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The vanilla axion story

ÅTwo canonical benchmark models

ïKSVZςPQ scalar field couples to SU(3) via heavy VLQ

ïDFSZςPQ scalar field couples to 2HDM which have 
Yukawa interactions with SM quarks

ÅClassical shift symmetry becomes periodic with fa scale
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Kim (1979), Shifman, Vainshtein, Zakharov(1980); 
Dine, Fischler, Srednicki(1981), Zhitnitsky(1980)

In both cases, global PQ symmetry is exact and accidental at renormalizable level

PNGB flat potential Instanton-induced 
tilted potential
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Vanilla axion phenomenology
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ÅAxion mass driven by QCD topological susceptibility

ïAlso need mixing with SM neutral mesons

ÅMain consequence: Vanilla QCD axion physics is 
essentially a one-parameter model

ïPrimary target: axion-photon coupling

ÅSome residual dependence on UV model via EM and color 
anomaly factors

flḗɤ ÃÏÓ gives ά Ὢ … ά Ὢ in SM



Current status of vanilla QCD axions
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ά υȢχπ πȢπφ πȢπτ‘Å6
ρπ'Å6

Ὢ

ma: quark mass and higher order uncertainties
gaʴ:ɹ O(h ) in QED and NNLO in ʔPT
Gorghetto, Villadoro[1812.01008]

The standard QCD 
axion band focuses on 
sub-eV axion masses 

and tiny axion-photon 
couplings

PDG (from AxionLimitsōȅ /ƛŀǊŀƴ hΩIŀǊŜύ

Width of band roughly 
given by E/N = 44/3 

and E/N = 5/3 as 
boundary values
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Pivot to ALP physics ðStandard ALP EFT
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ÅAxion-like particles treat (ma, fa) as independent

ïLose possible connection to strong CP and DM?

ÅStill concrete benchmark scenario for PBC/FIPs program

ÅReintroduces entire suite of SM effective operators

ïALPs couple via PQ current or anomaly operators

Brivio, et. al [1701.05379], Bauer, et. al. [1708.00443], Gavela, et. al. [1905.12953]



ALPs at future expts
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ÅConcrete benchmark scenario for PBC/FIPs program

Snowmass EF09 Report [2009.13128]



The vanilla quality axion
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ÅRecall fundamental origin of PQ symmetry: 
anomalous global symmetry

ïIn general, global symmetries stem from field content 
multiplicity, explicit breaking by Lagrangianinteraction 
terms

ÅNot necessarily renormalizable

ÅVanilla axion: sole source of PQ breaking arises from 
U(1)PQ×SU(3)2 anomaly

ïBut no generally rigorous embedding between low-scale 
PQ symmetry and UV PQ symmetries = quality problem



Qualitative change in perspective
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ÅUV sensitivity of vacuum angle drives strengthening 
of axion potential from small-size instantons

ïGenerally realized in embeddings of SM color gauge 
symmetry to larger gauge groups giving small-size 
instanton corrections to axion potential

ïLeads to heavierQCD axions

ÅSeparately, soft breaking of PQ symmetry is 
understudied
ÅDistinct from explicit breaking of shift symmetry by ALP mass

ïLeads to lighter QCD axions (with calculable fine-tuning)



Outline
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ÅBrief review of vanilla QCD axions 

ÅIncreasing the axion mass with small-size instanton 
effects in extended color gauge theories

ÅSoft-breaking PQ symmetry to decrease the axion 
mass and quantitative study of fine-tuning

ÅConclusions
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Supersizing axions with small-
size instantons

Kivel, Laux, FY, JHEP 11 (2022) 88 [2207.08740]
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Small-size instanton effects
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ÅKey point: Use axion sensitivity to UV physics to 
enhance quality of axion solution

ïEmbed SU(3)C in larger UV gauge group

ÅConfinement of extended color gauge group will give 
additional instanton-induced potential terms to light axion

ÅRequires non-trivial book-keeping to trace PQ symmetry from 
IR to UV

ïPractical consequence: Extended color groups typically 
involve coloron/axigluon color octet vectors and 
additional collider signatures

Agrawal, Howe [1710.04213, 1712.05803]

See, e.g.Dobrescu, FY [1306.2629]



Refresher: SM instanton effects
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ÅSM + axion Lagrangian

ÅAxion mass is generated by gluon operator

ï±ƛŀ ƛƴŘŜȄ ǘƘŜƻǊŜƳΣ ƛƴǎǘŀƴǘƻƴ ŀŎǘƛƻƴ ƛƴŘǳŎŜǎ Ψǘ IƻƻŦǘ 
determinantal operator according to PQ color anomaly

