S

QSHS Lecture 1
Introduction to Axion Haloscopes
QTFP School 2023
10/01/23

4>

The Cockeroft Institute
of Accelerator Science and Technology



=S  Quantum Sensors for
the Hidden Sector

* The development of novel, sensitive quantum electronics.
* Collaborative work the ADMX collaboration.
* Theoretical work on hidden sector phenomenology and

guantum systems theory underlying quantum measurement
in the hidden sector.

548 UNIVERSITY OF - Lancaster E=3
@Y CAMBRIDGE University ®

NPLE

National Physical Laboratory

IVERSITY OF

XFORD

L4 UNIVERSITY OF

¢/ LIVERPOOL

https://qshs.org/



Introduction

A major aim of the Quantum Sensors for the Hidden Sector (QSHS)

collaboration is to develop quantum technologies to increase the

sensitivity of axion haloscopes, but what is an axion haloscope and

what are they for?

This lecture focuses on axions and the experimental approaches to

their detection in the micro-eV mass regime.

There are two significant caveats:

1) I will focus mostly on axions, but these are not the only hidden-
sector particles which QSHS aims to search for.

2) If axions do exist they don’t have to make up a large percentage of
the dark matter halo, but they could, and | assume here that they do.

Where possible | have given credit to all of the many presentations and
papers that I've used in putting together these slides. Apologies for any

omissions. A major source is the 17th Patras Workshop on axions, WIMPs
and WISPs, 2022, Mainz.



Structure

A reminder of the motivation for dark matter

Review of dark matter candidates

WISPs / FISPs (Feebly-interacting sub-eV particles)
QCD Axions

Axion couplings

The axion-photon coupling

Axion experimental detection techniques

Axion haloscopes

See Ed Daw'’s lecture later in the week for a quantum systems view of
the detectors coupled to axion haloscopes.



Dark Matter Evidence

* Galactic rotation curves v(kmls)
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Dark Matter Evidence

* Galactic rotation curves
* Large-scale structure
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Dark Matter Evidence
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Dark Matter Evidence

DARK MATTER DENSITY
IN THE S0LAR SYSTEM
15 ARDUND 0.3 GeVfews

15...THAT A LOT?

1

IN TERMS OF MASS,
IT MEANS THE EARTH
CONTAINS ONE SQUIRREL
WORTH OF DARK MATTER
AT ANY GIVEN TIME.

3

15 THERE ANY WAY
TG FIND OUT WHICH
SQUIRREL IT 157

NG IT'S NOT
UITERALLY—

B

OH, THAT EXPLAINS WHY
THEY WEIGH ENOUGH 1O
SET OFF THOSE SPINNING
BIRU FEEDERS!

AS‘V T SQUIEP?ELS.’

07

Randall Munroe XKCD 2019

https://xkcd.com/2186




Dark Matter Evidence

DARK MATTER DENSITY
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Local dark matter density is
~1 squirrel per Earth volume
~0.45 GeV cm?®




Dark Matter Candidates

The dark matter candidate landscape extends from the ultralight to the very massive.

Mass, in electron volts (eV)

ULTRALIGHT - I . Mass range
DARK MATTER ; : ~11to ~30
: solar masses

Mass range

~10-22 gV to ~10-6 eV Experiments

LIGO/Virgo
Experiments

CASPEr, MAGIS-100

Mass range
~1 GeV to ~1 TeV

Experiments
XENONRNT,
PandaX-4T,

LZ, CRESST, DAMA,
COSINE-100

AXIONS 7 N ' SUB-GeV
' N DARK MATTER

~10-% eV to ~10-3 eV \ Y/ Mass range
Experiments ~ p /s ~1keV to ~1 GeV

ADMX, MADMAX, Experiments
QUAX, CAPP ~ SENSEI, TESSERACT

Mass range

Samuel Velasco/Quanta Magazine




Heavy Dark Matter

—h
)

na

=

—h
o
%
=1

1047

Dark Matter Interaction Strength [cm?]

