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g Main points

- Introduction: table-top searches for new fundamental physics
» ultralight dark matter
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Main points

* Introduction: table-top searches for new fundamental physics
— ultralight dark matter

» Lecture 1: lumped-element searches for the electromagnetic
interaction of axion-like dark matter

» Lecture 2: searches for interactions of axion-like dark matter
with spins
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The standard model

neutrino
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The tools

terrestrial telescopes

particle accelerators
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The dark matter problem
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galaxy rotation curves
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The dark matter problem
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galaxy rotation curves
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+ many others
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galaxy clusters: Bullet cluster

[Nature 562, 51 (2018)]
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particle-like dark matter (eg: WIMPs):

mass ~ 100 GeV
[Phys. Rev. D 96, 035009 (2017)]
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What is dark matter?

Dark matter m

Macroscopic

Primaordial
black holes

[Nature 562, 51 (2018)]

wave-like dark matter (eg: axions)
mass << eV

[Phys. Rev. Lett. 118, 061302 (2017)]

Page 15/65



neutron —

Pirsa: 22090003

The

strong-CP problem

Page 16/65



v

neutron —

mlf::

EDM
(electric dipole
moment)

Pirsa: 22090003

The

strong-CP problem

Page 17/65



v

neutron —

EDM
(electric dipole
moment)

v

F 3

~ 1 fm
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The strong-CP problem

(very!) naive estimate:

d, ~e-fm=10"3¢. cm

experimental limit:

d. <18 % 1% cm

[Phys. Rev. Lett. 124, 081803 (2020)]
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neutron —

EDM
(electric dipole
moment)
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»
-

F 3

~ 1 fm

The strong-CP problem

better model for

(very!) naive estimate:
a neutron —

d, ~e-fm=10"3¢. cm

experimental limit:

d. <18 % 1% cm

[Phys. Rev. Lett. 124, 081803 (2020)]
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W The strong-CP problem
neutron — (very!) naive estimate: better model for
a neutron —
d,=e fm=10""e cm
+
dp, 1 e experimental limit:
EDM ds 1 8 10 e em
(electric dipole [Phys. Rev. Lett. 124, 081803 (2020)]
moment)
i ~ 1 fm i %g
CP-violating 6-term in o (@) Ala)pv ey
QCD Lagrangian — R Q(Q'Q/SW)GW C T,f \TT s
n P i
{0) =

£ neutron EDM: d,, = 0 x (2.4 x 107'%) e - cm

B 6<10710

why is 8 so small? 0

[Rev. Mod. Phys. 82, 557 (2010)]
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Axions and axion-like particles, axion-like dark matter

Pseudoscalar light particle: spin = 0, wide range of possible masses  [Phys Rev. D 98, 035017 (2018)]
Proposed to solve the strong CP problem of Quantum Chromodynamics
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w Axions and axion-like particles, axion-like dark matter

Pseudoscalar light particle: spin = 0, wide range of possible masses [Phys Rev. D 98, 035017 (2018)]
Proposed to solve the strong CP problem of Quantum Chromodynamics
Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'® GeV) scales

Well-motivated and thoroughly-studied dark matter candidate: a(t) = g COS Wyt

el SRR

ALP mass range

mec® < meV
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Pseudoscalar light particle: spin = 0, wide range of possible masses [Phys Rev. D 98, 035017 (2018)]
Proposed to solve the strong CP problem of Quantum Chromodynamics
Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'® GeV) scales

Well-motivated and thoroughly-studied dark matter candidate: a(t) = g COS Wyt

il i

Axions and axion-like particles, axion-like dark matter

ALP mass range

mec® < meV

o

dark matter energy density:

PDM ~ 04

GeV

cms

~ (0.05¢eV)*
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Pseudoscalar light particle: spin = 0, wide range of possible masses [Phys Rev. D 98, 035017 (2018)]
Proposed to solve the strong CP problem of Quantum Chromodynamics
Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'® GeV) scales

Well-motivated and thoroughly-studied dark matter candidate: a(t) = @ COS Wyt

il i

Axions and axion-like particles, axion-like dark matter

ALP mass range

mec® < meV

o

dark matter energy density:

PDM ~ 04

GeV

cms

~ (0.05eV)*

$

large number of particles
per de Broglie wavelength
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Vv Axions and axion-like particles, axion-like dark matter

Pseudoscalar light particle: spin = 0, wide range of possible masses
Proposed to solve the strong CP problem of Quantum Chromodynamics

B

ALP mass range

9
maqc® < meV

ok

dark matter energy density:

GeNe o ;
PDM ~ 0.4 O, ~ (UU5CV)4

cm?