Kim, Carosi(2008)



Refresher: SM instanton effects

13Non-Vanilla Axions ςFelix Yu

ÅCalculate leading 
determinantal 
operators

ïCorrespond to 
άƛƴǎǘŀƴǘƻƴ ŦƭƻǿŜǊέ 
diagrams

ïPower counting in 
chiral symmetry 
breaking parameters



Refresher: SM instanton effects
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ÅOperators lead to mixing of ̄0, ́ , ́ Ω ŀƴŘ ŀȄƛƻƴ

ïEncapsulate relevant instanton effects via chiral insertions



Cross-check: no SSIs
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ÅEven neglecting ́-mixing, we reproduce QCD axion band

Kivel, Laux, FY [2207.08740]



Adding small-size instanton effects
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ÅDeterminantal approach readily accounts for SSIs

ïIn contrast to ̝EFT, we capture alignment of explicit and 
instanton PQ breaking by different PNGBs 

ï/ŀƴ ŜƳōŜŘ ǾŀŎǳǳƳ ŀƴƎƭŜ ʻ ƛƴ ŘƛŦŦŜǊŜƴǘ ǿŀȅǎ ƛƴ ¦±

ÅThought experiment: SU(3) x SU(3) vs. SU(6)

ÅSU(3) × SU(3) ςoriginal model by Agrawal, Howe

ÅSU(6) ×{¦όоύΩ ςmodel by Gaillard, et. al.
ïEmbeds SU(3)Cƛƴǘƻ {¦όсύ ŀƴŘ ŀŘƻǇǘǎ ƳŀǎǎƭŜǎǎ ǳǇΩ ǎƻƭǳǘƛƻƴ ŦƻǊ {¦όсύ

ÅIntuitively, the mixing of PNGBs induced by SU(3)C instantons 
and small-size instantons determines the embedding of PQ 
symmetry from low to high scales

Gaillard, Gavela, Houtz, Quilez, del Rey [1805.064365]Gaillard, Gavela, Houtz, Quilez, del Rey [1805.064365]



ÅEmbed SU(3)c into SU(6) at high scales
ÅSU(6) has massless Q fermion to solve 6̒Ҧ ƎŜǘ axietadof

ÅAddSU(3) to make SM-charged exotic multipletsdecouple at 
ɽCUTscale by bifundamental scalar ɲ

ïM1 (KSVZ) or M2 (DFSZ) variants solve ̒ Ҧ ƎŜǘ ŀȄƛƻƴ

ÅExotic quark confinement scale vdiagseparates exotic states 
from EW scale

Color-Unified SU(6) x SU(3) model
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Gaillard, Gavela, Houtz, Quilez, del Rey [1805.064365]



ÅQCD axion inherited from M1 composite axion and 
axietaadmixture

ïExotic quark fields after SU(6) breaking to SU(3)diag

Å¢ǊŜŀǘ ŀƭƭ ŦƛŜƭŘ ǎǘǊŜƴƎǘƘ Řǳŀƭǎ Ǿƛŀ Ψǘ IƻƻŦǘ 
determinantal operators to calculate instanton 
effects

M1 variant
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M1 variant ðSSI amplitudes
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Axion and axieta masses and mixing
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ÅDiagonalize PNGB 
matrix to getaxion
andaxietamasses 
and mixings with new 
ɽSSIdependence



SSI-driven mass enhancements ðM1 variant
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SSI-driven mass enhancements ðM1 variant
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ɽdiag> 2.9 TeV, sets 
scale of new exotic 
coloredstates and 

coloron

ɽSSIsets IR cutoff 
scale of SSI 

amplitudes from 
{¦όоύΩ



SSI-driven mass enhancements ðM2 variant
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SSI-driven mass enhancements ðM2 variant
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Rich phenomenology 
of QCD axions at 

colliders and beam-
dump experiments

See also, e.g.  
Hook, Kumar, Liu, Sundrum [1911.12364]
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The anarchic axion

Elahi, Elor, Kivel, Laux, Najjari, FY [2301.08760]
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Building anarchy
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ÅBreak PQ softly

ÅBegin with DFSZ axion

ÅScalar potential (1a) leaves global U(1)H1 × U(1)H2 ×
U(1)ʊsymmetry charges undefined

ÅCanonical DFSZ scalar term (1b) defines PQ charges



Building anarchy
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ÅWith global PQ symmetry set, now add PQ soft 
breaking term