eV keV MeV GeV TeV Mpi

Dark Matter Mass

Dark matter candidates are broadly described by their masses and their
characteristic interaction strengths with Standard Model particles.
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WISP/FISP Dark Matter

* We can also consider the spin and parity properties of potential dark matter
candiates.
* Let’s look specifically at Weakly (Feebly) — Interacting Sub-eV Particles

* Here we see three popular
examples of WISPS
classified by their spin and

WISF parity
Mili-charged particle * Axion-like particles
(ALPs)

Jp = 0

JP =0 * Hidden-sector photons
* Chameleons

* These are all bosons. Non-
bosonic solutions are also
possible, e.g. mili-charged

fermions.

ALP
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Bosonic Light Dark Matter Possibilities

* Below ~eV masses, dark matter behaves as an oscillating classical field.
* As before here we classify by spin and parity.

pseudo-scalar

(axion)
scalar <
scalar
vector
vector <
axial-vector

PHYSICAL REVIEW D 93, 075029 (2016)



Bosonic Light Dark Matter Possibilities

* Below ~eV masses, dark matter behaves as an oscillating classical field.
* As before here we classify by spin and parity.

pseudo-scalar a4 Flf
(axion) _ a (__;G
| (Opa) 51 _
scalar Leading
order
scalar ®h'h, ¢ Osy interactions,
l.e. lowest
) dimensional
A operators in
vector E, FHr an effective
vector F, doh" field theory.

axial-vector A, yHy

PHYSICAL REVIEW D 93, 075029 (2016)



Bosonic Light Dark Matter Possibilities

* Below ~eV masses, dark matter behaves as an oscillating classical field.
* As before here we classify by spin and parity.

a FF electric/magnetic fields

pseudo-scalar .
aGG nuclear EDM

(axion) (8,0) T
pa) VY=Y Y spin torque
scalar P . As we shall see
i SHh. 6O e.g. electron later, the emgtence
- P L Mass of thgse oscﬂlgtmg
classical DM fields
) cause oscillations in
Aty acceleration SM observables.
vector F,,F*  EMF in vacuum
vector F;uiﬁgﬁyﬂ! Sp|n '[quue
axial-vector AL@'}*“TS’@JI spin torque

PHYSICAL REVIEW D 93, 075029 (2016)



Non-pseudoscalar DM Candidates

Dark Matter Candidates

Vector Bosons
(kinetic mixing)

Sealar B Vector Bosons
calar bosons (gauge ceupling)

1)-22 1018 10— 1—10 10-% 10-2
| | | | | 1

= 2
Spin Based Sensors Particle Mass (eV/c?)

Optical Interferameters (incl. GW detectors) Broadband Reflectors
| | | |
| . . .
Haloscopes (cavity, plasma, dielectric)
| |

Atom Interferometers Qubits

| I |
| LC Oscillators
1

I
|

Quantum Materizls

Atomic, Molecular, Nuclear Clocks

Cavity - Cavity/at. & mol. trans
| |

Mechanical Resonators

| |
[ |

EP Tests (Ect-Wash + MICROSCOPE)

Torsion Balances Molecular Absarption

| | | | 1 I
105 10— 1Y 104 108 102

Compton Frequency (Hz)

From here we will
focus on
pseudoscalar DM,
but for
completeness this
figure illustrates the
broad range of
experimental
approaches to
search for scalar
and vector DM
candidates.

arXiv:2203.14915




The Strong CP Problem

NEUTRON

Classically, if we consider the charge
distribution inside a neutron we would
probably draw something similar to the
diagram on the left.

The electric dipole moment is defined as

d = z ¢iT5

So we would conclude that a neutron EDM
of approximately 10+ e cm is natural.

However, the neutron EDM is measured
experimentally (e.g. through Larmor
precession measurements) to be less than
3x102% e cm.

l.e. for some reason it's as if the quarks are
in a straight line...



