
MINI-REVIEW: PHYSICSWITH

AXIONSANDALPS

Phenomenology 2023 Symposium, U. of Pittsburgh
May 8, 2023

Felix Yu, Johannes Gutenberg Universität Mainz



Outline

ÅThe Strong CP problem and the PQ mechanism

ÅBasics of axion cosmology

ÅThe ALP EFT

ÅProbes of light axions/ALPs

ÅProbes of heavy axions/ALPs

ÅThe axion quality problem

ÅConclusions

2Mini-Review: Axions and ALPs ςFelix Yu



Longstanding strong CP problem

ÅSearch for nEDMindicates absence of CPV in strong 
interactions

ïὨ ρȢψɇρπ Ὡὧά

ÅFor low energy SM, Ὠ ὅ Ὡ—, with ὅ ςȢτρȢπɇ
ρπ ÁÎÄӶ— — ÁÒÇÄÅÔὣὣ

ïGet severe constraint on ȿӶ—ȿ ρπ

ÅTwo unrelated origins for Ӷ—

ïQCD —is a vacuum angle parameter, —ᶰπȟς“

ïUnknown Yu and Yd matrices give rise to ὐ

σȢπψȢ
Ȣ ɇρπ ᵼ‏ ρȢρττπȢπςχ
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Abel, et. al. [nEDMcollaboration], 2001.11966

Pospelov, Ritz, hep-ph/9908508

PDG



Longstanding strong CP problem

ÅTraditionally, three classes of solutions

ïMassless up quark (now excluded by lattice QCD)

ÅThe SM with a massless up quark enjoys an enhanced 
symmetry: ÁÒÇÄÅÔὣὣ is undefined and renders Ӷ—a basis-
dependent parameter

ïNelson-Barr: CPV only arises spontaneously

ÅDifficult to control radiative corrections that spoil pure Nelson-
Barr solution to strong CP, since must also generate KM phase

ïPeccei-Quinn mechanism and QCD axion

ÅPeccei, Quinn, PRL 38, 1440 (1977)
ïWeinberg, PRL 40, 223 (1978); Wilczek, PRL 40, 279 (1978) 
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Review: see Dine, Draper [1506.05433]

Fodor, Hoebling, Krieg, Lellouch, Lippert, Portelli, Sastre, Szabo, Varnhorst[1604.07112]



The PQ mechanism in a nutshell

ÅIn the UV, consider a complex (SM gauge singlet) 
scalar field that spontaneously breaks a global U(1) 
symmetry

ïAs usual, we parametrize with radial (Higgs) and angular 

(Goldstone) modes: ɮ Ὡ Ⱦ

ÅLagrangianseparatesto exhibit massive radial mode 
and masslessGoldstone mode

Å{ƛƳǇƭŜ ƳŀƴƛŦŜǎǘŀǘƛƻƴ ƻŦ DƻƭŘǎǘƻƴŜΩǎ ǘƘŜƻǊŜƳ
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The PQ mechanism in a nutshell
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ÅMore formally: vacuum 
manifold is compact U(1) field 
space parametrized by 
Goldstone mode a
Åvevcondition only fixes magnitude 

of SSB, not the phase

ÅClassical shift symmetry = 
continuous shift in a is a basis 
redefinition of Lagrangian= no 
effect on EOMs



The PQ mechanism in a nutshell

ÅRequire that ꜝ Ὗρ ὛὟσ π: PQ 

symmetry is an anomalous U(1) global symmetry 
under SM color

ïNecessarily generated by coupling colored fermions to 
PQ scalar field

ïTwo canonical, vanilla benchmark models

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

ÅDFSZςPQ scalar field couples to 2HDM which have Yukawa 
interactions with SM quarks
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Kim (1979), Shifman, Vainshtein, Zakharov(1980); 
Dine, Fischler, Srednicki(1981), Zhitnitsky(1980)



The PQ mechanism in a nutshell
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ÅInstanton-induced potential is consequence of 

Ὗρ ὛὟσ anomaly

ïBelow ɽQCD, evaluating instanton diagrams leads to 
approximate cosine potential for PNGB of U(1)PQ

ïAxion serves as a spurionfor Ӷ—
ÅSpurion: treat numerical constants as the vevof a scalar field (the field 

formally transforms to restore a new symmetry)

fl
ὥ

Ὢ
Ӷ—
ρ

σς“
Ὃ Ὃ

PNGB flat potential Instanton-induced 
tilted potential

Ӷ—
ὥ

Ὢ

Ψǘ Hooft (1976, 1978) 
Callan, DashenGross (1976)