ÅTwo sources of PQ breaking: color anomaly and B˃

ÅThree neutral Goldstones: one for SM Z, one 2HDM A, one 
axion

Åά{ǘŀƴŘŀǊŘέ нI5a ǇƻǘŜƴǘƛŀƭ ǘŜǊƳǎ ŦƻǊōƛŘŘŜƴ ōȅ ½5 symmetry



ÅDefine angular fields

ÅUse C˂to effectively decouple 2HDM A

ïSecond line is effect of finite B˃

ïvmax= maximal value of PQ vevva

Building anarchy
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ÅUV phases shuffled into ὔ Ӷ— — ὔ—

ÅTadpole of axion = observable |̒eff| 

ÅAxion mass arises from canonical DFSZ contribution 
and soft-breaking B˃piece

Building anarchy
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Anarchic axion deviates from DFSZ band
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Anarchic axion deviates from DFSZ band
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(1) Magnitude of B˃
sets an fa scale 

departing from DFSZ
(2) Phase difference 

of B˃ and Ӷ—fine-
tunes cancellation 

between B˃ and QCD 
potential to get 

unusually light axions



ÅSince finite residual nEDMis calculable, can use 
Giudice-Barbieri fine-tuning measure 

ÅOpen model-building question whether more 
complicated UV model can reduce fine-tuning

ïOngoing work with Nelson-Barr origin of B˃term

ÅAnarchic axion model serves as target toy effective 
description aiming for light axions

Fine-tuning measure
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My key questions for axions and ALPs
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1. Rigorous understanding of PQ mechanism and 
anomalous global symmetry breaking

A. Uniqueness of PQ symmetry vs. other UV global 
symmetries and PNGBs

i. Relation to UV flavor structure and NP flavor problem

B. Reformulation of quality problem

2. Expansion of axion parameter space beyond vanilla 
QCD band

A. Post-discovery tests for QCD axion discovery in naïve 
ALP parameter space 

B. Novel axion cosmology (under study)



Conclusions
ÅAxion field theory is rich with 

phenomenological applications and diverse 
model-building tools
ïViable strong CP axion models with SSIs 

enhance axion mass into collider reach and 
beyond

ïSoft-breaking PQ symmetry motivates 
unusually light axions ςprime targets for host 
of experiments

ÅFuture work will focus on Goldstone field 
theories and their breaking (beyond CCWZ)
ïField theoretic synthesis of other PNGB EFTs
ÅRelaxion, clockwork, linear dilaton, etc.

ïConnections to generalized global symmetries
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Intro: Longstanding strong CP problem
ÅnEDM: Ὠ ρȢψɇρπ ὩÃÍ  ȿ—ȿ ρπ

ÅFor low energy SM, Ὠ ὅ Ὡ—, with ὅ ςȢτρȢπɇ
ρπ ÁÎÄӶ— — ÁÒÇÄÅÔὣὣ
ïNaïvely, QCD —is O(1) vacuum angle; unknown Yu and Yd matrices give 

rise to ὐ σȢπψȢ
Ȣ ɇρπ

ÅMost attractive current solution is QCD axion

ïPNGB of U(1) Peccei-Quinn global anomalous symmetry 
gains instanton-induced potential from Ὗρ

ὛὟσ anomaly

ïQCD axion acts as spurionfor Ӷ—, rolls to cancel Ӷ—

36Non-Vanilla Axions ςFelix Yu

nEDMcollaboration, [2001.11966]; 
Pospelov, Ritz, hep-ph/9908508

Peccei, Quinn PRL 38, 1440 (1977)
Weinberg PRL 40 (1978) 223; WilczekPRL 40 (1978) 279
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Ψǘ IƻƻŦǘ όмфтсΣ мфтуύΤ /ŀƭƭŜƴΣ Dashen, Gross (1976)



Topological field configurations
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ÅInstantons are a type of topological soliton, i.e. a field 
configuration that carries a topological index

ïExample of a topological soliton: scalar field in a double well 
potential in 1+1 dimensions interpolating between the two wells

ïSU(3)C instantons are gauge field configurations characterized 
integer winding numbers 
ÅArising from the homotopyclassification ʃ3(S3) = ᴚ

ÅhǊƛƎƛƴŀƭ ǇƘŜƴƻƳŜƴƻƭƻƎƛŎŀƭ ŎŀƭŎǳƭŀǘƛƻƴ ōȅ Ψǘ IƻƻŦǘ ƛƴ ǘƘŜ 
context of the U(1) problem and the ́Ω ƳŜǎƻƴ



