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Summary

- Dark Matter 

- Axions as a fundamental QCD ingredient 

- The search for axions

Disclaimer: Far from complete. Please contact me if you want to get more 
info or want to know about groups involved in some of this research 



Part 1:  
Dark Matter
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What we understand about the universe
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The Dark Matter problem



Most of the matter is dark
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The Dark Matter problem
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Dark Matter? 
• Lord Kelvin discussed in the appendix of a book based on a series of lectures given in 

1884 the hypothesis of “dark bodies”. In discussing Kelvin’s work, in 1906 Henri 
Poincaré used the French term [matière obscure] ("dark matter")  

• Dutch astronomer Jacobus Kapteyn suggest the existence of dark matter using stellar 
velocities in 1922 

• Oort found that the mass in the galactic plane must be greater than what was 
observed, but this measurement was later determined to be incorrect 

• In 1933, Swiss astrophysicist Fritz Zwicky applied the virial theorem to the Coma 
Cluster and obtained evidence of unseen mass he called dunkle Materie ('dark 
matter'). Zwicky estimated its mass based on the motions of galaxies near its edge 
and compared that to an estimate based on its brightness and number of galaxies. 

• One of the observations that served as evidence for the existence of galactic halos of 
dark matter were those of Vera Rubin and Kent Ford about the shape of galaxy 
rotation curves (1970s).
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Rotation curves of spiral galaxies

Measuring the Doppler shift of atomic lines in spiral galaxies  circular velocity of stars as a 
function of their distance from the galactic center 

→

rotation curve.

 m
v2

circ(r)
r

= Gmℳ(r)
r2

⇒ vcirc(r) = Gℳ(r)
r

Yu: 2024 TASI Lectures: A Dark Matter Primer

Rotation curve of M33

https://arxiv.org/pdf/2506.05234
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Rotation curves of spiral galaxies

Measuring the Doppler shift of atomic lines in spiral galaxies  circular velocity of stars as a 
function of their distance from the galactic center 

→

Yu: 2024 TASI Lectures: A Dark Matter Primer

Rubin and Ford in 
1970: first precise 
measurement of the 
rotation curve of the 
Andromeda galaxy 
(M31) 

They determined 
the curve to be 
rather flat out to∼22 
kpc

?Rotation curve of M33

https://arxiv.org/pdf/2506.05234
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X-rays probe of DM in Galaxy Clusters  
Hydrostatic equilibrium for a gas in a galaxy cluster 

 

Ideal gas:  

,     

(  = mean molecular weight of an admixture of  H and He)

1
ρgas(r)

dPgas

dr
= − dϕ

dr
= − GM(r)

r2

Pgas =
ρgaskTgas

μmp

μ ≈ 0.6 ∼ 75 % ∼ 25 %

Density and temperature can be measured from the intensity and the spectrum of the 
X-ray emission, thereby allowing to reconstruct the total cluster mass as well as its 
profile using HE equation 

The total gravitating mass inferred from HE greatly exceeds the combined mass of the 
hot intracluster gas, stars, and other observed baryonic components
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DM halos around galaxies

The existence of massive DM halos around galaxies can also be proven via galaxy-galaxy 
lensing

Figure credit Bodo Schwabe

https://slides.com/bschwabe/deck-9bcec1#/18
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DM halos around galaxies

The existence of massive DM halos around galaxies can also be proven via galaxy-galaxy 
lensing

This is the distortion of the images 
of background galaxies induced 
by the gravitational lensing effect 
of the foreground galaxies.

Hubble image. Source: science.nasa.gov

Lensed images of the same galaxy

In the case in figure the lens is the  
galaxy cluster 0024+1654

https://science.nasa.gov/mission/hubble/science/science-behind-the-discoveries/hubble-gravitational-lenses/
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The Bullet Cluster

System consists of two colliding 
galaxy clusters.

Lensing allows to map the total 
mass (including DM) while X-ray 
observations can map the hot 
baryon gas. 

One of the most detailed maps of the bullet cluster (include JWST observations) in  
  S. Cha et al. (2025) arXiv:2503.21870→

Evidently, the majority of the mass is 
not impacted by the collision, while 
the baryonic gas is slowed down.

      Strong constraints on DM self-interaction⇒

One of the most remarkable 
empirical evidence of DM

Mass in green contours and hot gas in color scale. Fig. 
from the original study: D. Clowe et al. (2006)

https://arxiv.org/abs/2503.21870v1
https://arxiv.org/abs/astro-ph/0608407
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Galaxy Formation 

Source: Alexander Knebe lecture

http://popia.ft.uam.es//PRA/files/GalaxyFormation.pdf
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Galaxy distribution 

The universe is homogenous at scales above .  

On smaller scales, galaxies form clusters which are themselves not distributed 
uniformly, but their positions are correlated, grouped together in superclusters.

∼ 100h−1Mpc

two-degree-Field Galaxy 
Redshift Survey



The Inhomogeneous Universe and DM

After decoupling, baryons 
behave approximately as 
pressureless matter. At last 
they feel only gravity, so they 
fall into the existing CDM 
potential wells and start to 
grow, chasing the blue curve 
(DM)

For structures to collapse, gravity should dominate over pressure.  

For baryons this can happen only after decoupling, . For DM it can happen 
earlier, at 

z ≈ 1100
zeq ≈ 3300

Present day inhomogeneity 
observations require DM. 

Baryons are coupled to 
photons until decoupling 

CDM perturbations start 
growing earlier 
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The Inhomogeneous Universe and DM
DM tends to be roughly spherically distributed in gravitationally bound systems. Normal 
baryonic matter then collapses in the gravitational well, during which it dissipates 
energy and cools down, resulting in the spinning disks exhibited by many galaxies

N-body simulations suggest the Navarro-Frenk-White (NFW) profile of individual halos 

  

with     changing from -3 to -1 around 

ρNFW(r) = ρs
rs

r (1 + r
rs )

−2

d ln ρ/d ln r rS

DM halos are not necessarily spherical! In addition, 
simulations reveal the presence of numerous 
smaller sub-halos orbiting within and around 
main halos.



DM density 
near the sun.