¥

large number of particles
per de Broglie wavelength

¥

axion-like field: a(t) = ag cosw,t

ALP dark matter acts as a classical field
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.................

[Phys. Rev. D 98, 035017 (2018)]

Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'® GeV) scales
Well-motivated and thoroughly-studied dark matter candidate: a(?‘) = g COS Wyt

Wq = macz/h — ALP Compton frequency

PDM X (1-8 — dark matter density
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Axions and axion-like particles: basics and motivation

[Phys. Rev. D 98, 035017 (2018)]

interaction with leptons:

aﬂ-a‘ P fl 4
Yey"y51e  a-----

J A

HonN = gannVa- 1

1. Pseudoscalar light particle: spin = 0, wide range of possible masses
2. Proposed to solve the strong CP problem of Quantum Chromodynamics|[Phys. Rev. Lett. 38, 1440 (1977)]
3.  Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10"° GeV) scales
4.  Well-motivated and thoroughly-studied dark matter candidate: a(t) = g COS Wyt
5.  Only 3 possible (non-gravitational) interactions with standard model particles:
interaction with photons: interaction with gluons (strong-CP)
ALP field . / deflges QCD axion: :
. T }JV -~

amplitude = P P o f_ GM,,G“” -
symmetry ¥° Ja

breaking -~ - " i

— ALP < photon conversion in a magnetic field
— precision electromagnetic sensors

ADMX, HAYSTAC, DMradio, SHAFT, ABRA,

ALPS, CAST, IAXO, CAPP, ORGAN, BREAD,

SLIC, LC circuit, MADMAX, KLASH, BRASS,
many others
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— nuclear spin I interacts with an
oscillating electric dipole moment
(EDM) d,, = gqa in presence of

effective electric field £~

CASPEr-electric

ev. Mod. Phys. 93, 01500« :
Rev. Mod. Phys. 93, 015004 (2021
[arXiv:2203.14923 (2022)]

— nuclear spin I interacts with an
effective magnetic field Va.

co-magnetometers
force mediator — ARIADNE
electron spin — QUAX

CASPEr-gradient
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w Axions and axion-like particles: basics and motivation

Pseudoscalar light particle: spin = 0, wide range of possible masses  [Phys. Rev. D 98, 035017 (2018)]

Proposed to solve the strong CP problem of Quantum Chromodynamics|[Phys. Rev. Lett. 38, 1440 (1977)]

Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'° GeV) scales
Well-motivated and thoroughly-studied dark matter candidate: a(t) = (g COS Wyt

Only 3 possible (non-gravitational) interactions with standard model particles
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Axions and axion-like particles: basics and motivation

Pseudoscalar light particle: spin = 0, wide range of possible masses  [Phys. Rev. D 98, 035017 (2018)]

Proposed to solve the strong CP problem of Quantum Chromodynamics|[Phys. Rev. Lett. 38, 1440 (1977)]

Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'® GeV) scales
Well-motivated and thoroughly-studied dark matter candidate: a(t) = g COS Wyt

Only 3 possible (non-gravitational) interactions with standard model particles
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w Axions and axion-like particles: basics and motivation

Pseudoscalar light particle: spin = 0, wide range of possible masses  [Phys. Rev. D 98, 035017 (2018)]

Proposed to solve the strong CP problem of Quantum Chromodynamics|[Phys. Rev. Lett. 38, 1440 (1977)]

Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'® GeV) scales

Well-motivated and thoroughly-studied dark matter candidate: a(t) = g COS Wyt

Only 3 possible (non-gravitational) interactions with standard model particles
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Axions and axion-like particles: basics and motivation

