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Abridged  story of the axion

• New problem:      LQCD    ->   LQCD +                     brings in QCD  P,T  violation,                            
zand thus CP violation, intolerable (nEDM) unless θ  <  10-10  [no anthropic expl.]

• QCD before 1975:   U(1) problem:  why the  η’ does not behave as a 9th  NGB ?                 
c   

• Instantons (Belavin et al. ’75), Yang-Mills vacuum periodicity (Callan et al. ’76; Jackiw et al. ’76).              
=> Non-trivial vacuum + U(1) axial anomaly -> no conserved axial current -> no NGB

• Axions physics still holds out a certain number of crucial open issues. Their   
   solution might shed light on other unsolved problems of the SM

•  PQ solution (’77): θ -> θ(x); V(θ) s.t. <θ>	= 0. It also predicts a m ≈ 0 scalar: the    
NGB  of a spontaneously broken global and QCD-anomalous U(1)PQ:  the Axion 

• Unexpectedly, the axion has also the right properties to account for the DM ! 

• Axion physics is replete with interconnections between particle physics,  
  astrophysics, cosmology, & forefront detection technologies.  This drives 
  the axion hypothesis  within the reach of experimental verification



• QCD is defined in terms of two parameters  which are not  
   predicted by the theory. Measurements yield:        
    αs ~ O(1)    [ΛQCD ~ 200 MeV]       and        θ < 10-10 
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The strong CP problem
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TABLE I. Field content of the general KSVZ axion model. (C, I,Y) denote irreps of the SM gauge group nontrivial
under color (C 6= 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe�cient µ

2 of the quadratic Higgs potential term,
the Yukawa couplings of the first family fermions he,u,d ⇠ 10�6

� 10�5 and the strong CP violating angle
✓ < 10�10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ

2) and (unlike he,u,d) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of ✓ independently of other “small values” problems is theoretically motivated.
Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require

 gives the amount CP viol. in QCD
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mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ✓ <

⇠ 10�10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11–13].
Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set

experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very important to identify as well as possible the region of
parameter space where realistic axion models live. The vast majority of axion search techniques are sensitive
to the axion-photon coupling ga�� , which is linearly proportional to the inverse of the axion decay constant
fa. Since the axion mass ma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for specific models, can be conveniently presented in the ma-ga�� plane. The commonly adopted
“axion band” corresponds roughly to ga�� ⇠ ma↵/(2⇡f⇡m⇡) ⇠ 10�10 (ma/eV)GeV�1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14–16]. In this Letter we put
forth a definition of a phenomenologically preferred axion window as the region encompassing hadronic axion
models which i) do not contain cosmologically dangerous strongly interacting relics; ii) do not induce Landau
poles below a scale ⇤LP close to the Planck scale mP . While all the cases we consider belong to the KSVZ
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Change in θ is given by the change of the path integral measure:

[Fujikawa (1979)]
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•   ≠ 0 implies  a non-zero neutron EDM  

A small value problem

•However, implying:

•This is qualitatively different from other small values problems: 
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a

µ⌫

◆
DqDq (58)

✓ = ✓ � ✓q (59)

dn ⇡
e
��✓
��m2

⇡

m3
n

⇡ 10�16
��✓
�� e cm (60)

dn . 3 · 10�26
e cm (61)

✓ . 10�10 (62)

m
2
H

⌧ ⇤UV (63)

ye,u,d ⇠ 10�6
÷ 10�5 (64)it evades explanations based      

on environmental selection [Ubaldi, 0811.1599]

[Baluni (1979), Crewther et al. (1979)]
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•A massless quark. One exact chiral symmetry:

Three types of solutions

•CP symmetry + Spontaneous CP violation

• The axion (or Peccei-Quinn) solution 

at all orders.    No unambiguous exp. signatures.

• From lattice: [Aoki (2013)]
[Manhoar & Sachrajda, PDG(2014)]

= 0 by imposing CP. Need to break spont. for CKM (+BAU)
• High degree of fine tuning, or elaborated constructions to keep

[Barr (1984), Nelson (1984)]

[Peccei, Quinn (1977), 
Weinberg (1978), Wilczek (1978)]

by  more  than 20

• Set 
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Basic ingredient of the axion solution

αs

8π ( a(x)
fa

+ θ̄)
a → a + const.

GG̃ + ℒ (∂μa(x), ψ, φ, Aμ)
∂μa → ∂μa

+ [δℒeff(a(x), …)]
Tolerable if Λeff∼mP & d≥10

1.    is removed via a shift of the axion field  

2. Minimum of the vacuum energy for         
   [Vafa-Witten, Phys. Rev. Lett. 53 (6) 535]

θ̄ a → a − θ̄ fa

⟨a(x)⟩ → 0
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Two elegant realizations
The “QFT axion”

The axion is the NGB of  
a global U(1) symmetry,  
endowed with a QCD anomaly  
and broken spontaneously 

The “superstring axion” 
(or “extra dim. axion”)

The axion corresponds to  
gauge field components of 
 extra dimensional theories 
MD -> M4 x VD-4 

B[MN] -> B[µν] + B[ij]   [see next talk]

  07          
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Basic ingredients of the QFT axion solution
[Peccei, Quinn (1977),  Weinberg (1978), Wilczek (1978)]

•A scalar potential invariant under a global U(1):  Φ -> eiξ Φ,   δL(Φ) = 0  

•U(1) SSB: Φ -> va eia(x)/va. Shift symmetry  a(x) -> a(x) + ξvα,   δL(a) = 0  
•a 

•Couplings between the scalars and some quarks Q̄L Φ qR  -> Q̄L va qR eia(x)/va     

  U(1) is then enforced by identifying chiral PQ charges   X(Q) - X(q) = X(Φ) 
•a 

•The symmetry must have a mixed U(1)-SU(3)c2  anomaly: Σq(XQ - Xq) ≠ 0

By redefining the quark fields in the basis of real masses Q̄Lva qR:       
   (a(x)/va)GG̃     ->      (a(x)/va + 𝛩) GG̃     ->      (a(x)/va) GG̃  
Instanton related non-perturbative QCD effects generate a potential
  VQCD(a) = -(mπ fπ)2 cos(a/va)  that drives   <a/va> -> 0 at the minimum
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Axion couplings to matter & radiation
“Defining interaction”  

axion-gluon coupling (fa=va/N) 

Axion-photon coupling 
(EM anomaly + mixing  
with π0 ) 

αs

8πfa
a GG̃

α
8πfa ( E

N
− 1.92) a FF̃

Axion-nucleon coupling: 
CaN = C0(Xu,d) + Δ(mu,d) 

CaN

2fa
∂μa N̄γμγ5N

Axion-electron coupling: 
Cae = C0(Xe) + δeloop  

Cae

2fa
∂μa ēγμγ5e

Xu,d,e:  PQ charges  (model dependent parameters.)



