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“A triumph of science!”
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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

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?

Standard Model 
of the 

Elementary Particles

[quoting Tao Han’s talk]
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A puzzle with the neutron’s electric dipole moment
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naïve dimensional analysis
dn ⇠ e⇥ fm ⇠ 10�13e cm

<latexit sha1_base64="skbhOuXeoaEmgLFPZj54S/mb034="></latexit>

dn < 10�26e cm
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⇠ fm
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qu = +2e/3
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the strong nuclear force 
exhibits a symmetry (CP)

consider this configuration:
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dn ! 0 as ✓ ! 0



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

* more precisely: why is                                  fine-tuned?
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Dynamical relaxation to zero
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[Peccei, Quinn, Weinberg, Wilczek 1977-78]

It turns out that q costs energy:

174 Chapter 5 Instantons

A particle on a one-dimensional topologically nontrivial manifold, the circle.

Nontrivial topology in the space of gauge fields in the/C direction. The circumference of the circle is 1. The vertical

lines indicate the strength of the potential acting on the effective degree of freedom living on the circle.

point at the bottom of the circle. For such small oscillations, the existence of the upper part
()fthe circle plays no role. It could be eliminated altogether with no impact on the zero-point
oscillations.

From studies in quantum mechanics we know, however, that the genuine ground-state
wave function is different. The particle oscillating near the origin "feels" that it could
wind around the circle on which it belongs, by tunneling through the potential barrier it
experiences at the top of the circle (the barrier is similar to that shown in Fig. 5.2)

To single out the relevant degree of freedom in the infinite-dimensional space of the gluon
lields, it is necessary to proceed to the Hamiltonian formulation ofYang Mills theory This
implies, of course, that the time component of the four-potential has to he gauged away,

= 0. Then,

fd3x + (18.3)

where 7-1 is the Hamiltonian and the = are to be treated as canonical momenta.
Two subtle points should be mentioned in connection with this Hamiltonian. First, the

equation div EU = pU, intrinsic to the original Yang Mills theory, does not stem from
this Ilamiltonian per se. This equation must he imposed by hand, as a constraint on the

A:
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A dynamical q relaxes to zero:

promote q to a field
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By-product:  a new particle
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Axion Fact Sheet
•  SPIN = 0
•  CHARGE = 0 
•  COLOR = 0 

      ~~~~~~~~~~~~~~~~~~
  (model-dep)

•  MASS = ultralight (µeV)
•  INTERACTIONS = feeble
•  LIFETIME = cosmological

Quantum excitations around q=0 
are a new kind of particle
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The QCD Axion’s cousins:   axion-like particles
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[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
(similar to pions in QCD)

ALPs from extra dimensions
(such as string theory)

3 extended spatial dimensions

N compactified 
internal dimensions



astro & cosmo probes of axions Andrew Long   (Rice University)

Axions interact with light and matter
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for the QCD Axion:
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Does the QCD axion or an ALP exist in nature?
What is its mass scale?

How does it interact with the SM?
Is it stable, or otherwise, what is its lifetime?

How is it produced in the Universe today?
How was it produced in the early Universe?

Is it connected to dark matter, baryogenesis, inflation, etc?
… 



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
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Terrestrial probes

11

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

accelerator / collider
rare meson decay

ultra-peripheral heavy ion
FASER, milliQan, FPS

resonant cavity
ADMX, haloscopes

Figure 1 – Schematic of a haloscope experiment. The axions are provided by the dark matter background. The

magnetic field provides the virtual photons for Primako↵ conversion. The signal which is extracted would appear

as a power excess over the background noise.

The open axion mass range is many decades wide and therefore the ability to scan frequency
quickly is important. The time taken to reach a desired signal to noise is given by the Dickie
radiometer equation

SNR =
Psignal
kBT

·
s

t

�f
. (3)

The power from the axion field, Psignal, is proportional to the cavity properties and the form-
factor for the detection cavity resonance

Psignal / B2V QcavCmode, (4)

where B is the magnetic field, V is the cavity volume, Qcav is the quality factor of the cavity
and Cmode is the form-factor. The magnetic field is usually in the form of a solenoidal field
to provide a uniform field direction within the cavity: in ADMX a 7T field was used. The
Q is a function of the cavity material. Since there are currently no superconductors capable
of operating in a 7T field annealed OFC copper is used. The form-factor is given by the dot
product of the electric field of the cavity and the magnetic field; consequently the majority of
modes have a negligible form-factor as can be seen in Fig. 2, but the fundamental mode of the
cavity gives a form-factor ⇡ 0.67. Due to the presence of a tuning mechanism in ADMX a
form-factor of order 0.4 is typical.