Pseudoscalar light particle: spin = 0, wide range of possible masses  [Phys. Rev. D 98, 035017 (2018)]

Proposed to solve the strong CP problem of Quantum Chromodynamics|[Phys. Rev. Lett. 38, 1440 (1977)]

Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'® GeV) scales
Well-motivated and thoroughly-studied dark matter candidate: a(t) = g COS Wyt

Only 3 possible (non-gravitational) interactions with standard model particles

Detection of axion dark matter — insight into energy scale of inflation
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Axions and axion-like particles: basics and motivation

Pseudoscalar light particle: spin = 0, wide range of possible masses  [Phys. Rev. D 98, 035017 (2018)]

Proposed to solve the strong CP problem of Quantum Chromodynamics|[Phys. Rev. Lett. 38, 1440 (1977)]

Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'® GeV) scales
Well-motivated and thoroughly-studied dark matter candidate: a(t) = Qg COS Wyl

Only 3 possible (non-gravitational) interactions with standard model particles

Detection of axion dark matter — insight into energy scale of inflation
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laboratory-scale experimental searches can
1 pre-inflation = post-inflation explore the axion parameter space
Planck = o >
scale ; : : : ; ; - :
1012 10°° 10°8 1073 [Science 357, 990 (2017)]

axion mass (eV)
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Axions and axion-like particles: basics and motivation

Pseudoscalar light particle: spin = 0, wide range of possible masses  [Phys. Rev. D 98, 035017 (2018)]

Proposed to solve the strong CP problem of Quantum Chromodynamics|[Phys. Rev. Lett. 38, 1440 (1977)]

Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'® GeV) scales
Well-motivated and thoroughly-studied dark matter candidate: a(t) = g COS Wyl

Only 3 possible (non-gravitational) interactions with standard model particles

Detection of axion dark matter — insight into energy scale of inflation
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Axions and axion-like particles: basics and motivation

[Phys. Rev. D 98, 035017 (2018)]

interaction with leptons:

0i0 - rd
H li’f ,_},p. ,_\/.5,‘?6 0

J A

b Pseudoscalar light particle: spin = 0, wide range of possible masses
2. Proposed to solve the strong CP problem of Quantum Chromodynamics|[Phys. Rev. Lett. 38, 1440 (1977)]
3. Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'® GeV) scales
4. Well-motivated and thoroughly-studied dark matter candidate: a(t) = g COS Wyl
3, Only 3 possible (non-gravitational) interactions with standard model particles:
interaction with photons: interaction with gluons (strong-CP)
ALP field ! - deflges QCD axion:
. }JV —~

amplitude — . . —= GM,,G'W .
symmetry ¥ ¢ Ja

breaking -~ . W £

sl Loy = Gannitls < B Hepm = geaE* - I/I G

— ALP « photon conversion in a magnetic field
— precision electromagnetic sensors

ADMX, HAYSTAC, DMradio, SHAFT, ABRA,

ALPS, CAST, IAXO, CAPP, ORGAN, BREAD,

SLIC, LC circuit, MADMAX, KLASH, BRASS,
many others
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— nuclear spin I interacts with an
oscillating electric dipole moment
(EDM) d,, = gqa in presence of

effective electric field £~

CASPEr-electric

[Rev. Mod. Phys. 93, 015004 (2021)]
[arXiv:2203.14923 (2022)]

HonN = gannVa- 1

— nuclear spin I interacts with an
effective magnetic field Va.

co-magnetometers
force mediator — ARIADNE
electron spin — QUAX

CASPEr-gradient
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WSearches for electromagnetic interaction of axion-like dark matter

ALP field
amplitude

symmetry

breaking -

scale

interaction with photons:

Layy = gayyol - B

— ALP < photon conversion in a magnetic field
— precision electromagnetic sensors

Pirsa: 22090003

17

a(t) = ag coswyt
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WSear'ches for electromagnetic interaction of axion-like dark matter

a(t) = agp coswyt

interaction with photons:

