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Some Open Questions Χ

ÅDespite remarkable success of:  
ÅStandard Model of particle physics (SM): discoveries of the weak gauge bosons, the top 
ǉǳŀǊƪΣ ǘŀǳ ƴŜǳǘǊƛƴƻΣ IƛƎƎǎ ōƻǎƻƴ Χ 
ÅStandard  cosmological model  (ɽCDM):  Consistent with all data from the Cosmic Microwave 

Background, large-scale structure, gravitational lensing, supernovae, clusters, light element 
ŀōǳƴŘŀƴŎŜǎΣ Χ 

ÅNo doubt about need of new knowledge in physics: 
Å CPT invariance of SM -Ҕ ŀŦǘŜǊ .ƛƎ .ŀƴƎ ǘƘŜ ¦ƴƛǾŜǊǎŜ ŎŀƴΩǘ ŜǾŜƴ ŜȄƛǎǘΗ

Ҧ Matter-Antimatter asymmetry (violations of barion number, CP and equilibrium)

Å QCD Lagrangian contains a CP violating term (strong CP problem) 
Ҧ EDM for hadrons ґ л
Ҧ there should be CP violation in the strong sector

ÅǿŜ ŘƻƴΩǘ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ physics of dark matter, dark energy, or inflation. 
Å²Ƙŀǘ ƛǎ ǘƘŜ 5ŀǊƪ aŀǘǘŜǊΚ bƻ ǇŀǊǘƛŎƭŜ ƻŦ {a Ŏŀƴ ŜȄǇƭŀƛƴ 5aΧ
ÅWho is the Inflaton? 
ÅWhat is the origin of Cosmic Acceleration? 
Å Dark Energy or Modification of General Relativity? 

Åɽ or dynamical component (e.g., an ultra-light scalar field)? 

ÅHow DM, DE and inflaton fit into extensions of the Standard Model of Particle Physics? 

ÅBeyond GR, ST, GUT, SuGra etc. towards Quantum Gravity?
ÅVery hard to devise experiments to test theories  



A (permanent) neutron EDM dn that violates CP is expected from simple arguments:

Å Neutron: neutral particle but consists of charged quarks

 

Å from low energy effective lagrangian of QCD in standard model

                                                                           a term that violates CP (non trivial ̒-vacua)

Å QCD calculations (perturbative and lattice) lead to a nEDM 

The strong CP problem in QCD  

If d H 0.1 rn ­ dn H 4 10-14 e cm 
    

experiment says dnd3 10-26  e cm

Å If besides QCD one includes the weak interactions,  
               the quark mass matrix (CKM matrix) is  non-diagonal and complex

fl ‪ ὓ ‪ +h.c.           CP is  conserved if MCKM= (MCKM)*

TodiagonalizeM onemust perform a chiral transformation by an angle of Arg det M 
whichchangesqinto

qtotal = qQCD+ Arg det M

d



ω There are only three known classes of solutions to the strong CP problem:

1) Anthropic principle: qtotal is small from initial conditions (fine tuning) 

2) CP is broken spontaneously and the induced qtotal is small (the models which 
lead to qtotal º 10 -10 are rather complex and often are at odds with cosmology)

3) A chiral global symmetry U(1)PQ drives qtotal Ҧ л
  i.e. to a CP conserving limit
(only this seems a viable solution, although it 
necessitates introducing new global, 
spontaneously broken, chiral symmetry) 

nEDMand the strong CP problemin QCD Solutions to the Strong CP problem
R.D. PecceiLect.NotesPhys. 741, 3-17 (2008)

ÅThe strong CP problemcanbestatedasfollows: 

why is the angle qtotal, comingfrom the strong and weak interactions, so small? 

qtotal º 10 -10 



QCD AXIONS
Å Introducing a global U(1)PQ symmetry, which is necessarily spontaneously 

broken, replaces:

             q Ý a(t,x) / fa
  Static CP Viol. Angle                         Dynamical  CP conserving Axion field

   and, effectively, eliminates CP violation in the strong sector  

                                                       Ý

fa is the scale of the breaking of the U(1)PQ symmetry , while a(x) is the Nambu-
Goldstone axion field associated with the broken symmetry [Weinberg, Wilczek]  

Å Axion particles are excitations of a(t,x)

    Almost model independent prediction:     a  ö  0 and   m̄ f  @ ma fa
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M. Gorghetto, G.J. Villadoro. 
High Energy Phys. 2019, 33 (2019).