Current studies point to  

 
 

That is considerably 
less than the estimated 
total matter density in a 
a v e r a g e d o v e r a 
neighborhood of a few 
100 pc around the 
location of the Sun 

ρ⊙ ≈ 0.40GeV/cm3

≈ 0.0106M⊙/pc3

21
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Dark Matter Hunting
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Alternative to DM

• The evidence for DM is, at the moment, purely gravitational.

• Could just that mean that we don't have an adequate theory of 
gravity to describe very large scales? 

• Modified gravity theories like MOND (Modified Newtonian 
Dynamics) have progressed a lot but still fail to provide a simple 
model valid on all scales. 

• MOND does very well on galactic scales, but it fails on large scales (clusters, CMB) 

• the Skordis & Złośnik (2021) "AeST" theory can now fit the CMB 
and matter power spectrum — but at the price of extra dark-sector-
like fields, which reduces the appeal of these models
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Alternative to DM

• In MOND there is no separate mass component to adjust. So the 
radial field (traced by the rotation curve) and the vertical restoring 
force perpendicular to the disk are locked to the same baryonic 
distribution. Measure both independently and modified gravity is 
over-determined; a nearly spherical dark halo, by contrast, 
dominates the radial field at large R while leaving the local vertical 
field near the Sun essentially untouched, so it can satisfy both at 
once. It is a self-consistency test of gravity carried out within a 
single galaxy  

• Recently, Zheng-long Wang et al (12 May 2026), Milky Way 
Dynamics Favor Dark Matter over Modified Gravity Models, 
combined Milky Way rotation curves + Gaia data to reconstruct the 
Galactic gravitational field and show that all modified gravity 
theories are disfavored.

https://arxiv.org/abs/2605.10857
https://arxiv.org/abs/2605.10857
https://arxiv.org/abs/2605.10857
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What is Dark Matter? 
See  M. Cirelli, A. Strumia and J. Zupan (2024) →

90 orders of magnitude!

https://arxiv.org/pdf/2406.01705
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What is Dark Matter? 
See  M. Cirelli, A. Strumia and J. Zupan (2024) →

DM de Broglie wavelength 
λ = 2π/Mv ≲ 1kpc

as big as a 
dwarf galaxy. DM 
mass M ≲ 104M∘

best described as 

classical field
best described as 

particle

https://arxiv.org/pdf/2406.01705
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What is Dark Matter? 
See  M. Cirelli, A. Strumia and J. Zupan (2024) →

Axions

WIMPs

MACHOs, 
Primordial Black Holes

Sterile neutrinos

https://arxiv.org/pdf/2406.01705
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What is Dark Matter? 
See  M. Cirelli, A. Strumia and J. Zupan (2024) →

Axions

Here we focus especially on axions. For a general and updated review 
See  M. Cirelli, A. Strumia and J. Zupan (2024) .  

For a more WIMP oriented talk, plus other candidates as well,  
See   M. Cirelli, IDM Zaragoza 2026  

→

→

https://arxiv.org/pdf/2406.01705
https://arxiv.org/pdf/2406.01705
https://indico.capa.unizar.es/event/40/contributions/937/attachments/616/1177/16.DMcandidates.iDM_Zaragoza.no_backup.pdf
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Macroscopic DM
See  Jacobs, Starkman, Lynn (2015)   and    M. Cirelli, A. Strumia and J. Zupan (2024) → →

cross section on matter 
σ = πR2

DM could kill people  
 Reference→

lack of tracks in 
500 Myr old mica 

 Reference →

Monitoring of a 1m  area 
inside the Skylab space station 

2

Collision of DM with WD 
could ignite thermonuclear 
runaways fusion and ignite a 
type Ia supernova 

 Peter W. Graham et al 
(2018)
→

Bounds don't assume 
spec ific product ion 
mechanisms. Examples 
of cosmological prod. in  

 Cirelli et al. (2024) →

https://academic.oup.com/mnras/article/450/4/3418/990003
https://arxiv.org/pdf/2406.01705
https://www.sciencedirect.com/science/article/pii/S0370269320301040?via=ihub
https://arxiv.org/abs/1410.2236
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.115027
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.115027
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.115027
https://arxiv.org/pdf/2406.01705
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MACHOs

MACHOs = Massive Astrophysical Compact Halo Objects

Baryonic MACHOs can 
be only a small fraction 
of DM (because of BBN 
constraints)

MACHOs hint  
(Unconfirmed by later 
survey)
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Macroscopic DM 

Astrophysical objects that consist of baryonic matter but have been created 
before the BBN are not subject to the BBN constraints since the material that 
they are made of gets subtracted from the baryonic budget very early on. 
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Primordial Black Holes

Another example of macroscopic DM which avoids the BBN are PBH

PBHs can evade the BBN bound on baryonic matter because they form before 
BBN from the collapse of overdense regions of the radiation-dominated 
Universe. Their mass is therefore not associated with the cosmic baryon 
abundance, and after formation they behave as cold, pressureless matter.

The formation of PBH is not trivial. We should assure that there is gravitational collapse 
during radiation dominated era. So, the over density must be efficiently boosted to 
large values. 

Key check:  The PBH should not have evaporated by now.  →

Stefano Profumo (16 June 2026), Are Primordial Black Holes a 
Natural Dark Matter Candidate?. 
dismisses that the PBH dark matter requires fine-tuning.

https://arxiv.org/abs/2606.12775
https://arxiv.org/abs/2606.12775
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Primordial Black Holes

Searched through a series 
of methods:  
• Gravitational microlensing,  
• Compact-binary GWs, 
•  Hawking-radiation bursts 

(not seen by gamma ray 
telescopes), etc. 

Recent and controversial bounds are shown as dashed lines 

Details in  B. Kavanagh PBHbounds (Github)→

PBH bounds in red

https://github.com/bradkav/PBHbounds
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Weakly Interacting Massive Particles (WIMPs)

The evolution of the WIMP number density  is governed by the Boltzmann 
equation 

n

dn
dt

+ 3Hn = − ⟨σv⟩(n2 − (neq)
2)

Freeze out when the 
interaction rate falls below 
the Hubble rate   

Γ = neq⟨σv⟩ ≲ H
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Weakly Interacting Massive Particles (WIMPs)

The evolution of the WIMP number density  is governed by the Boltzmann 
equation 

n

dn
dt

+ 3Hn = − ⟨σv⟩(n2 − (neq)
2)

Freeze out when the 
interaction rate falls below 
the Hubble rate   

Γ = neq⟨σv⟩ ≲ H

• , WIMPs are 
relativistic and abundant. 

