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The QCD Lagrangian violates CP symmetry

Natural expectation Gauge-invariant + renormalizable

Non-perturbative QCD (instantons)
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The Strong CP problem
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The QCD Lagrangian violates CP symmetry

Upper bound 

Why so small??

Prediction: electric dipole moment for the neutron

Natural expectation Gauge-invariant + renormalizable

Non-perturbative QCD (instantons)



Peccei-Quinn mechanism
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A new global chiral U(1) symmetry + scalar field

[Peccei, Quinn 1977]

[Weinberg 1978]

[Wilczek 1978]
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1) Spontaneously broken a new Goldstone boson: the axion

A new global chiral U(1) symmetry + scalar field

[Peccei, Quinn 1977]

[Weinberg 1978]

[Wilczek 1978]



Peccei-Quinn mechanism
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1) Spontaneously broken

2) QCD anomaly 

a new Goldstone boson: the axion

Explicit PQ breaking: 

generates a potential for the axion
Colored fermions charged under U(1)

(shift-symmetry is broken!)

A new global chiral U(1) symmetry + scalar field

[Peccei, Quinn 1977]

[Weinberg 1978]

[Wilczek 1978]



Peccei-Quinn mechanism
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The QCD potential relaxes to the CP-conserving minimum

Vafa-Witten theorem 

[Weinberg 1978]

[Wilczek 1978]

[Vafa, Witten 1984]
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Global symmetries are not fundamental
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Global symmetries

Global symmetries are not fundamental
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Quantum Gravity conjectures

Black Hole physics

No global symmetries in string theory

No global symmetries in ADS/CFT

[Susskind 1995]

[Banks, Seiberg 2011]

[Harlow, Ooguri 2018]

Quantum Gravity must break all global symmetries



Global symmetries

Global symmetries are not fundamental
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Ex: baryon/lepton number in the SM

The renormalizable Lagrangian is invariant under accidental global symmetries…

Gauge Theory EFT perspective

Write down the most general gauge-invariant Lagrangian



Global symmetries

Global symmetries are not fundamental
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Ex: baryon/lepton number in the SM

The renormalizable Lagrangian is invariant under accidental global symmetries…

…broken by higher-dimensional operators (parametrization of UV physics) 

Gauge Theory EFT perspective

Write down the most general gauge-invariant Lagrangian

Ex: Quantum Gravity



The quality problem
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Good axion model: the PQ symmetry arises accidentally at low-energy (How?)

New gauge symmetries!
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UV physics (gravity?) violates PQ symmetry

Good axion model: the PQ symmetry arises accidentally at low-energy (How?)

New gauge symmetries!



The quality problem
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This generates Peccei-Quinn breaking operators at low-energy

New contribution to the axion potential (shift-symmetry is broken)

UV physics (gravity?) violates PQ symmetry

Explicit PQ breaking

Good axion model: the PQ symmetry arises accidentally at low-energy (How?)

New gauge symmetries!



The quality problem
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The minimum of the potential is shifted

CP – violating minimum!



The quality problem
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We solve the Strong CP problem only if

(neutron EDM)
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We solve the Strong CP problem only if

(neutron EDM)

Minimizing the full potental this translates to

UV PQ-breaking physics

QCD anomalous breaking



The quality problem
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We solve the Strong CP problem only if

(neutron EDM)

Minimizing the full potental this translates to

Experimental bound
UV PQ-breaking physics

QCD anomalous breaking



The quality problem
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We solve the Strong CP problem only if

(neutron EDM)

Minimizing the full potental this translates to

The lowest-dimensional PQ-breaking operators are the most dangerous!



The quality problem

24

We solve the Strong CP problem only if

(neutron EDM)

Minimizing the full potental this translates to

For physically well-motivated scales

Dark Matter

Gravity

PQ must be preserved up to 

operators of dimension d ≥ 10 - 12



The quality problem
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We solve the Strong CP problem only if

(neutron EDM)

Minimizing the full potental this translates to

For physically well-motivated scales

Dark Matter

Gravity

PQ must be preserved up to 

operators of dimension d ≥ 10 - 12

We can reduce d if some

More generally



Solutions to the quality problem 
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[Krauss and Wilczek ´89,  Dias et al. ´03, Carpenter et al.´09,  Harigaya et al. ´13, Barr and Seckel ´92, Di 
Luzio, Ubaldi and Nardi ´17, Ardu et al. ´20, Di Luzio ´20, Darmé, Nardi ´21, Darmé, Nardi, Smarra ´22,…] 