Astrophysics: Axion production processes

εP ∝ ( gaγ

GeV−1 )
2 T7

ρ
erg g−1 s−1

Energy released  from a hot/dense plasma 

εC ∝ g2
ae ( neff

e

ne ) T6 erg g−1 s−1

εB ∝ g2
ae (∑

XjZ2
j

Aj ) T4 erg g−1 s−1
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cc

Axion emission affects star evolution 

Sun (direct)

Tip RGB 
HB Lifetime R=HB/RGB

WDLF 
 of VWD·P/P

R2 = AGB/HB
Tν from SN1987A

Superradiance

a -> γ (B ~ 1012G) 
NS cooling rates



  Color-magnitude diagram for globular cluster M5  

Sun (Primakoff, Compton) 

HB (Primakoff) 

RGBT: He flash

RGB (e- brem.)

WD (e- brem.)

Stellar evolution vs. axion extra cooling

AGB: Primakoff 





Hints for extra energy loss in stars
M. J. Dolan, F. J. Hiskens and R. R. Volkas   [arXiv:2207.03102]

13  .

gaγ < 0.45 x 10-10 GeV-1gaγ > 0.10 x 10-10 GeV-1

High statistics GAIA data will allow to improve this situation 

HB/RGB AGB/HB



Hints for extra energy loss in stars

Model indep. global fit to 
TRGB, HB, WDLF, WDV 
(gae gaγ  assumed uncorrelated)

SM: gae = gaγ  = 0   
disfavoured at 3σ 
[arXiv:2109.10368]  

Preferred couplings:  gaγ  ~ 10-11 GeV-1,  gae ~ 10-13,   gaN ≲ 10-9



June 2020: a signal of solar axions ? 

PRD 102, 072004 (2020)

Detection via axioelectric effect (gae) 

Di Luzio, Fedele, Giannotti, Mescia, EN,  PRL 125, 131804 (2020)

XENON1T (WIMP DM detector)

However, confronting astrophysics:

Values of gae ≳ 10-12 as required to account for  
the XENON1T excess would unavoidably turn  
other stars into bright “axion light-houses” 

(Not confirmed by XENONnT  [PRL 129 (2022) 16, 161805])



Axions in Cosmology

Axion cosmology involves and exceedingly large number of 
different topics: 

- Thermal production and axion contribution to radiation (Neff)
 (T >> ΛQCD):  g q    a q,  g g    a g   <σ v> ~ αs3 T3/fa2  
 (T < ΛQCD):    π π  π a                <σ v> ~ … ?  (ChiPT)

- Production via misalignment (pre/post inflation scenarios)

- Isocurvature fluctuations (pre-inflation)

- Cosmic strings and walls contributions (post-inflation)

- Axion miniclusters



• As long as   ΛQCD <T < fa :

Axion CDM from misalignment

• Αs soon as Τ ~ ΛQCD :

• Energy stored in oscillations behaves as CDM

  U(1)PQ  broken only spontaneously,  
   ma = 0,       <a0> = θ0 fa  ~ fa

Georg Raffelt, MPI Physics, Munich Off-the-Beaten-Track Dark Matter, ICTP, Trieste 13–17 April 2015

Creation of Cosmological Axions
 

 

 

 

 

 

 

 

 

Axions are born as nonrelativistic, classical field oscillations 
Very small mass, yet cold dark matter

2

k (1)

ma ' m⇡

f⇡

fa
' 6 meV

109 GeV

fa
(2)

1

fa
(3)

La�� = �
1

4
ga�� aF · F̃ = ga�� aE ·B (4)

e
�V4E(✓eff) =

Z
D' e

�S0+i✓effQ =

����
Z

D' e
�S0+i✓effQ

���� 
Z

D'
��e�S0+i✓effQ

�� = e
�V4E(0) (5)

Q =
g
2
s

32⇡2

Z
d
4
xG · G̃ (6)

E(0) < E(✓e↵) (7)

a0 = ✓0fa (8)

ä+ 3Hȧ+m
2
a
(T )fa sin

✓
a

fa

◆
= 0 (9)

ä+ 3Hȧ ⇡ 0 (10)

ä+m
2
a
(T )fa sin

✓
a

fa

◆
⇡ 0 (11)

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe�cient µ

2 of the quadratic Higgs potential term,
the Yukawa couplings of the first family fermions he,u,d ⇠ 10�6

� 10�5 and the strong CP violating angle
✓ < 10�10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ

2) and (unlike he,u,d) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of ✓ independently of other “small values” problems is theoretically motivated.
Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ✓ <

⇠ 10�10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11–13].
Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set

experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).

