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- Outline

✓ Introduction: The strong CP problem 

✓ Experimental Searches:

Axion Landscape couplings: model independent vs. model dependent

✓ Model Building: Re-opening the axion window



Introduction:  Strong CP problem

→  U(1)A is an anomalous symmetry  of QCD

→ The QCD vacuum is not trivial

→ add a θ-term to the usual QCD Lagrangian

Now, QCD violates T and P, namely CP!

❖ Experimentally: h’ mass much larger than the p one

Strong CP Problem: the non-trivial QCD Vacuum
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The strong CP problem

because of chiral anomaly

 QCD is defined in terms of two dimensionless parameters, which 

are not predicted by the theory. 
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The strong CP problem

-

➢ Experimentally: no CP violation in the strong sector found!

Neutron 

EDM

small

 QCD is defined in terms of two dimensionless parameters, which 

are not predicted by the theory. 
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The strong CP problem

from the exp. bound of 

the neutron EDM.

-

 QCD is defined in terms of two dimensionless parameters, which 

are not predicted by the theory. 
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 Again if we chiral transform a quark:

Thus, setting α= θ/2, θtotal = θ-2α = 0.

θ could be rotated away! There is no strong CP problem.

❖ In the SM, no massless quarks → mu/md=0.5 at 20 s by Lattice QCD 

❖ BSM, new family of quarks with m=0 would imply new hadrons! 

If m=0, 

θ → θ - 2α

The strong CP problem: Solution 1 → mu=0 

-

-



If CP is a symmetry of nature (but spontaneously 

broken) then we can set θ=0 at the Lagrangian level

The strong CP problem: Solution 2 → CP spontaneously broken

-

-

However….



Experimental data are in excellent agreement with the CKM Model –

a model where CP is explicitly broken

In the CKM model, CP violated by an explicit weak phase h 

in the off diagonal phases of Y

The strong CP problem: Solution 2 → CP spontaneously broken



The third Solution: an additional symmetry
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New particle, Axion, to solve the Strong CP Problem
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Shift Symmetry! α = θ

θ rotated away!

There is no strong 

CP problem.

a(x) is GB
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Peccei & Quinn ’77

Weinberg; Wilczek ‘78

The strong CP problem: Solution 3 → U(1)PQ and Axion

-



( ) ( ) aa x a x f 

❖ a non-linearly realized U(1) 

symmetry:   

→ U(1): spontaneously broken!

a(x) is PGB

❖ No strong CP problem

❖ U(1) broken by QCD anomaly 

(chiral rotation for fermions)!

❖ H(0) < H(a) ⇒ a=0 min. stable/ aia f i

af e e      

Peccei & Quinn ’77; Weinberg; Wilczek ‘78
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The strong CP problem: Solution 3 → U(1)PQ and Axion!



Axion EFT: Model Independent Feature 

 Consequences of 

- generate axion mass

✓ All axion couplings:

- generates axion couplings to photons, nucleons, electrons.

QCD QCDQCDQCD



Axion EFT: Model Independent Feature 

 Consequences of 

✓ Axion mass:

✓ All axion couplings:

The lighter is the axion, the weaker are its interactions! 

Invisible (light) particle (not  yet measured)

810 GeV
0.1 eVa
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Search Strategies and current limits

Ringwald, Rosenberg, Rybka, PDG (2016)

weak couplings



Helioscopes: CAST (CERN), IAXO (DESY)

Primakoff efect: axion-photon transition in 

external static E or B field



Axion landscape

Ringwald, Rosenberg, Rybka, PDG (2016)

Astro/cosmo exclusions

DM explained / Astro Hints

Lab exclusions

Exp. sensitivities

• Bound on axion mass is of practical convenience, but ………….! 



• Horizontal branch star evolution in globular clusters 

Astro/cosmo exclusions

DM explained / Astro Hints

Lab exclusions

Exp. sensitivities

Ringwald, Rosenberg, Rybka, PDG (2016)

Axion landscape



• White Dwarfs luminosity function (cooling)

Astro/cosmo exclusions

DM explained / Astro Hints

Lab exclusions

Exp. sensitivities

Ringwald, Rosenberg, Rybka, PDG (2016)

Axion landscape



• Red Giants evolution in globular clusters

Astro/cosmo exclusions

DM explained / Astro Hints

Lab exclusions

Exp. sensitivities

Ringwald, Rosenberg, Rybka, PDG (2016)

Axion landscape



• Burst duration of SN1987A nu signal

Astro/cosmo exclusions

DM explained / Astro Hints

Lab exclusions

Exp. sensitivities

Ringwald, Rosenberg, Rybka, PDG (2016)

Axion landscape



• Bound on axion mass is of practical convenience, but misses model dependence ! 