New gauge symmetries

Low-scale 

[Rubakov ‘97, Berezhiani, Gianfagna, Giannotti ‘01, 

Gianfagna Giannotti Nesti ’04, Gaillard, Gavela et al. ‘18, …] 

Gravitational suppression of coupling 

[Lee ‘88,  Giddings, Strominger ’88, Abbott, Wise ‘88,  

Alvey, Escudero ’20,…]



Solutions to the quality problem 
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[Krauss and Wilczek ´89,  Dias et al. ´03, Carpenter et al.´09,  Harigaya et al. ´13, Barr and Seckel ´92, Di 
Luzio, Ubaldi and Nardi ´17, Ardu et al. ´20, Di Luzio ´20, Darmé, Nardi ´21, Darmé, Nardi, Smarra ´22,…] 

New gauge symmetries

Gauge symmetries protect PQ breaking up to dimension N

Ex:



Solutions to the quality problem 
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[Krauss and Wilczek ´89,  Dias et al. ´03, Carpenter et al.´09,  Harigaya et al. ´13, Barr and Seckel ´92, Di 
Luzio, Ubaldi and Nardi ´17, Ardu et al. ´20, Di Luzio ´20, Darmé, Nardi ´21, Darmé, Nardi, Smarra ´22,…] 

New gauge symmetries

Gauge symmetries protect PQ breaking up to dimension N

Ex:

i) ad-hoc gauge symmetries, with no relation to the SM structure

ii) lack of testability of the UV mechanism addressing the quality problem

However....



Interplay of vertical and horizontal symmetries
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GUT extension of the SM  =  vertical structure

Idea

Gauged flavor symmetries  =  horizontal structure

+

PQ protection (quality problem)

Axion – flavor connection (backup)

Cosmological signatures [ addressing ii) ]

interplay
No ad-hoc symmetries [ addressing i) ]



Interplay of vertical and horizontal symmetries
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Examples:

[Di Luzio 2020] [2503.16648]

Accidental PQ symmetry (renormalizable)

Quality of the PQ symmetry (non-renormalizable)

(Pati-Salam)



Pati-Salam – flavor model
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only “right” flavor is gauged 

Avoid high-scale EW-breaking 

or EW-scale flavor gauge bosons

Gauge group: 



Pati-Salam – flavor model
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SM + RHNs 

Flavor anomaly 

cancellation

(see later)



Pati-Salam – flavor model
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SM Higgs

SM flavor structure

Break PQ and B-L 

at high scale

Avoid larger global symmetries (connecting                 )



Pati-Salam – flavor model
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Accidental global 

PQ symmetry !



SSB and vev hierarchy
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SSB chain:



SSB and vev hierarchy
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SSB chain:

Accidental global Gauge

Pati -Salam flavor Peccei-Quinn



SSB and vev hierarchy
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SSB chain:



SSB and vev hierarchy
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SSB chain:

Pati-Salam breaking



SSB and vev hierarchy
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SSB chain:

flavor breaking

Possibly in two steps



SSB and vev hierarchy

44

SSB chain:

PQ breaking



SSB and vev hierarchy
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SSB chain:

EW breaking



SSB and vev hierarchy
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Large vevs:

Small vevs:

SSB chain:

EW-breaking

PS + flavor + PQ breaking



SSB and vev hierarchy

47

SSB chain:

4747

HierarchyLarge vevs:

Small vevs:
EW-breaking

PS + flavor + PQ breaking



Axion embedding
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Scalar field 

decomposition
(physical) axion 

embedding



Axion embedding
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Scalar field 

decomposition
(physical) axion 

embedding

Peccei-Quinn scale



Axion embedding
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Scalar field 

decomposition
(physical) axion 

embedding

Peccei-Quinn scale

related to PS and flavor breaking scales



Axion quality in PS – flavor model
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Let’s introduce the higher-dimensional operators



Axion quality in PS – flavor model
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Let’s introduce the higher-dimensional operators

which ones are dangerous for PQ quality?