  
 U(1)PQ  explicit breaking (instanton effects)   
 ma(T) turns on. When ma2       (T) > 3H ~ 10-9 eV,        
 <a0> —> 0 and it starts oscillating undamped 

Georg Raffelt, MPI Physics, Munich Off-the-Beaten-Track Dark Matter, ICTP, Trieste 13–17 April 2015

Creation of Cosmological Axions
 

 

 

 

 

 

 

 

 

Axions are born as nonrelativistic, classical field oscillations 
Very small mass, yet cold dark matter

[Preskill, Wise, Wilczek (1983), Abott, Sikivie (1983), Dine, Fischler (1983)]
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Initial condition: Pre/Post inflation scenarios
Slice of the universe after  
 PQ phase transition

[credit: J. Redondo]

• Post inflation: Causal patch at Τ ~ ΛQCD

• Pre inflation:  Causal patch at Τ ~ ΛQCD



Spontaneous/explicit PQ symmt. breaking
Complex scalar V(Φ) = (|Φ|2 - v2)2 + λ|Φ|4

][Τ~ΛQCD

T<TPQ~vΦ

Τ>TPQ

Pre-inflationary 
Horizon at TQCD 

arX
iv:1904.09155

θi ~ π/2

t ⟶ N
D

W
 > 

1

Initial conditions

Strings/walls are inflated away



    Post-inflationary scenarios: TPQ < Trh
arX

iv:1904.09155• na independent of initial conditions:  <θi2> = π2/3. More  
     predictive for misalignment ρa-mis ≈ ρDM  →  ma ~ 20-50µeV 
   

• Strings remain within the horizon (enter/annihilate) 
     Eventually decay and contribute to ρa (important debate: 
     spectrum/string density) masses up to ma ~ 0.5-3.5meV 
   

• O(1) density contrasts: at matter/radiation equality 
    (T ~ 1eV) overdensities start growing: axion miniclusters 
     RMC ~ 1 AU,   MMC ~ 10-3 M☾,   ρMC ~ 106 ρDM-local 
   

•  NDW > 1:                   
    Strings-DW network is stable.  ρDW   dominates  ρUniverse 

      Solutions exist (e.g. small non-QCD explicit breaking)

T~TPQ



The issue of QCD topological susceptibility

•How does  the axion mass behave as a function of the temperature ?   
                 
     ma2       (T) = ———  ma2       (0)         
                   

[Bonati et al. 1512.06746,  Petreczky et al. 1606.03145, Borsanyi et al. 1606.07494]
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 χ(Τ) 
χ(0) 

Credits to G. Villadoro  ε = 1/6

 χ(Τ) : QCD topological susceptibility

The larger fa (the smaller ma) the larger Ωa





The issue of topological defects contributions 
Only in post-inflation scenario (in pre-inflation defects are inflated away) 

Only for the QFT axion    (extra dim. compactified before inflation)

ρa = na ma =  (nmis + nstrings) ma.  For which value of ma   ρa =ρDM?



- Star evolution, RG lifetime 

Current limits and search strategies 
• Astrophysical bounds on axion couplings

- Light Shining trough Walls 

• Most laboratory search techniques are sensitive to  gaγγ 

- White dwarf cooling 
- Supernova SN1987A

[For a collection see e.g. Raffelt, hep-ph/0611350]

6.2 Astrophysical bounds

be detected at the end of the telescope. CAST has already been able to constrain the
axion photon coupling to lie below ga�� . 8.8 ⇥ 10

�11 GeV�1 for ma < 0.02 eV and
ga�� . 2.2 ⇥ 10

�10 GeV �1 for 0.02 < ma < 0.4 eV [327].
Furthermore, it is possible to reach an increased sensitivity with stronger magnets,

the basis for the International Axion Observatory (IAXO) [310]. After few years of data
taking, IAXO may be able to reach ga�� ⇠ 5 ⇥ 10

�12 GeV�1 for ma . 0.02 eV and
ga�� ⇠ 1 ⇥ 10

�11 GeV�1 for 0.02 . ma . 0.2 eV.

Supernova SN1987A

One of the strongest bounds on the axion mass comes from the observations of neutrinos
originating from the supernova SN1987A [328]. The relevant process consists of a core
collapse of a massive star which subsequently leads to a proto neutron star. Axion can
therefore be produced through nucleon nucleon axion bremsstrahlung N+N ! N+N+a,
involving the axion nucleon coupling.

The cooling time of the supernova can be affected by such a process and the duration
of the burst can therefore be reduced. As a consequence, the associated neutrino flux
may be reduced. If the axion nucleon coupling gaNN is very small, the axion emission
does not change the cooling time. As gaNN increases, the emission of bremsstrahlung
axions increase and therefore the burst duration shortens. A minimum in the cooling
time is reached when the axion mean free path corresponds to the geometric size of the
supernova core. For even larger couplings, axions are trapped in the medium and their
emission decreases reaching a point where the cooling time is unaffected by their presence.

The Kamiokande-II and the Irvine-Michigan-Brookhaven experiments measured the
flux of electron antineutrinos coming from the SN1987A, allowing comparison of the data
with theoretical expectations. Such measurements allowed to exclude axions for 3 ⇥
10

�10 . gaNN/ GeV
�1 . 3 ⇥ 10

�7 [313], implying that QCD axion masses heavier than
O(10) meV are excluded. This bound corresponds to fa & 2 ⇥ 10

8 GeV.

White dwarf cooling

After helium burning stars reach the latest stages of their helium consumption, they evolve
to the asymptotic giant branch (AGB) in the Hertzsprung-Russell diagram. An AGB star
may then evolve into a white dwarf star by cooling down because of neutrino emission and
surface photon emission. The existence of axions would open up an additional channel
for the cooling of AGN into white dwarfs via the process

e + Ze ! e + Ze + a, (6.4)

109

6. Axion searches

where Z is the atomic number. It is then possible to derive constraints on the axion mass
and the axion-electron coupling comparing the theoretical luminosity function, including
the above process, and the observed cooling rate derived from the decrease of the rotational
period. The constraint on the axion-electron coupling obtained is [329, 330]

gaee . 1.3 ⇥ 10
�13. (6.5)

Globular cluster stars

Gravitationally bound systems of stars that formed at the same time are called globular
clusters. Globular clusters are particularly useful for testing models of stellar evolution
because their stars formed at the same time. If axions exist, they would change the
evolution of helium burning stars accelerating the helium consumption via the axion
production channel. This effect would reduce the lifetime of the horizontal branch stars
by a factor proportional to the axion-photon coupling


1 +

3

8

⇣ ga��
10�10 GeV

�1

⌘2
��1

. (6.6)

A reasonably conservative estimate from the analysis of a statistically significant set of
helium burning stars implies [331]

ga�� . 6.6 ⇥ 10
�11

GeV
�1, (6.7)

a limit comparable to the one of CAST, but applying for higher masses. This limit
excludes QCD axions heavier than O(10) eV.