Å QCD axion mass with per-mille accuracy! 



éAxion Tentative Solutionsé 

ÅAxions as solution of strong CP problem in QCD
Åneutron EDM (dn<10-26 e cm)

ÅWhy so small? (QCD prediction 10-16 e cm)
ÅSolution as dynamical (CP conserving) axion field  
ÅAxion models DSKZ and SKVZ

ÅAxions as CDM in cosmology 
ÅNeed for Dark Matter from precision cosmology 
ÅAxion can be efficiently produced in the Early universe
ÅA light axion (ma < eV) can solve DM mystery
ÅAxion& Cosmology, Axion& Astrophysics
ÅDM Halo (different models) 
ÅCosmicAxionBackground (CaB)  

ÅAxionassource of matter-antimatter asymmetry
ÅKineticterm qfrom explicit breaking of the axion shift symmetry in 

               the early Universe
ÅPhys. Rev. Lett. 124, 251802  (2020);  Phys. RevLett. 124, 111602 2020

ÅAxionfield drivinginflation



Axions?

ÅThe Peccei Quinn Weinberg Wilczek (PQWW) axion model: 

ÅSearched for and ruled out in several beam dump experiments.

7PRD 18, 1607 (1978) PLB 74, 143 (1978)

Proton beam dump @ CERN

Electron beam dump @ SLAC

PQ simmetry breaking at the electroweak 
scale         fa ~ 250 GeV    ->  ma ~ 100 keV

R. Peccei,H.R. Quinn, PRL38(1977)1440
R. Peccei,H.R. Quinn, PRD16(1977)1791 
S. Weinberg, PRL40(1978)223
F. Wilczek, PRL40(1978)279 



Other models for the axion
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ÅHowever, other axion models (QCD axion) have been devised 

Å solutions to the strong CP problem that conveniently avoid all constraints from laboratory 
searches and stellar evolution by making fa arbitrarily large

Å low mass (ma < eV) and very weak couplings for fa >> vweak

Å e.g. for PQ symmetry breaking at the grand unification scale 1015 GeV, all axion production and interaction 
rates suppressed by 25 orders of magnitude relative to those of the PQWW axion

Å It was born the idea of the άƛƴǾƛǎƛōƭŜ ŀȄƛƻƴέΣ that continues to evade all current experimental searches
Å Models list not exhaustive, axions can be embedded in SUSY or GUT
Å Fortunately, the finite age of the Universe implies a limit on how large fa, or equivalently how small ma, can 

be 

Kim-Shifman-Vainstein-Zakharov(KSVZ)Dine-Fischler-Srednicki-Zhitnitskii (DFSZ)
M.Dine,W.Fischler,M.Srednicki,Phys.Lett.104B(1981)199 
A.R.Zhitnitsky,Sov.J.Nucl.Phys.31(1980)260 

Å 2 extra Higgs doublets
Å New complex scalar

J.E.Kim,PRL43(1979)103 
M.A.Shifman,A.I.Vainshtein,V.I.Zakharov,NPB166(1980)493

Å New extra heavy quark
Å New complex scalar

Å could affect cosmology
Å could affect stellar evolution
Å could mediate new long range forces
Å could be produced in terrestrial laboratory

Å could be a main component of Dark Matter

The axion



Axion interactions
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A B C

D E

Quark Quark Gluon

Photon Lepton

ÅSeveral interactions are possible



Axion interactions 2

10

ÅAxion interactions are model dependent, normally small 
differences between models

Axion photon photon

gg = 0.36 (DFSZ)

gg = - 0.97 (KSVZ)

Axion electron electron

Laee =- geeig5ea

ge ~ 0 (Strongly suppressed) (KSVZ)

ge »
mame

mp fp

= 4.07´ 10- 11ma (DFSZ)

gagg = gg

a

p

ma

mp fp

All couplings are extremely weak!



Axion interactions 3

ÅIf the axion mass is lighter than 2 me, we can calculate its lifetime 

Axion photon photon

gg = 0.36 (DFSZ)

gg = - 0.97 (KSVZ)
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ÅAxion interactions are now model dependent

Where tU Ғ п мл17 s is the age of the Universe

For ggҒм ŀƴ ŀȄƛƻƴ ƻŦ Ƴŀǎǎ нп Ŝ± Ƙŀǎ ǘƘŜ 
lifetime corresponding to tU.

