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Today’s Plan

« Vacuum Structure in Quantum Chromodynamics
« Strong CP Puzzle

« The Axion

« Axion Dark Matter

« Axion Experiments
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Axion Dark Matter

Big Success: Standard Model of Particle Physics

« Standard Model of elementary particle physics (SM) Standard Model of Elementary Particles
describes interactions of all known particles tree generationsof matte
ermions
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Axion Dark Matter

Big Success: Standard Model of Particle Physics

« Standard Model of elementary particle physics (SM)
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Axion Dark Matter

« Astronomical observations on galactic
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Axion Dark Matter

« Astronomical observations on galactic, galaxy cluster

Velocity
(km s-1)

10,000 20,000 30,000 40,000

Distance (light years)

weak lensing mass contours (Clowe in prep.)

[Wikipedia]
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Axion Dark Matter

« Astronomical observations on galactic, galaxy cluster and cosmological scales:

Observations
from starlight

Velocity
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Distance (light years)

weak lensing mass contours (Clowe in prep.)

[NASA]
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Axion Dark Matter

« Astronomical observations on galactic, galaxy cluster and cosmological scales show that about 85 % of the

matter in Universe not comprised of ordinary matter

Dark Matter

Velocity
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20,000 30,000 40,000

Distance (light years)

[Wikipedia] Dark Energy

[PLANCK]
[NASA]
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Axion Dark Matter

« Theoretical particle physicists have proposed a plenitude of Dark Matter (DM) candidates:

[Symmetry Magazine]
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Axion Dark Matter

« Theoretical particle physicists have proposed a plenitude of Dark Matter (DM) candidates, spanning a huge
range in masses and interaction strength:
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Axion Dark Matter

Big Variety: Zoo of Dark Matter candidates

« Concentrate here on QCD axions, belonging to the generic class of Ultralight Dark Matter
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SIMPs / ELDERS
[US Cosmic Visions: New Ideas in Dark Matter 2017]
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Axion Dark Matter

Production via vacuum misalignment
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

Unbroken Symmetry Broken Symmetry

-

« PQ phase trarbs(itlon takes place when

~ vpqg = Npw fa

[Peking University]
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Axion Dark Matter

Production via vacuum misalignment
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« PQ phase tranp%tion takes place when
TST,= ~vpg = Npwfa
« Axion takes random initial values in causally

connected domains
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Axion Dark Matter

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....] ig _|_ 3H(T) d_e _|_ mcgl (T) SiIl 9 _ O
« PQ phase tranp%tlon takes place when dt dt
~ vpQ = Npw fa
* Axion takes random initial values in causally
connected domains
A V(a)

* Evolution frozen as long as H(T') > m(T)

v

[Raffelt]
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Axion Dark Matter

reski i ilcz X ott,Sikivie 83; Dine,Fi r dZQ d@ :
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....] 5 +3 (T)—‘i‘mczz(T) sin@ = 0
- PQ phase tranp%tlon takes place when dt dt
~ vpq = Npw fa

* Axion takes random initial values in causally
connected domains

* Evolution frozen as long as H(T') > m(T)

« Laterwhen H(T) ~ m.(T), axion field starts a
to oscillate around minimum of potential e

tV(a)

v

[Raffelt]
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Axion Dark Matter

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« PQ phase tranp%tlon takes place when

~ vpQ = Npw fa
* Axion takes random initial values in causally

connected domains
 Evolution frozen as long as H(T) > m(T)

« Laterwhen H(T) ~ m.(T), axion field starts
to oscillate around minimum of potential

10

107
102
10°
10
10°
10°®
107
108
10°
1 0-10
1 0-11

IIIIIIIIIIIIlIIII|IIIIIIIII

me < 3H r —N,
axion is frozen

axion number N,
is conserved

k

|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

m, ~ 3H
axion starts rolling,
turns into pressureless matter.
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[Wantz,Shellard "09]
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Axion Dark Matter

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« PQ phase tranp%tlon takes place when

~ vpQ = Npw fa
* Axion takes random initial values in causally
connected domains

* Evolution frozen as long as H(T') > m(T)

« Laterwhen H(T) ~ m.(T), axion field starts
to oscillate around minimum of potential

» Equation of state as cold dark matter:

= Pa/pa >0
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m, < 3H r —N,
axion is frozen

axion number N,
is conserved

k

m, ~ 3H
axion starts rolling,
turns into pressureless matter.
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[Wantz,Shellard "09]
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Axion Dark Matter

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« PQ phase tranp%tlon takes place when