Black hole superradiance

Very light axions have a Compton wavelength comparable to the size of black holes and
thus form an approximately hydrogenic spectrum of bound states with different energy
levels. The occupation number of the bound states grows exponentially, fed by the energy
and the angular momentum of the black hole. While the occupation number of the
bound states grows forming a condensate around the black hole, axions can superradiate
extracting angular momentum and rotational energy from the black hole. Furthermore,
axions can emit gravitational waves resulting in a regular extraction of angular momentum
from the black hole. As a consequence, the black hole spins down. Current black hole
spin measurements imply an upper bound on the QCD axion decay constant of 2 ⇥ 10

17

GeV [332, 333].

110

6. Axion searches

where Z is the atomic number. It is then possible to derive constraints on the axion mass
and the axion-electron coupling comparing the theoretical luminosity function, including
the above process, and the observed cooling rate derived from the decrease of the rotational
period. The constraint on the axion-electron coupling obtained is [329, 330]

gaee . 1.3 ⇥ 10
�13. (6.5)

Globular cluster stars

Gravitationally bound systems of stars that formed at the same time are called globular
clusters. Globular clusters are particularly useful for testing models of stellar evolution
because their stars formed at the same time. If axions exist, they would change the
evolution of helium burning stars accelerating the helium consumption via the axion
production channel. This effect would reduce the lifetime of the horizontal branch stars
by a factor proportional to the axion-photon coupling


1 +

3

8

⇣ ga��
10�10 GeV

�1

⌘2
��1

. (6.6)

A reasonably conservative estimate from the analysis of a statistically significant set of
helium burning stars implies [331]

ga�� . 6.6 ⇥ 10
�11

GeV
�1, (6.7)

a limit comparable to the one of CAST, but applying for higher masses. This limit
excludes QCD axions heavier than O(10) eV.

Black hole superradiance

Very light axions have a Compton wavelength comparable to the size of black holes and
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the basis for the International Axion Observatory (IAXO) [310]. After few years of data
taking, IAXO may be able to reach ga�� ⇠ 5 ⇥ 10

�12 GeV�1 for ma . 0.02 eV and
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�11 GeV�1 for 0.02 . ma . 0.2 eV.

Supernova SN1987A

One of the strongest bounds on the axion mass comes from the observations of neutrinos
originating from the supernova SN1987A [328]. The relevant process consists of a core
collapse of a massive star which subsequently leads to a proto neutron star. Axion can
therefore be produced through nucleon nucleon axion bremsstrahlung N+N ! N+N+a,
involving the axion nucleon coupling.

The cooling time of the supernova can be affected by such a process and the duration
of the burst can therefore be reduced. As a consequence, the associated neutrino flux
may be reduced. If the axion nucleon coupling gaNN is very small, the axion emission
does not change the cooling time. As gaNN increases, the emission of bremsstrahlung
axions increase and therefore the burst duration shortens. A minimum in the cooling
time is reached when the axion mean free path corresponds to the geometric size of the
supernova core. For even larger couplings, axions are trapped in the medium and their
emission decreases reaching a point where the cooling time is unaffected by their presence.

The Kamiokande-II and the Irvine-Michigan-Brookhaven experiments measured the
flux of electron antineutrinos coming from the SN1987A, allowing comparison of the data
with theoretical expectations. Such measurements allowed to exclude axions for 3 ⇥
10

�10 . gaNN/ GeV
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�7 [313], implying that QCD axion masses heavier than
O(10) meV are excluded. This bound corresponds to fa & 2 ⇥ 10
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White dwarf cooling

After helium burning stars reach the latest stages of their helium consumption, they evolve
to the asymptotic giant branch (AGB) in the Hertzsprung-Russell diagram. An AGB star
may then evolve into a white dwarf star by cooling down because of neutrino emission and
surface photon emission. The existence of axions would open up an additional channel
for the cooling of AGN into white dwarfs via the process
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ga�� =
ma

eV

2.0

1010 GeV

✓
E

N
� 1.92

◆
(33)

ga�� =
ma

eV

2.0

1010 GeV

✓
Ec

Nc

� 1.92(4)

◆
(34)

R
1
Q
+R

2
Q

(35)

Ec

Nc

=
E1 + E2

N1 + E2
(36)

(3, 2, 1/6)� (3, 3,�4/3) (37)

Ec/Nc = 122/3 (38)

CQ 6= I (39)

Va � vEW (40)

U(1)PQ ⇥ U(1)Q (41)

LQq 6= 0 (42)

LQq = 0 (43)

V
d>4
� 3

�N

M
N�4
Planck

(44)

gaNN . 3⇥ 10�7 GeV�1 (45)

Field Spin SU(3)C SU(2)L U(1)Y U(1)PQ

QL 1/2 CQ IQ YQ XL

QR 1/2 CQ IQ YQ XR

� 0 1 1 0 1

TABLE I. Field content of the general KSVZ axion model. (C, I,Y) denote irreps of the SM gauge group nontrivial
under color (C 6= 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe�cient µ

2 of the quadratic Higgs potential term,

[see e.g. Redondo, Ringwald hep-ph/1011.3741]

- Haloscopes  [Sikivie 1983]

Photon conversion into Axions, reconverted back into photons after passing a wall

Search for Axion Dark Matter

- Helioscopes 
Search for Axions produced in the Sun
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Light Shining trough Walls (LSW) 
•Any Light Particle Search (DESY) Alps 1 (2007-2010) Alps 2

Schematic view of axion (or ALP) production through photon 
conversion in a magnetic field (left), subsequent travel through 
a wall, and final detection through photon regeneration (right).