11



Cosmological axion origin
ÅIn the early universe axions are produced by processes involving quarks and gluons 

-> Hot dark matter (BAD)

ÅOther mechanisms in the early Universe are non-thermal: the vacuum realignment 
mechanism and the decay of topological defects (axion strings and domain walls) 
Ą Cold dark matter (GOOD)

ÅVacuum realignment mechanism: relaxation of the axion field after breakdown of 
the PQ symmetry Ą The expected cosmic mass density of axions depends on 
whether inflation happens after or before PQ breakdown

Allowed regions of mass 
(decay constant)

12

Å These regions obtained by assuming axion saturate DM density. 
Lower values of ma would overproduce DM while higher masses 
would lead to subdominant amount of axion DM

Å If axions exist at least a fraction of DM are axions

Before 



The pre- and post-  inflationary scenarios

13

ÅDifference between the pre- and post- inflationary scenarios is predictability:

Å In pre-inflationary there are two continuous free parameters, an angle q and the mass ma, to 
obtain the observed dark matter density

Å In post-inflationary there is one continuous parameter, ma, and a discrete one N. 
ü In principle the observed DM density predicts the value of ma

üDue to nonlinearities, computing this mass accurately is a real challenge 
üRecent works make use of large static lattice simulations 

ά ᶰ τπȟρψπmicroeVPost-inflationary scenario

Nature Communicationsvolume13, Articlenumber:1049(2022)

https://www.nature.com/ncomms


Can we detect axions?

ÅSearching for axion extremely challenging

ÅExploit coherence effect over macroscopic distance/long times

ÅMost promising approach: use axion-photon-photon vertex

Primakoff effect: 
scattering from an electromagnetic 
field (virtual photon)

In the presence of an external field (magnetic or electric)  the axion and the photon mix and 
give rise to oscillation/conversion G
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Å Higher magnetic field are easily 
obtainable than electric fields. 

Å Strong magnetic fields are key 
ingredient of all axion searches

14

gagg = gg

a

p

ma

mp fp



Axion Like Particles (ALPs)

ÅAn ALP is a particle having interactions similar to the axion, whose origin is 
expected to be similar, but with different relation, respect to the axion, between 
coupling constants and mass Ą in general UNRELATED

ÅFor example, string theory predicts a large spectrum of ALPs, pseudo Nambu 
Goldstone boson of a symmetry spontaneously broken at very high energy

ÅFor example, in the case of the photon coupling

LALP =
1

2
¶ma¶ma-

1

2
m2

ALPa2 - gaggE×Ba
With gagg a free parameter to 
be determined experimentally

ÅExperimental searches are mainly directed to ALPs, in order to relax the coupling 
parameter. Experiments looking for the ALPs are, in principle, sensitive also to the 
axions.

ÅWe will often be using the word axion in a generic way including ALPs, explicitly 
saying QCD axion for that ALP that solves the strong CP problem

15



WISPs

ÅWeakly Interacting Slim Particles include a much wider lists:

ÅAxion and Axion Like Particles

ÅHidden Photons

ÅMilli Charged Particles

ÅChameleons, massive gravity scalars

ÅMany of them share properties of the axion, and in principle could 
be searched for by the experiments that will be showed

ÅIt will be difficult to attribute a possible discovery signal to exactly 
the QCD axion Ą as many different signals as possible needed in 
order to discriminate between QCD axion and ALPs

16



Main detection strategies

17

A. Pure laboratory experiments: 

1.           Polarization experiments 

2.           Light shining through walls (LSW)

3.           Fifth force measurements

B. Solar helioscopes

C. Dark matter haloscopes and other DM receivers

D. Astrophysics, cosmology: stellar evolution/dynamics, g ray 

transparency 

A global list ς not necessarily complete



Detection schemes
ÅMost of the searches based on the axion-photon coupling

Production and detection of axions in a terrestrial laboratory

Detection of axions coming from external 
sources (Sun)- Helioscopes

Detection of axions present into the 
Galactic Halo -Haloscopes

Polarization experiments Light shining through walls 
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Current constraint ς Axion Photon Coupling
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Comparison