• , WIMPs become 
non-relativistic. 

• : typical freeze-out 
region. 

• : abundance  
becomes constant: the relic 
density is fixed.

z ≪ 1 : T ≫ M

z ∼ 1 : T ∼ M

z ∼ 20 − 30

z ≫ 1 Y = n /s



36

The WIMP Miracle

The precise numerical result for the 
special value , which reproduces 
the cosmological DM abundance 
turns out to miraculously correspond 
to a typical weak annihilation cross 
section. 

σv
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Hunting WIMPs

DM annihilations/decays in astrophysical environments, by searching 
for signatures in cosmic rays, photons or neutrinos arriving at Earth. 

 fig 4.6 of M. Cirelli, A. Strumia and J. Zupan (2024) →

Recoil events in nuclei or electrons in a 
highly shielded and closely monitored 
underground detector 

Production of DM in a controlled environment (e.g.,  collisions at LHC, 
 collisions at lower energy machines or in beam dump experiments).  

Presence of DM deduced via missing energy.

pp
e+e−

Could also happen in astrophysical 
environment but with tiny rates

https://arxiv.org/pdf/2406.01705
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Hunting WIMPs

WIMPs can be detected through the tiny recoil 
energy produced when a WIMP collides with an 
atomic nucleus in a detector buried underground 
to shield from background noise

Incomplete sample of 
experimental searches. 
For more see, e.g.,  

 M. Cirelli, A. Strumia 
and J. Zupan (2024) 
→

Latest estimates in  
F. Calore et al. (2025)

→

https://arxiv.org/pdf/2406.01705
https://arxiv.org/pdf/2406.01705
https://arxiv.org/pdf/2406.01705
https://arxiv.org/abs/2505.13629


The reach is worst at low and high mass, best in between — set by two competing effects:

Two knobs set the reach: the recoil threshold (low mass) and the 
WIMP flux (high mass).

Low mass →
Recoil energy falls below the detector's 
energy threshold — signals vanish.

Sweet spot →
Energy transfer peaks when the WIMP mass ≈ 
the nucleus mass — tens of GeV.

High mass →
The number density drops as 1/mass, so the 
rate falls; the limit weakens ∝ mass.

Schematic curve; for a compilation of real experimental limits see e.g. Cirelli, Strumia & Zupan (2024).

Hunting WIMPs: Sensitivity Curve



Atmospheric  backgroundν
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Hunting WIMPs

Direct detection bounds for spin-independent DM–nucleon scattering, assuming 
DM mass at around the Z boson mass.

 M. Cirelli, A. Strumia and J. 
Zupan (2024) 
→

https://arxiv.org/pdf/2406.01705
https://arxiv.org/pdf/2406.01705
https://arxiv.org/pdf/2406.01705
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Part 2: Axions
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Particle Physics 

Strong-CP problem 

Cosmology

Dark Matter

Astrophysics 
Stellar evolution; Cooling 
anomalies; 
Transparency hints (ALPS) 

Axions are among the most 
studied DM candidates

World-wide effort to detect it.

Axions



supersymmetry

Axions 

576 articles (2024)

429 articles (2012)

Axions

43
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QCD Lagrangian 

Gluon kinetic term

Quark kinetic and mass term, 
plus quark gluon interactions

The   term is a total derivative. However, there are configurations which 

contribute to the action integral. These are called instantons  this term cannot be 
thrown away and has phenomenological consequences.  

One consequence is to give mass to the  meson. In fact, all the terms which explicitly 
break the symmetry (so, both mass term and anomaly term) contribute to the mass of the 
Goldstone boson. 

θ
αs

8π
Ga

μνG̃aμν

⇒

η′ 

For the math inclined, beautiful relation with topology. See, e.g., Coleman, Aspects of Symmetry 

-term: Violates CPθ

   L = − 1
4 G2 + q̄(iγμDμ − mq)q+ θ

1
32π2 Ga

μνG̃aμν

The -termθ



It is hard to calculate the  mass. One method is lattice.  

Veneziano and Witten (1979) showed that the  mass is related to the topological 

susceptibility  as 

 

  if  had no effect then  and the  mass would be small. In particular, in the chiral 
limit  one would find also .  

  The experimental evidence that  is not a Goldstone boson (it is “heavy”) suggests that 
the instantons do play a role in QCD.

η′ 

η′ 

χt ≡ ⟨(GG̃) (GG̃)⟩
χt = f 2

π

12 (m2
η + m2

η′ − 2m2
K)

→ GG̃ χT = 0 η′ 

mη, mK → 0 mη′ = 0

→ η′ 

See, e.g., Schwartz, Ch. 30.5.2 The -termθ
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- The vacuum energy depends on  
It is minimized for 

θ
θ = 0

- The nucleon masses depend on   
 the neutron lifetime  nucleosynthesis depends 

on theta.

θ
⇒ ⇒

See Nick Houston talk at  
 Axions beyond boundaries, GGI-2023→

• L. Ubaldi, Phys. Rev. D81 (2010) 
025011 

• M. Dine, L. Stephenson Haskins, 
L. Ubaldi, D. Xu,JHEP 05 (2018) 
171 

C. Vafa, E. Witten, Phys. Rev. Lett. 53 
(1984) 535 

• Lee, Meißner, Olive, Shifman, Vonk, 
Phys.Rev.Res. 2 (2020) 3, 033392 
(2020)

The -termθ
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https://www.ggi.infn.it/talkfiles/slides/slides6588.pdf
https://arxiv.org/abs/2006.12321
https://arxiv.org/abs/2006.12321


The -term generates a neutron EDM   
      

θ
→ dn ≈ 2.4(1.0) × 10−16 θ e ⋅ cm

See PhD dissertation by Drew Backhouse, University 
of Oxford (2021), arXiv:2108.04285, for a pedagogical 
introduction

Strong CP Problem

The latest experimental search found  

          dexp
n < 1.8 ⋅ 10−26e cm (90 % CL) ⇒ θ ≲ 10−10

Abel et al., Phys.Rev.Lett. 124 (2020) 8, 081803

M. Pospelov, A. Ritz (2020)

This gives the strongest constraint

The -term and Strong CPθ
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https://arxiv.org/abs/2108.04285


Peccei and Quinn solution:  

     is dynamical  Settles to 0            (Vafa-Witten theorem)→ θ →

Peccei, Quinn (1977)

Very similar to the  solution. 
However, the new axial symmetry 
is added by hand

mu = 0

Peccei-Quinn Solution

48



θ → θ + a/fa

Axion

S. Weinberg Phys. Rev. Lett. 40 (1978) 223-226;  

F. Wilczek Phys. Rev. Lett. 40 (1978) 279–282 

Note the need for a new energy scale, , 
from a pure dimensional argument.  