ALP field
amplitude

symmetry
breaking -~
scale

Layy = gayyol - B

— ALP <« photon conversion in a magnetic field
— precision electromagnetic sensors

axion-like dark matter

sensor measures
electromagnetic field
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"Searches for electromagnetic interaction of axion-like dark matter

a(t) = agcoswgt

interaction with photons: 7 cRows  EEEEE
: 7, ABRA 0SQAR
ALPfield a . 10icm S
amplitude T 0 sk e Solar v T
symmetry ¥° & Globular clusters SNzg,
breaking -
scale Lavyy = gayyal - B

K7/
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UOoTjesTuo]

=
=]
=
=3
o
L
)

— ALP < photon conversion in a magnetic field
— precision electromagnetic sensors

e

a2

XMM-Newlon
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W Lumped-element searches for axion-like dark matter

a(t) = agcoswyt

Compton frequency
goal: search for electromagnetic coupling of

Bl e kHz MHz GHz THz
axion-like dark matter in in mass (frequency) ! T P e S
range where experiment size << wavelength T astrophysical bounds

- - - -C - - -
interaction with photons: ‘c;n lumped circuit regime
o -«
ALP field @
. o
amplitude £
jo 8
symmetry 3
breaking - c
= : =
scale Layy = Jayral - B x
— ALP « photon conversion in a magnetic field . . i
— precision electromagnetic sensors ! pre-inflation § post-inflation
Planck B >
scale : ‘ ‘

102 10 10°® 1073
axion mass (eV)
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W Lumped-element searches for axion-like dark matter

a(t) = ag coswgt

Compton frequency

goal: search for electromagnetic coupling of KH2 MHz GHz THz

axion-like dark matter in in mass (frequency)

range where experiment size << wavelength T I sl HE L
interaction with photons: f‘;n lumped circuit regime
o -
ALP field I
amplitude E‘
O
symmetry §
breaking - - =
scale Layy = ayyalo - B %
— ALP « photon conversion in a magnetic field i i .
—» precision electromagnetic sensors pcaed pre-inflation § post-inflation
anc s e
scale : : : : : :
p B 10 10¢° 1073
Maxwell's equations (Sl units) I:,') axion mass (eV)
Pt B
V.-B=0 v —C——cga_ﬂ.-Va-
-0
0B 1 9°E Gav~ [ Do
VXE=—— VxB-_ —-_ J+=t B IVgxE
ot c? Ot? o c ot [arXiv: 1612.07057 (2016)]

Pirsa: 22090003 Page 38/65



goal: search for electromagnetic coupling of
axion-like dark matter in in mass (frequency)
range where experiment size << wavelength

interaction with photons:

ALP field
amplitude

symmetry
breaking -~
scale

Loy =0l - B

— ALP « photon conversion in a magnetic field
— precision electromagnetic sensors

Pirsa: 22090003

approach — additional term in Ampere’s law

D

V x H = J;

[Phys. Rev. Lett. 112, 131301 (2014)]
[Phys. Rev. D 92, 075012 (2015)]
[Phys. Rev. Lett. 117, 141801 (2016)]
[arXiv: 1811.03231 (2018)]
[Phys. Rev. Lett. 122, 121802 (2019)]
[Nature Physics 17, 79 (2021)]

Lumped-element searches for axion-like dark matter

a(t) = ag coswyt
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goal: search for electromagnetic coupling of
axion-like dark matter in in mass (frequency)
range where experiment size << wavelength

interaction with photons:

ALP field
amplitude

symmetry
breaking -
scale

Loy =0l - B

— ALP « photon conversion in a magnetic field
— precision electromagnetic sensors
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Lumped-element searches for axion-like dark matter

a(t) = agcoswgt

approach — additional term in Ampere’s law

. 0a

» VxH=J H=n=
poc Ot azimuthal static
J* magnetic field B,

Bo

[Phys. Rev. Lett. 112, 131301 (2014)]
[Phys. Rev. D 92, 075012 (2015)]
[Phys. Rev. Lett. 117, 141801 (2016)]
[arXiv: 1811.03231 (2018)]
[Phys. Rev. Lett. 122, 121802 (2019)]
[Nature Physics 17, 79 (2021)]
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goal: search for electromagnetic coupling of
axion-like dark matter in in mass (frequency)
range where experiment size << wavelength

interaction with photons:

