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“A triumph of science!”

Successes
known physics

describes the properties of the
known elementary particles and
the forces by which they interact
allows for precision calculation

a predictive framework

Standard Model
of the
Elementary Particles

QUARKS @ LEPTONS @@ BOSONS @ HIGGS BOSON

[quoting Tao Han's talk]

Puzzles
hints of new physics

Why is the Higgs light?

Why don’t couplings unify?
Why are neutrinos massive?
Why three generations?

Why is there dark matter?
Why is there dark energy?
Why less antimatter?

Why homogenous & isotropic?
Why no strong CP violation?
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A puzzle with the neutron’s electric dipole moment

consider this configuration:

(

—26
dp < 107" ecm the strong nuclear force
exhibits a symmetry (CP)

naive dimensional analysis
d, ~exfm~ 10" ¥ecm

experiment
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Why does the strong nuclear force exhibit CP symmetry?
this is called the Strong CP Problem

* more precisely: why is © = © + Arg det M, < 1 fine-tuned?



Dynamical relaxation to zero

[t turns out that 0 costs energy:

promote 6 to a field

' 4

[Peccei, Quinn, Weinberg, Wilczek 1977-78]

A dynamical 0 relaxes to zero:

o-0-0

-
_—
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By-product: a new particle

Quantum excitations around 0=0
are a new kind of particle
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Axion Fact Sheet\

SPIN =0

CHARGE =0
COLOR =0

(model-dep)

MASS = ultralight (ueV)

INTERACTIONS = feeble
LIFETIME = cosmological/
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The QCD Axion’s cousins: axion-like particles

[axions in string theory: Svrcek & Witten (2006), Arvanitaki et al (2009)]

Whereas the QCD Axion plays a special
role of solving the Strong CP Problem,
axion-like particles (ALPs) are generic in
theories Beyond the Standard Model.

ALPs from symmetry breaking ALPs from extra dimensions
(similar to pions in QCD) (such as string theory)

3 extended spatial dimensions

N compactified
internal dimensions
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Axions interact with light and matter
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Does the QCD axion or an ALP exist in nature?



Astrophysical Probes

observe the influence of axions
on stars, gas, & compact objects

Cosmic Probes

observe the influence of
axions on cosmological relics

r ) N
Terrestrial Probes

create axions on Earth or detect
axions as they pass by the Earth y

G




Terrestrial probes

/accelerator / collider)

rare meson decay
ultra-peripheral heavy ion
FASER, milliQan, FPS

/" resonant cavity )
ADMX, haloscopes
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AN

broadband
CASPEr, Abra, ..

sample

magnetometer
(e.g., SQUID)

[see talks by Matthew Citron, Boris lvanov, Nhan V Tran]

a worldwide campaign
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(Astrophysical Probes |

observe the influence of axions
\on stars, gas, & compact objects)

Cosmic Probes

observe the influence of
axions on cosmological relics

Terrestrial Probes

create axions on Earth or detect
axions as they pass by the Earth




Stars emit axions

electron

bremstrahlung
(white dwarf)

neutron

bremstrahlung
(neutron star)

[see talk by Ngan Nguyen after coffee]

Various channels for axion emission
(different channels dominate for different star types)

axion
V'
s axion
electron / ,
Compton ’
Jaee (main sequence, giants) €lectron /
IoN Jaee
axion
/) Jar7  axion
neutron / : ==
—_— Primakoff effect
i Jann (main sequence, giants)

|
neutron |
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Example: white dwarf stars

axion luminosity (for white dwarf stars)

L~ (16 % 10—4 L@) ( Jaee )2 MwD Tc

10-13) \1M, ) \107K

constraints

Miller Bertolami (2014)
ma:() meV

,,,,,,, ma:2.5 meV
0.0001 —omme m =5 meV

ma:7.5 meV

-+ m=10 meV

m =15 meV

,,,,,, mH:ZO meV

- m=30meV  gEIerT | B e

MB]

Jace <3 x 107" (30)
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Example: neutron stars

[Buschmann, Dessert, Foster, AL, & Safdi (2021)]

(a few of) The Magnificent 7
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Example: supernovae

SN 1987A Neutrino burst

40| |®

30

1y |

ot

energy in MeV

Kamiokande
® |MB
A Baksan

T T T T
4 6 8 10

time in seconds

[constraints: Chang, Essig, McDermott (2018)]
[see talk by Koichi Hamaguchi after coffee]

Constraints

E.ion < 5 x 10°% erg/sec

10?