~ vpQ = Npw fa
* Axion takes random initial values in causally
connected domains

* Evolution frozen as long as H(T') > m(T)

« Laterwhen H(T) ~ m.(T), axion field starts
to oscillate around minimum of potential

» Equation of state as cold dark matter:

= Pa/pa >0

» Coherent and spatially uniform oscillations of
axion field correspond to a coherent state of non-
relativistic axion particles
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Axion Dark Matter

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]
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PQ phase tranp%tlon takes place when

~ vpq = Npw fa
Axion takes random initial values in causally
connected domains

Evolution frozen as long as H(T) > m,(T)

Later when H(T') ~ m,(T), axion field starts
to oscillate around minimum of potential

» Equation of state as cold dark matter:

= Pa/pa >0

» Coherent and spatially uniform oscillations of
axion field correspond to a coherent state of non-
relativistic axion particles

Input from lattice QCD:
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Axion Dark Matter

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

PQ phase tranp%tlon takes place when

~ vpQ = Npw fa
Axion takes random initial values in causally

connected domains
Evolution frozen as long as H(T) > m,(T)

Later when H(T') ~ m,(T), axion field starts
to oscillate around minimum of potential

» Equation of state as cold dark matter:

= Pa/pa >0

» Coherent and spatially uniform oscillations of
axion field correspond to a coherent state of non-
relativistic axion particles

Input from lattice QCD:

« Equation of state = H(T)

1 T T T T T
o 09} N -
g 9i(N/g, (N — |
0.7 g(M/g(T) — A
110 |
90
= 70r
S
50
30
10 1 1 1 1
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T (MeV)
[Borsanyi et al., Nature 16 [1606.0794]]
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Axion Dark Matter

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

PQ phase tranp%tlon takes place when

~ vpQ = Npw fa
Axion takes random initial values in causally

connected domains
Evolution frozen as long as H(T) > m,(T)

Later when H(T') ~ m,(T), axion field starts
to oscillate around minimum of potential

» Equation of state as cold dark matter:

= Pa/pa >0

» Coherent and spatially uniform oscillations of
axion field correspond to a coherent state of non-
relativistic axion particles

Input from lattice QCD:

« Equation of state = H(T)

 Topological susceptibility = m,(T) = ﬂ
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[Borsanyi et al., Nature 16 [1606.0794]]
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Axion Dark Matter

Pre-inflationary PQ SSB scenario

Pre-inflationary scenarios
« If PQ symmetry broken before or during inflation

|4
(fa > Hint/(27)) and not restored afterwards l W
01 91 \

0

strin;

INFLATION AFTER REHEATING QCD PHASE TRANSITION YOU ARE HERE

For illustration purposes only. Resemblance to the actual product might be limited .
[Tamarit]
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Axion Dark Matter

Pre-inflationary PQ SSB scenario

« If PQ symmetry broken before or during inflation
(fo > Hing/(27)) and not restored afterwards

« Axion CDM density depends on initial value of axion
field in patch which becomes observable universe
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Axion Dark Matter fA [GeV]
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« If PQ symmetry broken before or during inflation
(fa > Hint/(27)) and not restored afterwards ot :
» Axion CDM density depends on initial value of axion pos’[-inﬂation
field in patch which becomes observable universe 107 pre-inflation misalignment
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[Borsanyi et al., Nature "16]
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Axion Dark Matter

Post-inflationary PQ SSB scenario
Post-inflationary scenarios

JMMLQJ

« |f PQ symmetry broken after inflation

INFLATION AFTER REHEATING QCD PHASE TRANSITION YOU ARE HERE

For illustration purposes only. Resemblance to the actual product might be limited [Tamarlt]
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Axion Dark Matter

Post-inflationary PQ SSB scenario

« |f PQ symmetry broken after inflation

» Axion field took on different values in different
patches of the present universe
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Post-inflationary scenarios
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Axion Dark Matter

Post-inflationary PQ SSB scenario

o Post-inflationary scenarios
« |f PQ symmetry broken after inflation

» Axion field took on different values in different Jj i \J

patches of the present universe \

T 77 o

* Need to average over random initial axion field ]

values:

1.165
30 pueV
OMISH2 (.12 ( P )
Mg

INFLATION AFTER REHEATING QCD PHASE TRANSITION YOU ARE HERE

For illustration purposes only. Resemblance to the actual product might be limited [Tamarlt]
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Axion Dark Matter

Post-inflationary PQ SSB scenario

o Post-inflationary scenarios
« |f PQ symmetry broken after inflation

« Axion field took on different values in different ‘l/"' \J /
patches of the present universe —ese. oo . Tt \

