= ..
PBS

(polarising beamsplitter)

E
Pp-pol *
L /
foda So Soa
© p-pol power sideband picture
at readout for p-pol readout
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Signal enhancement

P o =)

laser source

— = DN >

PDs-poI

readout

P p-pol
;
© p-pol power
at readout
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Jote Sfo Solla

sideband picture
for p-pol readout

P ro.o

PBS

generate p-pol carrier
from s-pol pump field,
enhance signal via beat
of sidebands and carrier




Signal enhancement P ) e

PDs-poI
laser source / \ ﬂ readout
folded cavity 2
= 7 B
PBS
Pp-pol S-pol carrier is kept on
E resonance inside cavity.

A : :
= Pump field buildup!

= Larger sidebands!
t f
>

Joda  Jo o Sotha

© p-pol power sideband picture
at readout for p-pol readout
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Co-resonance

O 0 =l

% UNIVERSITYOF

PDs-poI
laser source / \ A eadowt
folded cavity 2
| P roero
PBS
Py ol S-pol carrier is kept on
E, resonance inside cavity.
A — pump field buildup!
= Larger sidebands!
P-pol signal sidebands are
t f co-resonant with s-pol
foda Sfo Sotfa = Sideband buildup!
p-pol power sideband picture
at readout for p-pol readout
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Detuning P ) =)

PI:)s-pol

Iaser source / \
folded cavity

readout

P roero

P-pol resonance of signal

field is detuned from s-pol

resonance of pump field.

= Asymmetric sideband
buildup!

= Smaller low-frequency
sensitivity!

ot f fotf = Sensitivity peak at a

. _ higher signal frequency!
© p-pol power sideband picture
at readout for p-pol readout

PBS

p -pol
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Detector design S

Tabletop demonstration:
Main laser source Signal readout - 'ntra'.caWty power
to enhance signal

PD,y — baseline to increase
m interaction time

— vacuum system

= Squcczed P - integration time for
PBS I D liiht e d;ggosgcs Q— PBS larger signal-to-noise ratio
. A - to reduce

/ \ 2 quantum noise by up to 10 dB

/
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Detector design S

Tabletop demonstration:

Main laser source Signal readout - 'ntra'.caWty power
to enhance signal

PD,y — baseline to increase
m interaction time

— vacuum system
— integration time for

PBS ﬂ ™ ﬁ?ﬁfiiiﬁiu Z;rggofsigli Q— PBS larger signal-to-noise ratio
© A — to reduce

/ \ 2 quantum noise by up to 10 dB

\ / - intra-cavity power

— baseline
| , — use existing facilities of
~5m gravitational-wave detectors
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Shot-noise limited design sensitivity — —o-—s

frequency, Hz
10° 10° 10% 10° 108

—_—
je)
o)

— 1
o)

10 Tuned
Detuned
11 — — = CAST
ALPS II
- = =TeV

CAST: CAST Collab., Nature Phys. 13, 2017
ALPS |I: R. Baehre et.al., JINST 8, 2013
TeV: K. Kohri et.al., Phys. Rev. D 96, 2017
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coupling coefficient g,,, GeV~!
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Cc axion mass, ¢V
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Status

(& Vacuum system is set up!

=4'0 UNIVERSITYOF GRAVITATIONAL .
#* BIRMINGHAM | WAVE ASTRONOMY




Status

(7 Vacuum system is set up!

(7 Basic optical setup is done!

Readout
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Status

(7 Vacuum system is set up!

141h ~ 6d
(7 Basic optical setup is done! ' , , ‘

600 ;L Ty —— - |

(v Stable lock with injected light in < so0 |
P- and S-polarisation over days! <~
o
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Status

(7 Vacuum system is set up!

(7 Basic optical setup is done!

(v Stable lock with injected light in
P- and S-polarisation over days!

(/" Default detuning: ~476 kHz / 2 neV
P-pol. finesse: 2220
S-pol. finesse: 74220
Roundtrip loss: 51 ppm

—_
(=)

(=)

—
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I

magnitude (dB)
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T
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HV amplifier
P-pol (measured)
S-pol (measured)
P-pol (fit)

S-pol (fit)
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Altered readout
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—

tracking the
circulating power

readout signal
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Altered readout
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rf (472.8kHz)
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Current sensitivity B i e

Measurement frequency (kHz)
476 478 480 482 484 486 488 490 492 494

— LIDA (full data) | 85 hours measurement time
— LIDA (95% C.L.) |

LIDA (model)
- = = CAST

1078 |

Sensitivity of 2x1071% GeV~1 at 1.989 neV
at the 95% confidence level

"'“ \l‘l MW‘! Pl W“l Wkl i i
»‘ ”? il H H‘I\m \\\ | ﬂu i

Coupling coefficient g,, (GeV™1)