108§
Fiducial
Fischer, 11.8M
Fischer, 18 M

Nakazato, 13 M

10° 10! 102
ma [MeV]
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Searching for axions from our Sun

N\
N\
N\

axion N
\

astro & cosmo probes of axions

CAST

axion-photon coupling: g,,, [GeV!]
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Axion-photon conversion at the star

[D. E. Morris (1986)] [Raffelt & Stodolsky (1987)]
[Gill & Heyl (2011)] [Fortin & Sinha (2018)]

Strong magnetic field:

= Neutron stars (magnetars): ~1012- 101G
= Magnetic white dwarfs: ~106-10°G

Filling large volume:

= Neutron stars (magnetars): ~10 km
= Magnetic white dwarfs: ~0.01 Ry

Hot plasma radiates axions:
= Core temperature: 107 K ~few keV

Eo = Teore = Efy — X-Tay

signal = thermal X-ray emission (T_,,. ~ 10/ K ~ keV)
background = surface emission negligible (T,

~ 104 K)

urface
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Searching for X-rays from Magnetic White Dwarfs

Chandra observation

=> 37.42 ks (~10 hr) of data, Dec 18, 2020
= No photon counts observed near source

Dec - Decy [arcsec]
(e

—ot si\gnal___t_gmplate

ni = » uncalibrated |
Gaia 2016 (calib.)
ST « Dec. 2020 (calib.)

B R E— 0 2 1 6

(RA- RAp) x cos(Decy) [arcsec]
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photon energy [ke

[Dessert, AL, Safdi (2019, 2021)]

Constraints on axion emission / X-ray conversion

= Upper limit on product of couplings gaece * Sayy
= Can be recast as a limit in g,,, alone

|Sayy| [GeV 1]
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Radio from the galactic center probes axion dark matter

constraints derived from an analysis of

archival Green Bank Telescope data

CAST i

’ GBT ]
MWDs J

energy conservation:

Mg - E
fy = ma/27m ~ (0.2 GHz) (m 2 SKA 100 Discovery _ -~ ]
o ]
‘neutron star wibr T ]
@ galactic center : PIPR :
| \\\I | =& \/ 1| \4' g | | | I \I | | | | I |
10-° 107° 107 1072
Ma [peV]

The galactic center neutron star population
provides a strong magnetic field to resonantly
convert axion dark matter into radio emission
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Astrophysical Probes

observe the influence of axions
on stars, gas, & compact objects

see Ranjan Laha’s talk
this afternoon for GWs

Cosmic Probes

observe the influence of

\axions on cosmological relics)

Terrestrial Probes

create axions on Earth or detect
axions as they pass by the Earth




Axion dark radiation influence on CMB

[Baumann, Green, & Wallisch (2016)]
[CMB S4 Science Book (2016)]

Precision CMB measurements

constrain the presence of a “dark testable parameter space
radiation” in the Universe 10° A
AN,z > 0.027
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decoupling temperature: T [MeV]
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Decaying axion radiation & BBN

[Cadamuro & Redondo (2011)]

Axion decays during
nucleosynthesis would disrupt

Axions decay through their the aE)undance of light elements.
coupling to photons
) :
a-- I'y ggwmi z
Y g
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Axions in the foreground lead to birefringence

assume interaction
with electromagnetism:

standard Chern-Simons coupling

1 ~ axion-induced birefringence:
Lint = — ZgavvaF F an electromagnetic wave
traveling through a varying axion field
has its plane of polarization rotated

rotation angle

D Q& — ga'y'yﬂ-fa

= Adem

axion string loop
Aa =271 f,
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Birefringence from an axion string network

[Jain, Hagimoto, AL, Amin]
[simulation: Buschmann et. al. (2022)]

axions can form cosmic strings
network evolves throughout the cosmic history effect of the whole network:
anisotropies build up over time

Simulation volume

Hubble volume

z = 1100

n=0.1

logm,/H = —3.58

x need my < 3Hepmp & 1028 eV for the network to survive until after recombination
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Effect on CMB polarization

How does birefringence affect T(’fb) — T(’fb)

the CMB’s temperature and ) N ) 2 .
polarization? [Q + ZU](’I?,) — [(Q + ZU>6:I:2 Aq}](n)

axion string -induced

primordial CMB sky birefringence angle

RN
NS
===\
N\ .

(exaggerated by ~30x)

/7N —N
o |\_/| B — mode ! \_/ Signal of ax.ion sFring:—induced (TB) #0
cosmological birefringence (EB) # 0
pol pattern !, pol pattern | 7= . : BE BB
/N \_/ |\ Cg o~ Sln(4()5) (Ce — Cg )
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Constraints on axion string networks

measurements of CMB polarization:
no evidence for anisotropic birefringence
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multipole ¢

[Jain, Hagimoto, AL, Amin]

a constraint on axion strings networks
& their coupling to electromagnetism:

B Planck 2018
Bl SPTroL

A = dimensionless axion-photon coupling
&o = dimensionless loop density (Hubble units)

(o = dimensionless loop length (Hubble units)

0.75 | .
o [
~ 050 .
0.25 .
o b e b T
025 050 0.75
A% Co

already valuable constraints: SPTPOL: A2€O < 37 at 95% CL
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Astrophysical Probes

observe the influence of axions
on stars, gas, & compact objects

Cosmic Probes

observe the influence of
axions on cosmological relics

Terrestrial Probes

create axions on Earth or detect
axions as they pass by the Earth