-  LSW experiments pay a (gaγγ)4 suppression

Artist view of a light shining  
through   a wall experiment
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Haloscopes
• Look for halo DM axions with a microwave resonant cavity [Sikivie (1983)]

Georg Raffelt, MPI Physics, Munich Off-the-Beaten-Track Dark Matter, ICTP, Trieste 13–17 April 2015

Experimental Tests of Invisible Axions

  Pierre Sikivie: 

Macroscopic B-field can provide a 
large coherent transition rate over 
a big volume (low-mass axions) 

• Axion helioscope: 
   Look at the Sun through a dipole magnet 

• Axion haloscope: 
   Look for dark-matter axions with 
   A microwave resonant cavity

Redefining the Axion Window

Luca Di Luzio,1, ⇤ Federico Mescia,2, † and Enrico Nardi3, ‡

1
Institute for Particle Physics Phenomenology,

Department of Physics, Durham University, DH1 3LE, UK
2
Dept. de F́ısica Quàntica i Astrof́ısica, Institut de Ciències del Cosmos (ICCUB),

Universitat de Barcelona, Mart́ı Franquès 1, E08028 Barcelona, Spain
3
INFN, Laboratori Nazionali di Frascati, C.P. 13, 100044 Frascati, Italy

A major goal of axion searches is to reach inside the parameter space region of realistic axion
models. Currently, the boundaries of this region depend on somewhat arbitrary criteria, and it
would be desirable to specify them in terms of precise phenomenological requirements. We consider
hadronic axion models and classify the representations RQ of the new heavy quarks Q. By requiring
that i) the Q are su�ciently short lived to avoid issues with long lived strongly interacting relics,
ii) no Landau poles are induced below the Planck scale, fifteen cases are selected, which define a
phenomenologically preferred axion window bounded by a maximum (minimum) value of the axion-
photon coupling about twice (four times) stronger than commonly assumed. Allowing for more than
one RQ, stronger couplings, as well as complete axion-photon decoupling, become possible.

PACS numbers: 14.80.Va, 14.65.Jk
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I. Introduction. In spite of its indisputable phe-
nomenological success, the standard model (SM)
remains unsatisfactory as a theoretical construc-
tion: it does not explain unquestionable experimen-
tal facts like dark matter (DM), neutrino masses,
and the cosmological baryon asymmetry, and it con-
tains fundamental parameters with highly unnatu-
ral values, like the coe�cient µ

2 of the quadratic
Higgs potential term, the Yukawa couplings of the
first family fermions he,u,d ⇠ 10�6

� 10�5 and the
strong CP violating angle ✓ < 10�10. This last
quantity is somewhat special: its value is stable with
respect to higher order corrections (unlike µ

2) and
(unlike he,u,d) it evades explanations based on envi-
ronmental selection [1]. Thus, seeking explanations
for the smallness of ✓ independently of other “small
values” problems is theoretically motivated. Di↵er-
ently from most of the other SM problems, which
can often be addressed with a large variety of mech-
anisms, basically only three types of solutions to the
strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The
so-called Nelson-Barr (NB) type models [4, 5] either
require a high degree of fine tuning, often compa-
rable to setting ✓ <

⇠ 10�10 by hand, or additional

rather elaborated theoretical structures [6]. The
Peccei-Quinn (PQ) solution [7–10] arguably stands
on better theoretical grounds, although it remains a
challenge explaining through which mechanism the
global U(1)PQ symmetry, on which the solution re-
lies (and that presumably arises as an accident) re-
mains protected from explicit breaking to the re-
quired level of accuracy [11–13].

Setting aside theoretical considerations, the issue
if the PQ solution is the correct one could be set ex-
perimentally by detecting the axion (in contrast, no
similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very im-
portant to identify as well as possible the region of
parameter space where realistic axion models live.
The vast majority of axion search techniques are
sensitive to the axion-photon coupling ga�� , which
is linearly proportional to the inverse of the axion
decay constant fa. Since the axion mass ma has
the same dependence, experimental exclusion lim-
its, as well as theoretical predictions for specific
models, can be conveniently presented in the ma-
ga�� plane. The commonly adopted “axion band”
corresponds roughly to ga�� ⇠ ma↵/(2⇡f⇡m⇡) ⇠

10�10 (ma/eV)GeV�1 with a somewhat arbitrary
width, chosen to include representative models like
those in Refs. [14–16]. In this Letter we put forth
a definition of a phenomenologically preferred axion
window as the region encompassing hadronic axion
models which i) do not contain cosmologically dan-
gerous strongly interacting relics; ii) do not induce
Landau poles below a scale ⇤LP close to the Planck
scale mP . While all the cases we consider belong
to the KSVZ type of models [17, 18], the resulting
window encompasses also the DFSZ axion [19, 20]
and many of its variants [15].

II. Hadronic axion models. The basic ingredi-
ent of any renormalizable axion model is a global
U(1)PQ symmetry. The associated Nöether current

—  power of axions converting into photons in an EM cavity 

6. Axion searches

where E and B are respectively the standard electric and magnetic field of the coupling
photons respectively, it is possible to detect the axion [307]. Indeed, axions passing
through an electromagnetic cavity, where a strong electromagnetic field with a frequency
related to the size of the cavity is produced, could resonantly convert into photons when
the cavity resonant frequency !a matches with the axion mass ma.

Relic axions from the Big Bang are gravitationally bound to the Milky Way with a
non relativistic velocity v and dispersion1

�v ' 10
�3. Consequently, the predicted axion

mean energy would be

E ' ma

✓
1 +

�v2

2

◆
, (6.2)

with energy dispersion �E =
1

2
ma �v2 ' 10

�6.
The power of axions converting into photons in an electromagnetic cavity is given by

Pa = Cg2

a��
V B2

0

⇢a

ma

Qe↵ , (6.3)

where C is a constant that depends on the transverse magnetic cavity modes, V is the
volume of the cavity, B0 is the magnetic field, and Qe↵ is an effective quality factor that
is smaller or equal than the cavity’s quality factor QL and the quality factor for the
axion signal Qa ' 1/�v2 ⇠ 10

6. Three physical parameters that are extremely important
are the axion-photon coupling ga��, the axion mass ma and the local axion density ⇢a.
Such an experiment would lead to measurements of the axion-photon coupling and its
mass, once the local axion DM density is fixed to its value [314, 315]. The resonant
condition requires that the frequency of the cavity must be equal to the axion mass
⌫ = ma(1 + �v2/2). Therefore, should the axion be discovered by such experiments, its
mass would be known with a precision comparable to the suppressed line width of the
resonance, �ma/ma ⇠ O(10

�6
).

The drawback of cavity microwave experiments is that the cavity frequency has to be
equal to the energy of the axion, which is essentially given by its mass. Since the axion
mass is not known and it may be in a wide range, these experiments require a slow scan
over large numbers of frequencies.