Lab Experiments Helioscopes Haloscopes

Axion Like Particle

Wide band experiment

Optical photons

Model independent

Low axion flux

Low sensitivity to alps 
coupling

ALPS & QCD Axion

Wide band experiment

X rays photons

Model dependent

Medium axion flux

Good sensitivity to alps 
coupling; high mass axion

ALPS & QCD Axion

Resonance experiment

Microwave photons

Strong model dependency

High axion flux

Reaches axion 
models

20



[A] Pure laboratory experiments

21

Fifth force measurements

Polarization 

experiments 

Light shining 

through walls 

PVLAS

ALPS@DESY

OSQAR

Princeton group



[A.1] Pure lab: Polarization experiments

ÅSeminal paper by Maiani, Petronzio and Zavattini (1986)

ÅExperiments aiming at measuring the magnetic birefringence of vacuum 
(QED)

ÅA linearly polarised optical beam traverses a static dipolar magnetic 
field region: an ellipticity y and a dichroism r indicate virtual and real 
production of axions

Two independent measurements: rotation r  and ellipticity y 

Index of refraction of vacuum

nvacuum =1+ nB - ikB( )
field rabsorption

dispersion

r

22

axion

axion

QED



[A.1] Pure lab: Polarization experiments II

Index of refraction of vacuum

nvacuum =1+ nB - ikB( )
field

r =
2pLN

l
Dksin2J

y =
pLN

l
Dnsin2J

Dk = k|| - k̂ 0̧

Measured effects Relation with axion parameters

Natural Heaviside ς Lorentz units

From two independent measurement we get coupling constant gagg and mass ma

N ς number of passes,  L ς length of magnetic field region
 0B dleif citengam dna noitaziralop thgil neewteb elgna ς ‮
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ÅA linearly polarised optical beam (frequency w) traverses a static dipolar magnetic field region: an 
ellipticity y and a dichroism r indicate virtual and real production of axions
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[A.1] Pure lab: Polarization experiments III

High magnetic dipolar field B      

Optical cavity to amplify signal: 
Fabry Perot resonator with finesse F

Ultra high sensitivity polarimetry: modulation of the effect for 
heterodyne/homodyne detection scheme

Peak sensitivity depends on magnet length L

y , r µ B2

N =
2F

p

ma £
2pw

L
»1meV

24

ÅA linearly polarised optical beam (frequency w) traverses a static dipolar magnetic field region: an 
ellipticity y and a dichroism r indicate virtual and real production of axions



Polarization experiments apparatuses

BFRT (Brookhaven-Fermilab-
Rochester-Trieste)

1988 - 1992
Multipass cavity

N ~ 500

PVLAS @ Legnaro (1992 ς 2008)

Fabry-Perot
N ~ 50 000

5 T 
Rotating Super-
conducting Magnet

BMV @ Toulouse (going on)

Fabry Perot
N ~ 300k

Pulsed 
Magnets

PVLAS @ Ferrara (2009-2019)
Rotating permanent magnets
Fabry Perot N ~ 500k

Other apparatuses: Q&A (Taiwan), OSQAR (CERN) 25



Experimental scheme ς Heterodyne (PVLAS)

Modulation of the effect allows to increase sensitivity

ITr = I 0 s 2 + y (t)+h(t)+a s(t)( )
2é

ë
ù
û

= I0 s 2 + h(t)2 +2y (t)h(t)+2a s(t)h(t)+...( )é
ë

ù
û

ITR(n)

h2/2

hY

nMOD 2nMOD

nnMOD+nSignalnMOD-nSignal

nMOD

signal noise

Modulations:
ÅField direction
ÅField amplitude
ÅPolarization direction

Integration with time allows to look for 
ǿŜŀƪ ǎƛƎƴŀƭ ǎƛƴŎŜ ƴƻƛǎŜ ǎŎŀƭŜǎ ŀǎ мκҞǘ



PVLAS @ Ferrara

ÅA new redesigned apparatus with respect to Legnaro

ÅBased on  two permanent magnet 1-m long, 2.5 T   rotating  up  to 10 Hz (reduced 1/f noise)

ÅUltra high finesse optical cavity: L = 3.3 m ; F = 770 000 ; amplification factor N = 450 000

ÅOptics suspended on a single granite optical table 4.8 m long

27

Final results

ALPS coupling limits

Physics Report 871, 1 (2020)

PVLAS total integration time 5 106 s



PVLAS @ Ferrara

28

Complete 
apparatus

Vacuum 
chambers

Movable 
mirror 
holder 



[A.2] Pure lab: light shining through walls (LSW)

ÅProduction-detection type: seminal ideas in Okun (1982), Sikivie (1983), !ƴǎŜƭΩƳ 
(1985),  Van Bibber et al. (1987)