This is related (but not necessarily equal to) 
the scale at which  is spontaneously 
broken. 

fa

U(1)PQ

L = − 1
4 Ga

μνGaμν + q̄ (iγμDμ − q̄M) q−θ
1

32π2 Ga
μνG̃aμν+ 1

2 (∂μa)2 + a
fa

g2
s

32π2 GG̃ + . . .
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The Axion



−π π

V(θ)

θ0

1- The axion potential can be calculated in QCD

Grilli di Cortona et al., JHEP 1601 (2016)

ma ≃ 5.7 ( 1012 GeV
fa ) μeV

Axions can get mass only from 
terms that break explicitly the 
PQ symmetry. The only thing 
that does that is the anomaly. 
So, the axion mass can only 
come from .  

Not surprisingly, the resulting 
mass term is related to the 
topological susceptibility , 
just like in the case of the .

GG̃

χT
η′ 

50

Some facts about QCD Axions



−π π

V(θ)

θ0

1- The axion potential can be calculated in QCD

Grilli di Cortona et al., JHEP 1601 (2016)

ma ≃ 5.7 ( 1012 GeV
fa ) μeV

Relaxing the  relation 
requires substantial changes 
to QCD, for example the 
addition of a new QCD sector. 
This is all theoretically 
possible. However, here we 
will disregard this possibility 
for now. See sec. 6.6.2 of L. Di 
Luzio, M.G., Nardi, Visinelli, 
Phys.Rept. 870 (2020)  for 
some options. 

ma − fa
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Some facts about QCD Axions

https://arxiv.org/abs/2003.01100


2- The axion couplings are model dependent.

1- The axion potential can be calculated in QCD

There are 2 sources for the axion couplings: 

- The model independent  coupling; it generates couplings to quarks and 
photons. Not to electrons (at tree level) 

- Model dependent contributions from the specific UV completion

aGG̃

52

Some facts about QCD Axions



2- The axion couplings are model dependent.

Spin-density coupling with matter

  Lint = Caf
∂μa
2fa

f̄γ5γμ f + 1
4 Caγ

α
2πfa

aFF̃
Photons

Fermions (electrons, nucleons)

1- The axion potential can be calculated in QCD

Two photon coupling of the form 
, from electromagnetic 

anomaly 
aE ⋅ B

53

Some facts about QCD Axions



2- The axion couplings are model dependent.

  Lint = Caf
∂μa
2fa

f̄γ5γμ f + 1
4 Caγ

α
2πfa

aFF̃

1- The axion potential can be calculated in QCD

a
f̄

f

a γ

γ

54

Some facts about QCD Axions



2- The axion couplings are model dependent.

  Lint = Caf
∂μa
2fa

f̄γ5γμ f + 1
4 Caγ

α
2πfa

aFF̃

In general: light  weakly coupled↔

1- The axion potential can be calculated in QCD

 suppressionfa (Remember )ma ∝ 1/fa

55

Some facts about QCD Axions



2- The axion couplings are model dependent.

… in principle, the coupling  to fermions 
can be significantly reduced: . 

However, difficult for 

Caf → 0

CaN

1- The axion potential can be calculated in QCD

- Di Luzio, Mescia, Nardi, Panci, Ziegler, Phys.Rev.Lett. 
120 (2018)  
- M. Badziak, K. Harigaya, arXiv:2301.09647  (2023);  
- F. Takahashi, W. Yin, arXiv:2301.10757 (2023)

  Lint = Caf
∂μa
2fa

f̄γ5γμ f + 1
4 Caγ

α
2πfa

aFF̃

QCD contribution to the couplings can be substantially changed according 
to the particular UV completion…

56

Some facts about QCD Axions

https://arxiv.org/abs/1712.04940
https://arxiv.org/abs/1712.04940
https://arxiv.org/abs/2301.09647
https://arxiv.org/abs/2301.10757


2- The axion couplings are model dependent.

  Lint = Caf
∂μa
2fa

f̄γ5γμ f + 1
4 Caγ

α
2πfa

aFF̃

 Caγ = E
N

− 2
3

4md + mu

mu + md
= E

N
−1.92(4)

1- The axion potential can be calculated in QCD

Model dependent 
contribution

Model independent 
contribution

… The coupling  to photons is 
also model dependent and can 
(in principle) be tuned to Caγ ≪ 1

Some facts about QCD Axions
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2- The axion couplings are model dependent.

1- The axion potential can be calculated in QCD

3- Axions contribute to Dark Matter .

The PQ solution is dynamical, not instantaneous

The universe has a finite age

The axion field is still oscillating today around the 
CP-conserving minimum of the potential 

 Axion is CDM→

−π π

V(θ)

θ0

time

• Preskill, Wise and Wilczek (1983) 
• Abbott and Sikivie (1983)  
• Dine and Fischler (1983) 
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Some facts about QCD Axions
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ALP =  
Axion-Like 
Partilce

ALP

ALP
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Part 3:  
Axion Sources 
and Detection



61

Cosmological 

Astrophysical 

Realignment

Topological Defects

Thermal

Non-thermal: 
CDM 

HDM

 Ea ≃ ma

Thermal

Nuclear

Resonant

, keV or 100 MeV (SN)Ea ∼ Tcore

γ + B → a + B

Galactic/ 
Extra-Galactic

keV, MeVEa ∼

 (eV in the sun)Ea ∼ ωpl

High to very high energy

Natural Axion/ALP sources

Stellar

Conversion of 
photons in Bext

Diffuse SN background 100 MeV∼



Cosmological 

Astrophysical 

Realignment

Topological Defects

Thermal

Thermal

Nuclear

Resonant
γ + B → a + B

Galactic/ 
Extra-Galactic

Natural Axion/ALP sources

Stellar

Conversion of 
photons in Bext

Diffuse SN background

Direct: Haloscopes

Direct: Helioscopes  Sun, SN(?) 
Indirect: NuSTAR/Fermi ( )

→
a + B → γ

Fermi: Indirect ( )a + B → γ

Indirect ( )  
Chandra, NuSTAR,Fermi… 

a + B → γ

Indirect: cosmological probes, telescopes ( ), …a → γγ
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• In spite of being light, axions — and Axion Like Particles (ALPs) — 
can be CDM, thanks to non-thermal production mechanisms.