0
AN Y N e y
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* Observed cold dark matter abundance puts %C‘ .,;\’ }1
lower bound on axion mass: /,‘,‘ R TR S
Mg > 28(2) ’uev INFLATION AFTER REHEATING QCD PHASE TRANSITION YOU ARE HERE

[Tamarit]

For illustration purposes only. Resemblance to the actual product might be limited

[Borsanyi et al., Nature 16 [1606.0794]]
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Axion Dark Matter
Post-inflationary PQ SSB scenario
« If PQ symmetry broken after inflation

« Random initial values in patches of size of causal
contact after PQ phase transition
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Axion Dark Matter

Post-inflationary PQ SSB scenario
«  If PQ symmetry broken after inflation Post-inflationary scenarios

* Random initial values in patches of size of causal
contact after PQ phase transition

» Network of cosmic strings generated by Kibble
mechanism

INFLATION AFTER REHEATING QCD PHASE TRANSITION YOU ARE HERE
[Tamarit]

For illustration purposes only. Resemblance to the actual product might be limited
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Axion Dark Matter

« If PQ symmetry broken after inflation
* Random initial values in patches of size of causal
contact after PQ phase transition

» Network of cosmic strings generated by Kibble
mechanism

V(a)
a
—7IVpPQ VpQ
[Saikawal]
a _2z
L — 4_77' VPQ a 3
Vpo 3
a
VPQ
string a4 _ 4z
VpQ 3
a _2r
VPQ B 3
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Axion Dark Matter

« If PQ symmetry broken after inflation

* Random initial values in patches of size of causal
contact after PQ phase transition

» Network of cosmic strings generated by Kibble
mechanism

* Around QCD phase transition, axion potential
develops A

AT) = () 1= cos (Vo 2 )|

UPQ

 Npw domain walls attached to a string

V(a)
a
-V PQ ﬂ'VpQ
[Saikawal]
a _2r
L — 4_77' VPQ a 3
Vpo 3
a
VPQ
string a4 _ 4z
VpQ 3
a2z
VPQ B 3
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Axion Dark Matter

« If PQ symmetry broken after inflation

* Random initial values in patches of size of causal
contact after PQ phase transition

» Network of cosmic strings generated by Kibble
mechanism

* Around QCD phase transition, axion potential
develops A

AT) = () 1= cos (Vo 2 )|

UPQ

 Npw domain walls attached to a string

« Npw = 1 : string wall system decays

[Hiramatsu et al. ]
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Axion Dark Matter

« If PQ symmetry broken after inflation
* Random initial values in patches of size of causal
contact after PQ phase transition

» Network of cosmic strings generated by Kibble
mechanism

* Around QCD phase transition, axion potential

develops A
A, T) =x(T) [1 — cos (NDW—>]
UPQ

 Npw domain walls attached to a string
« Npw = 1 : string wall system decays

* Npw > 1 : string wall system long lived

[Hiramatsu et al. ]
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Axion Dark Matter

« If PQ symmetry broken after inflation
* Random initial values in patches of size of causal
contact after PQ phase transition

» Network of cosmic strings generated by Kibble
mechanism

* Around QCD phase transition, axion potential

develops A
A, T) =x(T) [1 — cos (NDW—>]
UPQ

« Npw domain walls attached to a string
« Npw = 1 : string wall system decays
* Npw > 1 : string wall system long lived

« Amount of axions produced by collapse of network

of strings and domain wall currently under debate
[Hiramatsu et al. 11,12,13; Kawasaki,Saikawa,Segikuchi 15; AR,Saikawa "16;
Klaer,Moore "17; Gorghetto,Hardy,Villadoro “18; Buschmann et al. 19; Hindmarsh 19;
Gorghetto,Hardy,Villadoro '20; Buschmann et al. 21]

[Hiramatsu et al. ]
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Axion Dark Matter

« If PQ symmetry broken after inflation

* Random initial values in patches of size of causal
contact after PQ phase transition

» Network of cosmic strings generated by Kibble
mechanism

* Around QCD phase transition, axion potential

develops A
A, T) =x(T) [1 — cos (NDW—>]
UPQ

« Npw domain walls attached to a string
« Npw = 1 : string wall system decays
* Npw > 1 : string wall system long lived

« Amount of axions produced by collapse of network

of strings and domain wall currently under debate
[Hiramatsu et al. 11,12,13; Kawasaki,Saikawa,Segikuchi 15; AR,Saikawa "16;
Klaer,Moore "17; Gorghetto,Hardy,Villadoro “18; Buschmann et al. 19; Hindmarsh 19;
Gorghetto,Hardy,Villadoro '20; Buschmann et al. 21]