ALP field
amplitude

symmetry
breaking -
scale

Loy =0aal B

— ALP « photon conversion in a magnetic field
— precision electromagnetic sensors
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Lumped-element searches for axion-like dark matter

a(t) = agcoswgt

approach — additional term in Ampere’s law

e O
» VxH=J;ZnZ
foc Ot azimuthal static
J* magnetic field B,
oR
axion field

a(t) = ag coswyt

O

azimuthal effective current

J* = a1y da B,
poc Ot

Bo

[Phys. Rev. Lett. 112, 131301 (2014)]
[Phys. Rev. D 92, 075012 (2015)]
[Phys. Rev. Lett. 117, 141801 (2016)]
[arXiv: 1811.03231 (2018)]
[Phys. Rev. Lett. 122, 121802 (2019)]
[Nature Physics 17, 79 (2021)]
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goal: search for electromagnetic coupling of
axion-like dark matter in in mass (frequency)
range where experiment size << wavelength

interaction with photons:

ALP field
amplitude

symmetry
breaking -
scale

Loy =0l - B

— ALP « photon conversion in a magnetic field
— precision electromagnetic sensors
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Lumped-element searches for axion-like dark matter

a(t) = apcoswgt

approach — additional term in Ampere’s law

e O
» VxH=J H=n=
foc Ot azimuthal static
J* magnetic field B,
- op
o axion field

a(t) = ag coswyt

O

azimuthal effective current

 da
J* = M—Bo
B" toc Ot
) X!
[Phys. Rev. Lett. 112, 131301 (2014)] . e i
[Phys. Rev. D 92, 075012 (2015)] axial oscillating magnetic field B,

[Phys. Rev. Lett. 117, 141801 (2016)]
[arXiv: 1811.03231 (2018)]
[Phys. Rev. Lett. 122, 121802 (2019)]
[Nature Physics 17, 79 (2021)]
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goal: search for electromagnetic coupling of
axion-like dark matter in in mass (frequency)
range where experiment size << wavelength

interaction with photons:

ALP field
amplitude

symmetry
breaking -
scale

Lovy = 9ayal B

— ALP « photon conversion in a magnetic field
— precision electromagnetic sensors

key experimental parameters:

* magnetic field B — larger is better
* volume V — larger is better

+ temperature — colder is better

« sensor noise and back-action
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Lumped-element searches for axion-like dark matter

a(t) = ag coswyt

approach — additional term in Ampere’s law

i O
» VxH=J HIn%
poc Ot azimuthal static
7+ magnetic field B,
5

axion field
a(t) = ag coswyt

O

azimuthal effective current

poc Ot ¢

254

axial oscillating magnetic field B,

gt =Im%p

[Phys. Rev. Lett. 112, 131301 (2014)]
[Phys. Rev. D 92, 075012 (2015)]
[Phys. Rev. Lett. 117, 141801 (2016)] g

[arXiv: 1811.03231 (2018)]

[Phys. Rev. Lett. 122, 121802 (2019)]
[Nature Physics 17, 79 (2021)]

signal detected by sensor x By
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qu Experimental setup,

B,

@, — magnetic flux due to
axion-like dark matter

Q, M
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broadband searches: SHAFT, ABRACADABRA
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@ Experimental setup, broadband searches: SHAFT, ABRACADABRA

) cables to room

B temperature electronics __ cryostat filled
a R

with LHe

|| outer superconducting
magnetic shield

|1 — SQUID amplifiers

|| magnetizing coil

|| — inner superconducting
magnetic shield

|| — central calibration loop

| 4x ferromagnetic toroids

-

| flux pickup coil,
coupled to SQUID

@, — magnetic flux due to

. . | 1 — G-10 support rod
axion-like dark matter PP

D, M
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@, — magnetic flux due to
axion-like dark matter

—

D, M

N3
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cables to room
temperature electronics

|—1

|

-

| —]