Very light DM behaves like waves.  
Requires specific technologies. Extremely fruitful research field. 

“Discovery of dark matter waves would provide a glimpse into the 
earliest moments in the origin of the universe and the laws of 
nature at ultrahigh energies, beyond what can be probed in 
colliders”  

 Kolb et al., https://doi.org/10.2172/1659757, 2018→

Axions as Dark Matter
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https://doi.org/10.2172/1659757


Axion number density  

na ∼ ρa /ma ∼ 4 × 1013 ( 10μeV
ma )  axions /cm3

For an observed DM density of ρ ∼ 0.2 − 0.56 GeV/cm3

Axion DB wavelength ( ):     v ∼ 10−3 λdB = h
p

= h
mv

≃ 120 m ( 10μeV
ma )

So, the axion occupation number= number of axions in a reduced de 
Broglie volume, is  for  eV.  

  Very large. Axion DM behaves like waves. 

∼ 103 ma ∼ 1

→
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Axions as Dark Matter



Axion Dark matter

See C. O’Hare, Axion cosmology COST (2023) Training School 
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The axion emerges from the phase of the scalar field  

ϕ = 1
2

(va + ρ) eia/va

https://arxiv.org/pdf/2403.17697


Axion Dark matter
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At low enough temperature the PQ symmetry  is spontaneously broken.  

 the  angle is randomly selected. The axion is the massless d.o.f. in the flat 
direction of the potential 
→ θ



Axion Dark matter

67

Around the QCD transition (  GeV), axions acquire a mass 

 

with  and . 

T ≈ 1

ma(T )2 =
m2

a ( T
TQCD )

−n

 for T > TQCD

m2
a  for T < TQCD

TQCD ≈ 150 MeV n ≈ 8



Axion Dark matter
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So, we have an axion field, which evolves according to the  

  Equation of motion  →

··a + 3H ·a + m2
aa = 0



Axion Dark matter
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Numerical solution  
See Olivier Wantz, E.P.S. Shellard

  Equation of motion →

··a + 3H ·a + m2
aa = 0

https://arxiv.org/pdf/0910.1066


Axion Dark Matter: Some Considerations 

For a spatially uniform real field  with potential , a(t) V = 1
2 m2

aa2

ρ = 1
2

·a2 + 1
2 m2

aa2, P = 1
2

·a2 − 1
2 m2

aa2, w ≡ P
ρ

.

If , the friction can be ignored and the axion oscillates approximately as  

                          Thus,  

   

  

ma ≫ H

a(t) = A(t)cos (mat + θ)

⇒ ⟨ ·a2⟩ = m2
a A2 ⟨sin2⟩ = 1

2 m2
a A2, ⟨a2⟩ = 1

2 A2

⇒ ⟨P⟩ = 1
2 ⟨ ·a2 − m2

aa2⟩ = 0, ⟨ρ⟩ = 1
2 m2

a A2 .

Cold dark matter! Ωah2 = 0.12 ( θi

2.155 )
2

( 28μeV
ma )

1.16

Also: A(t) ∝ R(t)−3/2 ⟹ ⟨ρa⟩ ∝ R(t)−3,



Figure Credits: C. O’Hare (2021)
https://cajohare.files.wordpress.com/2021/10/axions.pdf

Calculable axion abundance 
but unknown initial conditions

Axion Dark matter: Pre-inflationary scenario
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Ωah2 = 0.12 ( θi

2.155 )
2

( 28μeV
ma )

1.16

https://cajohare.files.wordpress.com/2021/10/axions.pdf


Figure Credits: C. O’Hare (2021)
https://cajohare.files.wordpress.com/2021/10/axions.pdf

Predictable initial angle. 

Axion abundance depends also on 
production from topological defects

Estimating contribution from topological 
defects is very difficult. Numerical 
simulations still make very different 
predictions.  

Important numerical advances thanks to 
Adaptive Mesh Refinement

Figure Credits: C. O’Hare (2021)
https://cajohare.files.wordpress.com/2021/10/axions.pdf

• M. Gorghetto, E. Hardy, arXiv:2212.13263 
• O'Hare, Pierobon, Redondo, Wong, Phys.Rev.D 105 (2022)  
• M. Gorghetto, E. Hardy, G. Villadoro, SciPost Phys. 10, 050 

(2021)

Still controversial. More work required.

M. Buschmann et al., Nature Commun. 13 (2022) 1, 1049. 

Axion Dark matter: Post-inflationary scenario
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https://cajohare.files.wordpress.com/2021/10/axions.pdf
https://cajohare.files.wordpress.com/2021/10/axions.pdf
https://arxiv.org/abs/2212.13263
https://arxiv.org/abs/2112.05117


Dark Matter Mass Predictions 
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From C. O’Hare

Predictions in post-inflation point at  ma ≳ μeV

https://raw.githubusercontent.com/cajohare/AxionLimits/master/plots/plots_png/AxionMass.png


Our focus: eV.  

Specific experimental challenges, and combination of specific know-hows 

 cross-disciplinary technology transfer: 
E.g.,high-field magnets, super-conduction, RF techniques, X-ray optics, low 
background detection, low radioactivity techniques, quantum sensors, atomic 
physics, etc.

ma ≲ 1

→

Most (but not all) detection 
strategies make use of the 
axion-photon coupling gaγ
a ⃗E ⋅ ⃗B

Sikivie (1983)

How to detect an axion?