W m Approaching CAST sensitivity

Squeezing —» improved sensitivity

o 1.97 1.98 1.99 2 2 01 2.02 2.03 2.04

Axion mass (neV)
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High-power effects S

107 : : :

[ electronic dark noise initial readout noise ] 2

IESEEREEE shot noise post-relock readout noise 1 ] 124 KW « 4.7 MW/ cm

I electronic + shot noise post-relock readout noise 2 ]
= At high circulating power:
2100 _ .
> | A few seconds after lock, the cavity often
2 m changes “state” correlating with
) MMM b

bl ! D .
Yy i WMM. « areduction in circulating power,
107 F J ___________________________________________________________________________
Hl e s i « adistortion of the transmitted field,
10! 10 10°
£ Frequency (Hz)  higher readout noise.
5 T T T T
o 110 & |
&) -
3 r’L '
o8
1) 1 1 1 1
-5 10 20 30 40 50
Time (s)
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High-power effects _aEE

107 : : :
' electronic dark noise initial readout noise ] 124 kW < 4.7 MW / sz
IESEEREEE shot noise post-relock readout noise 1 ] )
I electronic + shot noise post-relock readout noise 2 ]
= At high circulating power:
~ .
> 1 A few seconds after lock, the cavity often
2 m changes “state” correlating with
) Mlioebbine,
| mmww t o :
A | I .
O KN i % T YR a reduction in circulating power,
« adistortion of the transmitted field,

£ Frequency (Hz)  higher readout noise.
5 T T T T
:
1) 1 1 1 1
-5 10 20 30 40 50
Time (s)
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High-power effects _aEE

107 : : :

' electronic dark noise initial readout noise ] 124 kW < 4.7 MW / sz

IESEEREEE shot noise post-relock readout noise 1 ] )

I electronic + shot noise post-relock readout noise 2 ]
= At high circulating power:
~ . .
> | If disturbed, the cavity often
2 m changes “state” correlating with
) Mlioebbine,

| WhaMn o :
‘ Iy | I .
LA e % bbb a reduction in circulating power,
« adistortion of the transmitted field,

Frequency (Hz)

higher readout noise.
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@
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Next steps SN

4 )

— Optimise sensitivity in current configuration!
Before next — Add input mode cleaner to filter out technical laser noise.
opening of — Add a squeezed light source.

vacuum tank.

— Understand (and possibly prevent) thermal effects,
\ readout noise fluctuations and modes in the output field! )

®
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Next steps SN

4 )

— Optimise sensitivity in current configuration!
Before next — Add input mode cleaner to filter out technical laser noise.
opening of — Add a squeezed light source.

vacuum tank.
— Understand (and possibly prevent) thermal effects,

\ readout noise fluctuations and modes in the output field! )

After next — Reduce the detuning of the P- and S-cavity eigenmodes!
opening of
vacuum tank. — Optimise plane cavity geometry!
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Conclusion

P o =)

— Axions are highly motivated Dark Matter candidates
— LIDA is an interferometric detector currently operating at 2 neV axion mass

— Reaching sensitivities of 2x10710 GeV~1 at the 95% confidence level. This
puts LIDA a factor of 8 above the CAST sensitivity level

— We resonate high optical intensities of 4.7 MW /cm?

— At high powers, we see changes in a distorted mode, a decrease in circulating
power and higher readout noise

Thank you!
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More detailed setup

Main laser source

Signal readout
P])out

== | Squeezed Pump field q
PBS ﬂ Q— light source diagnostics

I Sm i
©

EOM: electro-optic modulator, NPRO: non-planar ring oscillator, PBS: polarising beamsplitter,
PD: photodetector, PDH: Pound-Drever-Hall, rf: radio-frequency generator

Main laser source:

UNIVERSITYOF
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NPRO FI

=

o

<

)

=
Em N>
=N >

PDppy

Cavity

Signal readout: rf (472.8kHz)

50:503
from

PBS

Gain Data storage

i Sum 9
High-pass (4 ‘K)(/ X

Mixer




Current Data Analysis Pipeline

Outside Pipeline

Experiment/DAQ Inside Pipeline

Specify timespan to Veto glitches/ noisy
analyse data

Check Cavity status
Readout PDs

Grab data, compute Calibrate to
PSDs W /VHz

Simulate response

Subtract average
background

Data split, saved in
HENES]

© Calibrate to
Jay GeV1

VWA
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