Axion quality in PS – flavor model
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Let’s introduce the higher-dimensional operators

which ones are dangerous for PQ quality?

i) Gauge-invariant

ii) PQ- breaking
Easy checks



Axion quality in PS – flavor model
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Let’s introduce the higher-dimensional operators

which ones are dangerous for PQ quality?

i) Gauge-invariant

ii) PQ- breaking

iv) non-vanishing vacuum contribution

iii) check non-vanishing explicit index contraction

Easy checks

Not trivial



Axion quality in PS – flavor model
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An operator which satisfies (i-to-iv) provides a contribution to the axion potential 



Axion quality in PS – flavor model
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An operator which satisfies (i-to-iv) provides a contribution to the axion potential 

Set of rules based on group centers (see backup)



Axion quality in PS – flavor model
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An operator which satisfies (i-to-iv) provides a contribution to the axion potential 



Axion quality in PS – flavor model
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An operator which satisfies (i-to-iv) provides a contribution to the axion potential 

d = 8 operator is the 

most dangerous



Axion quality in PS – flavor model
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Axion quality in PS – flavor model

60



Axion quality in PS – flavor model

axion-electron coupling

from

red giants+white dwarfs

61



Axion quality in PS – flavor model

axion-electron coupling

from

red giants+white dwarfs

Minimal value allowed

Testable by future proton/neutron 

EDM experiments
62



Anomalons
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Flavor gauge anomaly                  cancellation requires extra fermions: anomalons
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Flavor gauge anomaly                  cancellation requires extra fermions: anomalons

GUT singlet – only charged under the flavor group



Anomalons
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Flavor gauge anomaly                  cancellation requires extra fermions: anomalons

General prediction of these models

GUT singlet – only charged under the flavor group



Anomalons
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Anomalons are massless at the renormalizable level

forbidden by gauge invariance

Higher-dimensional operators generate their mass 



Anomalons
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Anomalons are massless at the renormalizable level

forbidden by gauge invariance

Higher-dimensional operators generate their mass 

Being SM-singlets, they mix with neutrinos ! 



Anomalons
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Anomalons are massless at the renormalizable level

forbidden by gauge invariance

Higher-dimensional operators generate their mass 

Being SM-singlets, they mix with neutrinos ! 

New (light) fermions, interact with the SM via

i) flavor gauge interactions

ii) neutrino mixing 

Anomalon phenomenology = potential test of the quality mechanism !



Anomalon spectrum
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High-quality axion



Anomalon spectrum

Dark Radiation

High-quality axion

70



Anomalon spectrum

Dark Radiation

High-quality axion

Planck 18’

[D’Eramo, Hajkarim, Yun 2021]

[Li, Xu 2023]71



Anomalon production
How are they produced in the early Universe?

72



Anomalon production

Flavor production

Flavor gauge boson

Neutrino mixing
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How are they produced in the early Universe?



Anomalon production

Flavor production

Flavor gauge boson

Neutrino mixing

Large couplings

Thermalization with SM bath

already excluded by PLANCK 18’!
74

How are they produced in the early Universe?



Anomalon production

Flavor production

Flavor gauge boson

Neutrino mixing

Large couplings

Thermalization with SM bath

already excluded by PLANCK 18’!

Very small couplings

not observable!

No thermalization / freeze-in production
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How are they produced in the early Universe?



Anomalon production

Flavor production

Flavor gauge boson

Neutrino mixing

Large couplings

Thermalization with SM bath

already excluded by PLANCK 18’!

Very small couplings

not observable!

Intermediate regime

More precise computation is needed 76

How are they produced in the early Universe?

No thermalization / freeze-in production
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GUT + flavor gauge symmetries provide the desired protection
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80

The Peccei Quinn symmetry must be protected by UV sources (quality problem)

GUT + flavor gauge symmetries provide the desired protection

No ad-hoc symmetries introduced

Connection between PQ and flavor structure

Phenomenological signatures

Cosmology of anomalons

Further investigation is needed

+more precise computations

+flavor observables?

+anomalons as extended neutrino sectors



Conclusions
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The Peccei Quinn symmetry must be protected by UV sources (quality problem)

GUT + flavor gauge symmetries provide the desired protection

No ad-hoc symmetries introduced

Connection between PQ and flavor structure

Phenomenological signatures

Cosmology of anomalons

Further investigation is needed

+more precise computations

+flavor observables?