ÅDue to their very weak interaction axion may traverse any wall opaque to most 
standard model constituent 

ÅAxion can transfer information through a shield

ÅAxion can convert back ς regenerate ς photons behind a shield

29

Production Regeneration



Pure laboratory: LSW

Conversion probability in a magnet

P =
1

4
gaggB0L( )

2 sinx

x

2

»
1

4
gaggB0L( )

2

Coherent process

x =
m2La

4w
<<1

Total probability

P(g­a­ y) = P 2 ǵagg

4

Coherence can be tuned using a 
buffer gas in the second magnet

Phase difference between 
axion and photon fields

30

w ς photon energy
Low noise 
photon detector

ÅHigh magnetic field B
ÅLong magnets L 
ÅHigh laser power P
ÅUltra low noise N receiver

Figure of merit



(Some) LSW apparatuses

BFRT (Brookhaven-Fermilab-
Rochester-Trieste) 1991 -1992

Others exps

ÅBMV @ LULI 

ÅGammeV @ 

Fermilab

ÅCROWS @CERN 

(Microwave 

photons)

Multipass cavity        Two 3.7 T Magnets 

ALPS I experiment @ DESY

Å Resonant Fabry Perot input cavity
Å Effective input power 1 kW
Å 5 T Hera Magnet ς 8.8 m total length
Å CCD detector

31

OSQAR @ CERN

Spare LHC Dipoles

9 T over 14.3 m

20 W cw Laser

State of the art 
CCD detector



Resonant LSW: ALPS II @ DESY

ÅResonantly enhance production and regeneration process by using matched Fabry 
Perot (FP) cavities within both magnets

This is the task of the ALPS II project in DESY ς Hamburg

Å120 + 120 m resonant Fabry Perot cavities
Å12 + 12 High magnetic field HERA magnets
ÅTransition Edge low noise sensor (or optical heterodyning) 32

Å Extra gain with the two matched FPs
Å Finesses F1, F2 larger than 104

FP1
FP2



Resonant LSW: ALPS II @ DESY

33

Improvement with respect to previous 
generation experiment

Among the challenges to be addressed:

Å Frequency matching of two high finesse FP cavity (mode matching by design)
Å Single photon detection with ultra low noise
Å Adaptation of HERA magnets (curved) to linear cavity

Production cavity 
(PC)

Regeneration 
cavity (RC)



ALPS II: status / progress

34

Heterodyne sensing 

Å Mix weak signal with a frequency f shifted local oscillator 
Ễ beat note signal 

Å Detection of a photon flux corresponding to 5·10 -21 W 

demonstrated. 
Å Sensitivity of 10-24 W demonstrated. 

Z. Bush et al., Phys. Rev. D 99, 022001 (2019) 

Longest storage time Fabry Perot cavity ever! 

Length: 124.6m, FSR: 1.22 MHz 
Storage time: 7.04 ms

b ς resonant 
enhacement vs 
single pass



Microwave LSW

35

CROWS @ CERN

EMI Shielding challenge   -    Homodyne detection

Resolution bandwidth in the 10 mHz range

FFT on a 24 h time trace   -  Frequency drift under control

Large 3 T  MRI magnet ς 20 h of data taking

Room temperature set-up

Emitting 
cavity

Shielding 
enclosure

PRD 88, 075014 (2013)



Pure Lab: results and perspectives

ÅNone of these experiments 
capable of exploring the QCD 
axion model

ÅThey set exclusion regions for 
Axion Like Particles coupling in 
a truly independent manner

ÅALPS II will increase physics 
reach by several orders of 
magnitude, exploring regions 
where hints are present

ÅSTAX Italian LSW effort using 
high power microwave sources 

36

Excluded regions in the axion-photon 
coupling gagg vs mass



[A.3] Pure lab: fifth force experiments

37

ARIADNE
US based collaboration developing a new experimental apparatus for spin ς spin interaction with expected 
improvement in sensitivity by two orders of magnitude

Very light particles with weak couplings to ordinary matter, such as axions or axionlike particles, can mediate 
long-range forces between polarized and unpolarized fermions. 
Different type of interactions:  mass-mass, spin-mass, spin-spin

neutron electron
ALP-induced magnetization on GSO crystal

K-3He comagnetometer and a movable unpolarized source mass 

Ref [23] is the experiment QUAX gpgs
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