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Introduction
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This work started in Ljubljana
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In the BSM theory Landscape

What is best motivated?
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The QCD axion

In the BSM theory Landscape

What is best motivated? What is most predictive?

…..
…..



7

Cosmology

or ‘Post-inflationary’ scenario 

‘Pre-inflationary’ scenarioand
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‘Pre-inflationary’ scenario: UV independent

or
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‘Post-inflationary’ scenario, cares about the UV

Operationally simplest: KSVZ model Kim (1979)  Shifman, Vainshtein, Zakharov (1980)

 Attractor scaling solution

Gorghetto, Hardy, Villadoro (2021)
Saikawa, Redondo, Vaquero, Kaltschmidt (2024)
Kim, Park, Son (2024)
Benabou, Buschmann, Foster, Safdi (2024)

for
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PQ Quality Problem?
KSVZ model

Abel et al. (2020)

if then only n > 9 allowed for 

? ?

No problem in field theory, but standard lore suggests quantum gravity breaks global symmetry.

PQ as an accidental symmetry needs model building, often in tension with post-inflationary scenario

However, true irreducible breaking from quantum gravity is non-perturbative in G
Recently discussed in 
Lu, Reece, Sun (2023)
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Axions from string theory
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Gauge equivalence

Axions from extra dimensions
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The (PQ) shift symmetry of this axion descends from

Breaking requires charged bulk fields 

Noether current

Only gauge-invariant operators charged under PQ are non-local !

If charged bulk particle is heavy  

~ Arkani-Hamed, Dubovsky, Nicolis, Villadoro (2007)

Axions from extra dimensions
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Axions from string theory

● Higher dimensional field theory is non-renormalizable. String theory UV completes. 

● The condition                                   in field theory was a choice. In string theory it is manifest. 

● Generality   (closed) string axiverse→
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Axions from string theory

Three recent discussions

March-Russell, Tillim, (2021)
Benabou, Bonnefoy, Buschmann, Kumar, Safdi (2024)
Reece (2024)

● Higher dimensional field theory is non-renormalizable. String theory UV completes. 

● The condition                                   in field theory was a choice. In string theory it is manifest. 

● Generality   (closed) string axiverse→

● Tension with the more predictive 
post-inflationary scenario.
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Reconciling exponential quality 
& 

4D post-inflationary cosmology

PART II 
RPB, Villadoro (2025)

Arkani-Hamed and S. 
Dimopoulos

Arkani-Hamed, Dimopoulos (2002)
Cheng, Kaplan (2001)

Ibanez, Quevedo (1999)
Berenstein, Perkins (2012)
Honecker Staessens (2014)
Cicoli, Klevers, Krippendorf, 
Mayrhofer, Quevedo, Valandro (2014)
Choi, Jeong, Seo (2014)
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Symmetries from separated charges
Localized charged fields living at separate points

bulk gauge field

Only gauge-invariant operators charged under PQ are non-local !

Gauge transformations Global (PQ) symmetry
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Localized charged fields living at separate points

Axions from separated charges

Consider this an order parameter for PQ breaking / resoration

The PQ phase transition occurs at ,

for one recovers the minimal `KK-SVZ’ scenario
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String Theory

Sketch of a Type IIA string theory compactification
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String Theory
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Concluding Theory Remark

PQ quality is not really a ‘problem’ from this perspective

-- UV-agnostic arguments suggest exponentially suppressed  breaking of global symmetries.
-- Explicit string theory constructions show that genuine, non-axidental, global symmetries can easily 
exist in 4D (up to exponentially small breaking effects), 
-- This reconciles the old QFT custom of imposing symmetries by hand and the modern gravity lore.
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Phenomenology: open string axiverse

PART III 
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● The minimal KSVZ-like post-inflationary scenario is as robust as its pre-inflationary cousin
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Phenomenology

● The minimal KSVZ-like post-inflationary scenario is as robust as its pre-inflationary cousin

● Generality:  an open string axiverse of ALPs               greater preditivity!

Minimal post-inflationary 
ALP scenario

Several constraints also studied in
 
Gorghetto, Hardy, Nicolaescu (2021)
Gorghetto, Hardy (2023)
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Non-minimal: multi-string scenarios
In the case             two phase transitions with two different string types   

           

axionic 

axionic 

local
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Concluding Pheno Remark

An open string axiverse of high-quality string theory axions, compatible with post-inflationary 
cosmology, appears equally plausible, more predictive, with far more purely gravitational 
constraints.... 
...Although working out those predictions precisely is challenging and requires more work.
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Concluding Pheno Remark

An open string axiverse of high-quality string theory axions, compatible with post-inflationary 
cosmology, appears equally plausible, more predictive, with far more purely gravitational 
constraints.... 
...Although working out those predictions precisely is challenging and requires more work.

Thank you!
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String Theory

QCD
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Suggested by

Empirical evidence

Dark Matter                   
Neutrino oscillations

Cosmology
Inflation
Baryogenesis

Measurement + Theory
UV vs Electroweak hierarchy     
Strong CP 
Flavour hierarchies 
Cosmological Constant Anthropics,

Theory
Quantum Gravity

Beyond the Standard Model Phyisics                            
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