* Required axion mass to explain 100% of CDM
abundance: Npw =1: m, ~ 26 peV — 0.5 meV

Npw >1: mg ~ (0.58 — 130) meV [Hiramatsu et al. ]
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Axion Dark Matter

Dark Matter axion mass spans a huge range

Ja GeV]
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Misalignment mechanism [pre-inflationary]

eti”rf;do dominant / subdominant gtiufdﬂ subdominant
Strings and domain walls (Npw = 1) [post-inflationary]
dominant .
overclosure (uncertainty?) subdominant

Long-lived domain walls (Npw > 1, e.g. DFSZ models) [post-inflationary]
[Kawasaki, KS and Sekiguchi, 1412.0789; Ringwald and KS, 1512.06436]

overclosure

Kinetic misalignment mechanism [pre-inflationary]
[Co and Harigaya, 1910.02080; Co, Hall and Harigaya, 1910.14152]

reduced to conventional misalignment mechanism

dominant / subdominant

dominant / subdominant

I 1 W WA [ L LI I IIIIIIII I IIIIIIII [ LI [ LI I IIIIIIII I IIIIIIII

10710 107° 1078 1077 1076
mg [eV]

107° 107 1073 1072 107"

[Saikawal]
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Today’s Plan

« Vacuum Structure in Quantum Chromodynamics
« Strong CP Puzzle

« The Axion

« Axion Dark Matter

 Axion Experiments
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Axion Dark Matter Detection

Microwave Cavities

« Axion DM - photon conversion in microwave cavity placed in magnetic field [Sikivie 83]

Lo —% aF,F" =g, oE-B
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Axion Dark Matter Detection

Microwave Cavities

« Axion DM - photon conversion in microwave cavity placed in magnetic field [Sikivie 83]

Lo —% aF,F" =g, oE-B

v
« Best sensitivity: mass = resonance frequency Mg = 27V ~ 4 ueV (CHz)
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Axion Dark Matter Detection

Microwave Cavities

« Axion DM - photon conversion in microwave cavity placed in magnetic field [Sikivie 83]

Lo —% aF,F" =g, oE-B

v
GHz

« Best sensitivity: mass = resonance frequency mg, = 27v ~ 4 ueV (

+ Poweroutput:  Poy ~ g° | Bo |* ppmV Q/myg
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Axion Dark Matter Detection

« Currently running:

ADMX

CAPP
HAYSTAC
ORGAN
QUAX a gamma
RADES

v, [MHZz]
100 10!

Neutron Stars

HAYSTAC

10—10
10—11 é
10-12 -
§ 9
10_13 = é
2

0o = 0.45 GeV cm 3

104

—_
i
(o)
—_
=
6)]

[https://github.com/cajohare/AxionLimits/blob/master/plots/AxionPhoton_RadioFreqCloseup.pdf]
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Haloscope Searches

Microwave Cavities

« Currently running:

ADMX

CAPP
HAYSTAC
ORGAN

QUAX a gamma
RADES

« Axion reach deep into axion
band for

ueV < mg < 100 ueV

4 ~
10 Neutron -
103 stars

2
10° EABRACADABRA

S

BRASS™~

ASH/

, PHA DFSZII
10~ MX LAMPOST

10—2 Ll Ll el RN N T T Y I A ) I I e WA n 1 I
10 100 1007 10°° > 10+ 10° 102 107! 100

m, leV]

[https://github.com/cajohare/AxionLimits/blob/master/plots/AxionPhoton_RadioFreqCloseup.pdf]
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Axion Dark Matter Detection

Dish Antennas

« Oscillating axion DM in a background magnetic field carries a small electric field component
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Axion Dark Matter Detection

« Oscillating axion DM in a background magnetic field carries a small electric field component

« A magnetised mirror in axion/ALP DM background radiates photons  [Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]
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Axion Dark Matter Detection

« Oscillating axion DM in a background magnetic field carries a small electric field component

« A magnetised mirror in axion/ALP DM background radiates photons

« Axion/ALP DM dish antenna experiment: BRASS (U Hamburg)

Spherical reflector
D~8m,f~12.5m

Permanent magnet
(Hallbach array, ~1T)

Room temperature
T ~300K

d

Correlator /
Spectral
analyzer

Receiver
module

Vacuum
T~4K

4
4
4
4
4
4
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Permanent magnet
(Hallbach array, ~1T)

Room temperature
T ~300K

Spherical reflector
D~8m,f~12.5m

[Horns et al. (unpublished)]

[Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]

Permanently magnetized surface for
axion/ALP photon conversion

Dish antenna for photon signal
concentration

Broadband acquisition (16 GHz
bandwidth, 107 channels)
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Axion Dark Matter Detection

Dish Antennas

 Boosted dish antenna: Open dielectric resonator

* Add stack of dielectric disks with ~ \ /2 spacing in front of mirror (all immersed in magnetic field)  )5¢ckel Redondo 13]

» Constructive interference of photon part of wave function [Millar,Raffelt,Redondo,Steffen 16]
TTTTTTA T A T T T TT [Baryakhtar,Huang,Lasenby18]
Be

] ] | | i 4—_ =

< ;

e ;

= ;

o

- >

>

- >

Mirror Dielectric Disks Receiver

[Caldwell et al. "16]

DESY. | Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022 Page 47



Axion Dark Matter Detection

Dish Antennas

 Boosted dish antenna: Proposed MADMAX experiment [Caldwell et al. “16; Bruns et al. 19]

3500 . \ ‘/\/\LQY\)/\/\/M

10 T dipole Horn
magnet antenna
(+ receiver)

Focusing mir
ellipse 1010 .

@ 1600 (see MORPURGO ske
max @ 1500

microfoam
bld stop)

: . . . 80 adjustable Separate
Scaling: Are_a 1710 (of final experiment) .1~ 2 "0 o aryogenic
# discs 1/4 @:~1m Mirror volume

B[T]  1/5
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Axion Dark Matter Detection

Dish Antennas

«  MADMAX projected to probe deep into axion band in the mass range prefered by the post-inflationary PQ
symmetry breaking scenario:

CAST Limit

o am o @mm o e= o

5
()]
9
3
o
o
=
B 10-
2 1011
o]
)
c Q
8 2
e 5
o ALPs as Dark <
o ] Matter
:tl 10-13
< QCD dark matter axion
.g pre-inflationary scenario
<
QCD dark matter axion
Post-inflationary scenario
10153
QCD axion in tension
with astrophyics
Lc Circ .
L uit pro]ectmn
10"V +¥—or . . . o e——rrrrr——rrrrT—— T —— T — T ——
107 10% 105 10+ 102 102 0.1 1

Mass [eV]

[Lindner,Majorovits,AR "21]
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Axion Dark Matter Detection

« Boosted dish antenna: Replace magnetised dish by antiferromagnetic topological insulator (A-TI)
[Marsh et al. 19; Schitte-Engel et al. "21]

« Some AF-Tls predicted to feature axionic quasiparticles (AQ) - longitudinal A spin fluctuations coupled to E.B [Li et al. "10]

» In presence of magnetic field, the induced oscillating electric field associated with the DM axion field, mixes with the
AQ, leading to a resonant conversion into photons

-— T W e

- §\

- ~
- »
~Y 1/f ,/ Dirac quasi- > BC‘S
a . 5
7 particles A
--------------------------------- VW
HQ | “YTHz
Dark axion Induced field Spin wave Photons
7
2 1 2 /
pT —wy
/
A \Polariton Resonance/ A TI
By ~~Be-- [D.J.E. Marsh "21]
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Dark axion-photon coupling gq.

Axion Dark Matter Detection

« TOORAD: Projected sensitivity reaches axion band in meV region

— —
e} O‘
|
— —
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_
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|

_

[\v}

Haloscopes (current)

— T T
Material 1
Material 2
1

SN 1987A

10713
TOORAD (this work)
—14 g n T'/meV
10 " — — ()01 107°
—— -] 1073
07"y 0 -1
— o 110
10716 | ocgescor® I t + stri
F-o T we realignment only < e : — >
10—17 i Ll il ...1’ il M | .
1073 0.01 0.1 1 10 100

Dark axion mass m, [meV]

Table 8: Parameter reference values and ranges. Our benchmark material is “Material

2”7, based on MnsyBisTes.

Parameter name & symbol ~ Range Benchmark
TMI parameters

Decay constant fo  [50, 200] eV 70 eV
AQ mass me ~ O(meV) 1.8 meV
Permittivity € [9,49] 25
Magnetic permeability p ~ O(1) 1
Magnon losses [ [107°, 1073 meV

Specific conductance ~ T',  [107°, 1073] meV

Area of crystal face A (0.2m)?

Thickness d dopt, cf. Eq. (4.51)
Ezxperimental parameters

External B-field B. [1,10]T 2T
Detection effciency n [0.01, 1] 0.01
Dark count rate Ad 2 1mHz 1mHz

[Schutte-Engel et al. "21]
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