Solutions to Strong CP Problem

= Classically there are three solutions to explain why the neutron EDM is so
small.
* Parity is a good symmetry
* CPis agood symmetry
* The angle between the quarks is dynamical and relaxes to zero
— A proper quantum field theory approach is beyond the scope of this lecture,
but the axion solution to the strong CP problem corresponds to the third
classical solution above.
- See PoS (TASI2018)004 for a full treatment.



QCD Axions

Arise from the Peccei-Quinn solution to the strong CP problem.
— One of the terms needed in the QCD Lagrangian is

327?

This term is CP-violating, but the effect can be removed if there is also a
compensating CP-violation in the quark mass matrix...
...but why should these two effects exactly cancel?

Introduce a dynamical parity-violating term with a potential such that the CP-
violating term is driven to zero in the ground state.



QCD Axions

- Axion coupling to SM

-

Lagrangian YayyaE - B JaffVa-S 9epuaS - E
(ggz\zﬁﬁ ) Photon Spin precession Oscillating EDM
Detection Power spectrum, Magnetometer, NMR, polarimeter,
photon counter, ... NMR, ...

In this lecture we are primarily interested In the axion-photon coupling.

4 Electromagnetic Field Axion-photon coupling )

€ 1 L/
EZJHA#— iFﬁ va

\_ Axion Field -/
FHY = gl AY — " AH x
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Primakoff Effect

Consider coupling of axion to electromagnetic fields

,Qf?ﬂ_?.,.y — gﬂ_??uE - B

The effective coupling depends on the particles to which the axion can couple
directly N ANANSY

a --»-~<Yarr4

AYAVa Ve 'Y
The other well-known pseudoscalar in the Standard Model is the neutral pion

~/

A AV aWaWaWe W /




Axionic Maxwell Equations

V.B=0. \ oy
a--»-éu

"\./'\/\/“'Y
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VxB :,—+J-(E X va—ﬁB).
ot Ot
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Axionic Maxwell Equations

V-E :f}—li_ff“},},B'vﬂ. o
' A
O
(o]
V.-B=0, o
ol

1B
VXE =-"" °
ot N
=

JE da
VxB :E_I_J_Hur}f(E X VH—EB).

The axion field time-dependence a(t,7) = ag c:os(Eﬂ_ T — Wet)

gives an effective current proportional to an applied magnetic field.



Axionic Maxwell Equations

— €En = —
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Axionic Maxwell Equations

In the absence of a spatial dependence

—

oD
VXH—JJ—}—T—i— )T”

where we have an effective current given by

Fﬂ B da
QU."m P‘-’U {()t
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Axionic Maxwell Equations m
g
Alternatvely we can rewrite these equations to have the same form as the ';
original Maxwell equations but with new fields and new constitutive relations. i
L - 5
V- Dr = py, =
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. . 9Dy - 9
v X - — t.)T " o -
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Experimental Searches
| Source\ Coupling | Photons | Fermions | ___nEDMs |

Dark matter A?ﬂgﬂf :)}: £ QUAX-ae, GNOME, @ CASPEr-electric,
. CASPErwind, ... SrEDM, ...
DM Radio, ...
Solar CAST, IAXO
Laboratory ALPS (1) ARIADNE

production cavity (PC) regeneration cavity (RC)

[N&HIHL\PH*D
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Experimental Searches

T

Source \ Coupling Photons Fermions m

Dark matter A%’ﬁ;’ﬂf :)f £ QUAX-ae, GNOME, @ CASPEr-electric,
. CASPErwind, ... SrEDM, ...
DM Radio, ...
Solar CAST, IAXO
Laboratory ALPS (1) ARIADNE

We are focussing here, but nothing
we have looked at so far tells us the
mass of the axion...

production cavity (PC) regeneration cavity (RC)

[MIHIHIM -f.:ﬂaD

EEEEEEEEEE | EEEEEEEEEN
magnet string



Theoretical predictions of
QCD axion dark matter mass

Predictions of the axion mass come from considering axion production
mechanisms in the early universe.
o If U(1)PQ unbroken at end of inflation:

e Decay of strings, solitons and domain walls produces axions

* Models tend to predict masses around 100 yeV or above
o If U(1)PQ broken before inflation:

e Non-thermal production via misalignment mechanism
* Masses far below 100 peV possiblese.