?
?
?
?
?
?
?
?
?
?

• since 2016 we start to critically revise this bound !

Astro/cosmo exclusions

DM explained / Astro Hints

Lab exclusions

Exp. sensitivities

Ringwald, Rosenberg, Rybka, PDG (2016)

Axion landscape



- generates “model independent” axion couplings to photons, nucleons, 

electrons.

a new spin-0 boson with pseudo-shift symmetry                   

broken by

• All you need is (to solve the strong CP problem)               

QCD QCDQCDQCD

Axion EFT

Theoretical errors from NLO Chiral Lagrangian, 

Grilli di Cortona et al., 1511.02867



- EFT breaks down at energies of order fa

UV completion can still affect low-energy axion properties !

Axion EFT

- generates “model independent” axion couplings to photons, nucleons, 

electrons.

a new spin-0 boson with pseudo-shift symmetry                   

broken by

• All you need is (to solve the strong CP problem)               



Redondo 17



Redondo 17



• Axion: PGB of QCD-anomalous global U(1)PQ

Anomalous breaking (quark) + Spontaneously breaking (scalar)

Axion UV Models



• Axion: PGB of QCD-anomalous global U(1)PQ

Higgs

SM

Anomalous breaking (quark) + Spontaneously breaking (scalar)

SM quark

Axion UV Models

Impossible to endow directly the SM with the U(1)PQ:

⇒ no anomalous U(1)PQ ∈ SU(2)LxU(1)Y

Minimal Setup: SM with only axion excluded! 

⇒ Axion phase belongs to BSM fields!



• Axion: PGB of QCD-anomalous global U(1)PQ

Anomalous breaking (quark) + Spontaneously breaking (scalar)

Axion UV Models

2 Higgs

PQWW

Peccei, Quinn ’77, 

Weinberg ’78, Wilczek ’78

SM quark



• Axion: PGB of QCD-anomalous global U(1)PQ

Anomalous breaking (quark) + Spontaneously breaking (scalar)

Axion UV Models

2 Higgs

PQWW

Ruled out

SM quark

PQWW ruled out by experiment since                 !
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Possible to have in 2HDM an anomalous 

U(1)PQ ⊥ U(1)Y



• Axion: PGB of QCD-anomalous global U(1)PQ

Anomalous breaking (quark) + Spontaneously breaking (scalar)

Axion UV Models

PQWW

Ruled out

SM quark

Peccei, Quinn ’77, 

Weinberg ’78, Wilczek ’78

DFSZ

Zhitnitsky ’80, 

Dine, Fischler, Srednicki ’81

2 Higgs + Singlet2 Higgs

“Visible” axions



• Axion: PGB of QCD-anomalous global U(1)PQ

Anomalous breaking (quark) + Spontaneously breaking (scalar)

Axion UV Models

PQWW

Ruled out

SM quark

Peccei, Quinn ’77, 

Weinberg ’78, Wilczek ’78

DFSZ

Zhitnitsky ’80, 

Dine, Fischler, Srednicki ’81

2 Higgs + Singlet2 Higgs

“Visible” axions
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“Invisible” axion models: fa≫ v



• Axion: PGB of QCD-anomalous global U(1)PQ

Anomalous breaking (quark) + Spontaneously breaking (scalar)

Axion UV Models

PQWW

Ruled out

SM quark

Peccei, Quinn ’77, 

Weinberg ’78, Wilczek ’78

DFSZ

Zhitnitsky ’80, 

Dine, Fischler, Srednicki ’81

2 Higgs + Singlet2 Higgs

“Visible” axions “Invisible” axion models: fa≫ v

KSVZ

Kim ’79, 

Shifman, Vainshtein, Zakharov ’80

1 Higgs + Singlet

BSM quark



• Axion: PGB of QCD-anomalous global U(1)PQ

Anomalous breaking (quark) + Spontaneously breaking (scalar)

Axion UV Models

SM quark

DFSZ

2 Higgs + Singlet

KSVZ

1 Higgs + Singlet

BSM quark

Model dependence from UV 

completions

Di Luzio, F. M, Nardi 1610.07593 (PRL)+1705.05370 (PRD)



Hadronic Axions: KSVZ



Hadronic Axions: KSVZ



Accidental Symmetries in KSVZ:   Q stability issue!