The first experiments of this kind were performed at the Brookhaven National Lab-
oratory [316, 317] and at the University of Florida [318], and excluded an axion mass in
the range [4.5, 16.3] µeV, without reaching the photon coupling characteristic of the QCD
axion. The best sensitivity is currently achieved by the Axion Dark Matter eXperiment
(ADMX) [319]. Currently, ADMX excludes the region between 1.9 and 3.65 µeV, for an
axion photon coupling larger than ⇠ 10

�15 GeV�1, on the edge of the KSVZ QCD axion
1We use natural units where c = /h = 1.
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- resonance condition:  need to tune the frequency of the EM cavity 
on the axion mass  [good knowledge of ma(DM) would be important]

— exploits inverse Primakoff effect: axion-photon transition in external  
     E or B field 

⇦
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Haloscopes

6.1 Laboratory searches

Figure 6.1: Search reach of ADMX and ADMX-HF over the next years in the ma-|ga�� |
plane. The blue shaded area denotes the current limits from ADMX. The shaded green
regions are the reach of the future stages of ADMX. The red curves show the QCD axion
parameter space.

model, see figure 6.1. In the figure it is also shown the possible future reach of the high
frequency version of ADMX (ADMX-HF), that may cover along the years the QCD axion
parameter space for ma 2 [2, 40] µeV.

Future experiments

New search concepts for the detection of dark matter axions have been proposed in the
last years. The authors of [320] proposed a microwave resonator structure sensitive to
dark matter axions with an expected sensitivivity to dark matter axion mass between 40

and 600 µeV for axion photon couplings below 10
�14 GeV�1.

Alternatively, the oscillating axion field induces oscillating electric dipole moments
that cause a precession of nuclear spins in spin polarised nucleon in presence of an electric
field. Consequently, it is possible to search for the resulting transverse magnetisation
exploiting nuclear magnetic resonance techniques. The Cosmic Axion Spin Precession
Experiment (CASPEr) searches for two different couplings of the axion [311]. On one
hand, CASPER-Wind searches for the axion wind effect which causes a precession of the
nuclear spin, probing the pseudo-scalar coupling gaNN . On the other hand, CASPER-
Electric exploits the time varying nucleon electric dipole moment gd caused by the axion.
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[ADMX Collaboration, 0910.5914 ]

• Look for DM axions with a microwave resonant cavity

- Axion Dark Matter eXperiment (ADMX) (U. of Washington)

ADMX,,
Axion&Dark&Ma,er&eXperiment,
(U.,of,Washington),
,

ADMX,searches,for,axions,by,,
slowly,scanning,the,cavity,
resonant,,frequency,by,
adjus?ng,posi?ons,,of,two,
tuning,rods,within,the,cavity.,,
A,signal,appears,when,the,
cavity,resonant,frequency,
matches,the,,axion,mass.,

HALOSOPES,(Cavity,Experiments),
,
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Helioscopes
• The Sun is a potential source of a copious axion flux 
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Figure 1: Left: Schematic of an enhanced axion helioscope: solar axions travelling through an intense transverse magnetic field with an axion-
sensitive area A, are converted into x-rays. With the help of x-ray focusing devices, these are concentrated onto a spot on low background detectors
(figure from [2]). Right: The solar axion flux as expected at the Earth. A value of 1 × 10−10 GeV−1 for gaγ is assumed.

As Fig. 1(right) shows, the expected signal is in the
energy range of 1–10 keV. The operation of a helio-
scope consists in following the Sun as long as techni-
cally possible, in axion sensitive conditions, and taking
background data when there is no alignment with the
Sun. The sought-after signal would be the excess of
photons in the expected energy range that the x-ray de-
tectors will register when tracking the Sun, compared
to the background gathered during the rest of the time.
The number of excess photons expected depends on the
very weak gaγ coupling constant, which is a measure of
a helioscope’s sensitivity. According to the following
expression [13]

g4
aγ ∼ B2L2A εdb−1/2 εoa−1/2 ε1/2t t1/2, (1)

four are the main parameters to take into account when
designing a helioscope: a) time: the total time of data-
taking of the experiment t and εt, the fraction of time
the magnet tracks the Sun; b) magnet: the length L and
the strength B of the provided magnetic field as well as
the axion-sensitive area A; c) low-background x-ray de-
tectors: the background level b and their detection effi-
ciencies εd and d) x-ray focusing optics: their efficiency
εo and total focusing area a. The focusing devices are
an addition to the classical helioscope experiment, and
were implemented for the first time in the third genera-
tion axion helioscope, the CAST experiment.

3. The CERN Axion Solar Telescope (CAST)

The CERN Axion Solar Telescope (CAST) presented
an important improvement in the sensitivity of the he-
lioscope technique, based on two major innovations; fo-
cusing optics and low background techniques for the de-
tectors. CAST is the first helioscope to use an x-ray tele-
scope, comprising of an x-ray focusing device coupled
to a Charged Coupled Device (CCD) camera, recycled

from the ABRIXAS and XMM-Newton space missions.
The addition of the telescope improved the signal-to-
noise ratio of the system and therefore the sensitivity of
the experiment. On the magnet front, CAST recycled a
decommissioned LHC prototype magnet, which reaches
9 T over a length of 10 m. The magnet has two bores
and has been equipped with up to four detectors; the x-
ray telescope mentioned above, and three Micromegas
detectors was the latest configuration. The total axion-
sensitive area achieved in this way is ∼ 30 cm2. The
whole system is sitting on a movable platform con-
trolled by a tracking system, pointing it to the centre
of the Sun during 1.5 h twice a day, at sunrise and at
sunset.

Since 2003, when CAST started operating, data have
been taken in different experimental conditions which
gradually extended the axion mass sensitivity of the ex-
periment: from keeping the magnet bores under vac-
uum (ma !0.02 eV) [14, 15] to gradually filling them
with 4He (ma !0.39 eV) [16] and later on with 3He.
The first part of the 3He data covered the mass range
up to ma ∼0.64 eV [17] and in 2011 masses up to
ma ∼1.17 eV were reached. A part of these data has
been analyzed and has shown no excess of signal over
background, leading to an upper bound of the axion-to-
photon constant of gaγ < 3.3 × 10−10 GeV−1 for the
mass range between 0.64 eV and 1.17 eV [18]. CAST
has provided the most stringent limits on the axion-to-
photon coupling constant over a large part of the axion
masses and has covered -for the first time- part of the
QCD-favoured band for masses above ∼0.15 eV, as can
be seen in Fig. 2.