Mass Predictions

—

Pre-inflationary ' N
Klaer (2017) Buschmann (2022)
[

Ballesteros (2017)
Petreczky (2016)  Dine (2017) Gorghetto (2021)
Bonati (2016)
Incomplete sampling of recent QCD favored mass ranges to show spread in predictions

\2 \\ '\ 9 B by O A K’ ") A
~ ) -3

\ \\] \O \O \O \O \O \O \O W

m . eV

N

\
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Dark Matter Candidates and
Anomalies

zeV aeV feV peV neV ueV meV eV

keV MeV GeV TeV PeV 30Mg

<€

€

< | | | | | | | | | L 1 | L 1 | 1 1 | 1 L | )] | >
r°r 1 1T 1T 1T 1T ‘1 L L DL L B S
<€ €«—>
QCD Axion WIMPs
> € -
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
> <
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
> € >
Post-Inflationary Axion Asymmetric DM
: <2 >
For completeness, here is a Freeze-In DM
figure showing that not all «—>
evidence points to light DM.... SIMPs / ELDERS
.
Beryllium-8
€«—>
Muon g-2
<>
Small-Scale Structure
> >
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing
.  r r 1 & 1 1 1 l - - 1 . - 1 . 1 . . 1 y»n 1
T T T T T T 11 LRI LA B LR R B R B G R

zeV aeV feV peV neV ueV meV eV

Battaglieri et al, arxiv, 1707.04591

keV MeV GeV TeV PeV 30Mg



Theoretical predictions of
QCD axion dark matter mass

Predictions of the axion mass come from considering axion production
mechanisms in the early universe

Mass Predictions

—

I}I'l‘-]““;llillllril'\' H
Klaer (2017) Buschmann (2022)
| E—
Ballesteros (2017)
1 [ e
Petreczky (2016)  Dine (2017) Gorghetto (2021)

Bonati (2016)
Incomplete sampling of recent QCD favored mass ranges to show spread in predictions

K0 W 0 ) 3 K 6 A \

\\} \\] \O \O \O \O \O \O \O W AN \

Ma [eV]

Now that we have a favoured mass window, can we say anything about the
coupling strength?
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Back to the Primakoff Effect

Consider coupling of axion to e/m fields

,Qf?ﬂ_?.,.y — gﬂ_??uE - B

The effective coupling depends on the particles to which the axion can couple
directly

fva

a - - <94

"'\/W"'Y

The axion mechanism gives a dimension-5 term.

il ~
f_ G““GHV
a

UV-completion = 4-dim effective field theory.



QCD Axion Models

Models can either contain only SM fermions
* The original PQ solution with 2 Higgs bosons (“Visible axion”)
* DFSZ (Dine, Fischler, Srednicki, Zhitnitsky 1980)

...or BSM fermions
* KSVZ (Kim, Shifman, Vainshtein, Zakharov 1980)

Gives model-dependent couplings

Q [ 1 1.92] gy«
~ — Jayy =

Y=o oy~ T mfa

1 12
NV Mmumg frme g, ~ 6 % 10‘%\/( U Gev)

m, —
¢ My, + Mg fa fa




QCD Axion Models

Models can either contain only SM fermions

* The original PQ solution with 2 Higgs bosons (“Visible axion”)

* DFSZ (Dine, Fischler, Srednicki, Zhitnitsky 1980)
...or BSM fermions

* KSVZ (Kim, Shifman, Vainshtein, Zakharov 1980)
Gives model-dependent couplings

o 1 1.92 g _ gy
vy N — — — Yavyy — ¢
Jay = o0 fuv fa m fa
1012 GeV
o VMM Jemaz  m, ~ 6 x 10‘%\/( 7 © )
a a