Bruno Touschek School, Frascati
Igor G. Irastorza /

Universidad de Zaragoza
22

a J

Photon
detector

Axion 
source

How to detect an axion?

Bruno Touschek School, Frascati
Igor G. Irastorza /

Universidad de Zaragoza
22

a J

Photon
detector

Axion 
source

Hunting down the elusive axions
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Ideal, cylindrical cavity, with perfectly metallic surfaces

Standing EM waves in a cavity

ε∇ ⋅ E = ρo,
∇ ⋅ B = 0,

∇ × E + ·B = 0,
μ−1∇ × B − ε ·E = Jo .

Two kinds of modes  and TEnmp TMnmp

Sources 

75

The Cavity Haloscope

Blab



76

The Cavity Haloscope

X

Xε∇ ⋅ E = ρo + ρa,
∇ ⋅ B = 0,

∇ × E + ·B = 0,
μ−1∇ × B − ε ·E = Jo + Ja .

ρa = gaγγ ∇a ⋅ B0

Standing EM waves in a cavity              

Sources 

Add axions + Uniform           BLab Laγ = −
gaγγ

4 aFμνF̃μν ∝ a B ⋅ E

Blab

Ja = − gaγγ( ·aB + (∇a) × E)



77

The Cavity Haloscope

X

Xε∇ ⋅ E = ρo + ρa,
∇ ⋅ B = 0,

∇ × E + ·B = 0,
μ−1∇ × B − ε ·E = Jo + Ja .

ρa = gaγγ ∇a ⋅ B0

Standing EM waves in a cavity              

Sources 

Ja = − gaγγ( ·aB + (∇a) × E)X

X Uniform background of CDM axions

Add axions + Uniform           BLab Laγ = −
gaγγ

4 aFμνF̃μν ∝ a B ⋅ E

Blab
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The Cavity Haloscope

Only  modes  lowest mode . TMnmp → TM010

Blab

Standing EM waves in a cavity    

Laγ ∝ a B ⋅ E

 ≈ Blab Cavity mode  Ecav
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The Cavity Haloscope: the axion as a drive
• Expand the cavity field in its eigenmodes, each with a frequency set by the geometry. 
• Every mode amplitude then obeys a driven, damped harmonic oscillator. 
• Losses (walls + readout) enter as ω/Q, with Q ~ 10⁴–10⁵

Eigenmode expansion:

Each amplitude obeys a driven, damped oscillator — the axion current is the drive:

Driven oscillator: the axion is the drive, Q sets the sharpness.

A(r, t) = ∑
n

ψn(t)en(r)

··ψn + ωn

Q
·ψn + ω2

nψn = gaγγ
·a

∫V B0 ⋅ endV

∫V en
2

dV
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The Cavity Haloscope: resonance & tuning
• The response is resonantly enhanced when the 

cavity frequency matches the axion frequency.

• On resonance the amplitude grows by about Q; a 

little off resonance, the signal collapses.

• Tune the cavity size to sweep across the unknown 

axion mass.

Steady-state amplitude:

Signal peaks sharply at ω_a = ω_n; width ~ ω_n / Q.

Tuning — cylinder TM₀₁₀ mode:

Scanning = stepping the cavity frequency across candidate axion masses.

ψn ∝
gaγγ ∫V B0 ⋅ endV
ω2n − ω2a − iγnωa
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The Cavity Haloscope: resonance & tuning
• The response is resonantly enhanced when the 

cavity frequency matches the axion frequency.

• On resonance the amplitude grows by about Q; a 

little off resonance, the signal collapses.

• Tune the cavity size to sweep across the unknown 

axion mass.

Steady-state amplitude:

Signal peaks sharply at ω_a = ω_n; width ~ ω_n / Q.

Tuning — cylinder TM₀₁₀ mode:

Scanning = stepping the cavity frequency across candidate axion masses.

Large  and large volume helpB0

ψn ∝
gaγγ ∫V B0 ⋅ endV
ω2n − ω2a − iγnωa



• The standard haloscope power formula (time-averaged and calculated at resonance) is

• coupling & local dark-matter density  →  particle physics

• field B₀ and volume V  →  build strong and big

• form factor C (mode overlap) and quality factor Q

Signal power is of order 10⁻²³ W

The Cavity Haloscope: Signal Power
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The Cavity Haloscope: Noise

Practically: 
 thermal noise attributed to the blackbody 

radiation by the physical temperature of the cavity 
 noise added by the RF readout chain

→

→

D. Kim et al. JCAP 03 (2020) 066

                                                                    SNR ≡
Psignal

δPnoise
Dicke’s radiometer equation         

S
N = Ps

Tsys

Δt
Δν

Wish list:  
- long scanning time  
- narrow band  

- low Tsys

https://arxiv.org/pdf/2001.05605
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The Cavity Haloscope: Noise

Practically: 
 thermal noise attributed to the blackbody 

radiation by the physical temperature of the cavity 
 noise added by the RF readout chain

→

→

D. Kim et al. JCAP 03 (2020) 066

                                                                    SNR ≡
Psignal

δPnoise

Wish list:  
- long scanning time  
- narrow band  

- low Tsys

Tsys = Tphy + Tadd

System noise

Physical temperature 

Amplifier

This is what controls 
the scanning time!

Dicke’s radiometer equation         
S
N = Ps

Tsys

Δt
Δν

https://arxiv.org/pdf/2001.05605


Modern approaches include  

- low-temperature refrigerators 
- Quantum Sensing to increase the S/N and reduce the scanning time

Recent ERC grant awarded to 
explore quantum technology 
in axion cavity detection 

The Cavity Haloscope: Noise



Cavity Experiments

Micro eV mass range: 
Most experience. 
- ADMX: proven sensitivity to few μeV 

High Mass:  
Difficult: higher masses requires smaller volume  lower sensitivity. Possible solutions:  

- lower noise 
- matching more cavities or new multicavity designs  
- More powerful magnets 
- Dielectric Haloscopes   
- … 

Many projects: HAYSTAC, CAPP, MADMAX, 

→

Low Mass:  
Technologically simpler. However, expensive. Needs large magnets 
- FLASH (concept) 
- BabyIAXO (to be built)  
- IAXO 
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Current axion DM experiments.