Currently, CAST is revisiting the vacuum phase; this
time with the aim, on one hand to look at the low energy
part for evidence of other hypothetical particles such as
chameleons, which appear in Dark Energy models or
hidden photons [19], and on the other to exploit the

T. Dafni et al. / Nuclear and Particle Physics Proceedings 273–275 (2016) 244–249246

Georg Raffelt, MPI Physics, Munich Off-the-Beaten-Track Dark Matter, ICTP, Trieste 13–17 April 2015

Experimental Tests of Invisible Axions

  Pierre Sikivie: 

Macroscopic B-field can provide a 
large coherent transition rate over 
a big volume (low-mass axions) 

• Axion helioscope: 
   Look at the Sun through a dipole magnet 

• Axion haloscope: 
   Look for dark-matter axions with 
   A microwave resonant cavity

- macroscopic transverse B-field over a large volume              
z triggers  axion to photon (x-ray) conversion 

⇒
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Detection via inverse-Primakoff (gaγ )

Georg Raffelt, MPI Physics, MunichOff-the-Beaten-Track Dark Matter, ICTP, Trieste 13–17 April 2015

Experimental Tests of Invisible Axions

 Pierre Sikivie: 

Macroscopic B-field can provide a 
large coherent transition rate over 
a big volume (low-mass axions) 

• Axion helioscope: 
   Look at the Sun through a dipole magnet 

• Axion haloscope: 
   Look for dark-matter axions with 
   A microwave resonant cavity

γa ⇒



Helioscopes
• The Sun is a potential axion source  (3rd and 4th generation axion-Sun telescopes)

- CERN Axion Solar Telescope (CAST) 

- International AXion Observatory (IAXO)

IAXO The International Axion Observatory
Letter of Intent

Version: 1.0
Date: August 7, 2013
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Figure 26: Close-up of the high mass part of parameter space of Fig. 25 (1 meV < ma < 1 eV).

sizeable coupling gae because it can detect the flux of solar axions originating from axion-Bremsstrahlung
(electron-ion and electron-electron) Compton, and, to a lesser extent, axio-deexcitation of ions (together
referred to BCA reactions).

As seen in figure 2, for this kind of models, the flux of solar axion produced via BCA processes
may be up to 102 times larger than the standard Primakoff axions, providing a relevant opportunity to be
searched for at helioscopes [134]. The energies of these axions are somehow lower than the Primakoff
ones, falling in the range of about 0.5-2 keV. Provided the threshold of the IAXO optics and detectors
is low enough, something that it is technically feasible if taking into account at design time, competitive
sensitivity to these models can be reached.

In this case the expected signal depends on gaega� , the product of the electron coupling (responsible
for the production in the Sun) and the two-photon coupling (responsible for the detection in IAXO). The
plot on the left of fig. 27 shows the computed sensitivity of IAXO to the product gaega� assuming that
the Primakoff emission from the Sun is subdominant and therefore the solar flux is caused by the BCA
reactions alone. The computation is performed in a similar way and with the same assumed parameters
than in previous section. The additional input is that energy threshold for both detectors and optics is
set at 0.5 keV, with background and efficiencies comparable to the ones in previous section down to this
threshold. Under the assumption of no positive signal, IAXO could be able to constrain

ga�gae < 2.5⇥ 10�25GeV�1 (95% CL) (21)

at low masses ma . 10 meV — where the probability of axion-photon conversion in IAXO becomes
independent of the mass — and worsens as 1/m2

a for higher masses. In general, IAXO would be sensitive
to the region above the black lines (nominal and enhanced IAXO scenarios) in plot on the left of Fig. 27.
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[IAXO “Letter of intent”, CERN-SPSC-2013-022]

IAXO

CAST,,Cern,Axion,Solar,Telescope,

IAXO,,Interna?onal,Axion,Observatory,
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New proposals & search strategies 
ABRACADABRA, for “A Broadband/Resonant Approach to Cosmic Axion Detection with an Amplifying B-field Ring Apparatus.” 

The CryOgenic Resonant Group Axion CoNverter (ORGAN)
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Axion theory (QFT axion)

-The "origin" of the PQ  “symmetry” is left unexplained  

-The “high quality" of the PQ  symmetry remains a puzzle 

“quality” = absence of sources of explicit PQ-symmetry  
 breaking, up to effective operators of dimension D≿10

The PQ solution suffers from one serious issue:  
Most model realizations can be considered “incomplete”  
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This problem can be avoided in extra dim. axion models (gauge origin) [see Dvali talk]



The PQ "origin" and "quality" problems
• U(1)PQ is anomalous. Is not a (fundamental) symmetry of the theory: 
   At the quantum level the theory is not invariant under ψ -> eiαγ5  ψ 

   Ζ ~∫[DAµ DΦ] DψDψ̄  exp(iS) ->∫[DAµ DΦ] DψDψ̄  exp(iS+  ) 
a 

•In benchmark axion models, Φ is a complex scalar, and a gauge singlet.             
aRenormalizable terms µ3Φ, µ2Φ2, µΦ3, λΦ4 do not break gauge or Lorentz 
aand are not forbidden.   No reasons not to write them in the Lagrangian… 
               However, they would completely destroy the PQ solution ! 

i∫ d4x
α

16π
GG̃

• Moreover:  Non-pt. quantum gravity effects break all global `symmetries’ 
   Controlled  semiclassical solutions [Euclid. wormholes]  give:    
                               OPQ  ~  MP3 e-Swh  Φ  +  h.c. 
  Safe suppression requires Swh > 190   (while typical wh actions are  Swh ~ Log(MP/va) ~ 15)  
   [Kallosh et al. ’95, Alonso & Urbano ’17, Alvey & Escudero ‘20]