• Symmetry of the BSM Quark kinetic term -> Accidental Symmetries

Original 
KSVZ model, ’79, ‘80

Colored stable/meta-stable particles are 
severely bounded by cosmology



Accidental Symmetries in KSVZ:   Q stability issue!

 Symmetry of the BSM Quark kinetic term -> Accidental Symmetries



Phenomenologically preferred Q’s



Phenomenologically preferred Qs



Redefining Axion Windows for a->gg: KSVZ



Redefining Axion Windows: KSVZ  (NQ=1)



Additional Q representations: KSVZ + NQ>1 



Di Luzio, F.M, Nardi 1610.07593 (PRL), 

1705.05370

Axion-Photon Summary (Revised)



Model building and Pheno

 Axion couplings to fermions

Based on

Di Luzio, F.M. Nardi, Panci, Ziegler, 1712.04940 (PRL)

Björkeroth, Di Luzio, F.M. Nardi, 1811.09637 (JHEP).
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• Is it possible to decouple the axion both from nucleons and electrons ? 

1. is it possible at all ? 

• Why interested in such constructions ? 

2. It would allow to relax the upper bound on axion mass by ~ 1 order of 

magnitude

3. would improve visibility at IAXO (axion-photon)

4. unexpected connection with flavour

Axion Couplings to fermions

nucleophobia + electrophobia    = astrophobia



• Is it possible to decouple the axion both from nucleons and electrons ? 

1. is it possible at all ? 

• Why interested in such constructions ? 

2. It would allow to relax the upper bound on axion mass by ~ 1 order of 

magnitude

3. would improve visibility at IAXO (axion-photon)

4. unexpected connection with flavour

Axion Couplings to fermions

*conceptually easy (e.g. couple the electron to 3rd Higgs uncharged under PQ) 

nucleophobia + electrophobia*  = astrophobia



EFT-I: quarks and gluons

EFT-II: non-relativistic nucleons

Axion-nucleon couplings

UV-theory  PQ invariant



Axion-nucleon couplings

independently of matrix elements:

UV-theory  PQ invariant



Axion-nucleon couplings: KSVZ/DFSZ no-go



Axion-nucleon couplings: KSVZ/DFSZ no-go



Axion-nucleon couplings: KSVZ/DFSZ no-go



Axion-nucleon couplings: KSVZ/DFSZ no-go

2nd condition 

✗1st condition 



Axion-nucleon couplings: KSVZ/DFSZ no-go

1st condition 

DFSZ

KSVZ

}



Implementing Nucleophobia

1st condition 

DFSZ

Nucleophobia can be obtained in DFSZ models BUT with non-universal 

(i.e. generation dependent) PQ charges, such that

}



• Simplification: assume 2+1 structure

• easy to implement with 2HDM

• 1st condition automatically satisfied 

Implementing Nucleophobia



• Simplification: assume 2+1 structure

• easy to implement with 2HDM

Implementing Nucleophobia

• 2nd condition can be implemented via a 10% tuning 



• Nucleophobia implies flavour violating axion couplings !

e.g. RH down rotations become physical

Flavour Connection

• Plethora of low-energy flavour experiments probing

- :             

- : 

[E787, E949 @ BNL, 0709.1000]

[Babar, 1303.7465]

NA62

Belle-II

- : [Crystal Box @ Los Alamos, Bolton et al PRD38 (1988)]

MEG II



Axion models

Di Luzio, F. M, Nardi, Panci, 

Ziegler 1712.04940



Axion models

Di Luzio, F. M, Nardi, Panci, 

Ziegler 1712.04940

KSVZ

DFSZ



KSVZ

DFSZ

Astrophobic 
Axions

Astrophobic axion models

Di Luzio, F. M, Nardi, Panci, 

Ziegler 1712.04940



Conclusion

❖ The axion hypothesis provides a well motivated BSM scenario

❖ Theoretical developments are still ongoing

▪ solves the strong CP problem

▪ provides a  DM candidate

▪ is unambiguously testable by detecting the axion

▪ reduce non-perturbative QCD uncertainties, especially on gaγγ and fa

▪ define theoretical uncertainties due to “model dependence”

❖ Healthy and lively experimental program

▪ IAXO is entering now the preferred window for the QCD axion

Here: Axion window defined in terms of precise pheno requirements



Conclusion

Thanks



What about Axion Windows: in DFSZ?



Light Shining trough Walls: ALP1-2 (Desy)



Haloscopes: ADMX (Washington)



Helioscopes: CAST (CERN), IAXO (DESY)



Helioscopes: CAST (CERN), IAXO (DESY)