-

|

Experimental setup, broadband searches: SHAFT, ABRACADABRA

__ cryostat filled
with LHe

| outer superconducting
magnetic shield

L — SQUID amplifiers

| magnctizing coil

| inner superconducting
magnetic shield

| central calibration loop
| 4x ferromagncetic toroids

| flux pickup coil,
coupled to SQUID

L— G-10 support rod
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@, — magnetic flux due to
axion-like dark matter

D, M

Pirsa: 22090003

cables to room

Experimental setup, broadband searches: SHAFT, ABRACADABRA

temperature electronics __ cryostat filled

with LHe

|| outer superconducting
magnetic shield

|1 — SQUID amplifiers

|| — magnetizing coil
|| — inner superconducting
magnetic shield

|| — central calibration loop

| 4x ferromagncetic toroids

-

| flux pickup coil,
coupled to SQUID

| 1 — G-10 support rod

[A.Gramolin et al., Nature Physics 17, 79 (2021)]
[C. Salemi et al., Phys. Rev. Lett. 127, 081801 (2021)]

sensitivity limited by
amplifier imprecision noise
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26
W Experimental setup, broadband searches: SHAFT, ABRA

Compton frequency (Hz)
B, 10* 10° 10°

[
o
&

—_

i
—
=

coupling strength |gs| (GeV™1)

loee
@, — magnetic flux due to
axion-like dark matter 10-12 . ; ‘
107 10-7 1055
mass (eV)
D, M
\ a0 sensitivity limited by
Lp Lc DAQ amplifier imprecision noise
[A.Gramolin et al., Nature Physics 17, 79 (2021)]

[C. Salemi et al., Phys. Rev. Lett. 127, 081801 (2021)]
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W Experimental setup, broadband searches: SHAFT, ABRA

B,

@, — magnetic flux due to
axion-like dark matter

D, M
AT
\ sensitivity limited by
Lp Lc DAQ amplifier imprecision noise
[A.Gramolin et al., Nature Physics 17, 79 (2021)]
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ﬁﬁv Experimental setup, broadband searches: SHAFT, ABRA

B,

S

@ 10| (c) |

~—

£

=

® 10

=

=

A

=

50

2107 . ‘ .

100 10? 10 100

®, — magnetic flux due to _ frequency (Hz)

axion-like dark matter

- magnetic field sensitivity — 150aT /v Hz = broadband record

O, M
\ a0 sensitivity limited by
cL Ly ¢

DAQ amplifier imprecision noise

[A.Gramolin et al., Nature Physics 17, 79 (2021)]
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ﬁﬁv Experimental setup, broadband searches: SHAFT, ABRA

B,

S

@ 10| (c) |

~—

£

=

® 10

=

=

Aris

=

50

21071 . ‘ .

100 10? 10 100

®, — magnetic flux due to frequency (Hz)

axion-like dark matter

- magnetic field sensitivity — 150aT /v Hz = broadband record

O, M
\ A sensitivity limited by
cL Ly ¢

DAQ amplifier imprecision noise

[A.Gramolin et al., Nature Physics 17, 79 (2021)]
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Vv Fundamental sensitivity limit?

D, M
\ L, L. § /"\g :I> DAQ
o R
Vi

@, — magnetic flux due to
axion-like dark matter

D, M

\g LN §m§ :vmq
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Fundamental sensitivity limit?

D, M
\ i ¢
S DAQ
o R
Vi
' standard quantum limit
(saQL)

hot lation: NV = = =
photon population: N (w) = T + 5

@, — magnetic flux due to
axion-like dark matter

in the lumped element regime hw < kgT

(Da M » sensitivity is limited by thermal noise

\g L §m§ DAQ
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ﬁﬁv Experimental setup, resonant

B,

V, — thermal + quantum noise

V, — back-action noise

7 V, — amplifier “imprecision” voltage noise
=t I, — amplifier “imprecision” current noise

Vi
R M Bsa
q)( I B DAQ
Ly Vi Vi
Va [Phys. Rev. D 92, 075012 (2015)]

[arXiv:1803.01627 (2018)]

Pirsa: 22090003

searches:

DM radio

29

a(t) = agcoswqt
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B,

1
J_C7
R
D, T
S L,
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Experimental setup, resonant

2]