Figure Credits: C. O’Hare
https://cajohare.github.io/AxionLimits/

Current Haloscope Experiments 



See    C. O’Hare, AxionLimits (updated to July 2026)→

Current Haloscope Experiments 

https://cajohare.github.io/AxionLimits/


From FIP white paper (2022)

Variety of Techniques:  
ALPHA: tuning plasma frequency and 
enhancing axion conversions   
MADMAX: Dielectric Cavities 
BREAD: Dish antenna, broadband

Many proposals to probe the higher mass region 
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Future Haloscope Experiments 

https://arxiv.org/abs/2305.01715
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Opportunities: Axion Telescopes? 

Stellar Axion Flux,  
, , gaγ = 10−11 GeV−1 gai = 0 ma = 0

 P. Carenza, M.G., J. Isern, A. Mirizzi, O. Straniero, Phys.Rept. 1117 (2025) 1-102→

https://arxiv.org/abs/2411.02492
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• Learn about solar temperature 
profile and metallicity.  

• Need high statistics.  
• Possible with IAXO 

Opportunities: Axion Telescopes? 

Stellar Axion Flux,  
, , gaγ = 10−11 GeV−1 gai = 0 ma = 0

 P. Carenza, M.G., J. Isern, A. Mirizzi, O. Straniero, Phys.Rept. 1117 (2025) 1-102→

https://arxiv.org/abs/2411.02492
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• Learn about solar internal 
magnetic field.  

• Requires extremely low threshold 
detector and optics 

• Likely unaccessible to next gen 
helioscopes

Opportunities: Axion Telescopes? 

Stellar Axion Flux,  
, , gaγ = 10−11 GeV−1 gai = 0 ma = 0

 P. Carenza, M.G., J. Isern, A. Mirizzi, O. Straniero, Phys.Rept. 1117 (2025) 1-102→

https://arxiv.org/abs/2411.02492
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• Telescope for Super Giant stars.  
• Find exact evolutionary stage in post He-

burning.  
• Pin down SN explosion time.  
• Space X-ray detector. Needs neVma <

Opportunities: Axion Telescopes? 

Stellar Axion Flux,  
, , gaγ = 10−11 GeV−1 gai = 0 ma = 0

 P. Carenza, M.G., J. Isern, A. Mirizzi, O. Straniero, Phys.Rept. 1117 (2025) 1-102→

https://arxiv.org/abs/2411.02492
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•Could reveal temperature, density and 
pions abundance. 

• Best options with Fermi LAT or similar for 
a few neV.  

• Possible with helioscopes, for eV but 
much less statistics. 

ma ≲
ma ≲

Opportunities: Axion Telescopes? 

Stellar Axion Flux,  
, , gaγ = 10−11 GeV−1 gai = 0 ma = 0

 P. Carenza, M.G., J. Isern, A. Mirizzi, O. Straniero, Phys.Rept. 1117 (2025) 1-102→

https://arxiv.org/abs/2411.02492


gaγ

gae

Coupling Process Energy

Primakoff (E)

Primakoff (B)

ABC

nuclear reac9ons

Nuclear de-excita9ongaN

7Li* → 7Li + a

57Fe* → 57Fe + a

83Kr* → 83Kr + a

p + d → 3He + a

∼ (3 − 4) keV

∼ (10 − 200) eV (LP)

∼ 1 keV

5.5 MeV

14.4 keV

0.478 MeV

9.4 keV

e . g . , e + Ze → Ze + e + a

Solar Axions

≲ 1 keV (TP)
E, B



Rescalable: increasing collecting area, length, and B. 

P. Sikivie  PRL 51:1415 (1983)

Hunting Solar Axions: Sikivie Helioscope
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Paγ = (
gaγBL

2 )
2

sin2(qL /2)
(qL /2)2

= magnet lengthL

= magnetic fieldB

= momentum transferq

Helioscope Potential

gaγ

ma

 Conversion probability ⇒
∝ L2

  
(coherence,  drops) 
qL ≪ 1

ma

HB bound

q ≃
m2

a − m2
γ

2ω
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Sensitivity 



q ≃
m2

a − m2
γ

2ω

= magnet lengthL

= magnetic fieldB

= momentum transferq

 

Coherence is lost  

mth ≈ 10 meV ω−1
keV L−1/2

10

⇒ Paγ ∝ m−4
a

Helioscope Potential

gaγ

ma

 Conversion probability ⇒
∝ L2

  
(coherence,  drops) 
qL ≪ 1

ma

HB bound

Paγ = (
gaγBL

2 )
2

sin2(qL /2)
(qL /2)2
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Sensitivity 



q ≃
m2

a − m2
γ

2ω

= magnet lengthL

= magnetic fieldB

= momentum transferq

Helioscope Potential

gaγ

ma

 Conversion probability ⇒
∝ L2

  
(coherence,  drops) 
qL ≪ 1

ma

HB bound

Paγ = (
gaγBL

2 )
2

sin2(qL /2)
(qL /2)2

A buffer gas ( ) can 
restore coherence

mγ ≃ ma

Van Bibber et al.  
Phys.Rev. D 39:2089 (1989)
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Sensitivity 



10-5 10-4 10-3 10-2 10-1 1
10-13

10-12

10-11

10-10

The CERN Axion Solar Telescope (CAST)

Decommissioned LHC test magnet, 
B=9T,  D=43 mm, L= 9.3 m 

~2 h tracking/day 

X-ray optics
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CAST HB-bound

Reached the HB bound for the first time

V. Anastassopoulos, et al., Nature Phys. 13 (2017)



• Large toroidal 8-coil magnet L 
= ~20 m  

• 8 bores: 60 cm diameter each 

• 8 x-ray telescopes + 8 
detection systems 

• Rotating platform with services 

IAXO will consist of a superconducting toroid magnet with eight custom x-ray telescopes that 
focus the reconverted photons onto ultra-low background detectors.  