+anomalons as extended neutrino sectorsTHANK YOU!
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Axion quality in PS – flavor model
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Why ? Some criteria



Explicit VEVs

85



General SSB chain

86



List of PQ-breaking operators with d < 10

87



Axion – photon coupling

88

model dependent

model independent 

mixing



Axion astrophysical limits
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Axion couplings with matter

Red giants+white dwarfs

Saturating the perturbative bound

dominated by SN 1987A

Including radiative corrections to axion-electron 

coupling a stronger bound is obtained

SN 1987A



Axion embedding
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with
where

Current 

orthogonality Canonical axion field

Anomaly 

matching



Axion embedding
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with
where

Current 

orthogonality Canonical axion field

Anomaly 

matching

Repeat with all fields to obtain 

axion couplings with matter



SM fermions embedding
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Anomalon – neutrino mixings
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Anomalon spectrum

Accidental axion
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Anomalon spectrum

Dark Matter

Accidental axion

Analogous to sterile neutrino DM

[Cirelli, Strumia, Zupan 2024]

Dark radiation

+

95



Anomalon – neutrino mixings
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Freeze – in via neutrino mixing
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Neutrino interactions in the 

early Universe

Neutrino-anomalon mixing

finite temperature/density

correction 



Freeze – in via neutrino mixing
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[Hannestad, 

Tamborra, Tram 

2012]

Boyarsky, Ruchayskiy, 

Shaposhnikov 2009

resonant pole at 



Anomalon thermalization
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Flavor gauge boson

resonant production

High-reheating

Low-reheating



Domain Wall problem
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Matching the bias term to 

Bias term

DW decay before BBN



Accidental origin of PQ symmetry
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if flavor is not gauged

Example: SO(10) model

3 copies 
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if flavor is not gauged

Example: SO(10) model

global, accidental
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SM flavor
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if flavor is not gauged

Example: SO(10) model

global, accidental

PQ symmetrySM flavor
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if flavor is not gauged

Example: SO(10) model

global, accidental

BUT

SM flavor PQ symmetry



Accidental origin of PQ symmetry
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if flavor is not gauged

Example: SO(10) model

global, accidental

Explicitly PQ and flavor breaking by BUT

SM flavor PQ symmetry



Accidental origin of PQ symmetry
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Example: SO(10) model

We gauge               



Accidental origin of PQ symmetry
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Example: SO(10) model

global, accidental symmetry of the 

renormalizable Lagrangian

GUT + flavor : (accidental) origin of the PQ symmetry

Similar for the Pati-Salam realization

We gauge               



Flavor: quarks and charged leptons
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2 generations            needed to 

distinguish down and charged lepton 

sectors in more than 1 family

Both            needed to avoid 



Flavor: quarks and charged leptons
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Independent parameters

real

Completely determined by (appearing nowhere else)

8 independent diagonal entries in fix 8 masses

Large number of phases fixes CKM and PMNS phases

3 extra entries to fix CKM angles 

3 extra entries, use 1 to fix last mass



Perturbativity

111

Landau pole of gauge couplings at scale O(10) x PS scale

New physics around the LP scale We must require that this new physics is PQ-conserving in order not 

to worsten the quality problem!



Anomalon production

Thermal anomalons are already excluded Freeze-in production of
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Anomalon production

Thermal anomalons are already excluded Freeze-in production of

Flavor production

Flavor gauge boson

if

if
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Anomalon production

Thermal anomalons are already excluded Freeze-in production of

Flavor production

Flavor gauge boson

if

if

Neutrino mixing if

ifrequire numerical solution of quantum kinetic equations

114



Anomalon production

Thermal anomalons are already excluded Freeze-in production of

Flavor production

Flavor gauge boson

Neutrino mixing

Our results

BUT

deep freeze-in regime

thermalization / freeze-in border

More precise computation is needed
115



Freeze – in of dark radiation

116



Axion production

117



Solutions to the quality problem 
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Low-scale 

Gravitational suppression of coupling 

If PQ-breaking operators are generated by non-perturbative gravitational effects

Studied in the context of Euclidian Wormholes

[Lee ‘88,  Giddings, Strominger ‘88] No quality problem

[Abbott, Wise ‘88,  Alvey, Escudero ’20] Quality problem



D = 9 operator vanishes on the vacuum

119



Future directions

120



121



keV – anomalon dark matter

122



Anomalon decays

123
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