We

V, — thermal + quantum noise

V, — back-action noise

V, — amplifier “imprecision” voltage noise
I, — amplifier “imprecision” current noise

S DAQ

Vi

[Phys. Rev. D 92, 075012 (2015)]
[arXiv:1803.01627 (2018)]

searches:

DM radio

29

a(t) = agcoswqt
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B,

s
J_C7
R
D, 7
S L,

Pirsa: 22090003

Experimental setup, resonant

2]

We

V, — thermal + quantum noise

V, — back-action noise

V, — amplifier “imprecision” voltage noise
I, — amplifier “imprecision” current noise

S DAQ

Vi

[Phys. Rev. D 92, 075012 (2015)]
[arXiv:1803.01627 (2018)]

29
searches: DM radio

a(t) = agcoswgt

search for unknown axion mass
(Compton frequency) is performed by
scanning the resonance frequency
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Experimental setup, resonant searches: DM radio

a(t) = agcoswgt

B, 1Z|*

search for unknown axion mass
W (Compton frequency) is performed by
. scanning the resonance frequency
V, — thermal + quantum noise
V, — back-action noise m) this is what makes these searches hard:
T V. — amplifier “imprecision” voltage noise if we knew the axion Compton frequency,
—+ |, — amplifier “imprecision” current noise detecting its effects could become an
J_ C undergraduate lab experiment

R M
?, i o, DAQ
¢, )
P Vi Vi

[Phys. Rev. D 92, 075012 (2015)]
[arXiv:1803.01627 (2018)]
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Experimental setup, resonant searches: DM radio

a(t) = agcoswgt

B, 1Z]*

search for unknown axion mass
W (Compton frequency) is performed by
. scanning the resonance frequency
V, — thermal + quantum noise
V, — back-action noise m) this is what makes these searches hard:
T V. — amplifier “imprecision” voltage noise if we knew the axion Compton frequency,
=t |, — amplifier “imprecision” current noise detecting its effects could become an
J_ C undergraduate lab experiment

R M
?, L, B, DAQ
¢, )
P Vi Vi

[Phys. Rev. D 92, 075012 (2015)] resonant pickup circuit — sensitivity is limited by thermal noise;
[arXiv:1803.01627 (2018)] amplifier imprecision and back-action limits sensitivity bandwidth
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Quantizing the resonant LC circuit - back action evasion

Vi
Thr_-rma!»,
B, A Y o
AY 4
increased
backaction H : Imprecision
X ¥ i
: Backaction
Frequency
Sensitivity BW i
» ! : f/g & squeezing
squeezing -
reduced
backaction
I L o VQfQ = (hw 2
¢ quantum-limited amplifier: V,”1; = ( ) 2 imprechion
C ~ o H Backactio
‘/tf: Sensitivity BW G
R M — 1772 § re-optimize M
(D ‘,'_‘\ <4
¢ L, Silt DAQ
Lp ./ . ey
Vi Vi back action evasion via
V. squeezing can further
n [Phys. Rev. D 92, 075012 (2015)] : i :
larXiv-1803.01627 (2018)] increase sensitivity bandwidth

Sensitivity BW
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v Cavity haloscope searches for axion-like dark matter
a(t) = ag coswyt

Compton frequency

kHz MHz GHz THz
T I astrophysical bounds
interaction with photons: < . .
: I5) cavities
. = 8
ALP field fs j—>
amplitude i
c
symmetry ES
breaking 3]
x
| il W e
— ALP « photon conversion in a magnetic field iy Q
— precision electromagnetic sensors 1 bre: iftiation B postaination
Planck * e
scale ‘ : ‘ : : ; ' - :
FFT 10-12 10*9 10~6 10*3

cavities: search for
electromagnetic coupling
of axion-like dark matter in
in mass (frequency) range
where experiment size =
wavelength

axion mass (eV)