The cavity design is not the only controllable part of the experiment which a↵ects the scan
rate; the noise temperature of the system is largely dictated by the design of the readout chain.
The noise temperature is the temperature of a black body required to produce the thermal noise
equivalent to that which is being observed; it is used as a proxy for the noise power of the
system. The way noise powers are combined is using the Friis temperature equation

Tobs = TPhys + T1 +
T2

G1
+

T3

G1G2
+ ... (5)

The result of this is that the noise contribution of components later in the readout chain
is reduced by the product of the gain of each preceeding stage. In practice this means that

light through wall
ALPS-II

broadband
CASPEr, Abra, … 

sample

magnetometer
(e.g., SQUID)

[image credit:  Ciran O’Hare]

a worldwide campaign



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



astro & cosmo probes of axions Andrew Long   (Rice University)

Stars emit axions
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Various channels for axion emission
(different channels dominate for different star types)

[see talk by Ngan Nguyen after coffee]

neutron

neutron

axion

electron 
bremstrahlung

(white dwarf)

neutron 
bremstrahlung

(neutron star)
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Primakoff effect
(main sequence, giants)
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Example:   white dwarf stars
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[Krauss, Moody, & Wilczek (1984)]  [Raffelt (1986)]
[Nakagawa, Adachi, Kohyama, & Itoh (1987,88)]
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[Buschmann, Dessert, Foster, AL, & Safdi (2021)]

Example:   neutron stars
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Example:   supernovae

16

[constraints:  Chang, Essig, McDermott (2018)]
[see talk by Koichi Hamaguchi after coffee]
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Searching for axions from our Sun

17
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Journal of Physics: Conference Series 1342 (2020) 012070
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4

have figure of merit 10 times better than the CAST magnet. This magnet combined with the

X-ray optics and low-background detector will serve as intermediate step (so called BabyIAXO)

towards the final IAXO setup. The BabyIAXO experiment will provide sensitivity suitable for

exploring yet unexplored part of the axion/ALP parameter space.

3.2. IAXO physics cases and sensitivity

The main goal of the IAXO experiment is to search for solar axions and ALPs produced by the

axion-photon coupling. The predicted IAXO sensitivity will enter into completely unexplored

axion/ALP parameter space (figure 3). The most important task for IAXO will be to explore

a broad range of realistic QCD axion models at high-mass end of the parameter region. Also,

IAXO will be able to test some yet unexplained astrophysical observations. At the low-mass end

(below 10
�7

eV) the region attainable by IAXO includes ALP parameters invoked to explain

anomalies in high-energy gamma ray propagation over astronomical distances. IAXO would

provide a definitive test of this hypothesis. At the high-mass part of the parameter space,

IAXO will be able to test the hypothesis that axions/ALPs could explain many astrophysical

observations of anomalous cooling of di↵erent types of stars. From cosmological point of view,

most of the region reachable by IAXO contains possible dark matter candidates. Also, the

high-mass end could be of great importance in describing both inflation and dark matter.
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Figure 3. The axion/ALP

parameter space. The yellow

band represents the QCD ax-

ion models. Already excluded

regions by laser experiments,

haloscopes, and helioscopes

(CAST) are shown. The

dashed lines show prospects

for future searches with

haloscopes, laser experiments

(ALPS-II) and helioscopes

(BabyIAXO and IAXO). The

lower IAXO line shows the

improved sensitivity, com-

pared to the original design,

when the new magnet design

(to be tested in BabyIAXO)

is included.

Additional physics cases for IAXO include searches for solar axions or ALPs produced by the

axion-electron coupling. Similarly IAXO will test models of other proposed particles at the low

energy frontier of particle physics, like hidden photons or chameleons. In addition, the IAXO

magnet will be conceived to easily accommodate new equipment (e.g., microwave cavities or

antennas) to search for relic axions (dark matter axions in the galactic halo).
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Axion-photon conversion at the star

18

[D. E. Morris (1986)]  [Raffelt & Stodolsky (1987)]
[Gill & Heyl (2011)]  [Fortin & Sinha (2018)]
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Strong magnetic field:
    è  Neutron stars (magnetars):  ~1012 – 1015 G
    è  Magnetic white dwarfs:         ~106 – 109 G

Filling large volume:
    è  Neutron stars (magnetars):  ~10 km
    è  Magnetic white dwarfs:         ~ 0.01 Rsun

Hot plasma radiates axions:
    è  Core temperature:  107 K ~few keV 
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Ea = Tcore = E� = X-ray

signal = thermal X-ray emission (Tcore ~ 107 K ~ keV)
background = surface emission negligible (Tsurface~ 104 K)
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Constraints on axion emission / X-ray conversion
    è  Upper limit on product of couplings gaee * gagg
    è  Can be recast as a limit in gagg alone