The PQ "origin" and "quality" problems

•PQ breaking higher dim. effective opts. λ Φd/Λd-4    are also dangerous: 
  

    vs.  VQCD(a) =  -(mπ fπ)2 cos(a/va) 

  

λ
Φd

Λd−4
+ h . c . ≈ |λ |( va

Λ )
d−4

v4
a cos(a /va + φλ)

The QFT axion solution requires a PQ symmetry of an excellent quality:   
No PQ symmetry breaking operators  up to a very large dimension    d ≳ 10        
 In comparison, in the SM L-number can be violated at d=5, B-number at d=6

  To preserve <a/va> ≈ 0 we need:   Eng. density eff.opt.  <  10-10  VQCD(a)  
                                  
                              |λ| (va/Λ)d-4     <    10-10  (mπ fπ/va2)2     
   
a  E.g.  |λ| ~1,  Λ ~ MP    and   va ~ 1010 GeV  imply d  ≳ 10 [with λ = gwh, d  ≳ 9] 
a         [Barr & Seckel ’92, Kamionkowski & March-Russel ’92, Holman et al. ’92, Ghigna et al. ’92] E



A sample of proposed solutions
U(1)PQ should arise automatically as a consequence of first principles. 
SSB requires VEVs ⇛ Lorentz singlets. Rely on local gauge symmetries 

• Non-Abelian SU(n)L x SU(n)R,        a(x) ∈ Yn×n ~ (n, n)̄ 

    For  n > 4  the  ren. potential is very simple:      V(Y) = (T - µ2)2  ± T4  
  where T = Tr(YtY),  T4 = Tr(YtYYtY).     Automatic rephasing symm.  Y -> eiξ Y 
a  

  1st  PQ   opt.  Λ4-n  det Y    dim = n.  This requires  again   n ≥  10     
                                                                                            [Fong, EN ’14 [in SU(3)xSU(3)], Di Luzio, Ubaldi, EN ’17]       

•Discrete gauge symm. ℤn: Φ -> ei 2π/n Φ;   1st  PQ   opt.  Λ4-n Φn   

 Requires  ℤ10  or larger [Krauss & Wilczek ’89, Dias & al. ’03, Carpenter & al. ’09, Harigaya & al. ’13]  

•Local U(1) + 2 scalars with charges q1+q2  ≥ 10  1st  PQ : Λ4-q1-q2 (Φ1t)q2 (Φ2)q1 
                       (q1 and q2 relatively prime)                                            [Barr & Seckel ’92]   



🤔 Can we do any better?  🤔

Local gauge symmetries seem to be the only tool we have at disposal 
to generate accidentally a PQ symmetry and enforce the required 
level of protection…. 

• But can we obtain the required PQ protection without putting  a “10”   
   by   hand ?    (ℤ10 ,  q1+q2  ≥ 10,   SU(10) x SU(10), …) 
a 
• Can we link  the PQ origin and quality problem to other SM puzzles ? 

•  Hint:  a gauge symmetry acting on scalars coupled to quarks, must 
also act on the quarks. Thus, it is by definition a Flavour Symmetry!



The “PQ  quality - flavour” connection

By implementing accidentally a PQ symmetry via non-Abelian 
gauge protection, can we learn something beyond ‘axion issues’ ?

Origin + quality of acc. symmt.   =>   Certain Non-Abelian gauge    
                                                         groups GF  acting on some 
                                                         set of scalar multiplets. 

Promoting U(1) to a PQ symmt. requires a mixed QCD anomaly. 
              =>  Quarks must transform under the U(1)PQ symmt.  
              =>  Hence they must couple to the scalar multiplets 
              =>  Hence they must also transform under GF

Hence the local GF   is a flavour symmetry !



We have recently proven that with semi-simple gauge groups GF, sufficient  
PQ protection together with det Mq ≠ 0 implies a vanishing PQ anomaly

•We have found that local SU(M) x SU(N)  (M≠N) spontaneously    
  broken by scalar multiplets Yαi ∼ (m,n)̄  [+ (m,1),  (1,n)̄] are well  
  suited to enforce and protect an accidental global U(1)   
  
  Already with SU(3) x SU(2) the potential V(Y) for a scalar multiplet  
  Yαi ∼ (3,2)̄ enjoys an automatic & exact  global U(1)  
   (Unfortunately, non-anomalous)  

A property of certain  gauge  symmetries

[Darmé & EN  (2021)]

Useful groups are non-simple, of the form GF  x U(1)F 

[Darmé, EN, Smarra, JHEP 02 (2023) 201]



Non-simple gauge symmetries
The argument is circumvented by adding a U(1) gauge factor 

[Darmé, EN, Smarra, JHEP 02 (2023) 201]   

               GF  ->  GF‘ =  GF x U(1)F        

Curiously, the simplest symmt.: GF = [SU(3) x SU(2) x U(1)]F

• PQ:     U(1)PQ remains protected up to d=11   
          (no PQ breaking opts. at d=12,   next ones at d=13)  
  

• The physical axion is  “invisible”: fa ~ vF ~ [108 - 1012] GeV  

•Flavor: First result: d/u-mass hierarchies arise naturally. 
Reproducing CKM mixings from dynamical minimization of 
V(S) is a computationally demanding task (ongoing effort).  
No reason to suspect that this should not happen.



Summary and conclusions
• The axion mechanism provides an elegant and convincing solution to the strong CP 
  problem. Axions can arise as NGB in QFT or from gauge forms in extr. dim. models. 
   It might be possible, in some case, to identify the origin of the axion.    

• Ongoing and forthcoming cosmological surveys, astrophysics observations, and  
   laboratory experiments will soon provide a wealth of data to exhaustively probe 
   the axion hypothesis. 

• The axion has far reaching implications in particle physics, astrophysics, and       
   cosmology, and it represents an excellent (and discoverable) DM candidate. 
   The (post-inflation) axion DM window can be fully probed within the next decade

Thank you !

• Certain theoretical and computational issues should be addressed with dedicated 
   efforts, and hopefully will be clarified soon. It is conceivable that a better    
  understanding of the origin of the axion might shed light on some other unsolved  
  puzzles in the SM. 