Classic calculation: The ɸ-Vacuum Energy

9

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
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Ψǘ IƻƻŦǘ όмфтсΣ мфтуύ
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The Energy of the ɸ-Vacuum
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ÅὋὋterm integrates to ὲ ὲ winding number

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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Basic axion phenomenology
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ÅGiven spurionnature of axion (dictated by U(1)PQ

anomaly), we develop a cosine potential for a

ïVanilla axion mass driven by topological susceptibility of 
QCD:ά Ὢḗ … ά Ὢ in SM
ÅAlso need mixing with SM neutral mesons

ïCan derive improved potential from chiral perturbationtheory 

ÅClassical shift symmetry now periodic with fa scale
ÅDiverse cosmological implications from possible axion 

misalignment and strings from multiple PQ vacua

flḗɤ ÃÏÓ
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Basic axion cosmology
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ÅIf PQ symmetry has multiple windings, domain walls separate 
distinct PQ vacua
ïCƻǊ tv ǎŎŀƭŜ ŀōƻǾŜ ƛƴŦƭŀǘƛƻƴ ǎŎŀƭŜΣ άƻǳǊέ tv ǾŀŎǳǳƳ ƛǎ ƻƴƭȅ ƻƴŜ 

that lies within our Hubble patch
ïFor PQ scale below inflation scale, can generally get problematic 

domain walls within our Hubble patch
ÅAxion strings between PQ vacuahave network structure

ÅAt high T (early universe times), QCD potential is flat
ïAt turn-ƻƴ ƻŦ v/5 ǇƻǘŜƴǘƛŀƭΣ ǘƘŜ άƻǊƛƎƛƴέ ƻŦ ŦƛŜƭŘ ǎǇŀŎŜ ƛǎ 

misalignedwith the spurion-favored minimum at Ӷ—
ïHubble friction responsible for removing kinetic energy in axion 

field
ÅPossible to have large kinetic energy in radial mode: kinationcosmology
ÅDM axion field generally still oscillates around Ӷ—today!
ÅTreat as coherent scalar field Ӷ—



Pivot to ALPs ðStandard ALP EFT
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ÅSince ά Ὢḗ …, vanilla QCD axions are a one-
parameter model

ÅAxion-like particles treat (ma, fa) as independent
ÅLose connection to strong CP and DM? όΧǎŜŜ ǉǳŀƭƛǘȅ ǇǊƻōƭŜƳύ

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]



How do we see axions?
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ÅAxion/ALP parameter space spans decades of 
masses and couplings ςhuge suite of experiments

Photo credit: SMETEK / Science Photo Library
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QCD mesons/flavor 
probes

Collider probes



Axion probes in nucleons
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PDG

ÅAxion effective couplings 
to quarks imprinted onto 
protons and neutrons

ÅAdditional studies of 
axion physics in nuclear 
densities (neutron stars+ 
and QCD equation of 
state)

see, e.g.Balkin, et. al. [2211.02661]



Light axion probes in photons
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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

Ὣ
‌

ς“Ὢ

Ὁ

ὔ
ρȢωςτ

Vanilla ʐAxion > ʐUniversefor ma < 20 
eV: attractive Dark Matter candidate 

(requires very important 
cosmological simulation)



Categories of light axion exp. probes
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ïLight shining through walls (LSWs), cavity experiments

ïHelioscopes (solar production of axions, flux diffuses to earth)

ïDM haloscopes(Earth movement through axion background)

ïSpin-dependent 5th force tests

ÅTypically,have ρȾὪ suppression in each production 
and detection unless DM abundance assumed

ÅClassical/quantum field behavior important for 
wave-like mass regime ά ḺρÅ6

ÅMeasurement ofnEDM

see, e.g.PDG; Afach, et. al. [2305.01785]



Categories of heavy axion exp. probes
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ÅDictatedby ALPEFT operators

ïMeson decays

ïInteractionswith Higgssector and EW field strengths

ïElastic scattering of heavy ions/protons

ATLAS [1904.03536], 
CONF-2020-010

CMS [1810.04602] 



ALPs at future exptsðstandard benchmark
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Snowmass EF09 Report [2009.13128]