Searching for X-rays from Magnetic White Dwarfs

19

Chandra observation
    è  37.42 ks (~10 hr) of data, Dec 18, 2020
    è  No photon counts observed near source
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[Dessert, AL, Safdi (2019, 2021)]
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Radio from the galactic center probes axion dark matter

20

[Hook, Kahn, Safdi, Sun (2018)],  [Safdi, Sun, Chen (2018)],  [Foster et al (2022)]

constraints derived from an analysis of 
archival Green Bank Telescope dataaxion 

dark matter
radio

neutron star
@ galactic center

<latexit sha1_base64="+AFC6lC1d2xXFKvc/fBUqbntP7M=">AAAB03icdU7LSsNAFJ3x1VpfUZduBrupoDEptepCKLiwuKpgH+DUMBmncehMEmamYg3ZiFv/T39GTNsgPvBs7uGce+65fiy4No7zDufmFxaXCsXl0srq2vqGtbnV0dFIUdamkYhUzyeaCR6ytuFGsF6sGJG+YF1/eD7xuw9MaR6F12Ycs74kQcgHnBKTSZ6lBh4OiJQEnSHpEXSIqjjmCJM4VtEjwj4PRAU5dhXhfYQlMfdKJhfNp3Rqqb3pmKzggSI0yU6kievcJgf19HuCddJZIot4VtmxTyc4Qq7tTPGXlEGOlmdd4ruIjiQLDRVE6xvXiU0/IcpwKlhawiPNYkKHJGCJHOdM/9YNU1KnWfn/nV+kU7Xdul27qpUbJ/kbRbADdkEFuOAYNEATtEAbUPAGPmABFmEbJvAZvsxW52Ce2QY/AF8/AU1Lf8g=</latexit>

f� = ma/2⇡ ⇡
�
0.2GHz

�✓ ma

10�6 eV

◆energy conservation:

10°710°7 10°610°6 10°510°5 10°410°4 10°310°3

ma [µeV]

10°1510°15

10°1410°14

10°1310°13

10°1210°12

10°1110°11

10°1010°10

g a
∞
∞

[G
eV

°
1 ]

MWDs

CAST

H
al

os
co

p
es

GBT

SKA 10æ Discovery

KSVZ

DFSZ

GBT

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



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

see Ranjan Laha’s talk 
this afternoon for GWs
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Axion dark radiation influence on CMB

22

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

Precision CMB measurements 
constrain the presence of a “dark 

radiation” in the Universe
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[Cadamuro & Redondo (2011)]

Axions decay through their 
coupling to photons
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[Carroll, Field, Jackiw (1990,91)],   [Harari, Sikivie (1992)]
[Fedderke, Graham, Rajendran (2019)], [Agrawal, Hook, Huang  (2019)]

[Yin, Dai, Ferraro (2021) & (2023)]

axion-induced birefringence:  
an electromagnetic wave 

traveling through a varying axion field 
has its plane of polarization rotated

CMB 𝛾
axion string loop

rotated 
CMB 𝛾
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�a = 2⇡fa
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Lint = � 1
4ga��aF F̃

assume interaction 
with electromagnetism:  

standard Chern-Simons coupling
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↵ = ga��⇡fa

⌘ A↵em

⇡ 0.42� A

rotation angle

* birefringence can be measured through E-B cross correlation
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effect of the whole network:
anisotropies build up over time

[Jain, Hagimoto, AL, Amin]
[simulation:  Buschmann et. al. (2022)]
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⇤ need ma . 3Hcmb ⇡ 10�28 eV for the network to survive until after recombination

axions can form cosmic strings
network evolves throughout the cosmic history
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𝐸 −𝑚𝑜𝑑𝑒	
pol pattern
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hTBi 6= 0

hEBi 6= 0

axion string -induced 
birefringence angle Planck’s CMB skyprimordial CMB sky

<latexit sha1_base64="e9i3RfjH66sdPs9qHk5A5yj3T/I="></latexit>

T (n̂) ! T (n̂)

[Q± iU ](n̂) ! [(Q± iU)e±2i��](n̂)

How does birefringence affect 
the CMB’s temperature and 

polarization?

(exaggerated by ~30x)

Signal of axion string-induced 
cosmological birefringence𝐵 −𝑚𝑜𝑑𝑒	

pol pattern <latexit sha1_base64="2UlwtBNP0hdE6byvSDxv857BRGE="></latexit>
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measurements of CMB polarization:
no evidence for anisotropic birefringence

[Jain, Hagimoto, AL, Amin]

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

Planck 2018
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A = dimensionless axion-photon coupling

⇠0 = dimensionless loop density (Hubble units)

⇣0 = dimensionless loop length (Hubble units)
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SPTPOL: A2⇠0 < 3.7 at 95% CLalready valuable constraints:
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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

I hope you’ve enjoyed 
the tour.  

Cảm ơn