The Energy of the ɸ-Vacuum

38

ÅCalculate Ὡ ᷿꜠ ὃὩ using a functional integral

ïS[A] is Euclidean action, ʁis vacuum energy density, VT is spacetime volume 

ÅCan separate ꜠A path integrals into discrete sum over 
topological sectors

ïEach successive instanton path includes additional suppression 

factor Ὡ Ⱦ , where ́ is the instanton size

ÅCharacteristic term for n+ instantons and n- anti-instantons

ïDilute instanton gas approximation integrates over well-separated 
instantons with integral over instanton centers and size

ρ

ὲȦὲȦ
Ὠτὼπ

Ὠ”

”υ
ὅ
ρ

Ὣψ
Ὡ Ⱦ

ὅ ς “ὩȢ ȣ

Ψǘ IƻƻŦǘ όмфтсΣ мфтуύ
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The Energy of the ɸ-Vacuum
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ÅRecognize the topological sector sum is an exponential

ÅExtract energy density of the ̒-vacuum
Ψǘ IƻƻŦǘ όмфтсΣ мфтуύ

Callen, Dashen, Gross (1976)
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Axion decay width vs. stability
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ÅThe primary target for QCD axion detection is the diphoton 
coupling

ÅGives a decay width of (using E/N = 0)

ÅAxion lives longer than age of universe for ά ṂςπὩὠ

ïVery cold dark matter (can have coherent oscillations with 
negligible velocity dispersion)

ɜᴼ
Ὣ ά

φτ“
ρȢρ ρπ ί

ά

Ὡὠ



ALPs at collider scales
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ÅAxion-like particles treat (ma, fa) as independent

ïLose possible connection to strong CP and DM?

ÅStill concrete benchmark scenario for PBC/FIPs program

ÅMany collider signatures

ïLbLscattering at Pb+Pb

ïHiggs decay to aa

Åbb+˃ ;˃ 4ɹ ; 4l

ïIƛƎƎǎ ŘŜŎŀȅ ǘƻ ½ŀΣ ŀ Ҧ jj

ïALP production from ɹʴ

ïALPs in non-resonant ZZ or ZH production

ATLAS [1904.03536], ATLAS-CONF-2020-10, 
CMS[1810.04602]

ATLAS [2110.00313]; CMS HIG-21-016; CMS[2111.01299]

ATLAS [2004.01678]

CMS EXO-21-007

CMS [2111.13669]



ALPs at colliders ðLbLscattering in Pb+Pb
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ÅFocus on diphoton coupling using atomic number 
enhancement

ATLAS [1904.03536], CONF-2020-010
CMS [1810.04602] 



ALPs at colliders ðExotic Higgs decays
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ÅHiggs decay to aa, decay to (bb)(µµ)

ATLAS [2110.00313]



ALPs at colliders ðExotic Higgs decay
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ÅHiggs decay to aa, decay to (ʴ)ɹ(ɹ )ɹ

CMS HIG-21-016



ALPs at colliders ðExotic Higgs decay
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ÅHiggs decay to aa, decay to (ll)(ll)

CMS [2111.01299]



ALPs at colliders ðExotic Higgs decays
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ÅFocus on Higgs decay to Z and light hadronic 
resonance, m < 4 GeV

ATLAS [2004.01678]



ALPs at colliders
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ÅCMS+TOTEM ςhigh-mass ALP production from 
diphotons

CMS EXO-21-007



ALPs at colliders
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ÅALPs mediating non-resonant ZZ or ZH production

CMS [2111.13669]



SSI-driven mass enhancements ðM1 variant
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Mass terms, parameters and notation



ÅGoldstones aligned with their vevs

Supplemental definitions
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!Ȅƛƻƴ ŎƻǳǇƭƛƴƎǎ ƛƴ ƎŀǳƎŜŘ ¦όмύΩ 
extensions of the Standard Model

Kivel, Laux, FY [2211.12155]



Axion/ALP EFT in gauged U(1)õ theories

ÅBuild DFSZ axion model 
ǿƛǘƘ ƎŀǳƎŜŘ ¦όмύΩ 
baryon number

ïMinimal set of 
anomalonssatisfy trace 
condition from kinetic 
mixing

ïDFSZ-like axion is light 
Goldstone orthogonal to 
2HDM A0
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Axion/ALP EFT in gauged U(1)õ theories

ï{ǘǳŘȅ ½Ω ŀƴŘ ŀȄƛƻƴκ![t ŀǎ ƭƛƎƘǘ dofs

ï(Non-)decoupling of anomalonsdictates new pattern of 
PQ symmetry on ALP Wilson coefficients 
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Imprint of FCNCs and PQ symmetries

ïAxion FCNCs reflected as commutator structures in EFT 
operators

ïNecessary step when considering intermediate 
axion/ALP masses with dynamical fermions

54Non-Vanilla Axions ςFelix Yu