My, + Mg fa

. Jayy X My

00(8T0ZISV1)S0d a|dwexa 10} 89S



Experimental Constraints on Axions
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https://github.com/cajohare/AxionLimits



Experimental Constraints on Axions

Frequency [Hz]

10° 10 10" 10"°
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Cavity Haloscopes for Axion Detection

The axion haloscope is a resonant axion search using microwave cavities Digitizer

The axion frequency is unknown — the resonant cavity must be tunable for a range of frequencies

QOO0 O

Cavity has various resonant modes which enhances the signal Zx 9
power of converted photon

Cavity at 25 mK A
Magnet at 4.2 K

Tuning rods are required to change the resonant frequency of :
|
|
|
|
|
|
|
|
| ."I \ /

JPA and other amplifiers in and outside cryostat amplify the signal | 1
|
|
|
|
|
|
|
|
|
|
|

cavity, usually copper or dielectric

External static magnetic field allows axion to photon conversion

Antenna used to receive signal (Signal power depends on coupling)

Signal is studied using a digitizer in the frequency domain

Experiments are conducted inside a cryostat and dilution fridge at
low temperatures to reduce noise power




Cavity Haloscopes for Axion Detection

ADMX 1 (A4 ! HAYSTAC " QUAX
' (M. Jewell) = N (C. Braggio)




Axion Haloscopes

Power deposited in a resonant detector cavity

wll W . /E>+ B? where U is the stored energy
Pysny = 0. 0. d’r 5 and Q is the quality factor

a(t) —ﬁ/m d—“A( =

T/2
A(w) dt a(t et
\/_ / T/2

T/ T dw ‘
@y =g [ acn= [ TP

T/2 — 00 27



Axion Haloscopes

Power deposited in a resonant detector cavity

wll W B E? + B? where U is the stored energy
Pysny = 0. 0. T 5 and Q is the quality factor

If the cavity is tuned to the axion energy then w = m, (1 + (v%)/6) = w,

assuming that the axion DM is thermalised.

9  Wap 1
[AW)” = m2Qa (w— wq)? + (Wa/2Q)?

where the axion quality factor is just given by

990 (0202) €E0dVOr pue TAQLGT €0V T:AIXIe

W m :
q = _a ~ a ~ 1 6
@ Aw  mg(v?)/3 310




Axion Haloscopes

Power deposited in a resonant detector cavity

wll W . /E>+ B? where U is the stored energy
Pysny = 0. 0. d’r 5 and Q is the quality factor

We can now use the results along with

Eo(r,w) = gayyAlw,wa) Bo [1 + F(w,we) T (rw)]
~ gm@,-A(w‘, wﬂl)Bﬂf(wf wﬁf)T(Tw)t

where the cavity enhancement factor is

1
(w - w(;) + iw(.'./QQf_’.

990 (0202) €E0dVOr pue TAQLGT €0V T:AIXIe

Flw,w.) =

and
VT (rw) = W?T(rw) is related to the spatial ‘form factor’ C by /V T*(rw)d’r = CV/w

toobtan p . — gcm BngoC Q.  assuming Q_ << Q,



Axion Haloscopes

Power deposited in a resonant detector cavity

wlU _we ([ s E? + B? where U is the stored energy

p =Y . .
1T 0. 0. 9 and Q is the quality factor

2 p 2 A
Pa—w' = Yavyy #BU VwaQC
a

B8 EE
CiEEnaRIs g i
., P i “r:
< | Cffii . B
.2 B 1
Jy Ec-Bod’z|”  EE:iRER N
Jy €(@)|EcPd3x [, [Bo|?d* EEE g En
>.,|‘.:!:»" " ‘J.Q-‘lh'-
FaX = *

...........

I T T T S S S

..........................