Irastorza et al., JCAP 06 (2011) 
E. Armengaud et al., JINST 9 (2014)

The International AXion Observatory
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10-5 10-4 10-3 10-2 10-1 1
10-13

10-12

10-11

10-10 CAST

IAXO

HB-bound

Physics potential of the International Axion 
Observatory (IAXO) JCAP 1906 (2019) 047

Strong potential to 
probe the high 
(>meV) mass region 
(stellar window)
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The International AXion Observatory



BabyIAXO

- Prototype: Intermediate experimental stage 
before IAXO  
- Test & improve all systems. Risk mitigation 
for full IAXO.  
- Physics: expected relevant physics outcome 
(~100 x CAST FOM) 

2017 ERC advanced 
grant by I. Irastorza to 
support the development 

DESY PRC endorsed BabyIAXO in 
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Light Shining Through a Wall

a a

= magnetic field 
= magnet length 

momentum transfered

B
L
q =

Lost of coherence for qL ≳ 1

Paγ = (
gaγBL

2 )
2

sin2(qL /2)
(qL /2)2

 q ≃
m2

a − m2
γ

2ω

Relativisti axions:

Everything is under control. However, 
signal suppressed as g4

aγ
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Light Shining Through a Wall
 ALPS @ DESY and the OSQAR @ CERN are active 

LSW experiments.  
Use powerful accelerator dipole magnets, from HERA 
(ALPS) and LHC (OSQAR).  
In both cases the sensitivity drops above  eV . 

→

ma ∼ 10−4

= magnetic field 
= magnet length 

momentum transfered

B
L
q =

Lost of coherence for qL ≳ 1

Paγ = (
gaγBL

2 )
2

sin2(qL /2)
(qL /2)2

 q ≃
m2

a − m2
γ

2ω

Relativisti axions:

 Next Gen: JURIA. Concept being discussed at the 
Physics Beyond Colliders (PBC) group at CERN  

• L ~ 1km, B ~13T, P~2.5 MW,... Very challenging 
parameters...  

• Physics case to be settled (it may depend if positive 
signal in other exps) 

→

 CROWS experiment @ CERN  

Uses a different wavelength: microwaves!  

Large scale MW LSW studied and proposed in the 
literature  STAX 
LSW at X-rays also explored in the past (not large power) 

→

→
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Polarization experiments  

Dichroism:  

Production of real particles 

Ellipticity:  

Production of massive 
virtual particles

PVLAS experiment: study QED vacuum birefringence (standard effect), but also sensitivity to ALPs:  

 Under discussion at PBC: VMB@CERN 

 Most likely next step VMB LAB AT AEI. Fresh updates in A. Ejlli, Corfu June 2026

→
→
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https://agenda.infn.it/event/49759/contributions/296019/attachments/152495/233580/COST_Corfu_2026_Precision_Optical_Polarimetry_Aldo_Ejlli.pdf


ALPS

CASPEr

CADEx

GrAHal

QUAX

JEDI

RADES
BASE

nEDM

MADMAX
IAXO

CAST

NASDUCK

UPLOAD/DOWNLOAD
ORGAN

TASEH

DANCE

SAPPHIRES

CAPP

WISPLC

SHAFT

PVLAS

CROWS
OSQAR SUMICO

Axion

ADMX

ADMX

ALPHA

BREAD

HAYSTAC

ABRACADABRA

FLASH

CASPEr

ARIADNE

SPT, BICEP 
(Antarctica)

H.E.S.S.
SKA

SKA

SNO

HAWC
MAGIC

ARGO-YBJ

SuperMAG,  
GNOME 

(Globe)

VLT  
(MUSE/VIMOS)

POLARBEAR

ChangE

PPTA

Chandra, 
NuSTAR, Fermi, 

Planck, 
INTEGRAL 

XMM-Newton 
eROSITA, 

COBE, HINODE, 
LISA,  

(Space)
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Axions Around the World 



• A lot of research on Dark Matter and specifically on Axions 

• Important progress in last years  in the attempts to detect axions in all fronts: 

✓ Huge progress with cavity haloscopes + several new proposals  

✓ Major LSW experiment starting (ALPS II) 

✓ Major new Helioscope proposal under progress (IAXO)  

✓ Several innovative ideas 

• Most interesting parameter space accessible to Next Gen Experiments        
 a groundbreaking discovery is possible  

• Axions with couplings at the current thresholds would excellent astrophysical 
messengers.

→

Conclusions and Comments
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• A soft and enjoyable introduction is  the article by David J. E. Marsh:  
Axions for amateurs arXiv:2308.16003 

• More technical: L. Di Luzio, M.G., E. Nardi, L. Visinelli, The landscape of QCD axion 
models, Phys.Rept. 870 (2020) 

• Especially good for theory:  
• Villadoro Lectures GGI 2015, GGI 2023 
• Anson Hook, TASI Lectures, arXiv:1812.02669 

• For astrophysics:  
• P. Carenza, M.G., A. Mirizzi, J. Isern, O. Straniero, Axion astrophysics, Phys.Rept. 

1117 (2025) 
• A. Caputo and G. Raffelt, Astrophysical Axion Bounds: The 2024 Edition, 

PoS COSMICWISPers (2024) 041 

• For experiments: I. Irastorza, J. Redondo, New experimental approaches in the 
search for axion-like particles, Prog.Part.Nucl.Phys. 102 (2018)

109

To know more about Axions

https://arxiv.org/abs/2308.16003
https://arxiv.org/pdf/2003.01100.pdf
https://arxiv.org/abs/1812.02669
https://arxiv.org/abs/2411.02492
https://arxiv.org/abs/2411.02492
https://arxiv.org/abs/2401.13728
https://arxiv.org/pdf/1801.08127
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… and in general, on Dark Matter

• There is a Long evidence for Dark Matter.  
See   A History of Dark Matter, by G. Bertone and D. Hooper (2018)→

• Also interesting the very recent short review Bozorgnia et al.  
 Dark Matter Candidates and Searches→

• Very recent, interesting and comprehensive review  
 M. Cirelli, A. Strumia and J. Zupan (2024) →

• For Axion Cosmology, See C. O’Hare, Axion cosmology 
COST (2023) Training School  

https://arxiv.org/abs/1605.04909
https://arxiv.org/pdf/2410.23454
https://arxiv.org/pdf/2406.01705
https://arxiv.org/pdf/2403.17697
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Cosmic WISPers in the Dark Universe 

Join our network and working groups  
 COST CA21106 →

https://www.cost.eu/actions/CA21106/