Konrad Lehnert

cavity magnet
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34

v Counting single photons to search for axion-like dark matter
a(t) = ag coswgt

Compton frequency

kHz MHz GHz THz
T I astrophysical bounds
interaction with photons: £
()]
E =
ALP field B
amplitude =
c
symmetry a photon
breaking - S counting
<
— ALP « photon conversion in a magnetic field b
— precision electromagnetic sensors 1 Sresintiation B post ination
Planck * B
e ‘12 ‘ S ‘ I-s ' : Ia
: _ 1072 100 10° 100
at Compton frequencies > 10 GHz, single axion mass (eV)
photon counting (bolometric detection)
becomes the favourable detection approach
[Phys. Rev. D 88, 035020 (2013)] Sae Woo Nam

[Phys. Rev. Lett. 126, 141302 (2021)]
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ALP field
amplitude

.....

symmetry 1

breaking -~ .
scale Layy = gayyak - B

— ALP < photon conversion in a magnetic field
— precision electromagnetic sensors

key experimental parameters:

« magnetic field B — larger is better
» volume V — larger is better

» temperature — colder is better

» sensor noise and back-action

Pirsa: 22090003

ALPS-I
OSQAR

SHAFT
DSNALP
Fermi-SNe
s
Hydra _,__i;:\,_‘v

Mrk 421

Fermi
MWD

larisation

JTIS XNAV
AN+i9d

interaction

a(t)

Solar v

35

= ag CoS Wyt

Globular clusters

uonery
> uonesTUO[

~

XMM-Newton

SN1987A
()

L 2% i DL LT 5k ¢
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ALP field
amplitude

symmetry
breaking
scale

Layy = Yayyalo - B

— ALP < photon conversion in a magnetic field
— precision electromagnetic sensors

key experimental parameters:

« magnetic field B — larger is better
« volume V — larger is better

« temperature — colder is better

» sensor noise and back-action

* resonant experiments are most sensitive

» on-resonance sensitivity is limited by thermal and
guantum noise

» back-action evasion via squeezing can expand
sensitive bandwidth, and thus speed up cavity scan

Pirsa: 22090003

35
interaction
a(t) = ag coswyt

ALPS-1
OSQAR

Solar v

Globular clusters
Mrk 421

T MWD
Chandra ;__ul olarisation

IS XIKav

XMM-Newton

T A% R0 T0 SR e Sl S R seemy ahn T Ry ) d
020 007107407 1074074070740 7407 AP A0 AT 4P 48 0 (& 4O

mgq [eV]
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36

Tomorrow: searches for interactions of axions with spins

[Phys. Rev. D 98, 035017 (2018)]

interaction with leptons:
0 7
Bia - o’
H li’f ,_},p. ,}/.5,‘?6 -

J A

b Pseudoscalar light particle: spin = 0, wide range of possible masses
2. Proposed to solve the strong CP problem of Quantum Chromodynamics|[Phys. Rev. Lett. 38, 1440 (1977)]
3. Axion-like particles (ALPs) arise naturally in string theories, symmetries broken at GUT (10'® GeV) or Planck (10'® GeV) scales
4. Well-motivated and thoroughly-studied dark matter candidate: a(t) = Qg COS.wW,l
3, Only 3 possible (non-gravitational) interactions with standard model particles:
interaction with photons: interaction with gluons (strong-CP)
ALP field . - deflges QCD axion:
. e }J‘V i~

amplitude 2 O e f_ GG .
symmetry .¥° Ja

breaking -~ . W £

i Lo = Gyl <183 Hepm = geaE* - I/I G

— ALP « photon conversion in a magnetic field
— precision electromagnetic sensors

ADMX, HAYSTAC, DMradio, SHAFT, ABRA,

ALPS, CAST, IAXO, CAPP, ORGAN, BREAD,

SLIC, LC circuit, MADMAX, KLASH, BRASS,
many others

Pirsa: 22090003

— nuclear spin I interacts with an
oscillating electric dipole moment
(EDM) d,, = gqa in presence of

effective electric field £~

CASPEr-electric

Honn = gannVa-1

— nuclear spin I interacts with an
effective magnetic field Va.

co-magnetometers
force mediator — ARIADNE
electron spin — QUAX

CASPEr-gradient

Rev. Mod. Phys. 93, 015004 (2021
(
[arXiv:2203.14923 (2022)]
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