Review of Scientific Instruments 92, 124502 (2021)
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Axion Haloscopes

Power deposited in a resonant detector cavity

b _wl _we B E? + B? where U is the stored energy
a—y — Q( Qp 9 and Q is the quality factor
PG—W — ga'yfy BO VwOCQC I 0. = 1 +1R/L§
v

If we are extracting power then this should be the
loaded Q. The quality factor of the receiver is
given by Q /B where 3 is the receiver coupling

strength.

990 (0202) €E0dVOr pue TAQLGT €0V T:AIXIe



Axion Haloscopes

Power deposited in a resonant detector cavity

wll W B E? + B? where Q is the quality factor
e =%, 7 . 2

Noise is thermal

A N L
N kT Vb exp(hf/kpT) -1

2

df . P21 BiViC? .
at ~ Jary m2 SNR? k:z T2

Sys

(T202) 20S¥ZT ‘26 Sluswnisu| dJudIdS JO MaINSY



Haloscope Figures of Merit

Pa—)’}f’}’ gaqﬂy B(} VWOCQC

df 4 pﬁ 1 Bn V20?2 Q.
dt — Jayy m2 SNR? kz T2

SyS

GTequjv - G(T + Tg)

Tequiv=aT + To(1l — )



Dielectric Haloscopes

MAgnetized Disk-and-Mirror Axion eXperiment

P e

electromag. wave em;ssronimwww

scaled
I‘ieldjh
strength

d

c o\l i
7 AN

Ej1 =By

e—=1e=4

Discontinuity

TITTTTTTTT .

Mirror Dielectric
ol Disks 'Antenna

g
Booster

Payy = 1.6X10722 W (

2

(157) |

Pa

Cor)

0.45 GeVem™—3

* Frequency: distance b/w disks
« 40—400 ueV (10—100 GHz)
» Suitable for high mass searches

10%p

™ 402

Boosting factor 3

T I L L] L L) I:
—_ Apg =200 MHz ]

— Apz; =50 MHz 1
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Behaviour at dielectric interface

IY
x
z

€Ny

S a a
Ef =(E; — EY) ,
€1no + €2n1

€1M2

Y EY —(E* — Ea
= 2 ( 1 2) €19 + €9y

H) =H) = (E{ — E$)—2

€1n2 + eang

E,,Yand H, ,¥correspond to a
B e B propagating wave

El,za are electric fields induced
by the axion field

190(2T02)TOdVOC [e 18 Je|IN ‘[ Japuexa|y



Behaviour at dielectric interface

IY
x
Z
€211

EA,r.- _ Ea. o Ea

L =(b2 1)617?»2 + eany

Y €12

Ey =(Ef - E3)
€12 + €an

€1€2

H’: :H')’ — EIG, . Ea
: ? ( ! 2)61TL2+€2nl

Poynting fluxes
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Behaviour at dielectric interface
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Enhancing Form Factors

Periodic planes for short wavelength
Non-vanishing form factors
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Metamaterials and Photonics
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C =0.81
(boundary effect) €=0.76 €=0.23
Q=9.6x 103 Q=1.7 x 104 Q=1.8 x105
Density ~3 wires/cm? Density ~1 posts/cm? Density ~1 posts/cm?

Plasma concept Higher Q, Less density Even higher Q



Summary

A reminder of the motivation for dark matter

Review of dark matter candidates

WISPs / FISPs (Feebly-interacting sub-eV particles)
QCD Axions

Axion couplings

The axion-photon coupling

Axion experimental detection techniques

Axion haloscopes

See Ed Daw'’s lecture later in the week for a quantum systems view of
the detectors coupled to axion haloscopes.
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Introductl Coaxial Dish Conclus

Antenna Pilot Experiments

BREAD Concept

[Liu et al, BREAD collab.,
arXiv:2111.12103, PRL 128
(2022) 131801]
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Static-field Haloscope:
e.g. ADMX
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Sebastian A. R. Ellis
IPhT, CEA Saclay
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BRASS-p Setup

Broadband

Receiver
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